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ABSTRACT

Brayton cycles are open gas turbine cycles extensively used in aviation and
industrial applications because of their advantageous volume and weight
characteristics. With the bulk of waste exhaust heat and engine emissions
associated, there is need to be mindful of environmentally-friendliness of these
engine cycles, not compromising good technical performance, and economic
viability.

This research considers assessment of power plants in helicopters, and aero-
derivative industrial gas turbines combined-heat-and-power (ADIGT-CHP) in the
petrochemical industry. Thus, it consists of two parts: part A focuses on
performance analysis of helicopter gas turbines, while part B entails techno-
economic and environmental risk assessment of ADIGT-CHP in the
petrochemical industry. The investigation encompasses comparative
assessment of simple cycle (SC) and advanced gas turbine cycle options
including the component behaviours and the environmental and economic
analysis of the systems. The advanced cycles considered include: recuperated
(RC), intercooled (IC), intercooled-recuperated (ICR), and low pressure
compressor zero-staged (LPC-ZS), cycles.

The helicopter engines are analysed and subsequently converted to small-scale
ADIGT engines. Also, modelling combined-heat-and-power (CHP)
performances of small-scale (SS), and large-scale (LS) ADIGT engines is
implemented. More importantly, a large part of the research is devoted to
developing a techno-economic model for assessing, predicting, and comparing
viability of simple and advanced cycle ADIGT-CHP in the petrochemical
industry in terms of net present value (NPV), internal rate of return (IRR), and
simple payback period (SPBP). The techno-economic performances of the
ADIGT-CHP cycles are measured against the conventional case of grid power
plus on-site boiler. Besides, risk and sensitivity of NPV with respect to uncertain
changes in grid electricity cost, gas fuel cost, emission cost, and electricity
export tariff, are investigated. Two case studies underlie the development of the
techno-economic model. One case study demonstrates the application of the
model for large-scale (LS) ADIGT-CHP, and the other for small-scale (SS)
ADIGT-CHP, all in the petrochemical industry. By so doing, techno-economic
and environmental risk analysis framework (a multi-disciplinary preliminary
design assessment tool comprising performance, emissions, economic, and risk
modules) is adapted to ADIGT-CHP in the petrochemical industry, which is the
aim of this research.

The investigation and results led to the conclusions that advanced cycle
helicopter and ADIGT engines exhibit higher thermal efficiencies than simple
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cycle, and that savings exist in operational costs of ADIGT-CHP above the
conventional case. Thus, for both SS ADIGT-CHP, and LS ADIGT-CHP cases,
all ADIGT-CHP cycles are profitable than the conventional case. For LS ADIGT-
CHP category, the IC ADIGT-CHP is the most profitable, whereas for SS
ADIGT-CHP category, the RC ADIGT-CHP is the most profitable. The
contribution to knowledge of this research is the development of a techno-
economic model for assessing, predicting, and comparing viability of simple and
advanced cycle ADIGT-CHP in the petrochemical industry in terms of NPV,
SPBP, and IRR over the conventional case of grid power plus on-site boiler. A
second contribution is the derivation of simple and advanced cycle small-scale
ADIGT and ADIGT-CHP from helicopter engines.

The developed techno-economic model exhibits some capabilities which are
improvements on some other models that were reviewed. It is able to account
for cost of total emissions to include NO,, CO, CO2, and HzOyapour; cOMpare
viability of ADIGT-CHP cycle options with one another as well as with
conventional case of grid power plus on-site boiler to determine cost savings of
using CHP; considers NPV risk analysis using Latin Hypercube sampling
technique which gives a better spread of sampled inputs from frequency
distributions than Monte Carlo sampling method. On the other hand, previous
models account for emission cost of only CO,, and estimate savings of one GT-
CHP cycle with respect to conventional case only.

Keywords:

Aero-derivative gas turbines, combined-heat-and-power, gas turbine
performance, Techno-economic analysis, risk assessment, net present value
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1 INTRODUCTION

1.1 Background and justification of study

This research considers assessment of power plants in helicopters, and aero-
derivative industrial gas turbines combined-heat-and-power (ADIGT-CHP) in the
petrochemical industry. Thus, the research comprises two parts: part A focuses
on performance analysis of civil helicopter gas turbines, while part B deals with
techno-economic and environmental risk analysis of ADIGT-CHP in the
petrochemical industry. The investigation encompasses comparative
assessment of simple and advanced gas turbine cycle options including the
component behaviours and the environmental and economic analysis of the
systems. Techno-economic and environmental risk analysis (TERA) framework
is adapted, and part of it developed. This forms a multi-disciplinary preliminary
design assessment tool comprising several modules, namely: engine
performance, emissions, economic, and risk modules.

Fundamentally, Brayton cycle is the thermodynamic cycle on the principles of
which gas turbine power plants operate. It is commonly referred to as the
standard open gas turbine cycle (Hart, 2005; Giampaolo, 2003). Brayton cycles
are extensively used in civil aviation and petrochemical industry because of
their advantageous volume and weight characteristics. Basically, these cycles
are used as prime movers in mechanical drive of rotating equipment, pumping
of fluids, electric power generation, and industrial process or domestic heat
generation in combined-heat-and-power applications (Soares, 2008). Gas
turbine is the unique heat engine (also a fluid machine) that has over the years
brought thrust and power generation to fore, and unarguably one of the most
important developments of the 20" century that has changed human lives in
many ways (Saravanamuttoo et al, 2009).

A Brayton cycle is deemed environmentally friendly if energy losses in form of
heat to the environment is reduced, noise is reduced, fuel efficiency is
enhanced, and also engine emissions lessened. The achievement of any one or
all of these criteria is satisfactory for an environmentally friendly cycle. These
energy efficiency criteria in the petrochemical industry are of critical importance,
where power and steam generation and utilisation are regularly in very high
demand. The supposedly wasted heat in the exhaust of gas turbine engines
could be harnessed for very useful purposes like generating steam in order to
reduce heating up the environment, reduce global warming, and improve fuel
efficiency. This utilisation of gas turbine exhaust waste heat could be achieved
by the application of combined-heat-and-power (CHP) concept where both
power and steam are simultaneously generated from a single fuel source.
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Therefore, combined-heat-and-power generation using aero-derivative industrial
gas turbines (ADIGT) is identified and considered as one cycle that would
achieve most of the criteria of environmentally friendly Brayton cycles. However,
selection of appropriate and viable cycle option for this purpose poses serious
decision-making concern. Hence, in order to aid good choice of ADIGT-CHP
cycle option in the petrochemical industry, TERA framework is adapted in this
research to assess, predict, and compare performances of ADIGT-CHP cycle
options.

1.1.1 Research scope

With reference to review of previous research presented in section 2.1, the
research gaps identified to be addressed in this research are outlined below.

e Regarding part A of this research which is about helicopter engines
performance assessment, investigations have been carried out by others
on advancement of the helicopter turbo-shaft engine in the area of
improving the power output, the specific fuel consumption, and thermal
efficiency. This has been done for instance by methods of increasing the
turbine entry temperature, and zero staging the LP compressor (Vickers,
1995).

This trend of improving thermal efficiency by preliminary design
modification is extended in this research by methods of intercooled-
recuperation of helicopter gas turbines. This research goes further to
consider the conversion of helicopter engines to small-scale ADIGTs,
and investigate their performances and economic viability in CHP
application in the petrochemical industry.

e Regarding part B of this research, the use of TERA has been previously

demonstrated in jet engine modeling and management to optimize the
thrust and weight (Ogaiji et al, 2007). Also, research has been carried out
on technical risk analysis of gas turbines for natural gas liquefaction, in
which machine downtime was identified as an empirical measure of
technical risk (Khan et al, 2011).
In this regard, this research extends adaptation of TERA framework to
ADIGT-CHP in the petrochemical industry, whereby a techno-economic
model is formulated and developed as a preliminary design and decision
tool. This model would estimate the net present value (NPV), internal
rate of return (IRR), and simple pay-back period (SPBP) of ADIGT-CHP
putting into account capital cost, total emissions cost, fuel cost, O&M
cost, etc. Risk and sensitivity of NPV would also be analysed, all aiming
at predicting and comparing viability of ADIGT-CHP cycle options in the
petrochemical industry. The TERA philosophy as adapted in this
research is shown in Figure 1-1.
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Power, steam, fuel

[ EI(NO,,CO,
CO,, H,0)

Petrochemical industry
ADIGT-CHP

RISK TERA

Performance

NPV. IRR, SPBP

Figure 1-1 TERA philosophy for ADIGT-CHP in the petrochemical industry

1.1.2 Technical requirement

Gas turbine user requirements have, over the years, necessitated technological
advancement in engine performance, and comprehensive researches are being
conducted to achieve this. Current researches are significant in engine
advancements in the areas of high temperature small turbine units, cost
effective new technologies, engine component lifing, environmental friendliness,
among others (Paramour and Sapsard, 1981).

Improvement of thermal efficiency for industrial and aero gas turbines is of
paramount importance to the overall performance of the engines. Thermal
efficiency is an indicator of the virtue of the thermodynamic cycle, showing the
extent to which the burnt fuel energy increases the kinetic energy of the
expanding gases. Increase in thermal efficiency depends on certain factors
including:

e Changes in some engine cycle parameters, such as overall pressure
ratio (OPR), and turbine entry temperature (TET).

e Cutting-edge technology of engine components like methods of cooling,
efficiencies of components, ducts pressure losses, and

e Introduction of different overall thermodynamic cycle, for example, use of
unconventional components like intercoolers and regenerators or
recuperators (Pilidis and Palmer, 2010; Bhargava et al, 2010).
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1.1.3 Environmental requirement

Waste heat from exhausts of gas turbines is a huge and formidable source of
global warming, and energy loss to the environment. Also, emissions from gas
turbine engines in both aviation and industrial applications have contributed
immensely to degradation of local air quality in airport vicinities, and to
greenhouse effect and global warming the world over. Fuel efficiency in terms of
fuel burn and fuel consumption is a direct measure of engine emissions like
COg, CO, UHC, and NOx.

There is the need to continuously improve on reducing the amount of waste
heat from exhaust gas and emissions in order to make gas turbine operation
environmentally-friendly. This has resulted in more proactive environmental
concern for all, and relevant authorities have instituted measures such as
sponsoring appropriate researches to find ways of mitigating this inflicted
environmental degradation. For instance the Advisory Council for Aeronautics
Research in Europe (ACARE) has defined some targets for 2020 and 2050
among which is reducing CO, emission by 50%.

Eventually, fuel efficiency of civil aero-engines has constantly improved over
some years now. This has been due to improved thermal and propulsive
efficiencies occasioned by some engine technology advancement such as
increased overall pressure ratio, high by-pass ratio, better cooling and
materials, etc. More so, emissions of CO, CO,, and UBH have markedly
reduced whereas NOy emission has relatively maintained steady level (ACARE,
2012). Also, Clean Sky Joint Technology Initiative (JTI) - European Union
collaboration, has set goals aiming at reducing fuel consumption, CO,
emission by 75%, NOy by 90% and sensed external noise by 65% (Clean Sky,
2013; Kurt et al, 2009).

1.1.4 Economic requirement

The technical and environmental aspects of gas turbine engine design and
operation cannot be discussed and handled without involving the economic
case associated with developing and launching a new product, or modifying an
existing one. Performance and economic viabilty of gas turbine are
inseparable. This is because performance is made up of shaft power, or
thrust, produced for any given diameter of engine, fuel flow rate, life, engine
emissions, weight, and unit cost, sold by a gas turbine manufacturer and
bought by a user. If an engine with bad performance is designed, the sellers
will definitely strife hard to sell and most likely make losses. Likewise, a
user who buys a poorly designed engine will lose income.

Fuel burn, engine component life, maintenance requirements (overhaul
and repair costs), engine weight and initial cost, etc., are all anchored on
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the performance parameters; fuel burn often being the dominant item.
For instance, fuel cost is about 85% of the operating costs in base load
power generation, and items related to engine performance represent
35% of the operating costs of a Boeing 737 (Walsh and Fletcher, 2004).

1.2 Research question

A gas turbine asset manager or product development engineer who is faced
with the challenge of decision making would need to ask and seek answers to
some pertinent questions. A question that would need to be asked and
answered is how one would make the choice of ADIGT-CHP cycle option in the
petrochemical industry that would produce good return on investment (Rol),
considering economic benefits. This research to provide a framework to aiding
such decision of choice of ADIGT-CHP cycle options in the petrochemical
industry.

1.3 Aim of research

The aim of this research is to adapt techno-economic and environmental risk
analysis (TERA) framework for aero-derivative industrial gas turbines
combined-heat-and-power (ADIGT-CHP) in the petrochemical industry.

1.4 Research objectives

To achieve the aim of this research, the following objectives are set:

e To analyse technical performances of simple and advanced cycle
helicopter engines.

e To convert helicopter engines to small-scale ADIGT (SS-ADIGT).

e To analyse technical performances, and estimate engine emissions of
small and large scale ADIGT.

e To identify CHP as environmentally friendly Brayton cycle in the
petrochemical industry.

e To analyse technical performances of small and large scale ADIGT-CHP
cycles.

e To carry out techno-economic and risk analysis of simple and advanced
cycle ADIGT-CHP in the petrochemical industry.

e To develop a techno-economic model to assess the viability of various
ADIGT-CHP cycle options in the petrochemical industry.

e To provide a multi-disciplinary framework for comparing investments in
different cycle options of ADIGT plant equipment for application in CHP
generation in the petrochemical industry with respect to conventional
case.
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1.5 Contribution to knowledge

The contribution to knowledge of this research is the development of a model
for assessing, predicting, and comparing the techno-economic viability of simple
and advanced cycle ADIGT-CHP in the petrochemical industry over the
conventional case of grid power plus on-site boiler. A second contribution is the
derivation of simple and advanced cycle small-scale ADIGT and ADIGT-CHP
from helicopter gas turbine engines.

1.6 Research methodology overview

This research consists of two parts: part A focuses on the performance analysis
of helicopter gas turbines that would subsequently be converted to SS-ADIGT,
and the following methods and approach are adopted:

e Simulation of: a simple cycle (SC) two-spool turboshaft gas turbine
inspired by Turbomecca Makila 2A engine core; LP compressor zero
staged (LPC-ZS), Recuperated (RC), and Intercooled/recuperated (ICR),
engines of same core and power rating. This is implemented by the
method of applying TURBOMATCH code, description of which is given in
section 2.8. Detail methodology is presented in chapter 3.

e Verifying performance parameters of the base engine modelled.

e Establishing performances of the helicopter engine models at design and
off - design conditions.

e Comparing performances of the various helicopter engine cycles.

Part B deals with the techno-economic and environmental risk assessment of
ADIGT-CHP application in the petrochemical industry, and the following
methods and approach are followed:

e The helicopter engine models analysed in part A (hamed above) are
converted to form representative small-scale (SS) ADIGT by modification
of key parameters. This is implemented by simulation using
TURBOMATCH code. In addition, design models of two-spool, and
three-spool ADIGT inspired by GE LM6000 and GE LMS100 engine
cores respectively are assessed. These two are regarded as
representatives of large-scale ADIGT (LS-ADIGT).

e Simulation of advanced cycles: ICR, RC, and intercooled (IC) engines of
same cores as the SC engines

e Establishing performances of the ADIGT models at design and off -
design conditions.

e Engine emissions estimation of the ADIGT is carried out by the method
of applying HEPHAESTUS code, description of which is given in section
2.9.3.
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e Performances of the various aero-derivative engine configurations are
compared in their respective categories.

e Modelling CHP performances of the small, and large-scale ADIGT is
implemented to form simple and advanced cycles ADIGT-CHP. Detail
methodology is presented in chapter 5.

e For application in the petrochemical industry, techno-economic and risk
assessment of the simple and advanced cycle ADIGT-CHP is done.
Detail TERA methodology is presented in chapter 6.

e Techno-economic and risk assessment is implemented by developing a
techno-economic model using case studies to assess and predict the
viability of the ADIGT-CHP in terms of net present value (NPV), internal
rate of return (IRR), and simple payback period (SPBP).

e Risk and sensitivity of NPV with respect to key inputs are analysed of the
ADIGT-CHP.

e Comparison of the viability of the various ADIGT-CHP in their respective
categories is done.

e The research relies on public domain open source references for data.

Both parts of this research are linked as shown in the diagram of Figure 1-2.

l Gas turbine engine model simulation J

Helicopter GT engines 3 Aero-derivative GT engines
v ¥

Enaines model verification

y y

Aero-derivative engines CHP for petrochemical industry: SC, RC (SS-

ADIGT only), IC (LS-ADIGT only), and ICR
2

TERA - Techno-economic and environmental risk analysis adaptation (techno-

economic model development) for ADIGT-CHP: case studies

y

Comparison of performances and viability of engine cycles

Figure 1-2 Research methodology overview
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1.7 Thesis structure
This Thesis comprises of eight (8) chapters as follows:

Chapter one (1) is a general introduction of the research. The background of the
research and the justification of study is contained in this chapter. Mention is
also made of the research gap and need (presented as research scope) that
this research sought to address in the various thematic areas. Besides, the aim,
objectives, brief description of work carried out, contribution to knowledge,
research methodology overview, approach adopted, and thesis structure are
presented.

Chapter two (2) presents the review of relevant literatures, highlighting various
research that have been carried out by others in the areas of helicopter engines
performance, aero-derivative gas turbines performance, combined-heat-and-
power, gas turbine engine emissions, and techno-economic and environmental
risk analysis, which are the themes of this research. In relation to these
previous researches the scope of this research is also highlighted. It also
presents a brief history and the general principles of gas turbine cycle, and its
preliminary design concepts. The method of GT performance analysis using
TURBOMATCH code is presented. Also, GT engine emissions concept and dry
low emission/NOx are defined. Besides, The method of GT emissions prediction
using HEPHAESTUS code is presented.

Chapter three (3) presents part A of the research which is about the analysis of
simple and advanced cycle helicopter gas turbines performances. The
methodology of GT engines performance making reference to TURBOMATCH
code is presented. Selection of helicopter engine core, design and off-design
points performance simulation of SC, RC, LPC-ZS, and ICR cycle
configurations of same core are presented.

Chapter four (4) is the documentation of the analysis of aero-derivative
industrial gas turbines (ADIGT) performance applying same methodology stated
in chapter 3. This is the beginning of part B of the research. The performance
analysis and derivation of SC, RC, and ICR small-scale (SS) ADIGT from the
helicopter engines are accounted for. More so, performances of the SC, IC, and
ICR, large-scale (LS), ADIGT are analysed. Besides, estimation of engine
emissions of the ADIGT by the method of applying HEPHAESTUS code is
presented.

Chapter five (5) is composed of the analysis of the ADIGT-CHP performance in
the petrochemical industry and the methodology used. It x-rays the performance
modelling of CHP with heat recovery steam generator (HRSG) using pinch
technology. Applying this technology to analyse the performances of SS-, and
LS-ADIGT-CHP guarded by usage in the petrochemical industry is presented.
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Chapter six (6) highlights the methodology of TERA used for ADIGT-CHP
application, defining the various modules that constitute the framework. More
importantly, the algorithm for the techno-economic model developed in this
research is laid in this chapter, highlighting the various input and output
components of the model. In addition, Risk/probability distribution sampling
technique as applicable in @Risk 6.0 software was explained.

Chapter seven (7) documents the TERA implementation case studies for
ADIGT-CHP application in the petrochemical industry, where the economic
model is developed and deployed. Two case studies are considered one for
small-scale ADIGT-CHP, and the other for large-scale ADIGT-CHP. In each
case, the model computes the NPV, IRR, and SPBP for all cycle configurations
to predict their viability over a conventional case, and values are compared. In
addition, risk and sensitivity assessment of predicted mean NPV with respect to
uncertainties in some key input values are presented.

Finally, chapter eight (8) outlines the thesis conclusions, aim and objectives
achieved, contribution to knowledge, and recommendations for further study
based on the research limitations. Besides, the gains of the techno-economic
model developed in this research over previous models reviewed are outlined.

1.8 Chapter summary

The following are described in this chapter

e The background of the research and the need that justifies undertaking it
are explained.

e The research gaps and needs that would be addressed in this research
are described as research scope.

e The technical question to which this research seeks answer is clarified.

e The main purpose of carrying out this research which is the aim is
defined.

e The various objectives and tasks to be implemented in order to achieve
the aim are highlighted.

e Two contributions that this research would make to knowledge are
outlined.

e A general overview of the methodology and approach used in this
research is documented.

e The contents of this research are grouped in a structure that make up the
Thesis.
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2 LITERATURE REVIEW

2.1 Review of past research

The concept of techno-economic and environmental risk assessment generally
is not new neither is the application of its philosophy in the field of gas turbine
performance analysis invalidated. Several researches have previously been
carried out by professionals and researchers. These researches pertain to
performance, effective asset management, optimisation, and risk mitigation of
gas turbine power plants. It is essential to have insights into the nature techno-
economic and environmental risk analysis has appeared and perhaps the
various results obtained of its concept application in diverse business scenarios.
There are pointers to the fact that this assessment concept has been validated
in the areas of aircraft jet engines, marine vehicle propulsion, and liquefied
natural gas operations.

Besides, helicopter engine performance analysis in civil aviation is a stale
subject of research with enormous stock of interesting results and engine
advancements. More so, the application of aero-derivative gas turbines as
prime movers in industries has long been embraced as supplements to heavy
duty industrial gas turbines, and methods have been developed severally to
improve and advance engine performance. Furthermore, combined-heat-and-
power generation has come to stay as a formidable and advantageous
alternative to producing industrial thermal power and steam separately.

2.1.1 TERA tool

Ogaiji et al (2007) explained the emergence and application of a tool called
TERA - techno-economic and environmental risk analysis. It was asserted that
TERA tool was a brainchild conceived at Cranfield University, which resulted
from research work carried out in areas of multi-disciplinary optimization and
management of power plant; and, after-come on the environment of both the
design and operation of power plants. In their work, TERA framework was
applied in aero-engine modeling and management by integrating the tool with a
commercial optimizer called iSIGHT - a product of Engineous Software Ltd. The
application of TERA tool was demonstrated using a three spool turbo fan
(TSTF) engine of conventional configuration and considered its performance at
the cruise state of the aircraft. This was done by comparing two case studies:
one on a baseline aircraft and the other an optimized aircraft, having the same
TSTF arrangement, payload, and range. The thrust, weight and geometry
scaling were optimized and it was found that the optimized aircraft had a lesser
take-off weight than the baseline aircraft.
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Also, efficiency deterioration was simulated with 2% and 4% deterioration on
both aircrafts, and it was rightfully observed that there was increase in fuel burn
in both cases but the change in fuel burn was more pronounced in the scenario
of the optimized aircraft than that of the baseline aircraft. This implies that an
aircraft asset manager would appreciate the effect of engine deterioration to
make a better decision with an optimized aircraft than with a baseline aircraft.
Hence, the significance of TERA application cannot be over emphasized in
improving the performance and maintenance management of aero-engines.
However, it was suggested from the study that the application of TERA be
extended to stationary industrial gas turbine power plants in the near future
(Ogaiji et al, 2007).

Furthermore, Khan et al (2011) carried out a research on technical risk analysis
of gas turbines for natural gas liquefaction in which the risk assessment aspect
of TERA was focused upon. Monte Carlo simulations was applied to three
87MW single spool type, industrial machines to compare the risks of introducing
new plant equipment against existing and established one. The three cases
examined were using: a baseline engine, an engine with increased firing
temperature, and an engine with a zero staged compressor. This was done with
the intent that the latter two would be modelled as upgrades of the baseline
engine between which there will lie the preferred choice judging by their
analysis results. The aim was to select gas turbine plant equipment for
liquefaction of natural gas. In doing so, machine downtime was identified as an
empirical measure of technical risk, and a model that drew correlation between
a modified technology readiness level (TRL) and downtime was developed. The
analysis was handled with a code that computed the mean time between failure
(MTBF), the mean time to repair (MTTR), and the total time to repair (TTTR) of
some chosen number of components of the examined power plants.

In their work, two modules of the TERA framework were demonstrated in detail,
namely: the lifing, and the risk modules. The engine components life was
modelled in the lifing module using the Weibull distribution together with the log
normal distribution. In each case three types of failures were considered. These
are premature, random, and wear-out failures. Also, the values of scale
parameter and shape parameter for each type of failure were varied. Applying
the Monte Carlo simulation technique of parametric model, the MTBF, MTTR,
and TTTR were estimated of the three engines, and risk results obtained.

It was shown that both the upgrade alternatives give greater power than the
baseline engine, but the zero staging option gives a slightly lower power
increase than the increased TET option. Also, the increase in efficiency of the
zero staged engine is better than the case of the increased firing temperature.
Regarding the risk result, it was noted that the study tried to show the
philosophy underlying the tool and modelling. More so, it was asserted that the
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aim was not to give exact answers but to merely typify the gradation in reliability
given variations in engine cycle and ensuing performance. More so, the study
also aimed at showing the responsiveness and asperity to changes that occur
within upgrades of the same engine. However, the risk result showed that the
zero staged engines is better than the increased TET upgrade.

Judging by the results, it was suggested that zero staging was preferable to
increasing the firing temperature if the baseline engine was to be upgraded,
seeing that zero staging rendered lower rise in total downtime (TTTR). They
also recommended that to provide an arena for total risk assessment, the
demonstrated risk analysis should be integrated with a maintenance
cost/scheduling model, and in turn annexed with emissions modeling in order to
obtain the overall TERA tool for choice of LNG technology (Khan et al., 2011).

Doulgeris et al (2012) applied TERA for advanced marine propulsion systems
where numerical methods were developed to simulate the life-cycle operation of
marine gas turbines installed on marine vessels. The framework used
comprised of the following: ship performance model which simulated engine
performance and exhaust emissions; creep-life prediction method which
assessed the life of the gas turbine; and an economic model which was used to
predict the life-cycle net present cost of the ship operation (Doulgeris et al,
2012).

2.1.2 Helicopter engines performance

The introduction of gas turbine has caused tremendous revolution in helicopter
operational capabilities by improving engine power to weight ratio. Similar
improvements in engine performance and other components parts are expected
to continue in the foreseeable future. There have been several programmes
targeted at helicopter engine performance improvements over the years. In
1968 and 1971 predictions were made of the improved technology of helicopter
engines that would be in production by the year 1980. In these predictions
forecasts were made based on cycle and component analyses that at the
design point a specific fuel consumption (SFC) of about 0.5Ib/shphr
(0.0912kg/kWhr ), an overall pressure ratio (OPR) of about 14, and turbine inlet
temperatures (TET) of about 1300 — 1550K would be achieved. This indicated
an increase of about 17% in OPR, 7% in TET, and a decrease of about 17% in
SFC over the respective values as at that moment (Langshur and Palfreeman,
1971).

Vickers (1995) investigated the potential of the growth of turboshaft engine of a
helicopter with time, customer taste, and technological advancement. He
considered different methods that could be employed to positively influence the
growth (improvement) of the performance of the engine. Such performance
growth could be in the area of improving the power output and the specific fuel
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consumption. It was also noted that user requirement such as larger helicopter
size for increased number of passengers which is a growth function could call
for modification of existing engine components and performance to satisfy the
growth demand. This may affect the size and hence cost of engine.

The aforementioned potential was studied by modifying the preliminary design
of the Rolls-Royce/Turbomeca RTM 322 engine model through design and off-
design point performance simulations. The methods of modifications that were
investigated include increasing the turbine entry temperature, and zero-staging
the LP compressor with increasing the non-dimensional flow through the power
turbine. From the trends of results, Vickers noted that all the methods
investigated depicted improvement in engine performance in the aspects of
improving power output, SFC, and cycle efficiency (Vickers, 1995).

2.1.3 Aero-derivative industrial gas turbines

As the name implies, aero-derivative industrial gas turbines (ADIGT) are gas
turbines derived from aircraft gas turbines and adapted for industrial power
generation. It has been reported that the introduction of modern, high thrust
aero-engines for aircraft propulsion has resulted in the development of a
commensurate range of new high power, high efficiency ADIGT. This is
illustrated by the Rolls-Royce TRENT. The development of these large, efficient
ADIGT offers particular chances for use in power generation and combined-
heat-and-power plant. ADIGT give various advantages over their industrial design
counterparts, in technology, project implementation and maintenance. Comparing
performance, modern ADIGT present a very efficient form of simple cycle energy
conversion and this is exemplified in the TRENT GT. The high efficiency of the
TRENT engine makes it a distinct choice for simple cycle application.

With a state-of-the-art technology development from a modern aero-engine,
fiscal studies have indicated that the high efficiency aero-derivative version
exceedingly counterpoises for higher first cost that could be expected.
Modern ADIGT are also a feasible option for CCGT and CHP applications where
power in the 60 - 120 MW class is anticipated. The TRENT GT, having a
combined-cycle efficiency of about 51.5%, is one of the most competitive options
available in its class. Modern ADIGT plants are an amply-embraced alternative
for energy generation and this progression is expected to advance with the
TRENT and future developments (Smith, 1996).

The GE LM6000 aero-derivative gas turbine series has undergone some new
innovations in technology especially those in the 35 — 65 MW, range. The GE
LM6000 has the latest innovations in the LM6000PG & PH versions. These are
denoted as the “PG” for the standard annular combustor (SAC) and “PH” for the
dry low emissions (DLE) model. The improved technologies for these new
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products include new higher temperature alloys and improved cooling pattern to
withstand high combustor outlet temperature, LP compressor operating at
higher speed and increased mass flow, and higher pressure ratio. The GE
LM6000 PG offers a 25% simple cycle power increase compared to the GE LM
2500, its predecessor, owing to advanced technology (Mehmetli et al, 2010).
The advancement to the GE LM6000 gas turbine produces an 18% increase in
the exhaust energy and 25% increase in power, and about 52% combined-cycle
efficiency when incorporated into a 2-on-1 reference combined-cycle plant
(Mehmetli et al, 2010).

2.1.4 Combined-heat-and-power

Polyzakis (2004) carried out research on combined-heat-and-power in which he
took into account changes in ambient conditions and power settings of a tri-
generation power plant, utilising an evaluation tool for combined heat, cooling
and power generation plant. The work was based on an overall techno-economic
analysis of the tri-generation system that comprised energy demand analysis
and evaluation of actual tri-generation case studies, modelling of the prime
mover (Gas Turbine, GT) and absorption cooling system (LiBr/Water), and,
economic analysis and evaluation of the entire tri-generation plant. He
conducted technical assessment by way of modelling and simulation of the
Design Point (DP) and Off Design (OD) analysis of the gas turbine.

The performance analysis simulated different thermodynamic cycles (Simple,
or with Heat Exchanger), and different configurations (one or two shafts). Also,
the computer programming code was able to simulate the effects of the use of
different types of fuel, ambient conditions, part load conditions, degradation, or the
extraction of power for district heating or for absorption cooling. Part of his
technical assessment was the simulation of the absorption cooling system
alone and in conjunction with the prime mover. The simulation was based upon
the premise that the original prime mover was replaceable (Polyzakis, 2004).

Polyzakis then introduced an evaluation methodology of tri-generation plants,
considering both technical facts and economic data based on certain cases
from Greek reality, thereby, helping potential users to decide whether it is
profitable to use such technology or not. The economic scene involved basic
economic facts such as initial cost, handling and operational cost (fuel
prices, maintenance etc), using methodology based on Net Present Value
(NPV). Case studies were conducted to evaluate CHP trigeneration application
in the following scenarios: The new International Macedonia Airport of
Thessaloniki, Greece; Lemnos Island; Rhodes Island; Hotel in Rethimno-
Crete; and, Hotel in northern Greece. Besides, a sensitivity analysis was
also carried out concerning: national electricity price, purchase electricity price,
oil price, natural gas price, and COZ2 penalty price.
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His results suggested that the 2-shaft simple cycle tri-generation technology
mode was more economically favourable than the conventional technology for
the cases of international airport (12MW total power demand) and the isolated
island (120MW), while the 1-shaft simple cycle mode was more economically
favourable for the case of hotel (1MW). Finally, he inferred that a valuable
integrated tool was provided which could simulate the future operation (technical
and economic) of a trigeneration plant, and capable of helping potential
investors decide if it is profitable to proceed with their investments in such
technology. He, nevertheless, recommended that in future studies, consideration
be accorded emission penalty for NOx in addition to CO2 (Polyzakis, 2006).

The possibilities to develop combined-cycle units (CCU) based on ADIGT and
existing steam turbines have been investigated. The specific compatibility
problems of these components and the thermodynamic performances of the
analysed CCU were also identified. It was found that the thermal efficiency of
CCU is higher than that of individual gas turbine GT or steam turbine ST unit
(about 16 — 18% more than GT and 6 — 8% more than ST). Thus thermal
efficiency of the studied CCU was higher than that of the most efficient power
units operating in Romania at that moment (Talif, 2010).

2.1.5 This research

This research investigates technical performance of advanced cycle helicopter
engines by the use of additional components. Such advanced cycles include,
recuperated, intercooled-recuperated, and Low pressure compressor (LPC)
zero-staged cycles. Also, conversion of helicopter engines to small-scale (SS)
ADIGT is carried out, and their application in CHP in the petrochemical industry
investigated.

Besides, in this research, application of simple and advanced cycle large-scale
(LS) ADIGT in CHP to generate power and process steam in the petrochemical
industry is considered. More importantly, adaptation of TERA as a preliminary
design and decision making tool for assessment of the viability of the SS, and
LS, ADIGT in CHP cycle options in the petrochemical industry is implemented.
By so doing, a techno-economic model is formulated and developed to compute
the NPV, IRR, and SPBP of the ADIGT-CHP cycles putting into account,
capital/installation cost, total emissions cost, fuel cost, O&M cost, etc. The
emissions accounted for here include NOy, CO, H2Oyapour, and CO, rather than
only CO, as recommended in Polyzaki’'s work. Also, previous work only
estimated NPV, whereas this work includes estimation of IRR, and SPBP.

Furthermore, risk and sensitivity analysis of mean NPV of the ADIGT-CHP
cycles with respect to uncertainty in values of gas fuel, grid electricity tariff,
electricity export price, and total emissions tax, are investigated employing
normal, triangular, and uniform probability distribution of inputs.
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2.2 History of gas turbine

According to Singh (2011), the underlying principles of gas turbine were
described in British Patent Number 1833 titled ‘A Method for Rising Inflammable
Air for the Purpose of Producing Motion and Facilitating Metallurgical
Operations’. This patent was retrieved by John Barber in 1791, about the time of
the French Revolution. After about 150 years, the principles presented by Barber
were transformed into products by Frank Whittle and others. Many attempts had
been made to establish a gas turbine that would produce positive power before
Frank Whittle’s work. Prominent among these trials were the attempt of the
Norwegian, Aegidius Elling (1903), whose machine had a rotor design similar to
that of Sir Frank Whittle; the German, Stolze (1900 — 1904) had a gas turbine
which incorporated a multi-stage axial compressor and a multi-stage axial
turbine, but the machine apparently never rotated; the German, Holzwarth
(1906-1908) had a two-stage Curtis turbine built by the Swiss, Koerting
(1903 — 1913); the French, Armengaud and Lemale (1903 — 1905) had an
internal combustion gas turbine which had a radial compressor and a
single stage impulse turbine wheel (this project apparently did result in excess
power, but also included the injection of steam and the project was
abandoned in 1909 when Armengaud died); the American, Stanford Moss
(1903-1904) had a design very similar to those of the French, but the project
was also abandoned. This period witness the registration of a number of
patents. It was the Norwegian, Elling, who is credited with having run in 1903
the world's first gas turbine to give excess power (Singh, 2011).

The inception of World War Il withessed the emergence of Gas turbine with
focus on electricity generation. Then steam turbines and diesel engines were
the widely used prime movers for power generation. Just before the end of
World War Il gas turbine got its first pronounced use in developing the military
jet engine. Then it produced a significantly greater speed compared to the
aircraft driven by propeller. About 20 years later gas turbine became the major
means of civil aircraft propulsion. Today the gas turbine has gained substantial
impact even in the non-aircraft market (Saravanamutoo et al, 2009).

2.3 Brayton cycle

About 1870 George Brayton first introduced the concept of Brayton cycle for
application in the reciprocating oil-burning engine that he developed (Lane,
2001). Brayton cycle is the ideal thermodynamic cycle for gas turbine engines.
Gas turbine operating on the open Brayton cycle is shown in Figure 2-1. The
cycle is made up of an air in-take; a compressor; a combustor with fuel in-flow;
a turbine; and an exhaust. The compressor sucks in ambient air though the in-
take and compresses it to a higher condition of temperature and pressure. The
compressed air flows into the combustor to burn fuel at constant pressure. The
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gaseous products of combustion expand through the turbine to the ambient
condition at the exhaust. By so doing, power is produced in the turbine. Part of
the power is used to drive the compressor and the remainder used to drive
external loads. Four reversible processes that are internally executed constitute
the ideal Brayton cycle. These include: process 1-2 - Isentropic compression
which occurs in the compressor; 2-3 - constant pressure heat addition which
takes place in the combustor; 3-4 - isentropic expansion occurring in a turbine;
and 4-1 - constant pressure heat rejection (in the exhaust) (Gramoll and Huang,
2012; Boyce, 2006). The Brayton cycle could as well be referred to as the
simple gas turbine cycle with the annular station numbered configuration as
shown in Figure 2-2 below.

fuel combustor

fy

Work out

air

ambient

Figure 2-1 An open gas turbine cycle (source: Gramoll and Huang, 2012)

1 2 3 4

Figure 2-2 Simple gas turbine cycle — Station number designation

(Pilidis and Palmer, 2010)

The T-S diagram of simple cycle is shown in Figure 2-3. Heat flow into the cycle
in the combustion chamber (process 2-3) per unit air mass flow is given by
Equation 2-1.

PhD Thesis / Barinyima Nkoi 18



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Qin = h3 —hy = ¢,(T3 —T3) Equation 2-1

Where h is specific enthalpy at various stations, c, is specific heat of air at
constant pressure, and T is total temperature at various stations.

Heat rejected per unit mass flow at constant pressure (process 4-1) is given by
Equation 2-2.

Qout = ha —hy = ¢, (T4 — T1) Equation 2-2
Compressor work (process 1-2) per unit air mass flow is given by Equation 2-3.

CW =hy — hy = c,(T, — Tq) Equation 2-3
Expansion work (process 3-4) per unit air mass flow is given by Equation 2-4.

EW = h3 —hy = ¢,(T3 —T4) Equation 2-4

Since compression and expansion are isentropic, it follows that Equation 2-5 is
true of the relationship between temperature and pressure of air.

Ty [Pq @ _ [Pa - 1 Equation 2-5

] ]T_T4_
T, LP, Lpy Y P!

T v

Where, Y and m are isentropic index of expansion and pressure ratio
respectively. Y could also be referred to as the ratio of specific heats. Then the
thermal efficiency is given by Equation 2-6.

useful work ¢, (T3—T,) — ¢, (T, — T1)
Men = =

heat input cp(T3 — Ty) Equation 2-6

(saravanamuttoo et al, 2009; Pilidis and Palmer, 2010; Gramoll and Huang,
2012).
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Figure 2-3 T-S diagram of the ideal simple cycle (Gramoll and Huang, 2012)

The cycle thermal efficiency of gas turbine is practically visible when described
in terms of fuel flow. The term may be denoted as specific fuel consumption
(S.F.C), a measure of engine efficiency, defined as fuel required per unit of
power output. It is given by Equation 2-7

heat input rat Equation 2-7
spp _ Tuctlowrate _ (Fisfeaisictatee) .
useful power useful power
But

useful shaft power

Men = heat input rate

Therefore, another form of expressing SFC is given by Equation 2-8

: Equation 2-8
SFC = Ib H™1hr~1
Nen X fuel calorific value [ ]

(Pilidis and Palmer, 2010).

This shows that SFC is inversely proportional to thermal efficiency of the
engine. Hence, any modification to gas turbine engine that reduces the specific
fuel consumption or the fuel flow, surely increases the thermal efficiency of the
engine

2.4 Modifications to the simple cycle

In order to increase the thermal efficiency of the simple-cycle, unconventional
components are added to the cycle. These components include such like
intercooler, regenerator (recuperator), and reheater. However, the initial
and operation costs of the cycle may increase due to these additional
components. The improvements in cycle performance brought about by
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these components can only be justified if the decrease in fuel costs offsets
the increase in other costs. There is the general urge to reduce fuel
consumption in gas turbine operation (Lane, 2001). This is achieved by the
introduction of these modifications to the simple cycle. This has led to the
emergence of advanced gas turbine cycles namely: recuperated
(regenerative), intercooled, intercooled-recuperated, and reheat cycles (pilidis
and palmer, 2010; Saravanamuttoo et al, 2009).

2.5 Actual gas turbine cycles

In the cycle described in section 2.3 it has been assumed that the compression
and expansion processes occur adiabatically and reversibly (that is they are
isentropic), a no losses situation, where there is no increase in entropy. In
reality, this is normally not the case, because losses such as friction drag, do
happen and this eventually would cause higher compression work. Thus, there
is irreversibility in real (actual or practical) cycles, considering isentropic
efficiencies of compressors and turbines (pilidis and palmer, 2010;
Saravanamuttoo et al, 2009).

2.6 Design point (DP) performance of gas turbines

The Design Point of a gas turbine could be defined as the very condition in the
operating range of a gas turbine when the engine is running at the very mass
flow, speed, and pressure ratio for which the components were designed
(Pachidis, 2008). In establishing the design point of the engine, a mass flow,
pressure ratio and TET that results in an overall highest thermal efficiency are
normally determined from preliminary cycle calculations. After this is done, other
appropriate design parameters of the gas turbine system may be allotted. Then,
detail design of different engine components can be done in order to provide the
specified requirements of the complete system when operating at the DP. There
are many requirements from a gas turbine engine depending on the engine
application(Pilidis and Palmer, 2010; Li et al, 2006).

2.7 Off design (OD) performance of gas turbines

Besides the DP performance of the gas turbine, it is mandatory to ascertain its
general performance over the entire operating range of power output and
speed. This is known as Off-Design (OD) performance (Pachidis, 2008).
Component characteristics as indicated by component maps of compressor,
turbine, and combustor, are very useful in ascertaining off-design behaviour of
the gas turbine system. These are plots of component parameters such as
pressure ratios versus corrected mass flow rates at various corrected speeds,
and component efficiencies versus pressure at different corrected speeds. At
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steady state operation of the engine, corresponding operating points on the
component maps are matched and can be plotted on the compressor
characteristic diagram to form an equilibrium running line. This running line
should lie near the region of compressor maximum efficiency.

Various performance plots of power output, specific fuel consumption (SFC),
thrust, specific thrust or power, etc could be made once the operating conditions
of an engine have been determined. It is important to note that off-design
performance is very much affected by factors such as ambient conditions of
temperature and pressure, altitudes, flight speed (for aero engines), etc. For
instance, industrial gas turbines have to operate between ambient temperature
of about -60°C in the arctic region and 50°C in the tropics and at altitudes from
sea level to about 3000m. Thus, the way gas turbine engines perform with
varying operating conditions is obviously an essential safety and economic
matter. More so, variations in engine power demand also determine off-design
behaviour of an engine (Pilidis and Palmer, 2010). The design point and off-
design performance analysis is normally achieved by the use of computer
model simulations of engines (Al-Hamdan and Ebaid, 2006). Some effects of
changing conditions of gas turbines on performance are illustrated in Figure 2-4,
Figure 2-5, and Figure 2-6 below.
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Figure 2-4 Part load power performance (source: Energy and Environmental
Analysis, 2008)
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Figure 2-5 Ambient temperature effect on performance (source: Energy and
Environmental Analysis, 2008)
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Figure 2-6 Altitude effects on performance (source: Energy and Environmental

Analysis, 2008)

2.8 TURBOMATCH - engine performance prediction code

Engine components operating point matching to establish DP and OD
performance is normally a tedious and time consuming task since it is an
iterative process. For this reason, computer based simulation is normally
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employed to accomplish the task. TURBOMATCH is a gas turbine engine
performance code developed and established at Cranfield University. It is
employed to simulate the DP and OD performances of a broad range of aero
and industrial gas turbines. Simple single shaft engines, complex multi-spool
engines, as well as novel cycle engine configurations can be modelled
adequately using the scheme. It is a programme that has the capability to
simulate both steady state performance and transient performance
characteristics.

In the scheme, different engine components (intake, compressor,
combustor, turbine, nozzle, etc) are represented by bricks (building blocks
of the programme). These bricks are pre-programmed routines deployed to
simulate, on a modular basis, the performance of the various engine
components they represent. The cycle thermal efficiency, specific fuel
consumption, power, or thrust of the engine, etc are essential performance
output parameters that are obtained as desired results of the simulation.
Besides these overall cycle results, individual component performance
characteristics, and the working-fluid properties at various stations within the
engine are also outputted. TURBOMATCH scheme is inter-face friendly
and presented in a way that computer programming non-experts can
conveniently use. Apart from the bricks that represent specific engine
components as outlined above, the programme also consist of other bricks
that perform various arithmetical operations, take care of final performance
calculation, and produce additional output.

More importantly, the gas states at the inlet and outlet to every component
brick are defined by a number of quantities called station vectors. These gas
states describe the thermodynamic processes taking place within the
component. The numbers of quantities that constitute each station vector
include the following: total and static pressures and temperatures, velocity,
mass flow rate, area, etc (Palmer, 1999; Pachidis, 2008).

2.9 Gas turbine engine emissions

Burning fuel in gas turbine combustors generates some exhaust products as
emissions. The exhaust from both aero-engines and industrial gas turbines is
made of carbon dioxide (CO;), carbon monoxide (CO), water vapour (H20),
unburned hydrocarbons (UHC), oxides of nitrogen (NOy), particulate matter
(carbon), and excess atmospheric oxygen and nitrogen. Of these products, H,O
and CO; only contribute to global warming but are not classified as pollutants.
These two could be reduced by reducing fuel consumption (Lefebvre and Ballal,
2010). Table 2-1 Presents list of major pollutants.
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Table 2-1 Principal pollutants Emitted by Gas Turbines (Lefebvre and Ballal,
2010)

Pollutant Effect

Carbon monoxide(CO) Toxic

Unburned hydrocarbons (UHC) Toxic

Particulate matter (C) Visible

Oxides of nitrogen (NOy) Toxic, precursor of chemical smog,
depletion of ozone in stratosphere

Oxides of sulphur (SOy) Toxic, corrosive

The amount of pollutants produced in gas turbine combustion is directly
proportional to the temperature, time and concentration histories of the
combustion process. This varies with changing operating conditions of any
given combustor. At low power settings the concentrations of UHC and CO are
highest and decrease as power increases. On the contrary, the concentrations
of smoke and NOy are minimum at low power settings and increase to
maximum with increasing power (Lefebvre and Ballal, 2010).

2.9.1 Emission index (EIl)

Emission index of a gaseous product of combustion is defined as the ratio of the
amount of product in grams to the amount of fuel consumed in kilograms. For
instance, emission index of NOy denoted by EINOy is given by Equation 2-9.

g of NOx Equation 2-9
kg of fuel
Similarly EICO, EICO,, and EIH,0O are calculated. These quantities are computed

and translated into annual total emissions based on the amount of fuel consumed
(Khan et al, 2009).

EINOy =

Total emissions is given by Equation 2-10.

Emission (%) — EI (kg ?uel) x SFC (%) x Time(s) Equation 2-10

(Lefebvre and Ballal, 2010).

2.9.2 Dry low emission (DLE), or NOx (DLN)

A maijor factor that influences the emission of NOy and CO is the combustor
primary-zone temperature. An attempt to increase the primary-zone
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temperature to a value above 1900K favours the formation of excessive amount
of NO4 and low amount of CO emissions. The reverse effect is the case when
the primary-zone temperature is reduced to value below 1680K which is low
NOy and high CO. Thus, as illustrated in Figure 2-7 , a temperature “window” for
low emissions is created in which both NO, and CO emissions are kept to a
minimum value. Over time this temperature “window” shrinks narrower as
stricter emissions regulations evolve (Lefebvre and Ballal, 2010).

The combustion zone ought to be maintained within the temperature “window”
of low emissions for the entire power setting range of the engine. To do this
some measures have being adopted for emissions reduction. Dry low emission
(DLE) or dry low NOx (DLN) technologies have emerged as techniques to
maintain combustion within the temperature “window” of low emission without
the use of water or steam injections. Air dilution of the zone is used instead of
water or steam, hence, the “dry” low concept.

DLE or DLN concepts are applied in various combustion technologies such as:
variable geometry combustion, stage combustion, and lean pre-mixed/pre-
vapourised (LPP) combustion.
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Figure 2-7 Influence of primary-zone temperature on NOx and CO emissions
(source: Lefebvre and Ballal, 2010)
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2.9.3 HEPHAESTUS-engine emissions prediction code

A code called HEPHAESTUS — adapted for industrial gas turbines has been
developed at Cranfield University, UK and validated to perform the engine
emissions and environment module of TERA. The scheme simulates a single
annular combustor, and introduces a technology factor so that it can calibrate
the amounts of engine emissions to standards that apply to different
technology combustors. The model is capable of simulating combustion of
variety of fuels, namely: Jet-A, natural gas, biofuels, and blended jatropha-jet A.
Applying DLE concept, the key input parameters to the code are: ambient
altitude, ambient temperature, ambient relative humidity, air total temperature at
combustor inlet, air total pressure at combustor inlet, total air mass flow rate,
flame front air mass flow rate fraction, primary air mass flow rate fraction,
intermediate air mass rate flow fraction, dilution air mass flow rate fraction, fuel
mass flow rate, and fuel total temperature (Celis, 2010; Kyprianidis, 2008).

The scheme utilized physics based approach of the stirred-reactors strategy for
emissions estimation. This is because this approach combines some desired
features of both empirical correlations approach and CFD calculations. Three
concepts of stirred-reactors strategies are employed by the model, namely:
perfectly-stirred reactors, series of perfectly-stirred reactors, and partially-stirred
reactors (Samaras et al, 2011).

Emission indices of the gaseous products at different power settings and
ambient temperatures, and the total quantity of each emission are calculated.
These combustion products include oxides of nitrogen (NOy), carbon monoxide
(CO), unburnt hydrocarbon (UBH), carbon dioxide (CO,), and water vapour
(H2Ovapour), Which constitute bulk of nuisance to the environment (Celis, 2010;
Kyprianidis, 2008).

2.10 Techno-economic and environmental risk analysis

Techno-economic and environmental risk analysis (TERA) framework is a multi-
disciplinary tool developed to model gas turbine and aircraft performance,
measure engine emissions, noise, weight, and also to estimate environmental
impact and the economics of operation. TERA framework is a brainchild
conceived at Cranfield University, which resulted from research work carried out
in areas of multi-disciplinary optimisation, asset management, of power plants,
and effect of power plant design and operation on atmospheric pollution. TERA
tool is utilised to assess and optimise potential, as well as, existing engine
designs for the purpose of minimising development and ownership cost. Its
philosophy as illustrated in LNG plant operation and aircraft optimisation is
shown in Figure 2-8 and Figure 2-9 respectively.

PhD Thesis / Barinyima Nkoi 27



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

TERA philosophy is conceived to consist basically of the following modules:

e Aircraft performance module: This module which is coded as HERMES,
was developed to calculate the following data that depict the
performance of the aircraft: the lift coefficient, drag coefficient, distance
to take-off, fuel usage, time elapsed, distance covered, and the range for
a given fuel load, maximum take-off weight, and payload.

e Engine performance module: TURBOMATCH modeling code is used as
the engine performance module. It is an in-house gas turbine
performance assessment tool of Cranfield University. It is a computer
programme which evolves data from the machine required for other
TERA modules, such data as specific fuel consumption (SFC), cycle
efficiency, power output, mass flow etc.

e Economics module: Three sub-modules namely; risk, economic, and
lifing, modules comprise the economics module. This module measures
the life of the high pressure turbine disk and blade (using failure analysis
of creep and fatigue). It also measures the maintenance cost of the
engine and the net present cost of operation. More so, associated risk is
estimated using the Monte Carlo method.

e Environment module: A parametric model — the general circulation model
(GCM) simulation is used to estimate the global warming potential
(GWP) index to assess the environmental impact for a given aircraft
mission.

e Noise module: A noise estimation program called SOPRANO, an
acoustic prediction code is applied to estimate the aircraft noise. This
noise reduction technology assessment code was developed by the
company ANOTEC Consulting. They estimated the Effective Perceived
Noise Level — EPNL of fan, jet and airframe, being the three major
sources of noise. This was extended to atmospheric absorption and
ground effects to simulate the noise propagation from the aircraft.

e Emission module: This module computes the concentrations of the
exhaust pollutants namely, oxides of Nitrogen (NOx), carbon monoxide
(CO), and un-burnt hydrocarbons (UHC). The data required by the
economic and environment modules are fed from the emission module to
allow for the prediction of emission taxes and GWP accordingly.

e Weight and geometry module: Engine and component materials,
geometry, and weights, which are required by other TERA modules,
were obtained from this module.

e Manufacturing plant cost module: This module uses a bottom-up
approach to estimate the cost of components and that of the engine,
thereby giving a direct production cost which show practical cost grading
and trending. Inputs to this module include manufacturing technology
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levels, production cost, materials prices, available machine settings and
production numbers.

e Optimiser:

This

is the routine that optimises the aircraft overall

performance for a given engine performance, weight, and geometry. This
is aimed at meeting a defined range and achieving a functional goal of
reduced operation cost, reduced concentration of exhaust pollutant, and
increased cycle efficiency and output power (Ogaji et al, 2007).
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Figure 2-8 TERA framework for LNG application (source: Khan et al, 2011)
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Figure 2-9 TERA philosophy and framework for aircraft optimisation (source:
Ogaiji et al, 2007)

2.11 Chapter summary

In this chapter the following are explained:

e A review of some past researches carried out in the thematic areas of
this research is done.

e Brayton cycle is defined as gas turbine thermodynamic cycle and its
theories and principles are highlighted.

e The method of analysis of gas turbine performance using
TURBOMATCH code which is adopted in this research is explained.

e The method of analysis of gas turbine emissions using HEPHAESTUS
code which is adopted in this research is explained.

e The philosophy of TERA framework which is adapted to ADIGT-CHP in
this research is described.
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3 PART A: HELICOPTER ENGINES PERFORMANCE
METHODOLOGY AND ANALYSIS

3.1 Overview

The performances of engine cycle options of a chosen civil helicopter turbo-
shaft gas turbine are investigated. The cycle options are simple (SC) (base
engine), and advanced cycles. The advanced cycles consist of recuperated
(RC), intercooled/recuperated (ICR), and low pressure compressor zero-staged
(LPC-ZS) cycles. The significance of ascertaining the performances of these
helicopter engine cycle options is partly because they are to be subsequently
considered for conversion to small-scale aero-derivative industrial gas turbines
that would be employed for combined-heat-and-power application in the
petrochemical industry. A second significance of their performance assessment
is to serve as a step towards making good choice of helicopter engine cycles for
an envisaged application.

The chapter begins with a look at the nature, characteristics, and functions of a
helicopter. Also, it highlights the methods used to analyse the engine cycles
which are the thermodynamic principles of turbo-shaft gas turbine. These
principles originate from the most fundamental Brayton cycle theory and
cumulates to more complex configuration like the two-spool engine. The chapter
ends with the design and off-design points performance simulations and
comparisons of the helicopter engine cycles. The method of applying gas
turbine performance analysis code — TURBOMATCH is adopted to simulate the
performances of the helicopter engines. The TURBOMATCH code has been
described in section 2.8.

3.2 The helicopter and its function

The helicopter is a rotary-wing aircraft as opposed to the fixed-wing aeroplane.
The production of different types of rotary-wing aircraft has been on the
increase since World War Il. An helicopter manufacturer - Sikorsky introduced
the single-rotor helicopter (with tail rotor) during the war years. Since then
several versions of helicopters having tandem rotors, side-by-side rotors,
coaxial rotors and tip-driven rotors have been established. Another group,
tending towards fixed wings now exist which includes compound systems, tilt
rotors and tilt wings. The tilt rotor, as the name suggests, is the type in
which the rotors face upwards for vertical take-off and hover, and forwards
for horizontal flight. The tilt rotor type seems to offer considerable promise and
may in the future become the type which would liberate the helicopter from its
constraining speed limitation. The helicopter can never fly fast compared to the
fixed-wing aircraft, and this limitation is due to the possibility of occurrence of
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blade stalling. Up till now the single-rotor helicopter remains by far the most
numerous the world over (Seddon, 1990).

The helicopter is known to be a distinctive automobile because of its aptness
to hover, fly vertically, fly at low altitudes, and manoeuvre. These features
make the helicopter very useful in difficult terrain. Its immediate availability
makes it the most effective solution for flight to urban areas. Helicopters are
used for civilian air transport such as inter-airports and heliports services, air
taxi, and business travel. Also, it is used for search and rescue operations,
fire-fighting, motorway patrol, aerial photography, power line inspection,
pipeline inspection, air ambulance, disaster relief, and traffic monitoring.
More so, its use extends to agricultural applications, press and TV
coverage, lifting (skycranes), policing, and executive services (Sonneborn,
2003). Helicopters are also used for military and naval purposes like
surveillance, transfer of armours or personnel, attacking, support of ground
troops, etc (Brown, 1981).

More specifically, the helicopter operates by providing lift, propulsion, and
control with the aid of its rotating wings. The rotor blades rotate about a vertical
axis, circumscribing a disc in a horizontal or approximately horizontal plane.
The motion of the surface of a wing relative to air creates aerodynamic forces.
These forces can be generated even when the helicopter is stationary, as
opposed to fixed wing aircrafts which need to keep moving in order to maintain
flight. This feature makes the helicopter unique in that it is capable of
producing vertical flight (vertical take-off, and landing). The thrust force
supplied by the rotor must be sufficient enough to support the helicopter weight
(Johnson, 1994).

3.3 Helicopter engine: the turbo-shaft engine

Gas turbine engines which provide power for rotary wing aircrafts, or
helicopters, are referred to as turbo-shafts. Some major criteria to be
considered for helicopter engines are; engine weight, rated SFC, flight speed,
and part power SFC. For turbo-shaft engines the frontal area of the engine is
not particularly significant because low flight speeds are expected of the
helicopter. Part power SFC is important because maximum power may be sized
either for hot day operation or for multi-engines in case of one engine failure.
Turbo-shaft engines may be single-spool or multi-spool. The single-spool
configurations are employed basically to minimise weight. Free power turbine
configuration with a single spool or in some cases two spool gas generator
characterise turbo-shaft engines. Pressure ratio is usually in the range 7:1 to
10:1 (with TET of about 1250K to 1450K), and up to about 17:1 (with TET of
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about 1500K), in which cases, blade cooling is required. For specific power, this
pressure ratio of 17:1 is about the optimum (Walsh and Fletcher, 2004).

A turbo-shaft gas-turbine engine operates much like a turboprop system. It does
not drive a propeller; instead, it provides power for a helicopter rotor. The turbo-
shaft engine is designed so that the speed of the helicopter rotor is independent
of the rotating speed of the gas generator. This permits the rotor speed to be
kept constant even when the speed of the generator is varied to regulate the
amount of power delivered (Bellis, 2012). A schematic illustration of the simple
turbo-shaft engine is shown in Figure 3-1.

Inlet Compressor Combustion chamber Power shaft

Compressor turbine

| Free (power) turbine

Figure 3-1 Schematic diagram showing the operation of a simplified turbo-shaft

Engine (Source: Federal Aviation Administration, USA,
AeroManual.com/PHAK)

3.4 Simple cycle two-spool turboshaft engine with free power
turbine

In this research, two-spool turboshaft engine with a free power turbine (FPT)
is considered as the helicopter engine in which a low pressure compressor
(LPC) and a high pressure compressor (HPC) are driven by the high pressure
turbine (HPT). The schematic of this engine is shown in Figure 3-2.

PhD Thesis / Barinyima Nkoi 33



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Fuel

& rnbie it
alr in

Fixhaust

Figure 3-2 Schematics of simple cycle two-spool turboshaft engine with free

power turbine (Nkoi et al, 2013a)

The T-S diagram of the simple cycle is shown in Figure 3-3 considering
isentropic efficiencies of compressors and turbines.

With the notations of Figure 3-2 and Figure 3-3, and applying steady flow
energy equation, heat flow into the cycle in the combustion chamber (process 3-
4) per unit air mass flow is given by Equation 3-1.

G =hy,—hy ICP(E —T3) Equation 3-1

Heat rejected at constant pressure (process 6-1) in the exhaust is given by
Equation 3-2.

4., =h —h, :cp(T6 ~T) Equation 3-2
Equation 3-3 gives the total compressor work (CW) (process 1-2-3) per unit air

mass flow, where process 1-2 occur in the LPC and process 2-3 occur in the
HPC.

CW=LPCW4+HPCW=(h, —h)+(h, —h,)

CW=c,[(T,-T)+(T,-T,)] Equation 3-3
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S

Figure 3-3 T-S diagram of actual simple cycle two-spool engine with free power
turbine (Nkoi et al, 2013a)

High pressure turbine work (HPTW) (process 4-5) per unit air mass flow is
defined by Equation 3-4.

HPTW=h,—hs = cp(ﬂ —T5) Equation 3-4

Free power turbine work (FPTW) (process 5-6) given by Equation 3-5
FPTW=hy—h;=c,(I,-T,) Equation 3-5

This implies that total expansion work (EW) is obtained as stated in Equation
3-6
EW = HPTW + FPTW

EW=c |[(T,-T,)+(T, - T,)] Equation 3-6

The thermal efficiency is calculated using Equation 3-7 below.

_useful work  EW —CW Equation 3-7
heat input ¢, (1,-T,)

up

(Nkoi et al, 2013a).
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3.5 Advanced cycles two-spool turboshaft engines with free
power turbine

To increase the efficiencies of the simple-cycle, unconventional components
are added to the cycle. These components include such like intercooler,
regenerator (recuperator), or reheater. However, the initial and
maintenance costs of the cycle may increase due to these additional
components. The improvements in cycle performance brought about by
these components can only be justified if the decrease in fuel costs offsets
the increase in other costs. There is the general urge to reduce fuel
consumption in gas turbine operation (Lane, 2001). This is achieved by the
introduction of these modifications to the simple cycle. The descriptions of
these modifications are outlined below.

3.5.1 Recuperated two-spool turboshaft engine with free power turbine

The turboshaft engine described in section 3.4 with a recuperator is
represented on the T-S diagram shown in Figure 3-4. The recuperator or
regenerator is a heat exchanger connected between the turbine exhaust and
the compressor exit. The thermal efficiency of the cycle increases due to
recuperation because the portion of heat in the exhaust gases that is
supposedly wasted by flaring is now utilised to preheat the air at the exit to
the compressor. This, in effect, reduces the heat gain from burning fuel, and
hence, decreases fuel consumption for same power output. However, if the
compressor outlet temperature is equal or higher than the turbine exhaust
temperature, the use of a regenerator is not recommended. Else, there will
be a reversal of heat flow to the exhaust gases, causing the efficiency to
decrease. Very high pressure ratios in gas-turbine engines could cause this
adverse situation, thus recuperation is very useful for small engines.

Referring to the cycle in Figure 3-4, Tg is the maximum temperature that can
occur within the recuperator which is the temperature of the exhaust gases
entering the recuperator and leaving the turbine. Air in the regenerator
(recuperator) can only be preheated to a temperature below Tg, and air
will normally exit the regenerator at T, a lower temperature (Saravanamutoo
et al, 2009).
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Figure 3-4 T-S diagram of actual recuperated two-spool turboshaft engine with
free power turbine (Nkoi et al, 2013a)

The heat input per unit air mass flow here is given by Equation 3-8.

q, =h,—h, :cp(n -T,) Equation 3-8

Equation 3-9 calculates the thermal efficiency in this case making reference to
Equation 3-3 and Equation 3-6.

_useful work  EW—-CW Equation 3-9
" heat input c, (r,-1,)

(Saravanamutoo et al, 2009; Nkoi et al, 2013a).

3.5.2 Intercooled/recuperated two-spool turboshaft engine with free
power turbine

Incorporating an intercooler between the LPC and HPC of the recuperated
engine in section 3.5.1 such that air leaving the LPC is cooled before entering
the HPC, results in an intercooled/recuperated cycle. Intercooling reduces the
total compressor work, thereby, increasing useful work output, turbine work
remaining the same (Hartman, 1981). Also, intercooling will increase the
specific work of the cycle, increase heat input from combustor, and thus fuel
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consumption will rise (Ibraham et al, 2010). However, this intercooler effect of
reducing thermal efficiency is compensated by recuperation effect in ICR. The
T-S diagram for the cycle with both intercooling and recuperation is shown in
Figure 3-5, where process 2-3 is intercooling.

Regeneration

3 qult

Figure 3-5 T-S diagram of actual intercooled/recuperated two-spool turboshaft
engine with free power turbine (Nkoi et al, 2013a)

Using the station numbering and notations in the T-S diagram of Figure 3-5,
intercooler effectiveness is given by Equation 3-10 below.

T,-T, Equation 3-10

(Bromnick et al, 1998).

3.6 Helicopter engine model simulation

Performance analysis of a gas turbine engine starts with preliminary design of
the engine model. The nature of application, the shaft power requirement, and
of course, the class of helicopter, are important factors to be considered when
making choice of engine model sizing.

3.6.1 Choice of base-line engine core

Considering an envisaged application scenario for helicopter on mission
offshore oil/gas rig, the class of helicopter that would be involved, coupled with
availability of data, the choice of engine core for the preliminary helicopter
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engine model design is made. This core is inspired by Makila 2A model, a
Turbomeca turbo-shaft engine. This engine was specially developed to power
11-ton twins, like Eurocopter EC225 and EC725 (Safran Turbomeca). The
Turbomeca Makila 2A engine is shown in Figure 3-6 and its schematic diagram
is shown in Figure 3-7.

Figure 3-6 Picture of Turbomeca Makila 2A engine (source: Safran Turbomeca)

The Makila 2A is a two-spool turbo-shaft engine with a free power turbine which
is capable of delivering 1,567kW (2,101shp) at take-off ISA SLS. Its power
output shaft speed is 23000rpm; air mass flow is 5.7kg/s, and pressure ratio of
11:1 (Jane’s, 2011; Safran Turbomeca; Turbomeca, 2011).

Compressor:

3-axial+1
centrifugal Annular combustor

2stage gas generator 2stage free Power output

turbine power turbine shaft

Figure 3-7 schematic diagram of Makila 2A engine (source: Safran Turbomeca)
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3.6.2 Simple cycle (baseline) engine design point performance
simulation

It should be understood that the design point of the inspiring engine core is
proprietary information of the original equipment manufacturer (OEM), and as
such, the design point is reasonably chosen by the engineering judgment. This
is because some key defining parameters of the DP like the turbine entry
temperature (TET), etc. are not usually disclosed by the OEM (Andreadis,
2009). Based on this fact, and due to availability of data, take-off condition at
international standard atmosphere, sea level static (ISA SLS) is chosen as the
design point with the adoption of U.S.A.F. standard for pressure recovery at
intake.

3.6.2.1 TURBOMATCH model of the simple cycle (baseline) engine

In order to carry out computation of the engine performance, the engine
components are modelled in TURBOMATCH bricks as described in section 2.8.
Following the schematics of the core engine shown in Figure 3-7, the base-line
engine components in TURBOMATCH bricks are shown in Figure 3-8 below.
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Figure 3-8 Simple cycle 2- spool helicopter engine components in

TURBOMATCH bricks (inspired by Turbomeca Makila 2A core)

The component bricks are built in TURBOMATCH code with their respective
station numbers, station vectors, and brick data assigned accordingly to form
the simulation programme input file. The design parameters of the engine are
presented in Table 3-1 below.
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Table 3-1 Design parameters of the simple (base engine) cycle

Design parameter Value
Power rating (Free power turbine) 1567kW
Compressor isentropic efficiencies 0.79
Surge margin parameter 0.85
Overall pressure ratio 11.25
LP compressor pressure ratio 2.5
HP compressor pressure ratio 4.5
Turbine entry temperature 1500K
Inlet air mass flow 5.7kg
Combustor efficiency 0.99
HP turbine isentropic efficiency 0.88
Power turbine isentropic efficiency 0.89

The turbine entry temperature and component efficiencies are assumed. Both
compressors are driven by the HP turbine. A 10% air mass flow bleed for
cooling of HP turbine blades, and a combustion chamber pressure loss of 5% of
the HPC delivery pressure are allowed. The surge margin parameter in Table 3-
1 is the factor that limits the compressor operating point from coinciding on the
surge line in order to prevent the compressor from surge. In TURBOMATCH
code, surge margin parameter lies between 1.00 and zero. Depending on
pressure ratios, in TURBOMATCH code, as surge margin tends to the value of
1.00, operating point approaches surge condition and as it tends to zero,
operating point approaches choke condition. The surge margin of 0.85 allotted
in this design is the default value in TURBOMATCH and means that the
operating point is kept literally at a safe distance from the surge line. Surge
margin parameter Z is defined by Equation 3-11.

(7T =T o) Equation 3-11

(ﬂ:surge - ﬂ.choke)

7 =

Where, m = pressure ratio at design point, Tsuge = pressure ratio at surge
condition, and Trchoke = Pressure ratio at choke condition (Palmer, 1999).
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The simulation is ran in TURBOMATCH, and the output file gives the
performance results shown in Table 3-3. The TURBOMATCH simulation input
and result file is presented in Appendix A.1

3.6.3 Recuperated helicopter engine DP simulation

Maintaining the baseline engine core arrangement as described in section
3.6.2, a recuperator (a set of heat exchangers) is coupled between the outlet of
the power turbine and HP compressor, and modelled in TURBOMATCH bricks
shown in Figure 3-9.

The TET, OPR, inlet mass flow, and component efficiencies presented in Table
3-1 are maintained, while additional design parameters for the recuperated
engine are shown in Table 3-2.

Table 3-2 Additional design parameters of the recuperated cycle engine

Design parameter Value

Recuperator effectiveness 65%
Cold side pressure loss 1%
Hot side pressure loss 3%

A bleed of about 7% of inlet air flow for the HP turbine inlet blades cooling, and
a mass flow leakage of 0.02kg for the recuperator, are allowed.

Maintaining take-off point at ISA SLS as design point, the engine is simulated
in TURBOMATCH codes and output results generated. The DP performance
results are summarised in Table 3-3.
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Figure 3-9 Recuperated helicopter engine components in TURBOMATCH bricks.

3.6.4 DP simulation of engine with LP compressor zero-staged

A compression stage is added at the inlet of the LP compressor of the simple
cycle-baseline engine thereby modifying it to a different engine configuration.
This additional stage (zero stage) increases the overall pressure ratio by 1.13,
and is intended to increase air mass flow through the engine. The combination
of all the compressors is still driven by the HP turbine. A bleed of about 8% of
inlet air mass flow is permitted to cool the HP turbine inlet blades. With the core
arrangement of the baseline engine maintained, this zero-staged configuration
is modelled in TURBOMATCH bricks shown in Figure 3-10. Keeping TET at
1500K and adopting the component efficiencies of the baseline engine, the
engine DP is simulated with take-off at ISA SLS as design point. The
performance results are stated in Table 3-3. The TURBOMATCH simulation
result file is presented in Appendix A.3

PhD Thesis / Barinyima Nkoi 43

NOZCON



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD

BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

L
. ¢ ) . ﬁ w ) m

s « HPC = w ]

: 2 BURNER E HPT 5 LPT 5

k / M ] : i}
\J/ 5 7
3 4 ° o 12
1, 14 10
9
HPT blades cooling bleed 1

Figure 3-10 Helicopter engine with LP compressor zero-staged in TURBOMATCH
bricks with station numbering

3.6.5 Intercooled/recuperated helicopter engine DP simulation

The recuperated engine cycle described in section 3.6.3 is modified by
incorporating an intercooler between the LP and HP compressors. This is aimed
at lowering the temperature of the air mass entering the HP compressor in order
to reduce the work done by the HP compressor, and consequently, the overall
compression work is reduced, and as such, cycle efficiency would improve. The
parameters of the recuperator cycle are maintained, except that a bleed of 10%
of the inlet air mass flow is allowed for HP turbine inlet blade cooling. The air
leaving the LP compressor is cooled to a temperature of 300°C which results
from an intercooler effectiveness of 88%, and a pressure loss of 4% of LP
compressor delivery pressure. Maintaining take-off at ISA SLS as design point
the intercooled/recuperated engine is simulated as modelled in TURBOMATCH
bricks shown in Figure 3-11 below.
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Figure 3-11 ICR helicopter engine components inTURBOMATCH bricks

The DP performance result of the intercooled/recuperated helicopter engine is
indicated in Table 3-3 , whereas the simulation result file is shown in Appendix
A2.

Table 3-3 Summary of DP performance results of helicopter engines simulation

Value at DP of simulated helicopter turboshaft engines

Performance
parameter Simple Recuperated LP compressor

cycle zerostaged
Power turbine rating 1,567kW 1,567kW 1,567kW 1,567kW
Inlet mass flow 5.7kg/s 5.7kgls 5.7kgl/s 5.7kgls
Exhaust mass flow 5.83kg/s 5.81kg/s 5.83kg/s 5.80kg/s
Fuel flow 0.130kg/s 0.107kg/s 0.127kg/s 0.104kg/s
E’::::f:tﬂ: 908K 916K 887K 931K

PhD Thesis / Barinyima Nkoi 45



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Value at DP of simulated helicopter turboshaft engines

Performance

parameter Simple Recuperated LP compressor ICR
cycle zerostaged

Overall pressure 11.25:1 11.25:1 12.71:1 11.25:1

ratio

Thermal efficiency 0.281 0.339 0.287 0.349

LPC power (kW) 625 625 727 625

HPC power (kW) 1538 1538 1606 1166

HPT power (kW) 2163 2163 2333 1791

% variation in HPT

power of advanced

cycles over that of 0 0 7.86 -17.2

SC

The variation in compressor work due to zero-staging LPC and
intercooled/recuperation is indicated in the values of LPC power and HPC
power in Table 3-3 above. The power produced by the HPT changes
accordingly to the sum of the compressor powers being the only turbine that
drives all the compressors. At DP the free power turbine (FPT) output is
assumed fixed for all four cycles and so is not affected by the variation in
compressor work because it is not driving any of the compressors. The rational
here is to compare performances of cycles with the same nominal power rating
in terms of thermal efficiency and fuel consumption. Recuperation alone has no
noticeable effect on compressor work. However, all the advanced configurations
reduced the fuel flow which eventually reduced heat energy input in combustor
and hence increased thermal efficiency

3.6.6 Verification of engine DP performance results

To verify the results of performance parameters for the simulated baseline
engine, comparison is made with public domain source reference data of the
inspiring Makila 2A engine core. This is shown in .

Table 3-4.
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Table 3-4 Verifying result of simulated baseline engine

Value per engine at take-
off condition

CRANFIELD
UNIVERSITY 2014

Performance B _ variation Percentage
parameter Inspiring simulated variation

Makila 2A  baseline engine

core

Power turbine 1,567 1,567 0.00 0.00
rating
(kW)
Inlet mass flow 5.7 5.7 0.00 0.00
(kg/s)
Exhaust mass N/A 5.83 - -
flow (kg/s)
Fuel flow at cruise 0.0915 0.0765 0.015 16.4
speed (kg/s)
Exhaust gas 1069 908 161.24 15.1
temperature(K)
Overall pressure 11.00:1 11.25:1 -0.25 -2.3
ratio
Thermal efficiency 0.300 0.281 0.019 6.3
Turbine entry N/A 1500 - -
temperature (K)

3.7 Off-design performance results of the helicopter engines

As described in section 2.7, gas turbine engines normally do not operate at the
DP in practice due to the effects of conditions such as changing ambient
temperature, altitude, turbine entry temperature, among others. By the use of
component maps in TURBOMATCH codes, the off-design performance of all
the engine versions are simulated and the variation of some key output

parameters are plotted in Figure 3-12 to Figure 3-15.
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Figure 3-15 Effect of altitude on thermal efficiency at Mach 0.2

From the simulation results shown in Table 3-3 and plots of Figure 3-12 to
Figure 3-15 it could be observed that the recuperated, LP compressor zero-
staged, and the intercooled/recuperated, engines, all have increased thermal
efficiency, compared to the simple cycle — baseline engine at both DP and OD
conditions. The percentage increases in thermal efficiency of these advanced
cycle engines over the traditional simple cycle engine especially at DP are
shown in Figure 3-16. More so, the increase in thermal efficiencies implies that
specific fuel consumption is improved in the advanced cycle engines than the
simple cycle.
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Figure 3-16 percentage increases in thermal efficiencies of advanced cycles over
simple cycle.
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The advantage of improved performance of the recuperated cycle is as a result
of reduction in the heat flow rate required from fuel combustion. This is
occasioned by increased temperature of the air stream at the inlet to the
combustor by the recuperator, thereby reducing fuel flow. This feature of the
recuperator coupled with further reduction in compressor work occasioned by
the incorporation of the intercooler makes the ICR cycle to register better
performance. The cycle with LPC zero-staged showed a better performance
than the simple cycle because of the increase in air mass flow through the
engine by the additional stage of compression in front of the LP compressor.

It is observed that to a large extent, the advanced engine cycles exhibit better
performances in terms of thermal efficiency and SFC, than the traditional simple
cycle engine. The percentage increases in thermal efficiencies of engine cycle
with LPC zero-staged, RC engine, and ICR engine cycles, over simple cycle at
DP are 2.1%, 20.6%, and 24.2% respectively, whereas percentage reduction in
SFC in these cycles over simple cycle at DP are 2.6%, 17.3%, and 21.1%
respectively.

However, it is important to note that though the thermal efficiency is improved
by using the advanced cycles, the incorporation of intercooler, recuperators,
and additional compression stage, would render the engine more complex. This
would raise the capital and maintenance cost actually, but cost of fuel would
reduce due to reduction in fuel consumption.

These results compare favourably with values obtained in the literature. For
instance, it was reported that the 1.4MW ICR Heron-1 turbo-shaft gas turbine
manufactured by EECT of the Netherland, exhibits thermal efficiency of 42.9%
while a simple cycle gas turbine of same power range has thermal efficiency of
about 26 - 34%. This represents a thermal efficiency increase of about 26.2% at
the minimum (Farmer, 2002). More so, zero-staging the LP compressor of a
helicopter turbo-shaft engine of the RTM322 core was reported to have yielded
5.21% increase in thermal efficiency over that of the base-line engine (Vickers,
1995; Nkoi et al, 2013a).

3.8 Chapter summary

The following are described in this chapter:

e The definition of a helicopter is given stating its features, functions, and
various areas of application.

¢ A helicopter engine is defined as the turbo-shaft gas turbine with a view
of its two-spool configuration. Simple and advanced cycle two-spool with
free power turbine arrangement are discussed stating the underlying
thermodynamic principles.
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e Helicopter engine model performance simulation is carried out in
TURBOMATCH with an engine core inspired by Turbomeca makila 2A
core — a simple two-spool turbo-shaft with free power turbine.
Performance simulations of its advanced cycles (RC, ICR, and LPC zero-
staged) are also done.

o \Verification of the simple (base) engine is done by comparing simulated
performance parameters with values of the inspiring makila 2A core
obtained in the literatures.

o Off-design performance simulations of the four cycle options are carried
out with respect to changing TET, and ambient temperature at ISA SLS,
and changing altitudes (at Mach 0.2). The engines performances in
terms of SFC and thermal efficiency are noted and compared.

e |tis observed that all three advanced cycles show superior performance
than the simple base engine cycle. It is worth noting that the additional
components would actually increase the capital/installation cost of the
advanced cycles than that of the simple cycle.

e The results obtained compared favourably with trends in the literatures.
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4 PART B: AERO-DERIVATIVE INDUSTRIAL GAS
TURBINES (ADIGT) PERFORMANCE ANALYSIS

4.1 Overview

Same methodology of applying gas turbine engine performance code -
TURBOMATCH used in chapter 3 is adopted in this chapter to analyse the
technical performances of two categories of aero-derivative industrial gas
turbines (ADIGT) that would subsequently be used in petrochemical industry
CHP. These categories of ADIGT are small-scale (SS) ADIGT, and large-scale
(LS) ADIGT. The chapter begins with presenting the conversion of the
helicopter gas turbines discussed in part A to simple and advanced cycles SS
ADIGT and their performances are analysed. Similarly, the performances of
simple and advanced cycles large-scale ADIGT are also analysed.

In Addition, the method of applying gas turbine engines emissions prediction
code — HEPHAESTUS is adopted to estimate NO,, CO, CO, and H2Owapour)
emissions indices of the two categories of ADIGT. HEPHAESTUS code has
been described in section 2.9.3.

4.2 Features of ADIGT

As the name implies, aero-derivative industrial gas turbines (ADIGT) are gas
turbines derived from aero-gas turbine engines by means of conversion. The
decision to use aero-derivative gas turbines is mainly based on economical and
operational advantages. Gas turbine manufacturers have found that to reduce
cost of designing and developing new gas turbines, a more effective approach
is to develop high performance industrial gas turbines by modifying aircraft gas
turbine engines (Bhargava et al, 2004). Also, by introducing aero-derivative’s
removable gas generator, better flexibility is provided which in turn led to
reducing maintenance operation and enhancing gas turbine availability in
industrial applications (Najjar, 2000). More so, implementing aero-derivative
technology for industrial gas turbine has resulted in low maintenance downtime,
good part-load efficiencies, and higher rate of return (Yang, 1997).

More so, aero-derivative gas turbines can meet stringent NOx control
requirements because they are suitable for power augmentation by steam
injection. For instance, the GE LM series industrial aero-derivative gas turbines
are meeting NOx requirements as low as 25 parts per million (ppm) using steam
injection. Other merits of aero-derivative gas turbines include low weight-to-
power ratio, compactness, and hence, lesser erection and startup time (Keller
and Studniarz, 1987; Roy, 2012). More so, aero-derivative gas turbine are most
suitable for highly efficient cogeneration plants, more flexible combined-cycle
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plants, and in mechanical drive applications for production and distribution of oil
and gas (Doom, 2013).

Modern aero-derivative gas turbine drivers will feature a new generation of
offshore or onshore-emergency power generation trains, and would be
attractive options for offshore, floating or fast-response emergency power trains.
The efficiency of aero-derivative gas turbines is typically around 40 - 45%
compared to 30 - 35% for heavy duty industrial gas turbines (Almasi, 2012).

4.3 Categories of ADIGT

Based on different ranges of power ratings, ADIGT engines could be grouped
into three categories, namely, small-scale, medium-scale, and large-scale
ADIGT engines. Small-scale ADIGT category can be defined as having the
range of power rating from about 0.6MW up to SMW. The range of power rating
greater than 5MW but up to 20MW could be classified as medium-scale
category. Large-scale category would be considered as the class having power
rating above 20MW (Major and Powers,1999; Energy and Environmental
Analysis, 2008). As stated in section 4.1, only the small-scale and large-scale
classes of ADIGT engines are considered to be analysed in this research.

4.3.1 Small-scale (SS) ADIGT engines (helicopter engines
derivatives)

The small-scale (SS) ADIGT engines are thought of to emanate from the
conversion of the helicopter engines earlier discussed in chapter 3, to industrial
configuration having low power rating in the vicinity of 2MW. In this category,
the simple cycle helicopter engine inspired by Makila 2A core is chosen and
earmarked as the parent baseline engine to be converted to small-scale ADIGT
engine.

4.3.1.1 DP performance of simple cycle two-spool SS-ADIGT engine

The simple cycle SS-ADIGT baseline engine components in TURBOMATCH
bricks is the same as that of the helicopter turboshaft engine shown in Figure
3-8 in section 3.6.2.1. However, as typical of conversion to aero-derivative
industrial gas turbines, the following changes are made to the engine and
component parameters. Pressure recovery at the intake is set to 0.9951, with
compressor surge margin increased by 0.05. Compressor isentropic efficiencies
are reduced to 0.78, whereas HP and LP turbine isentropic efficiencies are
decreased to 0.87 and 0.88 respectively. The corrected rotational speed of the
compressors are reduced to 0.8, and the inlet mass flow reduced to 5.53kg/s
with a 9% bleed for HP turbine inlet blade cooling. Maintaining the TET at
1500K, and ISA SLS as the design point, the engine was simulated in
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TURBOMATCH codes and the DP performance result generated. A summary of
the performance is shown in Table 4-1

4.3.1.2 DP simulation of recuperated SS-ADIGT engine

A recuperator is added after the LP power turbine of the simple SS-ADIGT
engine described in section 4.3.1.1, while retaining component efficiencies, TET
and inlet mass flow. The effectiveness of the recuperator is 55% and its
allowable mass leakage is 2%. The cold side and hot side pressure losses are
3% each. However, a mass bleed of 7.5% of intake air mass flow is channeled
for HPT inlet blade cooling. This engine was simulated for DP performance and
a summary of the result is shown in Table 4-1

4.3.1.3 DP performance of ICR SS-ADIGT engine

The ICR SS-ADIGT engine components in TURBOMATCH bricks is the same
as that of the helicopter turbo-shaft engine shown in Figure 3-11 of section
3.6.5. The core engine parameters of the recuperated SS-ADIGT are retained
except for the inclusion of an intercooler of 40% effectiveness, with pressure
loss of 4% of LPC delivery pressure. The air leaving the LP compressor is
cooled to a temperature of 300°C. Of the inlet mass flow, an allowable 20%
bleed for HPT inlet blade cooling is made. Also, keeping ISA SLS as design
point, the engine was simulated and the summary of its DP performance shown
in Table 4-1 below. The simulation result file is presented in Appendix B.1 .

Table 4-1 Summary of DP performance results of SS-ADIGT engines simulation

Value at DP of simulated two-spool SS-

ADIGT engines

Performance parameter

Simple cycle Recuperated

Power turbine rating (kW) 1,567 1,567 1,567
Inlet mass flow (kg/s) 5.53 5.53 5.53
Exhaust mass flow (kg/s) 5.653 5.638 5.637
Fuel flow (kg/s) 0.125 0.108 0.107
Exhaust gas temperature (K) 890 900 826
Ov_erall compression pressure 11.25:1 11.25:1 11.25:1
ratio

Thermal efficiency 0.296 0.336 0.339
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4.3.2 Off-design performance results of SS-ADIGT engines

Gas turbine engines normally do not operate at the DP in practice due to the
effects of conditions such as changing ambient temperature, altitude, turbine
entry temperature, among others. By the use of component maps in
TURBOMATCH codes, the off-design performances of the SS-ADIGT engines
were simulated and the variation of some key engine output parameters were
plotted and presented in Figure 4-1 to Figure 4-3 .
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With reference to the simulation results shown in Table 4-1, and plots of Figure
4-1 to Figure 4-3, it could be observed that for the SS-ADIGT engines, the RC,
and ICR, engines have increased thermal efficiency, compared to the SC
engine at both DP and OD. This is due to the fact that the intercooler decreases
the temperature of the air entering the HP compressor and as such reduces the
HP compressor work. Similarly, the recuperator increases the temperature of air
entering the combustor to reduce the quantity of heat flow required from burning
fuel by heat-exchange action with stream of exhaust gas. The ICR cycle
combines both advantages of intercooling and heat-exchange discussed above
to achieve increased thermal efficiency. Similarly, heat rate is reduced in the
advanced cycles compared to the simple cycle

In Figure 4-4, the percentage increases at DP in thermal efficiency of the
advanced cycle engines over the simple cycle engine are shown.
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Figure 4-4 Percentage change in performance parameters of RC and ICR cycles
over simple cycle for the SS-ADIGT
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The negative sign on the heat rates in the figures above indicate percentage
reduction in heat rate of advanced cycles over simple cycle. Of-course increase
in thermal efficiency is accompanied with corresponding decrease in heat rate
for the ADIGT engines

4.3.3 Large-scale (LS) ADIGT engines

In this category of aero-derivative engines, two representative engine models
are considered, which are labelled large-scale-class-1 (LS1) ADIGT, and large-
scale-class-2 (LS2) ADIGT engines.

4.3.3.1 Large-scale-class-1 (LS1) ADIGT engine

For this model of large-scale ADIGT, a simple cycle two-spool engine inspired
by the aero-derivative GE LM6000-PD core was chosen as the baseline engine.
The LM6000 turbine is pictorially shown in Figure 4-5 and consists of a five-
stage LPC; a 14-stage HPC with an overall compression ratio of 28.5:1; an
annular combustor with 30 individually replaceable fuel nozzles; a two-
stage air-cooled HPT; and a five-stage LPT. The LM6000 PD is a dual-
rotor “direct drive” gas turbine, derived from the CF6-80C2, high-bypass
turbofan aircraft engine, having no free power turbine. The LM6000 utilises
the low pressure rotor operating speed of about 3600 rpm of its parent
aircraft engine. The LPT rotor drives the LPC and the load while the HPT
rotor drives the HPC. The engine has the option of either cold end or hot
end drive configuration (Badeer and Evendale, 2000; GE Energy, 2012).

5-stage LPT

14-stage HPC 2-stage HPT

5-stage LPC Annular combustor

Figure 4-5 Picture of GE LM6000 PD aero-derivative engine (Badeer and
Evendale, 2000)

4.3.3.1.1 DP performance of simple two-spool LS1-ADIGT engine

The engine components are modelled in TURBOMATCH bricks shown in Figure
4-6. ISA SLS condition of 43,850kW output power is chosen as the DP with
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0.9951 pressure recovery at intake. Assumption is made of the isentropic
efficiencies of both the low pressure (LP) axial compressor and high pressure
(HP) centrifugal compressor to be 0.88, with a surge margin of 0.80.

Maintaining an overall pressure ratio of about 29.04:1 for the engine, the design
pressure ratios of the LPC and HPC are 2.42 and 12.0 respectively, while LPC
is driven by LP spool of the LPT and the HPC is driven by the HP spool of the
HPT. The turbine entry temperature, being an exclusive reserve of the OEM is
assumed to be 1550K and earmarked as the engine handle for the simulation,
while the air mass flow is set at 125.0kg/s with a total of 11.3% mass bleed for
cooling of both HP and LP turbine inlet blades. An assumed combustor
efficiency of 0.99 is made with a combustion chamber pressure loss of 5% of
the HPC delivery pressure. The isentropic efficiency of the compressor turbine
is taken to be 0.88 while that of the LP power turbine is set at 0.89. Using a
default non-dimensional speed of 0.6, and a non-dimensional mass flow of 0.8,
the simulation was run in TURBOMATCH codes. The generated DP
performance results are summarised in Table 4-2.
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Figure 4-6 Simple cycle 2-spool LS1-ADIGT engine components in
TURBOMATCH bricks (inspired by GE LM6000 core)

4.3.3.1.2 DP performance of Intercooled two-spool LS1-ADIGT engine

An intercooler is added between the LP and HP compressors of the simple
cycle LS1-ADIGT engine described in section 4.3.3.1.1. While retaining
component efficiencies, TET and inlet mass flow, the air leaving the LP

PhD Thesis / Barinyima Nkoi 59

DUCTER

NOZCON

13



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD

BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

compressor is cooled to a temperature of 300°C, with intercooler effectiveness
of 40%, and intercooler pressure loss of 4% of LPC delivery pressure. However,
a mass bleed totaling about 30% of intake air mass flow is channeled for both
HPT and LPT inlet blades cooling. The intercooled (IC) engine components in
TURBOMATCH bricks is shown in Figure 4-7, while the DP performance result
is summarized in Table 4-2.
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Figure 4-7 Intercooled 2-spool LS1-ADIGT engine components in TURBOMATCH
bricks with station numbering

4.3.3.1.3 DP performance of ICR two-spool LS1-ADIGT engine

The ICR two-spool large-scale-1 aero-derivative engine components in
TURBOMATCH bricks is shown in

Figure 4-8. The core engine parameters of the intercooled LS1-ADIGT engine
described in section 4.3.3.1.2 are retained except for the inclusion of a
recuperator of 65% effectiveness, with cold side and hot side pressure losses of
2% and 3% respectively, of the inlet pressure, and 2% mass leakage. The inlet
mass flow is 125.0kg/s with a total of 29% bleed for both HPT and LPT inlet
blades cooling. Also, keeping ISA SLS as design point, the engine was
simulated and the summary of its DP performance shown in Table 4-2.
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Figure 4-8 ICR LS1-ADIGT engine in TURBOMATCH bricks

Table 4-2 Summary of DP performance results of the LS1-ADIGT engines

Value at DP of simulated two-spool LS1-ADIGT engines

Performance parameter

Simple cycle Intercooled ICR
Power turbine rating (kW) 43,850 43,850 43,850
Inlet mass flow (kg/s) 125 125 125
Exhaust mass flow (kg/s) 127.5 127.4 127.4
Fuel flow (kg/s) 2.49 2.42 2.42
Exhaust gas temperature (K) 743 657 665
Overall pressure ratio 29.04:1 29.04:1 29.04:1
Thermal efficiency 0.410 0.419 0.420
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4.3.3.1.4 Verification of performance results of base engine LS1-ADIGT

To verify the results of performance parameters for the simulated baseline
engine, comparison is made with public domain source reference data of
LM6000. This is shown in Table 4-3.

Table 4-3 Verifying results of simulated LS1-ADIGT engine

Value at ISA SLS

Performance parameter RIS Simulated baseline Variation %
core engine variation
LM6000

Power turbine rating 43,850kW 43,850kW 0.0 0.0
Inlet mass flow 125kg/s 125kg/s 0.0 0.0
Fuel flow N/A 2.49kg/s - -
Exhaust gas 728K 743K 15 2.01
temperature

Overall pressure ratio 28.50:1 29.04:1 -0.54 -1.9
Thermal efficiency 0.420 0.410 0.010 2.4
TET N/A 1550K - -

4.3.3.2 Large-scale-class-2 (LS2) ADIGT engines

For this model, a simple cycle three-spool engine inspired by the aero-derivative
GE LMS100 core is chosen as the baseline engine. The LMS100 turbine is
quite similar in configuration as the LM6000 except that it has a free power
turbine (LPT), an intermediary turbine (IPT) that drives the LPC, and an
intercooler. With an overall compression ratio of 42:1, it has an annular
combustor equipped with dry low emission (DLE) technology, and an air-
cooled HPT which drives the HPC. The LMS100 was derived from the
LM6000 by the addition of the intercooler and free power turbine delivering
an output power of 100MW (GE Energy, 2012).

4.3.3.2.1 DP performance of SC three-spool LS2-ADIGT engine

The engine components are modelled in TURBOMATCH bricks shown in Figure
4-9. The DP is chosen as ISA SLS condition of 100,000kW output power with
pressure recovery of 0.9951 at intake. The isentropic efficiencies of both the
LPC and HPC are assumed to be 0.875, with a surge margin of 0.80. The
design pressure ratios of the LPC and HPC are 3.0 and 14.05 respectively,
giving an overall pressure ratio of about 42.15:1. The LPC is driven by LP spool
of the IPT and the HPC is driven by the HP spool of the HPT. The turbine entry
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temperature is assumed to be 1730K and taken as the engine handle for the
simulation, while the air mass flow is set at 215.5kg/s with 8.0% mass bleed for
cooling of the compressor turbines inlet blades. A combustion chamber
pressure loss of 5% of the HPC delivery pressure is allowed whereas the
combustor efficiency of 0.998 is assumed. The isentropic efficiency of the HPT
and the IPT are taken to be 0.89, and that of the free power turbine is set at
0.90. Default non-dimensional speed of 0.6, and a non-dimensional mass flow
of 0.8, are used. The simulation results were generated, and summarised in
Table 4-4.
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Figure 4-9 Simple cycle 3-spool LS2-ADIGT engine components in
TURBOMATCH bricks (inspired by GE LMS100 core)

4.3.3.2.2 DP performance of IC three-spool LS2-ADIGT engine

The simple cycle LS2-ADIGT engine described in section 4.3.3.2.1 is modified
by introducing an intercooler between the LP and HP compressors. While
retaining component efficiencies, TET, and inlet mass flow, the air leaving the
LP compressor is cooled to a temperature of 320°C, with intercooler
effectiveness of 30%, and intercooler pressure loss of 3% of LPC delivery
pressure. However, a mass bleed totaling 27% of intake air mass flow is
channeled for both HPT and IPT inlet blades cooling. The intercooled engine
arrangement is shown in Figure 4-10 in TURBOMATCH bricks, and the DP
performance results are summarized in Table 4-4.
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Figure 4-10 Intercooled 3-spool LS2-ADIGT engine components in
TURBOMATCH bricks (inspired by GE LMS100 core)

4.3.3.2.3 DP performance of ICR three-spool LS2-ADIGT engine

The intercooled/recuperated three-spool large-scale aero-derivative engine
components in TURBOMATCH bricks is shown in

Figure 4-11. The core engine parameters of the intercooled LS-ADIGT
described in section 4.3.3.2.2 are retained except for the inclusion of a
recuperator of 75% effectiveness, with cold side and hot side pressure losses of
1% and 2% respectively, of the inlet pressure, and 2% mass leakage. The inlet
mass flow remains 215.5kg/s with a total of 27.4% bleed for both HPT and IPT
inlet blades cooling. Also, keeping ISA SLS as design point, the engine was
simulated and the summary of its DP performance shown in Table 4-4. The
simulation result file is shown in Appendix B.2 .

PhD Thesis / Barinyima Nkoi 64



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

IPT blades cooling bleed 20

HPT blades cooling bleed

21
v / 16
*N_I— — |
: 2 g 2 37NN g o ..
£ Lpc = 5 Hec 4 0 X uer m 2 3 NOZCON
z o LDJ & u BURNER s X IPT LPT E =
a a ~ = I e
| V | I_
o 9 17
3 4 6 7 15
1 9 5 10 12
11 13
14
18
Recuperator

Figure 4-11 Intercooled/recuperated 3-spool LS2-ADIGT engine components in
TURBOMATCH bricks (inspired by GE LMS100 core)

Table 4-4 Summary of DP performance results of the LS2-ADIGT engines
simulation

Value at DP of simulated three-spool
LS2-ADIGT engines

Performance parameter

S;;ncr;ée Intercooled
Power turbine rating (kW) 100,000 100,000 100,000
Inlet mass flow (kg/s) 2155 215.5 2155
Exhaust mass flow (kg/s) 220.59 220.47 220.54
Fuel flow (kg/s) 5.09 4.97 5.04
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Value at DP of simulated three-spool
LS2-ADIGT engines

Performance parameter :
Simple Intercooled ICR
cycle

Exhaust gas temperature (K) 783 692 690

Overall compression 42 15:1 42 15:1 42 15:1
pressure ratio T T T
Thermal efficiency 0.457 0.467 0.460

4.3.3.2.4 Verification of performance results of base engine LS-ADIGT

To verify the results of performance parameters of the simulated baseline
engine, comparison is made with public domain source reference data of
LMS100. This is shown in Table 4-5

Table 4-5 Verifying performance results of simulated LS2-ADIGT engine

Value at ISA SLS

Performtance Inspiring Simulated Variation %

parameter core baseline engine variation
LMS100

Power turbine rating  100,000kW 100,000kW 0.00 0.00

Inlet mass flow N/A 215.5kg/s - -

Exhaust mass flow 220 kg/s 220.47kg/s -0.47 -0.21

Fuel flow N/A 4.97kg/s - -

Exhaust gas 686K 692K 6 0.87

temperature

Overall pressure 42.00:1 42.15:1 015  -0.36

ratio

Thermal efficiency 0.440 0.467 -0.027 -6.1

TET N/A 1730K - -
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4.3.4 Off-design performance results of LS-ADIGT engines

By the use of component maps in TURBOMATCH codes, the off-design
performances of the SS-ADIGT engines were simulated and the variation of
some key engine output parameters were plotted and presented in Figure 4-12
to Figure 4-16
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Figure 4-12 Variation of heat rate with ambient temperature (LS1-ADIGT)
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Figure 4-14 Variation of thermal efficiency with ambient temperature at ISA SLS
(LS2-ADIGT)
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Figure 4-16 Thermal efficiency varying with shaft power at ISA SLS (LS2-ADIGT)

With reference to the simulation results shown in Table 4-2, and Table 4-4, and
plots of Figure 4-12 to Figure 4-16, it could be observed that for the LS1-ADIGT
and LS2-ADIGT the intercooled, and intercooled/recuperated, engines have
increased thermal efficiency, compared to the simple cycle engine at both DP
and off-design point. This is due to the fact that the intercooler decreases the
temperature of the air entering the HP compressor and as such reduces the HP
compressor work. Similarly, recuperator increases the temperature of air
entering the combustor to reduce the quantity of heat flow required from burning
fuel by heat-exchange action with stream of exhaust gas. The ICR cycle
combines both advantages of intercooling and heat-exchange discussed above
to achieve increased thermal efficiency. In the same vein, heat rate is reduced
in the advanced cycles compared to the simple cycle
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In Figure 4-17 to Figure 4-18, the percentage increases at DP in thermal
efficiency of the advanced cycle engines over the simple cycle engine are
shown.
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Figure 4-17 Percentage change in performance parameters of IC and ICR cycles
over simple cycle for the LS1-ADIGT
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Figure 4-18 Percentage change in performance parameters of IC and ICR cycles
over simple cycle for the LS2-ADIGT engines

The negative sign on the heat rates in the figures above indicate percentage
reduction in heat rate of advanced cycles over simple cycle. Of-course increase
in thermal efficiency is accompanied with corresponding decrease in heat rate
for the ADIGT engines.

However, it is important to note that though the thermal efficiency is improved
by using the advanced cycles, the incorporation of intercoolers and
recuperators would make the engine more complex. This would increase the
capital and maintenance cost actually, but cost of fuel would reduce due to
reduction in heat rate and fuel consumption.

These results compare favourably with values obtained in the literature. For
instance, it was reported that the 1.4MW intercooled/recuperated Heron-1
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turbo-shaft gas turbine manufactured by EECT of the Netherland, exhibits
thermal efficiency of 42.9% while a simple cycle gas turbine of same power
range has thermal efficiency of about 26 - 34%. This represents a thermal
efficiency increase of about 26.2% at the minimum (Farmer, 2002). More so,
percentage increases were reported of thermal efficiencies of recuperated
engine cycle, and intercooled/recuperated engine cycle, over simple cycle of a
turbo-shaft engine at DP as 20.6%, and 24.2% respectively, whereas
percentage reduction in specific fuel consumption of these cycles over simple
cycle at DP as 17.3%, and 21.1% respectively (Nkoi et al, 2013a; Nkoi et al,
2013b).

4.4 Emissions estimation of ADIGT engines

HEPHAESTUS code (discussed in section 2.9.3) is employed to estimate
engine emissions by simulation for all the ADIGT engines. Assuming a
conventional combustor using natural gas as fuel, parameters at the combustor
inlet are made inputs to the model. Such parameters include air inlet total
temperature, air inlet total pressure, fuel mass flow, and total air mass flow.
Others are ambient temperature, and ambient relative humidity. The code
incorporates DLN technology whereby bled excess air mass flow is utilised to
reduce combustor flame temperature. In all ADIGT categories, compliance to
low NOy emission target limit of 25ppm (2.0 g/kg fuel) is kept.

4.4.1 Emissions estimation of SS-ADIGT engines

In simulating the DP emissions of the SS-ADIGT engines the International Civil
Aviation Organisation (ICAO) target of 25ppm (2.0 g/kg fuel) of NOy was
matched in HEPHAESTUS as this model was derived in this project and there
are no information on its emission level in the literature. The DP emission
indices (EI) results are presented in Table 4-6.

Table 4-6 Design point emissions indices for the SS-ADIGT engine cycles

SC (base engine) 2.00 0.16 2856.11 2223.56
RC 1.93 0.13 2859.99 2223.98
ICR 1.90 0.16 2856.61 2223.61

The off-design emissions performances of the SS-ADIGT engines are shown in
the plots of Figure 4-19 and Figure 4-20
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Figure 4-19 Variation of No, emisson index with amb. temperature (SS-ADIGT)
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Figure 4-20 Variation of CO emisson index with amb. temperature (SS-ADIGT)

4.4.2 Emissions estimation of LS1-ADIGT engines

Matching the EINOy of the base LS1-ADIGT engine at DP with the specified
1.20g/kg fuel (15ppm) EINOy of the engine inspired by LM6000 PD core, the
emissions performances were simulated and DP results are presented in Table
4-7.

Table 4-7 Design point emissions index for the LS1-ADIGT engine cycles

EINOy EICO EICO, EIH,O
(g/kg fuel) (g/kg fuel) (g/kg fuel) (g/kg fuel)
SC (base engine) 1.20 0.15 2858.61 2223.79
IC 1.17 0.22 2854.33 2223.27
ICR 1.11 0.21 2854.67 2223.29

inspiring engine

core - LM6000-PD 1.20 (15ppm) N/A N/A N/A

The off-design emissions performances of the LS1-ADIGT engines are shown
in the plots of Figure 4-21 and Figure 4-22
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Figure 4-21 Variation of No, emission with ambient temperature (LS1-ADIGT)
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Figure 4-22 CO emission index versus ambient temperature (LS1-ADIGT)

4.4.3 Emissions estimation of LS2-ADIGT engines

The EINOy of the base-line LS2-ADIGT engine at DP is matched with the
specified 2.0g/kg fuel (25ppm) EINO of the engine inspired by LMS100 core.
The emissions performances were simulated and DP results are shown in Table
4-8

Table 4-8 Design point emissions index for the LS2-ADIGT engine cycles

EINOy EICO EICO, EIH,0
(g/kg fuel) (g/kg fuel) (g/kg fuel) (g/kg fuel)
SC 1.97 0.96 2855.11 2220.99
IC (base engine) 1.94 1.32 2851.07 2220.45
ICR 1.92 1.37 2850.68 2220.39
e aoowmm)  NA A
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The off-design emissions performances of the LS2-ADIGT engines were
simulated and results are shown in the plots of Figure 4-23 and Figure 4-24
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Figure 4-23 Variation of No, emission with ambient temperature (LS2-ADIGT)
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Figure 4-24 CO emission versus ambient Temperature (LS2-ADIGT)

It is worth mentioning that the emissions that constitute toxic pollutants to the
environment are Noy and CO. As shown in Figure 4-19 to Figure 4-24 it is
rightfully observed that as NOx emission increases with ambient temperature
rise, CO emission decreases. This is true because increase in ambient
temperature depicts some percentage increase in combustion flame
temperature which favours production of NOx and retards production of CO.
Thus, in the emission simulation models compromise for CO emission was
reached in attempting to reduce NOyx emission by DLN application. This
explains why engine cycles with low NOx emission tend to exhibit high CO
emission and vice versa.
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4.5 Chapter summary

In this chapter the following are described:

e Conversion of helicopter gas turbines to SS-ADIGT is done.

e Performance analysis of simple, RC and ICR cycles SS-ADIGT derived
from helicopter gas turbines is implemented.

e Performance analysis of simple, IC and ICR cycles LS1-ADIGT inspired
by GE LM6000 core is carried out.

e Performance analysis of simple, IC and ICR cycles LS2-ADIGT inspired
by GE LMS100 core is done.

e \Verification of base engines are done by comparing simulated
performance parameters with values of the inspiring GE LM6000 and GE
LMS100 cores obtained in the literatures.

e Estimation of NO,, CO, CO,, H,O emissions indices of SS-ADIGT is
done.

e Estimation of NO,, CO, CO,, H,O emissions indices of LS1-ADIGT is
achieved.

e Estimation of NO4, CO, CO,, H,O emissions indices of LS2-ADIGT is
implemented.

e |t is found that for the SS-ADIGT the RC and ICR cycles exhibit better
thermal efficiency than the simple engine.

e For both the LS1-ADIGT and LS2-ADIGT the IC and ICR cycles show
increased thermal efficiency than the simple engine.

e Similarly, in all categories of ADIGT engines, heat rate in combustor is
reduced in the advanced cycles than the simple engine.

e |t is observed that NOs emission increases with increasing ambient
temperature while CO emission decreases with same.

e It is observed that engine cycles with low NOx emission tend to exhibit
high CO emission.
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5 METHODOLOGY AND ANALYSIS OF ADIGT
COMBINED-HEAT-AND-POWER (CHP) IN THE
PETROCHEMICAL INDUSTRY

5.1 Overview

In contemplating environmentally-friendly Brayton cycles in the petrochemical
industry identification is made of CHP as one prominent application that would
make gas turbine operation very pleasant to the environment in the aspects of
reducing heat energy loss to the environment, and reducing global warming. It
also enhances fuel efficiency. CHP simply defined is the simultaneous
generation of mechanical power and heat energy in a single system from same
fuel input (International Energy Agency, 2007). The benefit of CHP is illustrated
in Figure 5-1 where a CHP plant with a single 100 units fuel source yields 75%
overall cycle efficiency as against separate power plant and boiler sources of an
aggregate of 147 units of fuel yielding 51% overall cycle efficiency. In light of
this, the performance of the categories of ADIGT discussed in the last chapter is
herein analysed in CHP application in the petrochemical industry.

Combined Heat & Power

Conventional

Generation S5MW Matural Gas
Combustion Turbine
Power station fuel and
U.S. Fossil Mix . Samefunits
T 0
91 units fuel Electricity Electricity Electricity )
Power Plant
Combined
Heat &
Power
(CHP)
Same /I
: Units of
Boiler Heat Heat
56 units fuel Steam \‘_|H_
>
Boiler fuel

Lower for conventional.. OVERALL EFFICIENCY ... Higher for

CHP

Figure 5-1 Energy saving benefit of CHP over traditional system

(Source: U.S EPA, 2013)
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Firstly, a review of petrochemical and refinery processes that utilise steam (heat
energy) is presented. Then the methodology adopted for CHP analysis is
described. This is followed by modelling of CHP performance of the simple and
advanced cycles SS-, LS1-, and LS2-ADIGT engines.

5.2 Petrochemical industry processes

In the context of this research petrochemical industry would encompass both
refineries and petrochemical processing plants where crude oil and natural gas
are transformed into various hydrocarbon compounds and finished products. It
is important to declare that these industry processes are not treated here in
detail but rather focus is only made of the process heat energy and power
demands of the plants.

5.2.1 Refinery processes

Petroleum refining is the mother industry for petrochemical industries (Verma,
2011). Crude oil is refined and transformed into various products by three major
processes: separation, conversion, and purification (Exxonmobil, 2011). The
process of distillation in columns by virtue of boiling point differences is used to
separate the various primary components of the crude by vaporising it through
the action of heat supplied by a furnace. Such fractions as gases, naphtha, jet
oil, gas oil, heavy gas oil, and atmospheric residue, are tapped at various
sections along the column. The distillation column temperature ranges from
about 370°C at the bottom to about 30°C at the top. Conversion process is
utilised to transform low-grade fuel oil into high-grade gasoline, and other lighter
products. Catalytic cracking unit is employed to convert heavier hydrocarbons
into petrol, liquefied petroleum gas, and diesel under the action of heat.
Reforming is another conversion process used to increase petrol blends octane
number, and to produce hydrogen that would further be used in the refinery.
Finally, in order to meet specifications of product quality and environmental
standard after separation and conversion, the resulting products are purified
mainly to remove sulphur (Exxonmobil, 2011).

5.2.2 Petrochemical processes

Many processes occur in the petrochemical industry, but from the perspective of
energy consumption, the most important technologies are: steam cracking of
heavier feedstock, polymerisation, and processing of aromatics (Gielen et al,
1996). In steam cracking feedstock such as naphtha and gas oil are converted
at elevated temperatures into a wide array of products such as olefines
(ethylene, propylene, and butylene), aromatics (benzene, toluene, and xylene),
pyrolysis gasoline, and methane. Polymerisation is the process whereby small
compounds called monomers are linked together to yield chains of larger
products called polymers. Polymerisation technology is generally based on
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catalytic conversion at temperatures above 100°C and at elevated pressures.
The four most important polymers (plastics) produced by this means are:
polyethylene, polypropylene, polystyrene, and polyvinylchloride.

5.2.3 Steam utilization

Some processes in the petrochemical industry like some of the ones mentioned
in the last two sections occur at relatively moderate temperatures (below
600°C), and steam is generally the source of their heat energy supply. Steam
could be generated by conventional boilers or heat recovery steam generators
in CHP application. It is worth stating that combined-heat-and-power (CHP)
generation of steam and power is presently a key energy saving, as well as
environmentally-friendly technology in the petrochemical industry (Gielen et al,
1996).

5.3 CHP modelling

CHP systems are either developed as “topping cycles” or “bottoming cycles” as
illustrated in Figure 5-2 and Figure 5-3 respectively. Topping cycles describe
systems where there occur primary power generation and subsequent heat
utilization, whereas bottoming cycles pertain to systems where heat is primarily
generated in a process with subsequent utilisation for power generation (Bhatt,
2001). In this work, topping cycle arrangement is adopted where power is
primarily generated from gas turbine and heat recovery steam generator
(HRSG) is designed to match for the purpose of process steam production.
Performance parameters of the aero-derivative gas turbines discussed in the
previous chapter are employed to determine the parameters of the HRSG.

Topping Cycle CHP

HEAT Fa
RECOVERY THERMAL ENERGY sl
UNIT

Exhaust FACILITY

Gases
GENERATOR

ELEC‘TI;CITY .

*Internal Combustion Engine/Gas Turbine/Microturbine/Fuel Cell

Figure 5-2 Topping cycle CHP (Source: Center for Sustainable Energy, 2014)
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Figure 5-3 Bottoming cycle CHP (Source: Center for Sustainable Energy,2014)

5.3.1 HRSG performance modelling

A set of heat exchangers that utilises the exhaust heat of a gas turbine to
produce steam is referred to as heat recovery steam generator (HRSG). Three
types of HRSG are identified, namely, unfired, supplementary fired, and exhaust
fired. The most common and widely used HRSG is the unfired type because it is
simple in design and cheap (Ganapathy, 1996). HRSG of the unfired type is
considered in this research without considering the material dimension of the
heat exchangers. It is pertinent to declare that only the thermodynamic
performance in terms of temperature profile of exhaust gas, steam temperature
and flow, and heat capacity, of the HRSG are being modelled in this research.

Pinch and approach point technology is applied in modelling the HRSG
performance, and with a single steam pressure mode of operation.

5.3.1.1 Pinch and approach points technology

Approach point is the difference between the temperature of saturated steam
and the temperature of water entering the evaporator, whereas pinch point is
the difference between the gas temperature leaving the evaporator and the
temperature of saturated steam (Ganapathy, 1996). Steam generation is
directly affected by the pinch and approach points. Also affected is the exhaust
gas and steam temperature profile. For the design case of an unfired HRSG,
selection is usually made of the values of pinch and approach points; pinch
point ranges from 10°C to 30°C whereas approach point ranges from 5°C to
15°C based on the sizes of evaporators that can be built and shipped
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economically, and to maximise heat transfer rate between exhaust gas and
steam streams. Figure 5-4 illustrates pinch point, approach point, exhaust gas
and steam temperature profiles of HRSG.

5.3.1.2 Advantages and disadvantages of low pinch point

Low pinch point has the advantage of enhancing high rate of heat transfer
between gas turbine exhaust gas and water/steam in the HRSG. This enables
the generation of more steam (more HRSG duty). If generation of less steam is
desired such as in a multiple-pressure HRSG generating more low pressure
steam than high pressure steam, then a larger pinch value may be selected.

On the other hand, very low pinch would results in very large surface area of
HRSG evaporator, which would mean manufacture of a bigger size evaporator.
This in essence would not be economical, and also, shipping may be difficult.
More so, very Low approach point may result in steaming in the economiser.
Economiser steaming could cause operational problems such as vibration,
water hammer, and possibly salt depositions in the economiser tubes. These
would ultimately reduce HRSG performance (Ganapathy, 1996).
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Figure 5-4 HRSG exhaust gas/steam temperature profiles
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Using the notations in Figure 5-4 above the path 4-y-x-1 indicates gas turbine
exhaust gas temperature profile whereas the path a-b-c-d-e indicates steam
temperature profile. Pinch point = T — T,; approach point = T, — Ty,; process a-b
occurs in the economiser; c-d in the evaporator; and d-e in the super-heater.

5.4 ADIGT-CHP design point performance modelling

To model the design point performance of a CHP plant is to match the
parameters of HRSG with the design point of the gas turbine given particular
consideration to desired steam flow or temperature and saturation pressure. In
doing so, pinch and approach points are selected by the engineering
judgement; and from gas turbine exhaust gas flow, the HRSG temperature
profile, duty, and steam flow are established. Using pinch technology and
thermodynamic properties of steam, the computation of CHP HRSG gas/steam
temperature profile and steam flow is done as follows:

Gas turbine exhaust gas temperature and mass flow are imported from gas
turbine performance simulation while the HRSG pinch and steam saturation
pressure (which fixes the steam saturation temperature - T.) are selected. In
this design the steam saturation pressure is 10bar. With the notations of Figure
5-4 the temperature of exhaust gas at pinch point (Ty) is given by Equation 5-1

Ty=Tc.+ pinch=T;+ 15 Equation 5-1

Where pinch = 15

The superheated steam temperature (T¢) is chosen as required by the industrial
process heat demand. The steam flow (ws) is computed from total heat transfer
in super-heater and evaporator using heat balance above pinch as defined by
Equation 5-2

Qux = Qevap + quper ; Qux = Wnga(O-gg)(T4 - Tx) = Ws[(he - hc) + 002(hd - hc)];

WyCpa(0.99)(T, — Ty) Equation 5-2
(he —h.) +0.02(hqg — h,)

LW =

Where 0.99 = heat loss factor
0.02 = blow down factor
wg = exhaust gas flow
Cpa = specific heat at constant pressure of air
he = specific enthalpy of super-heated steam
h. = specific enthalpy of saturated water

hg = specific enthalpy of saturated steam
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T4 = gas turbine exhaust temperature

Qevap = evaporator duty

Qsuper = Super-heater duty
Equation 5-3 defines the super-heater duty (Qsyper)
Qsuper = Ws(he — hyg) Equation 5-3
Gas temperature drop in the super-heater (ATyy) is given by Equation 5-4

— _ Qsuper Equation 5-4
AT4y WgCpa(0.99)

This implies that exhaust gas temperature to evaporator (Ty) is calculated using
Equation 5-5

Ty=Ts-ATsy Equation 5-5
Evaporator duty (Qevap) is determined with the aid of Equation 5-6
Evaporator duty Qevap = Ws(hg — h¢) Equation 5-6

Similarly Equation 5-7 defines Economiser duty (Qecon)

Economiser duty Qecon = Ws (1.02)( he — ha) Equation 5-7

Gas temperature drop in the economiser (ATy,) is given by Equation 5-8

AT, q = —Qecon__ Equation 5-8
X WgCpa(0.99)

This implies that exhaust gas exit temperature from the economiser (T1) is
calculated using Equation 5-9
Ty =Tx— ATy Equation 5-9

Total HRSG duty (Qursc) is computed by Equation 5-10

HRSG duty (QHRSG) = Qevap + quper + Qecon Equation 5-10
Electrical efficiency = i—E =ne
T

The electrical efficiency could be assumed, such that
Useful electric power generated Pg = ng X Pt

Where Pt = gas turbine power

Heat to power ratio of the CHP is given by Equation 5-11
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Heat to power ratio = Qursc/Pe Equation 5-11

(Ganapathy, 1990)

Equation 5-12 is used to compute First Law CHP efficiency (n+)

We+Wsr Equation 5-12
mfAhf

Where W = Electrical energy rate

First Law efficiency n4 =

Wsr = Steam energy rate
M = fuel mass flow in combustor
Ahg = LHV = low heating value of fuel

Equation 5-13 is used to compute Second Law CHP efficiency (n2)

Wg+Wsr Equation 5-13
mg [Ahf—TR.AS§]

Second Law efficiency n, =

The denominator of Equation 5-13 is the availability rate of the fuel consumed.

Where AS; = Entropy released by fuel combustion

Tr = Temperature at exhaust

(Korakianitis, 2012; Korakianitis et al, 2005)

5.4.1 SS-ADIGT-CHP design point performance analysis

The CHP design point computation was done for the SS-ADIGT and the HRSG
gas/steam temperature profiles are shown in Figure 5-5 while the CHP DP
performance results are indicated in Table 5-1. The detail DP and OD result
files for SC, RC, and ICR SS-ADIGT-CHP performances are presented in
Appendix C.1 , Appendix C.2 , and Appendix C.3 respectively.
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Figure 5-5 HRSG temperature/heat profile for the SS-ADIGT-CHP

Table 5-1 SS-ADIGT-CHP design point performance results

Values for the SS-ADIGT engines
Parameter

Simple cycle Recuperated ICR
Steam saturation 457 457 457
temperature (K)
Pinch point 15 15 15
Approach point 8 8 8
Superheated steam 673 673 673
temperature (K)
Steam mass flow (kg/s) 1.10 1.14 0.94
Economiser feed water 388 388 388
temperature (K)
Super-heater duty (kW) 548.80 453.69
530.07
Evaporator duty (kW) 2275.89 1881.45
2198.23
Economiser duty (kW) 346.57 286.50
334.74
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Values for the SS-ADIGT engines

Parameter

Simple cycle Recuperated ICR
HRSG duty (kW) 3171.26 2621.63

3063.05

Gas turbine exhaust 565 5 64 5 64
mass flow (kg/s)
Gas turbine exhaust 885 901 826
temperature (K)
Gas temperatl_Jre at 806 819 758
evaporator exit (K)
Gas exit (stack) 492 420 499
temperature (K)
Heat : power ratio 2.09 2.16 1.79
CHP efficiency 0.56 0.71 0.60

5.4.2 LS1-ADIGT-CHP design point performance analysis

The CHP design point computation was done for the LS1-ADIGT and the HRSG
gas/steam temperature profiles are shown in Figure 5-6 while the CHP DP
performance results are indicated in Table 5-2. The detail DP and OD result
files for SC, IC, and ICR LS1-ADIGT-CHP performances are presented in
Appendix C.4 , Appendix C.5 , and Appendix C.6 respectively.
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Figure 5-6 HRSG temperature/heat profile for the LS1-ADIGT-CHP

Table 5-2 LS1-ADIGT-CHP design point performance results

Values for the LS1-ADIGT engines

Parameter
Simple cycle intercooled

Steam saturation 457 457 457
temperature (K)
Pinch point 15 15 15
Approach point 8 8 8
Superheated steam 583 583 583
temperature (K)
Steam mass flow (kg/s) 17.60 12.03 12.55
Economiser feed water 388 388 388
temperature (K)
Super-heater duty (kW) 5094.96 3483.54 3634.73
Evaporator duty (kW) 35180.03

24053.38 25097.35
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Values for the LS1-ADIGT engines

Parameter

Simple cycle intercooled ICR
Economiser duty (kW) 5357.12 3662.78 3821.75
HRSG duty (kW)

45632.10 31199.70 32553.83

SLOULILLIO T 127.49 127.42 127.42
mass flow (kg/s)
Gas turbine exhaust 743 657 665
temperature (K)
Gas temperatt_;re at 209 634 641
evaporator exit (K)
Gas exit (stack) 437 448 447
temperature (K)
Heat : power ratio 1.11 0.76 0.79
CHP efficiency 0.65 0.50 0.51

5.4.3 LS2-ADIGT-CHP design point performance analysis

The CHP design point computation was done for the LS2-ADIGT and the HRSG
gas/steam temperature profiles are shown in Figure 5-7 while the CHP DP
performance results are indicated in Table 5-3. The detail DP and OD result
files for SC, IC, and ICR LS2-ADIGT-CHP performances are presented in
Appendix C.7 , Appendix C.8 , and Appendix C.9 respectively.
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Figure 5-7 HRSG temperature/heat profile for the LS2-ADIGT-CHP

Table 5-3 LS2-ADIGT-CHP design point performance results

Values for the LS2-ADIGT engines
Parameter

Simple cycle intercooled

Steam saturation 457 457 457

temperature (K)

Pinch point 15 15 15

Approach point 8 8 8

Superheated steam 655 655 655

temperature (K)

Steam mass flow (kg/s) 32.85 23.16 24.52

Economiser feed water 388 388 388

temperature (K)

Super-heater duty (kW) 10274.90 10876.51
14572.52

Evaporator duty (kW) 46299.24 49010.14
65664.55
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Values for the LS2-ADIGT engines

Parameter
Simple cycle intercooled ICR
Economiser duty (kW) 705032 7463.13
9999.21
HRSG duty (kW) 63624.45 67349.78
90236.28
SLOULILLIO T 220.59 220.47 220.54
mass flow (kg/s)
Gas turbine exhaust 783 692 704
temperature (K)
Gas temperatt_;re at 797 653 662
evaporator exit (K)
Gas exit (stack) 434 445 444
temperature (K)
Heat : power ratio 0.96 0.68 0.72
CHP efficiency 0.67 0.51 0.52

5.5 ADIGT-CHP off-design performance

The HRSG would normally not operate at the design point due to variations in
the inlet gas conditions and steam parameters. The inlet gas conditions in turn
would depend on gas turbine off-design variation in ambient conditions, firing
temperature, altitude, power setting, etc. This makes the CHP plant exhibits
varying outputs. The CHP off-design performance was modelled with
TURBOMATCH engine off-design.

The off-design performance results of the CHP of the small-scale and large-
scale aero-derivative engines are presented in sections 5.5.1 and 5.5.2 below.

5.5.1 Small-scale-ADIGT-CHP off-design performance results

The off-design performances of the SS-ADIGT-CHP with changing conditions of
the engines are shown in Figure 5-8 to Figure 5-12 .
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Figure 5-8 Effect of ambient temperature on HRSG duty for the SS-ADIGT-CHP
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Figure 5-12 Variation of CHP efficiency with HRSG duty at increasing TET (SS-
ADIGT-CHP)

At design and off-design conditions the RC and ICR ADIGT engines exhibit
better CHP efficiency than the SC engine in the small-scale category as shown
in Figure 5-9, Figure 5-11, and Figure 5-12. The CHP efficiencies are observed
to increase with increases in TET, GT power, ambient temperature, and HRSG
duty. The percentage increases in CHP efficiencies of RC and ICR over SC at
DP are 16.5% and 3.8% respectively. This superior performance is due to the
lower heat input from burning less fuel in the advanced cycle engines. On the
other hand, the SC engine produces more HRSG duty than the ICR cycle as
shown in Figure 5-8 and Figure 5-10, due to lower exhaust gas temperature
and steam rate of the ICR cycle. The highest HRSG duty is produced by the RC
engine because of its higher exhaust gas temperature and steam rate.
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Besides, as plotted in Figure 5-10, the heat-to-power ratio is observed to be
least in the ICR cycle than SC and RC and highest in the RC cycle at both DP
and OD conditions. In essence, this means that given a range of power output
at any condition of TET and ambience, the RC cycle would generate more
steam than the SC and ICR, while ICR would generate the least steam flow.
This is so because GT exhaust gas temperature is highest in the RC cycle and
exits the HRSG at the least temperature in the RC cycle. This creates huge
drop in temperature of exhaust gas from exit of GT to exit of HRSG in the RC
cycle. This exhaust gas temperature drop is smaller in SC cycle and least in
ICR cycle. Hence, huge amount of heat is extracted from exhaust gas in RC
cycle than SC and ICR at same conditions.

5.5.2 Large-scale-ADIGT-CHP off-design performance results

The off-design performances of the LS1-ADIGT-CHP and LS2-ADIGT-CHP with
changing conditions are similar and are presented in Figure 5-13 to Figure 5-19.
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Figure 5-13 Effect of TET on CHP and GT efficiencies for the LS1-ADIGT-CHP
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Figure 5-14 Variation of HRSG duty with altitude for the LS1-ADIGT-CHP
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Figure 5-19 CHP efficiency varying with HRSG duty at increasing TET (LS2
ADIGT-CHP)

The LS1 and LS2 aero-derivative engines are observed to perform in similar
trend in CHP application. As presented in Figure 5-13, Figure 5-16 , and Figure
5-18, CHP efficiency actually increases with increasing TET, ambient
temperature, GT power, and HRSG duty in all cycle configurations in this
category of ADIGT-CHP. The SC is observed to show higher CHP efficiency
than the IC and ICR CHP, whereas there is no much difference in CHP
efficiencies of IC and ICR cycles. The superior performance of SC CHP is as a
result of its higher HRSG duty due to its higher exhaust gas temperature
compared to others. Although less fuel is utilised in the advanced cycles than
the SC, the decrease in combustor heat rate in the advanced cycles is minute
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compared with the huge increase in exhaust gas temperature and steam rate of
the SC CHP.

Furthermore, the heat-to-power ratio is observed to be least in the IC cycle than
SC and ICR, and highest in the SC cycle at both DP and OD conditions. This is
shown in Figure 5-17. In essence, this means that given a range of power
output at any condition of TET and ambience, the SC cycle would generate
more steam than the IC and ICR, while IC would generate the least steam rate.
This is due to the fact that GT exhaust gas temperature is highest in the SC
cycle and exits the HRSG at the least temperature. This creates huge drop in
temperature of exhaust gas from exit of GT to exit of HRSG in the SC cycle.
This exhaust gas temperature drop is smaller in ICR cycle and least in IC cycle.
Hence, huge amount of heat is extracted from exhaust gas in SC cycle than IC
and ICR at same conditions. Besides, at same conditions of TET as plotted in
Figure 5-17, SC cycle generates more HRSG duty than the advanced cycles
because it consumes more fuel, and excess fuel in turn increases GT exhaust
gas temperature, which leads to the large temperature drop in the HRSG.

5.6 Chapter summary

The following are described in this chapter:

e Petrochemical/refinery industry processes that utilise steam for process
heating are defined and briefly discussed.

¢ Methodology of CHP performance modelling and analysis is described

e Modelling of HRSG and CHP performances by the application of pinch
and approach point technology are carried out.

e DP and OD performance analyses of SS-, LS1-, and LS2-ADIGT-CHP
are done.

e For the SS-ADIGT-CHP, better CHP efficiency is exhibited by the RC
and ICR cycles than the SC engine. Also, the RC engine produces the
highest HRSG duty.

e For both LS1-ADIGT-CHP and LS2-ADIGT-CHP, the SC exhibits the
highest CHP efficiency and HRSG duty than the IC and ICR engine
cycles.
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6 TERA METHODOLOGY FOR ADIGT-CHP IN THE
PETROCHEMICAL INDUSTRY

6.1 Overview

Techno-economic and environmental risk analysis (TERA) framework as a
multi-disciplinary decision-making tool is adapted here to assess the economic
viability of utilising aero-derivative gas turbines combined-heat-and-power
generation in the petrochemical industry. TERA framework comprises a network
that combines the following modules: engine technical performance module,
emission and environment module, economic and risk modules. In this chapter
the formulation and development of the economic module of TERA for ADIGT-
CHP is presented, and other various modules are highlighted.

6.2 Engine performance module

This module of TERA has been dealt with and implemented in chapters 4 and 5.
It involved the application of TURBOMATCH in the preliminary DP and OD
performance analysis of the various categories of aero-derivative engine cycles.
Also, it was implemented in the combined-heat-and-power DP and OD
performance analysis. The outputs of these technical performances are recalled
as inputs to the emissions, and economic modules.

6.3 Emissions and environment module

This module calculates the total amount of emissions produced as products of
combustion that occur in the engine over the range of design point and off-
design performance. These combustion products include oxides of nitrogen
(NOy), carbon monoxide (CO), carbon dioxide (CO;), and water vapour
(H20vap). This TERA module was implemented in section 4.4 , where NO,, CO,
CO,, and H20.5, emissions indices of the ADIGT were estimated using
HEPHAESTUS code.

6.4 Economic evaluation module

Economic return drives investment in any new equipment, of which CHP is not
an exception. TERA tool is useful in predicting the future and reducing the risk
of investing in new equipment. This module receives inputs from engine
performance, and emissions modules. For a CHP scheme to be adjudged
worthwhile it has to be profitable than the base load case assessment. The base
load case is defined as the use of on-site boiler to satisfy required steam demand
of a site while the site power demand is met by purchasing Grid electricity (Carbon
Trust, 2010).
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The Department of Energy and Climate Change (DECC), UK outlines some
parameters used in the economic appraisal of CHP schemes as: simple payback
period (SPBP), net present value (NPV), and internal rate of return (IRR) (DECC,
2012). These capabilites are captured as contents of the economic model
developed here in this research. A discounting technique based on NPV method
is presented to allow an initial assessment of the likelihood of various engine cycles
being attractive in a specific situation of CHP application.

6.4.1 Payback period and break-even point

Simple payback period (SPBP) is the length of time usually in years taken to
recover the initial investment capital of implementing the CHP scheme based on
the annual savings realised. It excludes salvage value (Milton and Lucas, 2010).
Equation 6-1 is used to calculate SPBP.

Capital investment cost of CHP Equation 6-1

SPBP (in years) =

Annual savings from CHP over conventional case
Where,
Capital investment cost of CHP = total installation cost of the CHP plant

Annual savings
= conventional base case annual total running cost - CHP case annual total running cost

= conventional base case annual total cost of energy, operation and maintenance
— CHP case annual total cost of energy, operation and maintenance

Break-even point is the level of product sales at which financial revenues equal
total costs of production; at higher volume of sales financial profits are made
(Khatip, 2014). Thus, a CHP project is said to have break-even when the sum of
saved energy costs and energy export sales equals the capital/installation cost
or investment cost of the CHP plant.

6.4.2 Net present value

The difference between the present worth of all expenses and the present worth of
all revenues during the life cycle of a CHP is termed net present value (NPV). It
includes savings, and is the present worth of the total net cash flow of the CHP
investment. It is calculated using Equation 6-2 or Equation 6-3

N F, Equation 6-2
NPV = —Fy + z —
P Li(l+dy)
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Or

N F, Equation 6-3
NPV = —Fy + z REWID

t=0
Where

d; = the market interest rate or market discount rate during the period t, and
when it is considered constant d; = d.

N = the period in time for which the investment is assumed to operate (the life of the
project). Time period in years is usually used, though day, month, six-month, can be
used.

Fi: = net cash flow in year t (revenue + savings — expenses). The term “net cash
flow” here could be negative, which would indicate loss in year t.

Fo = the present worth of the investment (at time = 0), and it is negative. It is equal to
the capital cost.

There are three possible solutions:

NPV > 0; — return on investment (Rol) > d; — economically viable investment with
profit, given condition (N, d)

NPV = 0; — return on investment (Rol) = d; — economically viable investment
without neither profit nor loss, given condition (N, d)

NPV < 0; — return on investment (Rol) < d; — investment is not economically viable
with loss under the given specification (N, d) (EDUCOGEN, 2001).

6.4.2.1 Algorithm for computing the net present value of CHP
o Initial cash flow (Fo, t = 0): This is given by Equation 6-4

Fop=Cs+L+C Equation 6-4

Where, C = investment cash at hand, Cq = investment grant, L = loan

Fo may comprise of only Cyor L or C, and it is the capital cost of CHP installation.

o Net cash flow for N years (F;, t =1 to N)
Annual operation savings (fi): This is given by Equation 6-5

fi=(Ce + Re + Cp+ Ry - Cge — Cgh -Cs - Co/m - Cemix) Equation 6-5

Where, C, = avoided cost of electricity = cost of electricity that would be
purchased from the grid, if not cogenerated.
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Re = revenue from selling excess electricity, if any.

Ch = avoided cost of heat, i.e. cost of heat that, if not cogenerated, would be produced
by boiler(s).

R = revenue from selling excess steam, if any.

Cee = cost of electricity purchased from the grid during outages of on-site
generation.

Cgh = cost of heat produced by boiler(s) during outages of CHP.

Cs = cost of fuel for the cogeneration system = fuel consumed x fuel tariff.

Com = operation and maintenance cost (except fuel) of the cogeneration system.
Cemix = emission tax

Subscript t = the year (t = 1, 2,..., N) during which investment lasts.
Assumptions:

The operation of the plant starts from the beginning of the first year, t = 1.
Construction period is assumed as year t = 0 which takes capital cost Fy
A life period of 20 years (say 2013 - 2032) is chosen, (that is N = 20).

Annual net cash flow (F): This is given by Equation 6-6

Fi=fi—Au—rr Tt +SVy, for(t=1,2,...,N) Equation 6-6

Where, F; = net cash flow in year t,

fi = operation saving in year t,

A.: = equal yearly payments of principal and interest for repayment of loan,
rr = tax rate,

T; = taxable income in year t, due to cogeneration,

SV\ = salvage value of the investment at the end of the economic life cycle,
i.e. at the end of year N.

Assumptions:
Operation savings is main target of CHP, hence, Tt =0

Assuming the scenario where savage value is used completely for
disposal of plant as scrap, a worse case scenario. SVy = 0.
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. NPV:
Then applying Equation 6-3

F;
NPV = —F, + Z’tV:l(H—;)t

where 0 < NPV =20
Assumptions:

Total life-cycle of CHP plant (N) = 20 years
Discount rate (d) = 10%

Electricity tariffs escalation rate = 5%

Heat tariffs escalation rate = 5%

Fuel price escalation rate = 5%

Operation & maintenance cost escalation rate = 3%
Emission tax escalation rate = 3%

Interest on loan = 5%

Loan repayment period = 10 years

Loan holiday = 2 years

Availability of on-site generation plant is approximately 95% of yearly hours.

(Nkoi et al, 2014; Polyzakis, 2006)

6.4.3 Internal rate of return

Internal rate of return is the discount rate that results in an NPV value of zero.
This implies that IRR is the discount rate that makes the net present worth of
future cash flows equal the CHP capital investment cost. An iterative method
employing Equation 6-7 is used to determine IRR (EDUCOGEN, 2001).

Internal rate of return, IRR = d, for NPV = 0;

— N Fi Equation 6-7
= 0= —Fo+ Xt e d

Figure 6-1 shows the flow chart for computing NPV and IRR
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Figure 6-1 Flow chart for NPV computation (Nkoi et al, 2014)

Limitation of model:

This model does not account for depreciation of plant as salvage value is
assumed to be the cost of disposal of scrap plant.
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6.4.4 Discount rate

Discount rate is the factor used to equate the future value of money to its
present worth. It defines the long term opportunity cost of capital invested. The
return on investments forfeited elsewhere by committing capital to a project
under consideration defines opportunity cost of capital (Khatib, 2014). The high
the discount rate, the more the future worth of money is being discounted to its
present value.

6.4.5 Escalation rate

Escalation may be defined as changes in the levels of prices caused by
prevailing economic conditions (Hollmann and Dysert, 2007). Changes in
productivity, technology, market demand, supply, labour shortage, and profit
margin influence price escalation. Escalation rate is the market rate at which
cost of items increase annually. It may vary from item to item and depends
largely on the country and zone where items are marketed. In CHP, escalation
applies to cost of fuel, electricity, operation/maintenance, and emission tax.

6.4.6 Investment/capital cost

Capital cost of investment refers to the total cost incurred in
construction/installation of the CHP plant. This includes:

e Equipment cost: This cost entails purchase of equipment, inclusive of
taxes, and transportation. The cost depends on the system components and
specifications. This equipment consist mostly the prime mover and generator
set.

e Installation costs: This consists of Installation permits, Land acquisition
and preparation, Building construction, Installation of equipment,
documentation and as built drawings. Grid connections, including
reinforcement of local/national electricity networks. First set of spare parts
and any special tools needed for servicing and repair.

e “Soft” costs: construction management fees, legal fees, environmental
studies, training, additional costs may incur under certain financial
arrangements (e.g. debt insurance, bank fees, and interest paid during
construction), Architectural and engineering design fees, permitting
costs, special consultants and inspectors (EDUCOGEN, 2001; Stromberg
etal, 1993).

Department of Energy and Climate Change has specified rates of
Installation/capital cost of GT CHP per kW power output (DECC, 2013). In
addition, Table 6-1 presents estimated equipment and installation costs for five
typical gas turbine CHP systems, and Table 6-2 shows a number of cost adders
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that aggravates the cost of gas turbine power systems (Energy and
Environmental Analysis, 2008).

Table 6-1 Estimated capital costs for typical gas turbine-based CHP systems
(Energy and Environmental Analysis, 2008)

Cost Component System 1 System 2 System 3 System 4 System 5
Nominal Turbine Capacity (MW) 1 5 10 25 40
Equipment (Thousands of 2007 $)
Combustion Turbines $1,015 $2,733 $6,102 $12,750 $23,700
Electrical Equipment $411 $540 $653 $1,040 $1,575
Fuel System $166 $177 $188 $251 $358
Water Treatment System $74 $180 $293 $370 $416
Heat Recovery Steam Generators $508 $615 $779 $1,030 $1,241
SCR, CO, and CEMS $0 $0 $0 $0 $0
Building $0 $0 $0 $0 $0
Total Equipment $2,173 $4,246 $8,015 $15,440 $27,290
Construction $769 $1,402 $2,568 $4,947 $8,744
Total Process Capital $2,942 $5,648 $10,583 $20,387 $36,034
Project/Construction Management $271 $402 $664 $1,279 $2,260
Shipping $47 $89 $164 $317 $559
Development Fees $217 $425 $802 $1,544 $2,729
Project Contingency $116 $177 $276 $532 $940
Project Financing $230 $431 $799 $1,540 $2,721
Total Plant Cost $3,822 $7,172 $13,288 $25,598 $45,243
Actual Turbine Capacity (kW) 1,150 5,457 10,239 23,328 46,556
Total Plant Cost per net kW (2007 $3,324 $1,314 $1,298 $1,097 $972

Table 6-2 Capital cost adders for complex installations and additional equipment
(Energy and Environmental Analysis, 2008)

Cost Component System 1 System 2 System 3 System 4 System 5
Nominal Turbine Capacity (MW) 1 5 10 25 40
Complex Installation Cost Adder $489 $864 $1,551 $2,987 $5,280

with no additional equipment
(2007$ 1000)

Additional Equipment
Building n.a. $311 $414 $576 $759
Compressor Incremental Cost (2007$ $416 $937 $1,182 $1,223,500  $1,797,90
1000) Compressor Power Use (kW) 9 90 203 500 0
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Cost Component System 1 System 2 System 3 System 4 System 5

SCR Incremental Cost (20078 $397 $732 $986 $1,350 $1,743

1000) SCR Power Use (kW) 6 29 53 120 225

Equipment Cost Multipliers'

Normal Installation 176% 169% 166% 166% 166%

Multiplier Complex 198% 189% 185% 185% 185%
Basic and Complex Cost Estimate Range 2007 $/kW

Basic Capital Cost 2007 $/kW $3,324 $1,314 $1,298 $1,097 $972

Complex Installation Capital Cost

2007 $/kW $5,221 $2,210 $1,965 $1,516 $1,290

6.4.7 Energy cost (fuel and grid power)

Energy cost of a CHP comprises cost of fuel and Grid electricity purchased.
Electricity and fuel cost are given in price per unit power consumption, such as
p/kWh. Total cost of electricity purchased is obtained by Equation 6-8, whereas
fuel cost is given by Equation 6-9.

Electricity cost Cge = electricity tariff p/kWh x kWh of electricity Equation 6-8
consumed

Fuel cost Cs = Gas tariff p/kWh x kWh of power generated Equation 6-9

Typical rates of energy cost are given in Table 6-3 (DECC, 2012).

Table 6-3 Prices of fuel purchased by industrial customers in the UK including
climate change levy (Source: DECC survey of energy suppliers)

Pence per kWh

Size of
consumer 2010 2011 2012
4th 1st 2nd 3rd 4th 1st 2nd 3rd 4th
quarter quarter quarter quarter quarter quarter quarter quarter quarter
Very Small 12.23 11.36 11.74 12.11 13.37 12.54 12.35r 12.73 12.92
Electri  Small 9.99  10.06 9.97 1017  10.64 _ 10.78  10.65  10.98  10.94
city Small/ 8.43 8.46 8.61 8.79 9.32 9.45 9.40 9.57 9.68
Medium
Medium 7.58 7.77 7.74 7.81 8.33 8.46 8.54 8.65 8.77
Large 6.76 7.15 7.48 7.32 7.62 8.02 8.39 8.01 8.39
Very Large 6.77 7.22 7.25 6.86 7.36 7.00 7.96 7.82 8.23
Extra 6.46 7.02 6.70 7.11 7.39 7.76 8.08 7.99 8.43
Large
Average 8.42 8.42 8.37 8.44 9.00 9.22 9.16 9.14 9.46
Very Small 2.973 3.251 3.517 3.427 3.687 3.728 3.867 3.936 3.751
Gas Small 2.292 2.393 2.545 2.647 2.930 2.885 2.951 2.915 2.850
Medium 1.973 2.098 2.208 2.125 2.570 2.546 2.574 2.461 2.676
Large 1.887 1.998 2.133 2.001 2.386 2.335 2.272 2.124 2.410
Very Large 1.866 1.986 2.122 1.959 2.127 2.081 1.950 2.042 2.215
Average 2.144 2.298 2.374 2.222 2.646 2.645 2.583 2.446 2.705
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6.4.8 Operation and maintenance cost (fixed and variable)

Operation and maintenance cost comprises of fixed O&M cost and variable
O&M cost. Variable O&M cost include cost of maintenance of auxiliary
equipment (generator, gas compressor etc.), maintenance of the prime
mover/electrical generator, consumables, labour, and administration. Typical
rates of variable and fixed O&M cost for GT and CHP are presented in Table 6-
4 and Table 6-5.

Table 6-4 Typical rates for CHP O&M cost (DECC, 2013)

4500 operating hours/year 8000 operating hours/year ‘

Gas turbine 0.4 p/kWh 0.35 p/kWh
Gas engine 0.7 p/kWh 0.6 p/kWh
DI HITE!) G 0.8 p/kWh 0.7 p/kWh
ignition engines

Steam turbines < 0.05 p/kWh < 0.05 p/kWh

Guides to unit prices and cost estimations of CHP and GT installations,
electricity, gas fuel, operations and maintenance, and emissions tax, were
obtained from public domain references (Greenpeace, 2008; Energy and
Environmental Analysis, 2008; HM Revenue & Customs DECC, 2011; DECC,
2013; US EIA, 2013).

6.4.9 Loan repayment

Equal annual loan repayment is calculated using Equation 6-10 (Gutierrez and
Dalsted), given an interest rate r, and loan duration of N years.
Cr=@L*r)/[1-(1+1)N] Equation 6-10

Where C,, = equal annual loan repayment, and L = loan
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Table 6-5 Updated estimates of power plants capital, operation and maintenance
costs (Source: US EIA, 2013)

Plant Characteristics Plant Costs (20128)
Nominal Overnight Variable
Capacity Heat Rate Capital Cost Fixed O&M O&M Cost NEMS
(MW) (Btu/kWh) ($/kwW) Cost (S$/kW-yr) (S/MWh) Input
Coal
Single Unit Advanced PC 650 8,800 $3,246 $37.80 $4.47 N
Dual Unit Advanced PC 1,300 8,800 $2,934 $31.18 $4.47 Y
Single Unit Advanced PC with CCS 650 12,000 $5,227 $80.53 $9.51 Y
Dual Unit Advanced PC with CCS 1,300 12,000 $4,724 $66.43 $9.51 N
Single Unit IGCC 600 8,700 $4,400 $62.25 $7.22 N
Dual Unit IGCC 1,200 8,700 $3,784 $51.39 $7.22 Y
Single Unit IGCC with CCS 520 10,700 $6,599 $72.83 $8.45 N
Natural Gas
Conventional CC 620 7,050 $917 S1347 $3.60 ¥
Advanced CC 400 6,430 $1,023 $15.37 $3.27 Y
Advanced CC with CCS 340 7,525 $2,095 $31.79 $6.78 Y
Conventional CT 85 10,850 $973 $7.34 $15.45 Y
Advanced CT 210 9,750 $676 $7.04 $10.37 Y
Fuel Cells 10 9,500 $7,108 $0.00 $43.00 Y
Uranium
Dual Unit Nuclear 2,234 N/A $5,530 $93.28 $2.14 Y
Biomass
Biomass CC 20 12,350 $8,180 $356.07 $17.49
Biomass BFB 50 13,500 $4,114 $105.63 $5.26
Wind
Onshore Wind 100 N/A $2,213 $39.55 $0.00
Offshore Wind 400 N/A $6,230 $74.00 $0.00
Solar
Solar Thermal 100 N/A $5,067 $67.26 $0.00
Photovoltaic 20 N/A $4,183 $27.75 $0.00
Photovoltaic 150 N/A 43,873 $24.69 $0.00
Geothermal
Geothermal — Dual Flash 50 N/A $6,243 $132.00 $0.00 N
Geothermal — Binary 50 N/A $4,362 $100.00 $0.00 N
Municipal Solid Waste
Municipal Solid Waste 50 18,000 $8,312 $392.82 $8.75 N
Hydroelectric
Conventional Hydroelectric 500 N/A 52,936 $14.13 $0.00
Pumped Storage 250 N/A $5,288 $18.00 $0.00 N

6.4.10 Energy demand (power and heat)

To implement economic evaluation of a CHP project, the energy demand in
terms of electrical power and heat (steam) consumption on site must be
ascertained. In selecting CHP plant, decision must be taken whether to match
electricity demand and have surplus/deficit of heat or match heat demand and
have surplus/deficit of electricity depending on power to heat ratio. The energy
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demand (consumption) of the plant is reported for a given period of time usually
a year where records are kept on daily and monthly bases. Also, information
about the number of hours of power plant operation and the number of hours of
outages must be known. Energy generation and consumption of a plant vary
with seasons of the year (winter, spring, autumn, summer) and with daily
ambient temperatures depending on regions and countries. Energy consumed
in form of electricity and heat are defined by Equation 6-11 and Equation 6-12
respectively.

Power consumed(kWh) = GT power output (kW) x Equation 6-11
time (hours)

Heat consumed(kWh) = HRSG duty (kW) X time (hours) Equation 6-12

6.4.11 Climatic data

As stated in earlier section power generated from power plants varies according
to seasons of the year and daily temperatures depending on regions. This
implies that climatic conditions of the site of CHP will affect its operation and
hence its economics. The performance of CHP plant with respect to prevailing
ambient condition of temperature is very important. Therefore, climatic data of
the CHP site must be known when carrying out performance analysis.

6.5 Risk module

There is high level of uncertainty that underlie any future prediction. The
tendency that input parameters such as fuel price or electricity tariff used in the
techno-economic evaluation of a given project may vary over time is pertinent.
This would pose enormous risk to investment in the project. To carry out risk
analysis of the model output like NPV, values of inputs are sampled randomly
from a cumulative frequency distribution. Such inputs probability distributions
include the likes of normal distribution, triangular distribution, rectangular
distribution, etc. Several methods of random sampling from input probability
distributions exist such as Monte Carlo sampling technique, and Latin
Hypercube sampling method (Khan et al, 2011; Vose, 2008). These are
computer simulation techniques employed to determine the probability effect of
variation of the input parameters on predicted output. Also, the sensitivity of the
output parameter to the changes in input parameters could be analysed.

In this research, for instance, the NPV that would be predicted of an engine
cycle CHP may not be certain based on uncertainty of prevailing cost values of
grid electricity or fuel used in its computation. Thus thousands of random values
of each of such input parameters are generated in a probabilistic model
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simulation with deviations from the mean value used. By so doing, probability of
a wide range of NPV values occurring is forecasted that would offer an investor
a better view of the profitability of the project. A software called @Risk 6.0 is
deployed in this research as add-in to the techno-economic model to implement
the risk module, and to carry out sensitivity analysis of NPV (Palisade
Corporation, 2013). The cumulative frequency distribution random sampling
technique employed in @Risk 6.0 is the Latin Hypercube sampling method.

6.5.1 Cumulative frequency distribution

According to Palisade Corporation (author of @Risk), it is usually helpful to first
understand the principle of a cumulative distribution, when studying different
sampling methods. All probability distributions could be expressed in cumulative
pattern. A scale from 0 to 1 on the vertical-axis typifies any cumulative curve,
with vertical-axis values representing the cumulative probability corresponding
to horizontal-axis value.

Cumulative Probability Distribution

1.0 -
0.9
? 0.8
0.7 1
Cumulative ;¢ |
probability

0.5 1
0.4
‘ 0.3
0.2

I3
»
.

0.1

Minimum Maximum
Distribution value Distribution value

Figure 6-2 Cumulative probability distribution (Source: Palisade Corporation,
2013)

Figure 6-2 illustrates a cumulative curve where the 0.5 cumulative value is the
point of 50% cumulative probability (0.5 = 50%). 50% of the values in the
distribution fall below this median value and 50% are above. The 0 cumulative
value is the minimum value (0% of the values will fall below this point) and the
1.0 cumulative value is the maximum value (100% of the values will fall below
this point). This cumulative curve is so important to understanding sampling.

PhD Thesis / Barinyima Nkoi 107



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

This is because the 0 to 1.0 scale of the cumulative curve is the range of the
possible random numbers generated during sampling, and in a typical Latin
Hypercube or Monte Carlo sampling sequence, the computer will generate a
random number between 0 and 1 - with any number in the range equally likely
to occur. This number is then used to select a value from the cumulative curve.
In the example of Figure 6-2, the value sampled for the distribution shown
would be X1 if a random number of 0.5 was generated during sampling. Since
the shape of the cumulative curve is based on the shape of the input probability
distribution, it is more probable that more likely outcomes will be sampled. The
more likely outcomes are in the range where the cumulative curve is the
steepest (Palisade Corporation, 2013).

6.5.2 Random sampling from input distribution

An output variable is defined by a function or set of functions given one or more
uncertain input variables. The set of functions could describe the
interdependence between different inputs and interdependence over time. This
defined function forms a model to be studied for instance of the NPV of an
investment project. Next, a probability distribution is specified for a range of
values for the uncertain input variable(s). There are various types of probability
distributions that are used, namely normal, triangular, uniform or rectangular,
step rectangular, trapezoidal, distributions etc (Khatip, 2014; Palisade
Corporation, 2013).

Latin Hypercube simulation method and Monte Carlo analysis technique work
by generating random samples for the input distributions of a model. Consider
the distribution of an uncertain input variable x. Let F(x) be the cumulative
distribution function of x which defines the probability P that the variable X will
be less than or equal to x. This probability function is given by Equation 6-13.

F(x) =P(X <x) Equation 6-13

This would meanthat 0 < F(x) <1

Now, Equation 6-13 could be looked in the reverse direction: for a given value
of x what is the value of F(x)?. Let this inverse function be G(F(x)), then this is
defined in Equation 6-14 .

G(Fx)) =x Equation 6-14

It is this concept of the inverse function G(F(x)) that is employed to generate
random samples from each distribution in a risk analysis model (Vose, 2008).
The graphical representation of the relationship between F(x) and G(F(x)) is
illustrated in Figure 6-3.
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G(F(x)) = x
Figure 6-3 The relationship between x, F(x) and G(F(x)) (source: Vose, 2008)

A random number say r is generated between 0 and 1 in order to generate a
random sample for a probability distribution. This value is then inputted into the
equation to determine the value to be generated for the distribution as defined
by Equation 6-15 .

G(r) =x Equation 6-15

The random number r is generated from a Uniform(0,1) distribution to provide
equal opportunity of an x value being generated in any percentile range.

It is not always possible for some types of probability distribution to determine
an equation for G(F(x)), in which case numerical solving techniques are usually
used.

@Risk 6.0 employs the inverse function concept in Latin Hypercube sampling
method and allow the user to control how the distribution is sampled via its
Uniform(0,1) distribution. For example in case of normal distribution in @Risk:
Normal(p, o, RiskUniform(0,1)), where p is mean and o is the standard
deviation of the normal distribution, returning the range of 0" to 100"
percentiles of the distribution (Vose, 2008).
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6.5.3 Latin Hypercube sampling technique

Latin Hypercube sampling is more like a modified Monte Carlo method.
According to Palisade Corporation, Latin Hypercube sampling is a recent
development in sampling technology, formulated to accurately reproduce the
input distribution through sampling in fewer iterations when compared with the
Monte Carlo method. The basis of Latin Hypercube sampling is stratification of
the input probability distributions. Stratification partitions the cumulative curve
into equal intervals on the cumulative probability scale - 0 to 1.0. A sample is
then randomly taken from each interval or stratification of the input distribution.
Sampling is made to represent values in each interval, and so, is made to
reproduce the input probability distribution.

In the illustration of Figure 6-4, the cumulative curve has been divided into 5
intervals. During sampling, a sample is drawn from each interval as against 5
close clustered samples that would be drawn using Monte Carlo method. With
Latin Hypercube, the samples are better spread over the entire range of the
distribution, thereby accurately reflect the distribution of values in the input
probability distribution.

The method of “sampling without replacement” is being used in Latin Hypercube
sampling. The number of stratifications of the cumulative distribution is equal to
the number of iterations performed. In the example of Figure 6-4, there were 5
iterations and thus 5 stratifications were made to the cumulative distribution. A
sample is taken from each stratification. However, once a sample is taken from
a stratification, this stratification is not sampled from again - its value is already
represented in the sampled set. Sampling within a given stratification occur in
@Risk 6.0 by the programme choosing a stratification for sampling, then
randomly chooses value from within the selected stratification (Palisade
Corporation, 2013).
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Figure 6-4 Latin Hypercube sampling technique
( Source: Palisade Corporation, 2013)

6.5.4 Probability distributions

Probability distributions are used in @Risk 6.0 to handle the uncertainty present
in the variables in a model. Probability distributions are used to describe the
range of possible values for uncertain elements in the model and are entered
using probability distribution functions. Several probability distribution functions
exist but only three are considered in this work, namely, triangular, uniform or
rectangular, and normal, distributions. These three types of cumulative
probability distributions are illustrated in Figure 6-5.

In the illustration of Figure 6-5, the triangular distribution function
RiskTriangular(2,3,6) would specify that a variable in the model could take a
minimum value of 2, a most likely value of 3 and a maximum value of 6.
Simulation is then used to generate a distribution of possible outcomes for each
possible trial solution that is generated by the optimiser. Similarly, the uniform
distribution function RiskUniform(2, 6) would mean that the model could assume
a minimum value of 2, a maximum value of 6, and that any value from 2 to 6
has equal chance of occurring. More so, the normal distribution function
RiskNormal(4, 2) would specify that the model could take a mean value (u) as 4
and standard deviation (o) as 2.
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Figure 6-5 Triangular,uniform, and normal cumulative probability distributions
(Source: Vose software)

6.5.5 Sensitivity analysis

Sensitivity analysis is used to identify significant inputs by estimating the
consequences of limited changes in the value of these inputs. It helps a
decision-maker to identify the variables that have major effect on the output and
that would need more attention and investigation. For instance in an economic
evaluation of an investment project, like determining NPV of the project, one or
more input cost variables are changed independently or collectively within
reasonable limits to observe the probable impact of the change on the NPV and
its likely IRR and payback period. Alternatively the aim may be to estimate the
change in one variable like grid electricity price that would reduce the NPV to
zero. This would show the value of grid electricity price below or above which it
is not worthwhile investing in the project (Khatip, 2014; Palisade Corporation,
2013).

Another aim of sensitivity analysis may be break-even analysis, to estimate
the values of inputs and outputs that would make the benefits of the project fall
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below the cut-off rate. Cut-off rate is a rate predetermined as a threshold below
which projects should not be accepted. Sensitivity analysis is carried out with
three different analytical techniques, namely, change in output statistic,
regression analysis, and rank correlation. The results of sensitivity analysis can
be displayed as a “tornado” type chart as illustrated in Figure 6-6, having longer
bars at the top representing the most significant input variables.

The double-sided tornado chart shows the positive and negative impact on
actual output values (information very valuable to decision-makers, and more
easier to understand than statistical coefficients).

The results can also be presented as “spider plots” as illustrated in Figure 6-7 .
This graph display the change in mean output across the range of values for all
the various inputs. It gives a very intuitive view on sensitivity analysis.
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Figure 6-6 Tornado chart showing sensitivity results
(Source: Palisade Corporation, 2014)
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Figure 6-7 Sensitivity analysis results on spider plot
(Source: Palisade Corporation, 2014)

6.6 Chapter summary

The key imports of this chapter are outlined below.

e TERA methodology is outlined.

e The various modules that make up TERA framework for ADIGT-CHP are
highlighted, namely, engine performance, emissions, economic, and risk,
modules.

e The economic module is examined in detail having its components x-
rayed.

e The criteria for assessing economic viability of ADIGT-CHP are defined
which include SPBP, NPV, and IRR.

e The algorithm for the economic evaluation model developed in this
research is thoroughly laid out.

e Cost elements of the economic evaluation model are defined which
include capital/installation cost, energy cost (costs of fuel, electricity, and
steam), operation and maintenance cost (fixed and variable), emission
cost, cost escalation rate, loan repayment, interest on loan, and market
discount rate.
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7 TERA IMPLEMENTATION FOR ADIGT-CHP IN THE
PETROCHEMICAL INDUSTRY: CASE STUDIES

7.1 Overview

The development of the economic evaluation module of TERA for ADIGT-CHP
in the petrochemical industry is accomplished by considering typical case
studies and following the methodology outlined in chapter 6. The algorithm of
the economic model discussed in chapter 6 is herein implemented using two
case studies, one for LS-ADIGT-CHP, and the other for SS-ADIGT-CHP. In this
regard, two inspiring petrochemical/refinery CHP sites in the United Kingdom
are identified for the case studies, one for each category of the LS- and SS-
ADIGT-CHP respectively. In each case, the model is deployed to evaluate the
techno-economic viability of both the simple cycle and advanced cycle engines
ADIGT-CHP against the conventional case of purchasing power from grid and
producing steam in on-site boiler.

In doing so, the model computes NPV, IRR, and SPBP for each engine cycle
ADIGT-CHP configuration and compares the results in their different categories
of large-scale and small-scale ADIGT-CHP respectively. More so, the risk
evaluation software @Risk 6.0 of Palisade Corporation is integrated with the
model as add-in to conduct risk and sensitivity analysis of mean NPV with
respect to variations in some inputs. The software @Risk 6.0 applies a modified
Monte Carlo sampling method known as Latin Hypercube sampling technique to
carry out risk analysis simulation iterations. This Latin Hypercube sampling
technique was discussed in section 6.5.3 .

It is important to note that in both case studies, the CHP steam flow
requirements are meant for process and room heating in the plant complexes.
Nevertheless, the steam flow is analysed as single bulk in each case not
accounting for different end uses. Similarly, the CHP power requirements in
both case studies are meant to serve various purposes, namely lighting,
electrical/electronic appliances, electrical machines and drives, etc, but the
power is analysed as single bulk in each case, not accounting for various end
uses.

7.2 Case study 1: large-scale ADIGT-CHP

One of the case studies is a Large-scale Refinery and Chemical plant CHP
(LSRCP-CHP) in the United Kingdom inspired by Ineos Refinery and Chemicals
CHP. The LSRCP-CHP has an installed capacity of 295MW of power, and 2 x
250 tonnes/hour of steam (Greenpeace, 2008). This gives a total of
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500tonnes/hour of steam = 47.61 x 500 = 23804.51kWy, (because 1tonne/hour
of steam = 47.61kWy,).

7.2.1 ADIGT-CHP power plant performance module for LSRCP

With the nominal capacity energy demand of the LSRCP stated in section 7.2, 3
x 100MW ADIGTs and an additional 1 x 43.85MW ADIGT-CHP of same 50Hz
frequency are considered to supply the demanded power and steam. This
arrangement is made knowing that during hot days (in the summer) power
generation on site may fall below demanded power. There may be surplus
power and steam generated on site which are exported to the Grid. Conversely
during plant outages power is imported from the Grid and steam produced in a
stand-by boiler. The DP performance evaluation of the 100MW ADIGT engine
cycles using TURBOMATCH were shown in Table 4-4 while those of the
43.85MW ADIGT-CHP cycles were shown in Table 5-2. Similarly, verification of
the engines models were presented in Table 4-5 and Table 4-3 respectively.

7.2.2 ADIGT-CHP engines emissions module for LSRCP

HEPHAESTUS code is employed to estimate the engines emission indices
utilising dry low NO technology (DLN), and DP results were presented in Table
4-7 and Table 4-8. The total annual emissions of the ADIGT cycles are
computed based on the annual fuel consumptions, and the results are stated in
Table 7-4, Table 7-6, and Table 7-8.

7.2.3 Economic analysis of LSRCP CHP

To determine the economic viability of the LSRCP ADIGT-CHP its profitability is
measured against the conventional case of purchasing power from the Grid and
employing a boiler to generate steam. The method of economic evaluation
discussed in chapter 6 is applied which include the criteria of NPV, SPBP, and
IRR, to compare investment in both simple (SC) and advanced cycle (IC and
ICR) LS-ADIGT-CHP with respect to conventional case. In the analysis 2013
rate of Great Britain Pound (£) is used against United State Dollar ($).

The conventional case of purchasing grid power and producing steam in on-site
boiler is firstly analysed followed by the analyses of SC, IC, and ICR LS-ADIGT-
CHP cycles. Then the viabilities of the LS-ADIGT-CHP cycle options over the
conventional case are compared.
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7.2.3.1 Conventional case (grid power and on-site boiler) of LSRCP
7.2.3.1.1 Energy demand of LSRCP

The annual power and steam demand of the LSRCP are computed based on
the installed capacity stated in section 7.2 and are shown in Table 7-1 below. It
is assumed that the refinery and chemical plant operates throughout the year.

Table 7-1 annual energy demand of LSRCP

Power .
Steam consumption

demand (kWhy;,)

consumption
demand (kWhe)

Winter 37 Hot days 279660000 22566675
56 Cold days 384090000 30993472
Spring 39 Hot days 293820000 23709292
51 Cold days 354590000 28613021
Summer 46 Hot days 284675000 22971352
48 Cold days 348985000 28160735
Autumn 36 Hot days 255765000 20638510
52 Cold days 382615000 30874449
Annual Total 365 days 2584200000 208527508

Assumptions: the following are assumed in addition to those stated in section
6.4.2.1

e The Refining and Chemical plant operate throughout the year implying
8760 hours of power purchase from grid and on-site steam generation in
boiler.

e Two industrial boilers of 23.804MWy, capacity each are installed on site
of which one would be kept on stand-by.

e Year (0) is taken as initial installation and site construction period so that
operation on site commences in year (1).

e Investment capital is made of Loan

The capital cost and annual operation cost are computed as shown in Appendix
D.1 . The boiler capital cost is obtained as £3,808,722, while year (1) annual
operation cost is found to be £269,263,430. The present value of year (1)
annual operation cost is computed as £244,784,937. Loan is taken as
£273,072,152, made of the sum of boiler capital cost and year (1) annual
operation cost, whereas equal annual loan repayment is calculated as
£35,364,093 (see Appendix D.1 ). Two years loan holiday is allowed so that
annual loan repayment would commence in year (3).
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7.2.3.2 Conventional case life-cycle cash flow of LSRCP

Applying the escalation rates of prices (costs) to the life-cycle as spelled out in
section 6.4.2.1, the life-cycle cash flow of the conventional case is computed
and result is shown in Table 7-2.

Table 7-2 Conventional case economic analysis of LSRCP (Grid electricity plus Boiler)

Electricity price £/kWh : 0.1 interest rate( %): 5
Boiler O & M cost £/kWh: 0.004 Grid electricity /annum kWh: 2584200000 Loan duration(yrs): 10
Boiler capital cost £/kW: 80 Hours of operation/annum: 8760 Loan (£): 273072152.00
Boiler capital cost £: 3808721.6 Boiler gas fuel price £/kWh: 0.05 Repayment Holiday: 2yrs
emissions tax £ /kWh : 0.002 10%Discount rate (d) : 0.1
End of [Boiler O & M cost, {Grid electricity [Boiler fuel cost, -|Boiler emission | Annual Loan |Annual cost (£) Present value
year () |Coom (3% cost, -Cge (5% |Can (5% cOst - Cgemix (3%| repayment, (10% discount
escalation rate) (£) |escalation rate) |escalation escalation rate) Ci (£) rate) (£)  F,
£) rate)(£) £) (1+d)*
1 834110 258420000 | 10426375 417055 0 269263430 244784937
2 859133 271341000 | 10947694 429567 0 282718261 233651455
3 884907 284908050 | 11495079 442454 35364093 332209676 249594046
4 911455 299153453 | 12069833 455727 35364093 347043106 237035111
5 938798 314111125 | 12673324 469399 35364093 362617942 225157212
6 966962 329816681 | 13306991 483481 35364093 378971246 213919389
7 995971 346307515 | 13972340 497985 35364093 396141934 203283449
8 1025850 363622891 | 14670957 512925 35364093 414170866 193213766
9 1056626 381804036 | 15404505 528313 35364093 433100947 183677080
10 1088324 400894238 | 16174730 544162 35364093 452977223 174642329
11 1120974 420938949 | 16983467 560487 35364093 473846996 166080482
12 1154603 441985897 | 17832640 577302 35364093 495759932 157964392
13 1189241 464085192 | 18724272 594621 0 483404085 140024944
14 1224919 487289451 | 19660486 612459 0 507562397 133657043
15 1261666 511653924 | 20643510 630833 0 532928267 127578790
16 1299516 537236620 | 21675686 649758 0 559562064 121777008
17 1338502 564098451 | 22759470 669251 0 587527172 116239119
18 1378657 592303374 | 23897443 689328 0 616890145 110953115
19 1420016 621918542 | 25092316 710008 0 647720866 105907537
20 1462617 653014469 | 26346931 731308 0 680092709 101091448
Y 22412849 8544903859 | 344758050 | 11206424 (353640930 9254509263 3440232652

7.2.3.3 LSRCP ADIGT-CHP cases

The CHP economic analysis is implemented for both the simple and advanced
cycle LS-ADIGT-CHP, and results compared. The set of power plant is as
described in section 7.2.1. In conjunction with the assumptions stated in
sections 6.4.2.1 and 7.2.3.1, it is assumed that one industrial boiler of
23.804MWy, capacity is installed on site which would be kept on stand-by and
brought on stream during CHP outages.
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7.2.3.3.1 Simple cycle (SC) LS- ADIGT-CHP case for LSRCP
7.2.3.3.1.1 Energy generation and consumption for SC LS-ADIGT-CHP of LSRCP

The annual power and steam demand of the LSRCP were shown in Table 7-1.
However, the three ADIGT-CHP cycle configurations generate different
amounts of power and steam based on their respective features and prevailing
climatic conditions of the site. The energy generation of the SC LS-ADIGT-CHP
cycle is computed and is presented in Table 7-3. It is assumed that the power
plant has an availability of about 95%.

Initial cash flow is the sum of installation costs of three 100MWe ADIGTs, one
43.85MWe ADIGT (with a set of HRSG), and one 23.805MWy, boiler. The
capital cost and annual cash flow are computed as shown in Appendix D.2 .
The installation/capital cost is obtained as £242,599,361, while year (1) annual
net cash flow is found to be £41,857,125. The present value of year (1) annual
net cash flow is computed to be £38,051,932. Loan is taken as £242,599,361,
made of capital cost, whereas equal annual loan repayment is calculated to be
£31,417,727 (see Appendix D.2 ). Two years loan holiday is allowed so that
annual loan repayment would commence in year (3).

7.2.3.3.1.2 Simple cycle LS-ADIGT-CHP case life cycle cash flow for LSRCP:

Applying the escalation rates of prices (costs) to the life-cycle as spelled out in
section 6.4.2.1, the life-cycle cash flow of the simple cycle CHP case is
computed and result is shown in Table 7-4 . Equal annual loan repayment
commences in year (3).

Simple-payback-period (SPBP) is calculated as shown in Appendix D.2.1, and it
is found to be 4.8 years. Similarly, NPV is calculated as shown in Appendix
D.2.2 , and obtained as £241,192,965. More so, by method of iteration using
Equation 6-7 the internal rate of return, IRR for the SC LS-ADIGT-CHP case is
determined to be 18.8%.
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Table 7-3 Energy generation and consumption for SC LS-ADIGT-CHP of LSRCP

Season |Days of power |Average |Power Power Power Total Power Excess power (Grid Heat Heat Excess heat [Boiler heat
plant on daily  |consumption |generated from |generation  |generated exported to |electricity  [consumption |generated exported during CHP
stream temp.  |demand from |3 x 100MW GT |compensation |(kWh,) grid (kWh,) ~ [during plant |demand from (from 43MW  |(kwh,;) outages

(’C)  |powerplant |(kwh,) from 1x outages CHP (kWhy,) |CHP (kWhy,) (kWhy)
(kWh,) 43MW GT (kWh,)
37 Warmdays | 6

Winter 268450000 | 288500940 | 39266455 [327767394.50 | 59317395 |[11210000 |21662104 |42330353 (20668249 | 904571

54 Cold days 0
375240000 | 425670984 | 56305398 [481976382.00 | 106736382 | 8850000 |30279337 | 59315042 (29035705 | 714135
37 Hot days 10 275235000 | 280343642 | 39199715 [319543356.60 | 44308357 |18585000 |22209608 |43245449 (21035841 | 1499684

Spring 49 Cold days 2
339840000 | 385513344 | 50993568 [436506912.00 | 96666912 | 14750000 |27422796 | 53719283 (26296487 | 1190226
39 Hot days 20 262550000 | 235465832 | 34973262 |270439093.50 | 7889094 |[22125000 |21186014 |40962021 (19776007 |1785338

Summer

46 Cold days 10
328925000 | 335030183 | 46846391 [381876573.00 | 52951573 [20060000 |26542029 | 51681324 (25139295 | 1618707
34 Hot days 13 239835000 | 244286582 | 34157951 |278444532.60 | 38609533 | 15930000 |19353067 | 37683333 (18330266 |1285444
AU ) Coddays | 6
364915000 | 392171058 | 53376488 |445547546.15 | 80632546 [ 17700000 | 29446179 | 57541370 [28095191 | 1428271
Annual |Total 2454990000 | 2586982563 | 355119227 | 2942101790 [487111790 [129210000 (198101132 [386478173 1188377041 (10426375
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Table 7-4 Simple cycle (SC) LS-ADIGT-CHP case economic analysis of LSRCP

Boiler O&M cost £ kWh 0.004

10% Discount rate (d) : 0.1 GT gas fuel price (£/kWh) 0.05 Electricity tariff from grid £/ kWh H 01 interest rate( %): 5
CHP capital cost £/kW: 700 GT fuel consumed/annum (kg) : 532066404.2 Electricity consumed/annum (kWh) : 2454990000 Loan duration(yrs): 10
CHP O&M var cost £/kWh: 0.02 Hours of CHP outages/annum: 438 Grid electricity /annum (kWh) 129210000 Loan (£): 242599361
Initial cash flow (F) £: 242599361 Hours of CHP operation/annum: 8322 Boiler gas fuel price £/kWh 0.05 Repayment Holiday 2yrs

Excess electricity sold to Grid/annum(kWh): 487111790 Steam export price £ kWh 0.025
GT emission tax £/kg : 0.005 Boiler capital cost £/kW : 80 Electricity export tariff to grid £ kWh : 0.05
Boiler emission cost £: 5025.512933 GT emission/annum kg: 2745391763 CHP Fixed O&M cost £: 1719250

Annual Loan

Present value

End (O & M cost, -Com (3% |GT fuel cost, -C¢ |Grid electricity |Boiler heat Emission tax, - |Saved electricity | Saved heat Revenue on Revenue on F¢ (annual net
of |escalation rate) (£) [(5% escalation [cost, -Cge(5% [cost, -Cpg,h (5% |Ceomix (3% cost, +C. (6% [cost, +Cy (5% [excess excess heat [repayment, C\r (£) [cash flow) (£) (10% discount
year rate) (£) escalation escalation rate) |escalation escalation rate) |escalation electricity sold |sold, +R}, (5% rate) (£)
Q] rate) during during outages [rate)(£) £) rate) (£) to Grid, +R. escalation F.
outages of of CHP (£) (5% escalation |rate)(£) _—
CHP (£) rate) (£) (1+ d)*
1 68332555 147105090 12921000 521319 13731984 245499000 9905057 24355590 4709426 (0] 41857125 38051932
2 70382531 154460344 13567050 547385 14143944 257773950 10400309 25573369 4944897 (0] 45591272 37678737
3 72494007 162183361 14245403 574754 14568262 270662648 10920325 26852037 5192142 31417727 18143638 13631584
4 74668828 170292529 14957673 603492 15005310 284195780 11466341 28194639 5451749 31417727 22362951 15274197
5 76908892 178807156 15705556 633666 15455469 298405569 12039658 29604371 5724337 31417727 26845468 16668924
6 79216159 187747514 16490834 665350 15919133 313325847 12641641 31084590 6010554 31417727 31605915 17840715
7 81592644 197134889 17315376 698617 16396707 328992140 13273723 32638819 6311081 31417727 36659803 18812276
8 84040423 206991634 18181145 733548 16888609 345441747 13937409 34270760 6626635 31417727 42023467 19604257
9 86561636 217341215 19090202 770225 17395267 362713834 14634280 35984298 6957967 31417727 47714107 20235439
10 89158485 228208276 20044712 808737 17917125 380849526 15365994 37783513 7305865 31417727 53749837 20722889
11 91833240 239618690 21046947 849173 18454639 399892002 16134293 39672689 7671159 31417727 60149727 21082112
12 94588237 251599624 22099295 891632 19008278 419886602 16941008 41656323 8054717 31417727 66933857 21327190
13 97425884 264179606 23204260 936214 19578526 440880932 17788059 43739140 8457453 o] 105541094 30571496
14 100348660 277388586 24364473 983024 20165882 462924979 18677462 45926096 8880325 [0} 113158237 29798100
15 103359120 291258015 25582696 1032176 20770858 486071228 19611335 48222401 9324341 [0} 121226440 29020646
16 106459894 305820916 26861831 1083784 21393984 510374789 20591901 50633521 9790558 o] 129770361 28241812
17 109653691 321111962 28204923 1137973 22035804 535893529 21621496 53165197 10280086 o] 138815957 27463997
18 112943301 337167560 29615169 1194872 22696878 562688205 22702571 55823457 10794091 [0} 148390544 26689344
19 116331600 354025938 31095927 1254616 23377784 590822615 23837700 58614630 11333795 [0} 158522875 25919757
20 119821548 371727235 32650723 1317347 24079118 620363746 25029585 61545362 11900485 o] 169243207 25156924
> 1836121337 4864170138 | 427245193 17237902 368983561 | 8117658666 | 327520147 | 805340805 | 155721665 314177271 1578305881 483792326
Annual running cost of CHP (£) = 213546932
Present value of annual running cost of CHP (£) = NPVcup = 241192965
Saving in CHP running cost over conventional running cost (€)= 50651362 IRR = 0.183 for NPV = 0.00
Simple payback period SPBP = 4.8 Years
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7.2.3.3.2 Intercooled cycle (IC) LS-ADIGT-CHP case for LSRCP
7.2.3.3.2.1 Energy generation and consumption for IC LS-ADIGT-CHP of LSRCP

Following same assumption in section 7.2.3.3.1.1 , the energy generation of the
IC LS-ADIGT-CHP cycle is computed and is shown in Table 7-5.

Assuming 0.7% increment in GT capital cost due to intercooler, and applying
the same method of Appendix D.2 as stated in section 7.2.3.3.1.1, the
installation/capital cost for IC cycle ADIGT-CHP is calculated to be
£244 318,611, which is equal to the loan taken.

7.2.3.3.2.2 Year 1 annual net cash flow for IC LS-ADIGT-CHP case of LSRCP:

Using the same method of Appendix D.2

Cojm = £63,277,557 ; Cs = £139,711,279 ; Cge = £12,921,000;
Cpp, = £521,319 ; Comex = £13,201,004 Co = £245,499,000
Ch, = £9,905,057 ; R, = £16,961,779; R, = £1,657,772

Year 1 annual net cash flow, F; = £44,391,448

Present value of year 1 annual net cash flow = £40,355,862 , and equal annual loan
repayment C;. = £31,640,378

7.2.3.3.2.3 IC LS-ADIGT-CHP case life cycle cash flow for LSRCP:

Applying the escalation rates of prices (costs) to the life-cycle as spelled out in
section 6.4.2.1, the life-cycle cash flow of the IC ADIGT-CHP case is computed
and result is shown in Table 7-6 .

As shown in Appendix D.2.3, simple-payback-period (SPBP) is calculated to be
4.6 years. Similarly, by the method presented in Appendix D.2.4, NPV is
obtained to be £259,757,273. Besides, by method of iteration using Equation
6-7 the internal rate of return (IRR) for the IC LS-ADIGT-CHP case is
determined to be 19%.
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Table 7-5 Energy generation and consumption for IC LS-ADIGT-CHP of LSRCP

Season |Days of power |Average Power Power Power Total Power  |Excess power|Grid Heat Heat Excess heat |Boiler heat
plant on stream|daly  |consumption |generated from |generation  |generated exported to |electricity  |consumption |generated  |exported  |during CHP

temp.  |demand from {3 x 100MW GT |compensation |(kWh,) grid (kWh,) (during plant |demand from \from43MW |(kwh,)  |outages

(’C)  |powerplant |(kWh,) from 1 outages CHP (kWhy,) [CHP (kWhy,) (kWhy)

(kwh,) 43MW GT (kwh,)
(kWh,)
, 37 Warmdays | 6

Winter 268450000 | 269775870 | 38082954 [307858824.00 39408824 |11210000 |21662104 |28916536 |7254432 | 904571
54 Cold days 0 375240000 | 384379956 | 53379862 |(437759817.60 62519818 | 8850000 |30279337 |40450762 (10171425 | 714135

Spring 37 Hot days 10| 275235000 | 270797652 | 38938242 |309735893.85 | 34500894 |18585000 |22209608 |29626845 |7417238 | 1499684
49 Cold days 2 339840000 | 348117696 | 48344026 [396461721.60 | 56621722 | 14750000 | 27422796 |36634653 [9211857 |1190226
Summer 39 Hot days 20 | 262550000 | 246948567 | 36921294 [283869861.00 [21319861 |22125000 |21186014 |28253313 [7067299 |1785338
46 Cold days 10| 328925000 | 323622060 | 46533912 |370155971.75 |41230972 |20060000 | 26542029 |35406144 |8864116 |1618707

Adtumn 34 Hot days 13| 239835000 | 235968372 | 33930108 |269898479.85 | 30063480 |15930000 |19353067 |25816319 |6463252 |1285444
51 Cold days 6 364915000 | 366717309 | 51767708 [418485016.80 | 53570017 | 17700000 | 29446179 |39307423 [9861245 |1428271
Annual  |Total 2454990000 | 2446327482 | 347898104 | 2794225586 (339235586 |129210000 {198101132 (264411996 (6310863 (10426375

PhD Thesis / Barinyima Nkoi 125




TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY

BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY

Table 7-6 Intercooled cycle (IC) LS-ADIGT-CHP case economic analysis of LSRCP

CRANFIELD

UNIVERSITY 2014

Boiler O&M cost £/kWh: 0.004
10% Discount rate (d) : 0.1 GT gas fuel price (£/kg): 0.05 Electricity tariff £ kWh: 0.1 interest rate( %): 5
CHP capital cost £/kW : 705 GT fuel consumed/annum (kg): 519228887 GT power consumed/annum (kWh): 2454990000 Loan duration(yrs): 10
CHP O&M var cost £/kWh: 0.02 Hours of CHP outages/annum: 438 Grid electricity /annum (kWh): 129210000 Loan (£): 244318610.80
Initial cash flow (F,) £: 244318610.8 Hours of CHP operation/annum: 8322 Boiler gas oil price £/kWh: 0.05 Repayment Holiday: 2yrs
Excess electricity sold to Grid/annum(kWh): 339235586 Steam export price £/kWh: 0.025
GT emission tax £/kg : 0.005 Boiler capital cost £/kW : 80 Electricity export tariff to grid £/ kWh: 0.05
Boiler emission cost £: 5025.512933 GT emission/annum kg: 2639195705 CHP Fixed O&M cost £: 2063100
End (O & M cost, -Co/m GT fuel cost, - |Grid electricity |Boiler heat cost, -|Emission tax, - |Saved Sawed heat Revenue on Rewvenue on Annual Loan F; (@nnual net Present value
of (3% escalation rate) |Cr (6% cost, -Cge (5% |Cgn (5% Cemtx (3% electricity cost |cost , +C, excess excess heat | repayment, CLr (£) |cash flow) (£) (10% discount
year |(g) escalation rate) |escalation rate) |escalation rate) |escalation , +Ce (5% 5% electricity sold |sold, +Ry, (5% rate) (£)
(t) £) during outages |during outages of |rate)(£) escalation escalation to Grid, +R. escalation F,
of CHP (£) CHP (£) rate) (£) rate) (£) (5% escalation [rate)(£) (1+ d)¢
rate) (£) ’ i
1 63277557 139711279 12921000 521319 13201004 245499000 9905057 16961779 1657772 [0] 44391448 40355862
2 65175884 146696843 13567050 547385 13597034 257773950 10400309 17809868 1740660 [0) 48140592 39785613
3 67131160 154031685 14245403 574754 14004945 270662648 10920325 18700362 1827693 31640378 20482702 15388957
4 69145095 161733270 14957673 603492 14425094 284195780 11466341 19635380 1919078 31640378 24711578 16878340
5 71219448 169819933 15705556 633666 14857846 298405569 12039658 20617149 2015032 31640378 29200580 18131263
6 73356031 178310930 16490834 665350 15303582 313325847 12641641 21648006 2115783 31640378 33964173 19171890
7 75556712 187226476 17315376 698617 15762689 328992140 13273723 22730407 2221572 31640378 39017593 20022195
8 77823414 196587800 18181145 733548 16235570 345441747 13937409 23866927 2332651 31640378 44376880 20702142
9 80158116 206417190 19090202 770225 16722637 362713834 14634280 25060273 2449284 31640378 50058922 21229870
10 82562860 216738050 20044712 808737 17224316 380849526 15365994 26313287 2571748 31640378 56081502 21621847
L 85039745 227574952 21046947 849173 17741046 399892002 16134293 27628951 2700335 31640378 62463340 21893020
12 87590938 238953700 22099295 891632 18273277 419886602 16941008 29010399 2835352 31640378 69224142 22056945
13 90218666 250901385 23204260 936214 18821475 440880932 17788059 30460919 2977120 [o] 108025030 31291003
14 92925226 263446454 24364473 983024 19386119 462924979 18677462 31983965 3125976 o] 115607084 30442958
15 95712983 276618777 25582696 1032176 19967703 486071228 19611335 33583163 3282274 [o] 123633665 29596917
16 98584372 290449716 26861831 1083784 20566734 510374789 | 20591901 35262321 3446388 o] 132128962 28755112
17 101541903 304972201 28204923 1137973 21183736 535893529 | 21621496 37025437 3618707 [o] 141118432 27919530
18 104588160 320220811 29615169 1194872 21819248 562688205 | 22702571 38876709 3799643 o] 150628867 27091926
19 107725805 336231852 31095927 1254616 22473826 590822615 | 23837700 40820544 3989625 [o] 160688458 26273847
20 110957579 353043445 32650723 1317347 23148040 620363746 | 25029585 42861572 4189106 [o] 171326874 25466648
> 1700291657 4619686750 | 427245193 17237902 354715922 | 8117658666 | 327520147 | 560857417 | 54815799 316403778 1625270826 504075884
Annual running cost of CHP = 211012608
Present value of annual running cost of CHP (£) = NPV = 259757273
Saving in CHP running cost over conventional running cost= 52955293 IRR = 0.190 for NPV = 0.00
Simple payback period SPBP = 4.6 Years
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7.2.3.3.3 Intercooled/recuperated cycle ICR LS-ADIGT-CHP case for LSRCP
7.2.3.3.3.1 Energy generation and consumption for ICR LS-ADIGT-CHP of LSRCP

Following same assumption in section 7.2.3.3.1.1, the energy generation of the
IC LS-ADIGT-CHP cycle is computed and is presented in Table 7-7.

Assuming 1.4% increment in GT capital cost due to intercooler and recuperator,
and applying the same method of Appendix D.2 as stated in section 7.2.3.3.1.1,
the installation/capital cost for IC cycle ADIGT-CHP is calculated to be
£246,037,861, which is equal to the loan taken

7.2.3.3.3.2 Year 1 annual net cash flow for ICR LS-ADIGT-CHP case of LSRCP:

Applying the same method of Appendix D.2

Coym = £63,862,251 ; C; = £139,763,031 ; Ce = £12,921,000 :
Con = £521,319 ; Comix = £13,403,291 ; C, = £245,499,000
Cy, = £9,905,057, R, = £17,013,531; R, = £1,932,950

Year 1 annual net cash flow, F; = £43,879,646

Present value of year 1 annual net cash flow = £39,890,587, and equal annual loan
repayment C;. = £31,863,029

7.2.3.3.3.3 ICR LS-ADIGT-CHP case life cycle cash flow for LSRCP:

Applying the escalation rates of prices (costs) to the life-cycle as stated in
section 6.4.2.1, the life-cycle cash flow of the ICR ADIGT-CHP case is
computed and result is shown in Table 7-8 .

Simple-payback-period (SPBP) was calculated as shown in Appendix D.2.5,
and it is found to be 4.7 years. Similarly, NPV was calculated as shown in
Appendix D.2.6 , and obtained as £252,016,032. More so, by method of
iteration using Equation 6-7 the IRR for the ICR LS-ADIGT-CHP case is
determined to be 18.7%.

Figure 7-1, Figure 7-2, and Figure 7-3 show the comparison between the NPV,
SPBP, and IRR respectively of the simple, intercooled, and ICR cycle ADIGT-
CHP for the LSRCP. The percentage savings in operational cost of the three
LSRCP-CHP scenarios over the conventional case is presented in Figure 7-4.
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Table 7-7 Energy generation and consumption for ICR LS-ADIGT-CHP of LSRCP

Season |Days of power |Average |Power Power Power Total Power  |Excess power |Grid Heat Heat Excess heat [Boiler heat
plant on dally  |consumption |generated from|generation |generated exported to  |electricity  |consumption |generated  |exported |during CHP
stream temp.  |demand from |3 x 100MW GT |compensation (kWh,) grid (kWh,) during plant |demand from |from 43MW (kWh,)  [outages

(°C)  [powerplant |(kwh,) from 1x outages |CHP (kWhy) |CHP (kWh,) (kWh,,)
(kwh,) 43MW GT (kWh,)
(kWh,)
|37 Warmdays | 6

Winter 268450000 | 269490585 | 38089006 |307579590.50 | 39129590 | 11210000 | 21662104 | 30121828 | 8459724 | 904571
54 Cold days 0 | 375240000 | 384597468 | 53389529 |437986996.80 | 62746997 | 8850000 | 30279337 | 42147320 |11867983 | 714135

Spring 37 Hot days 10| 275235000 | 271116738 | 38942674 |310059411.60 | 34824412 | 18585000 | 22209608 | 30855901 | 8646293 | 1499684
49 Cold days 2| 339840000 | 348314688 | 48352781 |396667468.80 | 56827469 | 14750000 | 27422796 | 38171157 |10748362 | 1190226

Summer 39 Hot days 20 | 262550000 | 247197144 | 36941586 |284138730.00| 21588730 | 22125000 | 21186014 | 29414845 | 8228831 | 1785338
46 Colddays | 10 | 328925000 | 324003390 | 46539208 |370542598.00 | 41617598 | 20060000 | 26542029 | 36874951 (10332923 | 1618707

Auturmn 34 Hot days 13| 239835000 | 236246418 | 33933970 |270180387.60 | 30345388 | 15930000 | 19353067 | 26887296 | 7534230 | 1285444
51 Cold days 6 | 364915000 | 366329510 | 51775934 |418105443.35| 53190443 | 17700000 | 29446179 | 40945825 |11499646 | 1428271

Annual  |Total 2454990000 | 2447295941 | 347964686 | 2795260627 | 340270627 [129210000 | 198101132 | 275419123 77317991 | 10426375
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Table 7-8 Intercooled-recuperated cycle (ICR) LS-ADIGT-CHP case economic analysis of LSRCP

Boiler O&M cost £/kWh: 0.004
10% Discount rate (d): 0.1 GT gas fuel price (£/kWh) 0.05 Electricity tariff £/ kWh: 0.1 interest rate( %): 5
GT capital cost £/kW : 710 GT fuel consumed/annum (kg) : 525718049.8 GT power consumed/annum (kWh): 2454990000 Loan duration(yrs): 10
GT-CHP O&M var cost £/kWh: 0.02 Hours of CHP outages/annum: 438 Grid electricity /annum (kWh): 129210000 Loan (£): 246037860.80
Initial cash flow (Fo) £: 246037860.8 Hours of CHP operation/annum: 8322 Boiler gas oil price £/kWh: 0.05 Repayment Holida! 2yrs
Excess electricity sold to Grid/annum(kWh): 340270627 Steam export price £/ kWh: 0.025
GT emission tax £/kg : 0.005 Boiler capital cost £/kW : 80 Electricity export tariff to grid £/ kWh: 0.05
Boiler emission cost £: 5025.512933 GT emission/annum kg: 2679653138 GT-CHP Fixed O&M cost £: 2406950
End of[O & M cost, -Co/m (3% |GT fuel cost, -C;  |Grid electricity  [Boiler heat Emission tax, - |Saved electricity |Saved heat cost [Revenue on Rewenue on Annual Loan F; (annual net Present value
year |escalation rate) (£) (5% escalation  |cost, -Coe (5%  |cost, -Cpn (5% |Cemtx (3% cost, +C. (5% |, +Ch (5% excess excess heat |repayment, CLr(£)|cash fiow) (g)  [(10% discount
®) rate) (£) escalation rate) |escalation rate) |escalation rate)(€)|escalation rate) |escalation rate) [€lectricity sold  (sold, +R, (5% rate) (£)
during outages of |during outages £) (£) to Grid, +R. (5% |escalation F,
CHP (£) of CHP (£) escalation rate) |rate)(£) T
®©) (1+4d)s
1 63862250.49 139763031 12921000 521319 13403291 245499000 9905057 17013531 1932950 o] 43879646 39890587
2 65778118.00 146751183 13567050 547385 13805390 257773950 10400309 17864208 2029597 0 47618939 39354495
3 67751461.54 154088742 14245403 574754 14219552 270662648 10920325 18757418 2131077 31863029 19728528 14822335
4 69784005.39 161793179 14957673 603492 14646138 284195780 11466341 19695289 2237631 31863029 23947526 16356482
5 71877525.55 169882838 15705556 633666 15085522 298405569 12039658 20680054 2349513 31863029 28426656 17650717
6 74033851.32 178376980 16490834 665350 15538088 313325847 12641641 21714056 2466988 31863029 33180401 18729472
7 76254866.86 187295829 17315376 698617 16004231 328992140 13273723 22799759 2590338 31863029 38224012 19614962
8 78542512.86 196660620 18181145 733548 16484358 345441747 13937409 23939747 2719854 31863029 43573546 20327381
9 80898788.25 206493651 19090202 770225 16978888 362713834 14634280 25136734 2855847 31863029 49245912 20885074
10 83325751.90 216818334 20044712 808737 17488255 380849526 15365994 26393571 2998640 31863029 55258912 21304703
11 85825524 .46 227659251 21046947 849173 18012903 399892002 16134293 27713250 3148571 31863029 61631290 21601391
12 88400290.19 239042213 22099295 891632 18553290 419886602 16941008 29098912 3306000 31863029 68382774 21788859
13 91052298.89 250994324 23204260 936214 19109888 440880932 17788059 30553858 3471300 0 107397164 31109133
14 93783867.86 263544040 24364473 983024 19683185 462924979 18677462 32081551 3644865 o] 114970266 30275264
15 96597383.90 276721242 25582696 1032176 20273681 486071228 19611335 33685628 3827108 o] 122988121 29442378
16 99495305.41 290557304 26861831 1083784 20881891 510374789 20591901 35369910 4018464 o] 131474948 28612779
17 102480164.58 305085169 28204923 1137973 21508348 535893529 21621496 37138405 4219387 o] 140456239 27788518
18 105554569.51 320339428 29615169 1194872 22153598 562688205 22702571 38995325 4430356 o] 149958821 26971412
19 108721206.60 336356399 31095927 1254616 22818206 590822615 23837700 40945092 4651874 o] 160010926 26163065
20 111982842.80 353174219 32650723 1317347 23502752 620363746 25029585 42992346 4884468 o] 170642260 25364885
> 1716002586.38 4621397979 427245193 17237902 360151454 8117658666 327520147 562568646 63914828 318630286 1610996887 498053892
Annual running cost of CHP = 211524411
Present value of annual running cost of CHP (£) = NPV= 252016031
Saving in CHP running cost over conventional running cost = 52490018 IRR = 0.187 for NPV = 0.00
Simple payback period SPBP = 4.7 Years
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Figure 7-1 Net present value for LSRCP ADIGT-CHP
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Figure 7-2 Simple payback period for LSRCP ADIGT-CHP
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Figure 7-3 Internal rate of return for LSRCP ADIGT-CHP
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Figure 7-4 Percentage cost savings of LSRCP ADIGT-CHP over conventional case

7.2.4 Risk analysis of LSRCP ADIGT-CHP

Risk assessment of the LSRCP ADIGT-CHP is accomplished by integrating the
software @Risk 6.0 to perform Latin Hypercube sampling (a modified Monte
Carlo simulation) of 10,000 random number generations of values of some
inputs. This is done to determine the effects on NPV of changes in values of the
inputs.

7.2.4.1 Probability distributions of inputs for LSRCP CHP

Grid electricity price, gas turbine gas fuel price, electricity export price, and
emission tax, are identified as economic inputs of high uncertainty. So their
probability effects on NPV are simulated for the three various engine cycles.
Three types of probability distributions are studied, namely, normal, triangular,
and uniform distributions.

7.2.4.1.1 Normal distribution of inputs for LSRCP CHP

Normal frequency distributions are defined for the inputs as presented in Table
7-9. These inputs distributions are maintained in the risk simulation for the SC,
IC, and ICR cycles ADIGT-CHP of LSRCP.
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Table 7-9 Normal distribution of inputs defined for LSRCP CHP

Normal standard Minimum Mean Maximum 5th 95th
graph deviation percen percen
(o) tile tile
Electricity - )
:;';Tfmm 0.02 0003 001 04177 0067 0.133
£/kWhe:
Electricity
export
tariff to 0.02 -0.028 0.05 0.125 0.017 0.083
grid
£/kWhe :
GT gas
fuel price 0.02 -0.026 0.05 0.128 0.017 0.083
(E/kWh):
Emission 0.001 .0.001 0005 0009 0003 0.007
tax £/kg :

7.2.4.1.2 Results of normal distribution risk analysis for LSRCP CHP

The results of normal probability distributions of NPV for the three engine cycles
are presented in Figure 7-5, Figure 7-6, and Figure 7-7.
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© 6
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20 B nev_cHp sc
»
c | 4 Minimum -3.120E+009
% Maximum 3.773E+009
S 13 Mean 241,151,145.85
= ; Std Dev 915,034,872.64
= 2 Values 10000
el
3
o |1
[ .
o 0
< (321 o~ i o -~ o~ ™ <

NPV_CHP_SC(£)

Values in Billions

Figure 7-5 Normal probability distribution of NPV for SC, LS-ADIGT-CHP (LSRCP)
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Figure 7-6 Normal probability distribution of NPV for IC, LS-ADIGT-CHP (LSRCP)
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Figure 7-7 Normal probability distribution of NPV for ICR, LS-ADIGT-CHP
(LSRCP)
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The results of sensitivity of NPV to variations in values of inputs are shown in

Figure 7-8, Figure 7-9, and Figure 7-10
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Figure 7-8 Sensitivity of NPV to changes in inputs values for SC, LS-ADIGT-CHP
of LSRCP (Normal distribution)
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Figure 7-9 Sensitivity of NPV to changes in inputs values for IC, LS-ADIGT-CHP
of LSRCP (Normal distribution)
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Figure 7-10 Sensitivity of NPV to changes in inputs values for ICR, LS-ADIGT-
CHP of LSRCP (Normal distribution)

The ranking of inputs by their effects on NPV is shown in Figure 7-11, Figure
7-12, and Figure 7-13.

(SC LS-ADIGT-CHP)
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Figure 7-11 Inputs ranked by effects on NPV for SC, LS-ADIGT-CHP of LSRCP
(Normal distribution)
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Figure 7-12 Inputs ranked by effects on NPV for IC, LS-ADIGT-CHP of LSRCP
(Normal distribution)
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Figure 7-13 Inputs ranked by effects on NPV for ICR, LS-ADIGT-CHP of LSRCP
(Normal distribution)
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From the normal distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 39.6%
for SC, 38.5% for IC, and 38.6% for ICR. This is shown in Figure 7-5 to Figure
7-7. These values are actually high in reality, but the idea here is not about
pegging the design for low probability, instead the aim of the analysis is to
formulate a procedure or method of assessment and comparing performance of
engine cycles.

7.2.4.1.3 Triangular distribution of inputs for LSRCP CHP

Triangular frequency distributions are defined for the inputs as presented in
Table 7-10

Table 7-10 Triangular distribution of inputs defined for LSRCP CHP.

Triangular  Minimum Mean Maximum 5th 95th
graph percentile percentile
Electricity o “e o 0.06 0.1 0.15 0.073 0.135
tariff from ‘
grid
£/kWhe:
Electricity e e 0.03 0.05 0.07 0.036 0.064
export tariff ‘
to grid
£/kWhe :

GT gas fuel e — 0.03 0.05 0.08 0.037 0.071
i A
(E/kWh):

L 0.003 0.005 0.007 0.0036 0.0064
Emission

tax £/kg :

7.2.4.1.4 Results of triangular distribution risk analysis for LSRCP CHP

Following the same procedure of section 7.2.4.1.1, the results of probability
distributions of NPV for the three engine cycles are presented in Figure 7-14 to
Figure 7-16. Besides, the results of sensitivity of NPV to variations in values of
inputs are shown in Figure 7-17 to Figure 7-19, whereas the ranking of inputs
by their effects on NPV is shown in Figure 7-20 to Figure 7-22.

From the triangular distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 37.3%
for SC, 35.9% for IC, and 36.8% for ICR. This is evident from Figure 7-14 to
Figure 7-16.
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Figure 7-14 Triangular probability distribution of NPV for SC, LS-ADIGT-CHP of

LSRCP
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Figure 7-19 Sensitivity of NPV to changes in inputs values for ICR, LS-ADIGT-
CHP of LSRCP (Triangular distribution)
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Figure 7-20 Inputs ranked by effects on NPV for SC LS-ADIGT-CHP of LSRCP
(Triangular distribution)
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Figure 7-21 Inputs ranked by effects on NPV for IC LS-ADIGT-CHP of LSRCP
(Triangular distribution)
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Figure 7-22 Inputs ranked by effects on NPV for ICR LS-ADIGT-CHP of LSRCP
(Triangular distribution)

7.2.4.1.5 Uniform distribution of inputs for LSRCP CHP

Uniform frequency distributions are defined for the inputs as presented in Table
7-11

Table 7-11 Uniform distribution of inputs defined for LSRCP CHP.

Uniform Minimum Mean Maximum 5th 95th

graph percentile percentile
Electricity 0.06 0.1 0.15 0.064 0.145
tariff from
grid
£/kWhe:
Electricity
export tariff
to grid
£/kWhe :
GT gas fuel

price
(E/kWh):

0.03 0.05 0.07 0.032 0.068

0.05 0.08 0.032 0.078

0.005 0.007 0.032 0.068
Emission

tax £/kg :
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7.2.4.1.6 Results of uniform distribution risk analysis for LSRCP CHP

Following the same procedure of section 7.2.4.1.1, the results of probability
distributions of NPV for the three cycles are presented in Figure 7-23 to Figure
7-25.
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Figure 7-23 Uniform probability distribution of NPV for SC LS-ADIGT-CHP of
LSRCP

The results of sensitivity of NPV to variations in values of inputs are shown in
Figure 7-26 to Figure 7-28, whereas the ranking of inputs by their effects on
NPV is shown in Figure 7-29 to Figure 7-31.
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Figure 7-25 Uniform probability distribution of NPV for ICR LS-ADIGT-CHP of
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Figure 7-26 Sensitivity of NPV to changes in inputs values for SC LS-ADIGT-CHP
of LSRCP (Uniform distribution)
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Figure 7-27 Sensitivity of NPV to changes in inputs values for IC LS-ADIGT-CHP
of LSRCP (Uniform distribution)
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Figure 7-28 Sensitivity of NPV to changes in inputs values for ICR LS-ADIGT-CHP
of LSRCP (Uniform distribution)
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Figure 7-29 Inputs ranked by effects on NPV for SC LS-ADIGT-CHP of LSRCP
(Uniform distribution)
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Figure 7-30 Inputs ranked by effects on NPV for IC LS-ADIGT-CHP of LSRCP
(Uniform distribution)
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Figure 7-31 Inputs ranked by effects on NPV for ICR LS-ADIGT-CHP of LSRCP
(Uniform distribution)
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From the uniform distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 41.7%
for SC, 40.9% for IC, and 40.5% for ICR as shown in Figure 7-23 to Figure
7-25.

7.2.4.1.7 NPV sensitivity analysis results of LSRCP ADIGT-CHP

Sensitivity analysis of NPV for LSRCP ADIGT-CHP shows that change in grid
electricity price has the greatest effect on mean NPV followed by that of gas
turbine fuel price, whereas variation in electricity export price has the least
effect for all three engine cycles as shown in Figure 7-11 to Figure 7-13, Figure
7-20 to Figure 7-22, and Figure 7-29 to Figure 7-31. This trend is replicated for
normal, triangular, and uniform distribution of inputs.

Similarly, for all three types of distributions, it is also observed that as price of
electricity from grid increases (depicted by increasing input percentile) mean
NPV increases for all three engine cycles as shown in Figure 7-8 to Figure 7-10,
Figure 7-17 to Figure 7-19, and Figure 7-26 to Figure 7-28. This is because the
main benefit of the CHP plant is to save cost of purchasing power from the grid.
Of course this trend is expected because the higher the grid electricity price, the
higher the saved cost of grid electricity which adds to annual net savings. Also
from the annual power generation/consumption of the plant, power purchased
from the grid is far lower than power generated on site annually, hence the huge
amount in saved grid electricity cost. More so, mean NPV increases very
slightly with increase in electricity export price because very minute quantity of
electricity is exported. On the other hand, as gas turbine fuel price increases,
mean NPV decreases. This is true as gas turbine fuel price is huge expense.
Change in emission tax has very little or insignificant effect on mean NPV
perhaps due to the minute amount of the unit price paid as emission penalty.

Still explaining the sensitivity curves of Figure 7-8 to Figure 7-10, Figure 7-17 to
Figure 7-19, and Figure 7-26 to Figure 7-28, it could be observed that mean
NPV occurs in the scenario of input values that fall in the 50" percentile of input
distributions. For scenario of input values above the 50™ percentile (51% - 95%)
of input distributions, and for same reasons as stated in the above paragraph, it
is found that: NPV increases above the mean value with grid power tariff;
decreases below mean value with GT fuel price; increases very slightly with
electricity export price; and decreases very slightly with GT emission tax. On the
other hand, for scenario of input values below the 50™ percentile (5% - 49%) of
input distributions, NPV becomes lower than the mean value with grid power
tariff; increases above the mean value with GT fuel price; decreases very
slightly with electricity export price; and increases very slightly with GT emission
tax. The import of these results is that GT fuel price and grid power tariff are
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very significant input quantities in the life-cycle cost of the CHP project, and
therefore require further priority attention and investigation.

Sensitivity analysis results of the triangular and uniform distribution simulation
are similar to those of normal distribution, except that the range of values of
mean NPV is narrower in the case of uniform distribution, and narrowest in the
case of triangular distribution. Nevertheless, probability density of mean NPV is
higher in the case of uniform distribution than normal distribution, and highest in
the case of triangular distribution. This explains why the sensitivity curves are
less steep in the case of triangular distribution. This difference is evident in
Figure 7-8 to Figure 7-10, Figure 7-17 to Figure 7-19, and Figure 7-26 to Figure
7-28.

7.2.5 Overall results for LSRCP ADIGT-CHP economic analysis

The outcome of the techno-economic assessment of the LSRCP-CHP indicates
that all three cycle configurations, SC, IC, and ICR LS-ADIGT-CHP register
positive NPV and are profitable than the conventional case. However, the case
of IC LS-ADIGT-CHP yielded the highest profit in NPV, the shortest payback
period, and the highest IRR, followed by the ICR LS-ADIGT-CHP. These are
shown in Figure 7-1 to Figure 7-3. It was found that the percentage savings in
operational cost of SC, IC, and ICR cycle LS-ADIGT-CHP over and above the
conventional case (grid power plus on-site boiler) are 20.7%, 21.6%, and 21.4%
respectively as presented in Figure 7-4. Sales of excess electricity and steam
are observed to be huge in the case of SC LS-ADIGT-CHP than in IC and ICR
LS-ADIGT-CHP. The much excess steam is as a result of high temperature-
high heat content of the exhaust gas of the SC LS-ADIGT compared to those of
the IC and ICR cycles.

Similarly, the much excess electricity from the SC engine is as a result of SC
cycle generating more power due to much lower ambient temperature (below
international standard atmosphere sea level static ISA SLS) of the region (site)
over a year period, where majority of annual seasons ambient temperature falls
below ISA SLS. On the other hand, IC and ICR would generate more power in a
region of ambient temperature higher than ISA SLS.

The avoided or saved electricity and steam cost, grid electricity, and boiler heat
cost, are the same in all three scenarios due to the constant (routine)
consumption rate of the plant. Nevertheless, capital/installation cost was highest
in the case of ICR LS-ADIGT-CHP, followed by IC LS-ADIGT-CHP, of course
due to additional components and complexity (from intercooler, and
recuperator). More so, highest GT fuel and emissions costs were incurred in the
scenario of SC LS-ADIGT-CHP than the advanced cycles, due to lesser GT
thermal efficiency and higher emission index of the former. Besides, it is
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pertinent to note that of all the annual cost elements, GT fuel cost contributes
the largest share in all three CHP cases.

The increase in GT fuel, emissions, and O & M costs of SC LS-ADIGT-CHP
outweighs the decrease in excess electricity and steam sales of IC LS-ADIGT-
CHP and ICR LS-ADIGT-CHP. This explains why the advanced cycles show
better NPV, IRR, and SPBP. Moreover, from the risk assessment, the
probability of incurring loss in investment as defined by tendency of having
negative mean NPV is lowest in the IC LS-ADIGT-CHP and highest in SC LS-
ADIGT-CHP. This trend is the same in all three types of distributions studied.

Furthermore, it is observed that IRR of the LS-ADIGT-CHP cycle options
increases as NPV increases, whereas SPBP decreases with increasing NPV,
as shown in the combination of Figure 7-1, Figure 7-2, and Figure 7-3. More-so,
the results of SPBP, and IRR obtained compare favourably with trends available
in the literature. For instance, a 66MW CHP plant in the UK was reported to
register an IRR of 12% and SPBP of 4.8 years (Merse et al, 2011).

7.3 Case study 2: small-scale ADIGT-CHP

The second case study is a small-scale Refinery plant CHP (SSRP-CHP) in the
United Kingdom inspired by ConocoPhillips Whitegate Refinery CHP. The
SSRP-CHP has an installed capacity of 6MW and 11.5 tonnes/hour of steam
(RWE npower, 2013). This gives 547.515kWy, of steam (because 1tonne/hour
of steam = 47.61kWy,).

7.3.1 SS-ADIGT-CHP power plant performance module for SSRP

With the nominal capacity energy demand of the SSRP stated in section 7.3, 6
x 1.567MW SS-ADIGTs of which one is SS-ADIGT-CHP are considered to
supply the demanded power and steam. This arrangement is made knowing
that during hot days (in the summer) power generation on site may fall below
demanded power. There may be surplus power and steam generated on site
which are exported to the Grid. Conversely during plant outages electricity is
imported from the Grid and steam produced in a stand-by boiler. The DP
performance evaluation of the 1.567MW SS-ADIGT engine cycles using
TURBOMATCH were shown in Table 4-1 while those of the 1.567MW SS-
ADIGT-CHP cycles were shown in Table 5-1.

7.3.2 SS-ADIGT-CHP engines emissions module for SSRP

HEPHAESTUS code is deployed to estimate the engines emissions utilising dry
low NOy technology (DLN), and DP results were presented in Table 4-6. The
total annual emissions of the ADIGT are computed based on the annual fuel
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consumptions, and the results are stated in Table 7-15, Table 7-17, and Table
7-19.

7.3.3 Economic analysis of SSRP ADIGT-CHP

To determine the economic viability of the SSRP ADIGT-CHP its profitability is
measured against the conventional case of purchasing power from the Grid and
employing an on-site boiler to generate steam. The method of economic
evaluation used in section 7.2.3 is applied which include the criteria of NPV,
SPBP, and IRR to compare investment in both simple (SC) and advanced
cycles (RC and ICR) ADIGT-CHP.

The conventional case of purchasing grid power and producing steam in on-site
boiler is firstly analysed followed by the analyses of SC, RC, and ICR SS-
ADIGT-CHP cycles. Then the viabilities of the SS-ADIGT-CHP cycle options
over the conventional case are compared.

7.3.3.1 Conventional case (grid power and on-site boiler) of SSRP
7.3.3.1.1 Energy demand of SSRP

The annual power and steam demand of the SSRP are computed based on the
installed capacity stated in section 7.3 and are shown in Table 7-12. It is
assumed that the refinery plant operates throughout the year.

Table 7-12 Energy demand of SSRP

Steam consumption Power consumption

Season demand (kWhy,) demand (kWh,)
Winter 37 Warm days 519044 5688000
55 Cold days 712865 7812000
Spring 40 Hot days 545325 5976000
50 Cold days 658113 7212000
Summer 43 Hot days 528352 5790000
48 Cold days 647710 7098000
Autumn 38 Hot days 474696 5202000
54 Cold days 710127 7782000
(GLEL 355 dnge 4796231 52560000
total
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Assumptions: the assumptions stated in section 7.2.3.1 are maintained in
addition to those stated in section 6.4.2.1. Besides, two industrial boilers of
547.515kWy, capacity each are proposed to be installed on site of which one
would be kept on stand-by.

The capital cost and annual operation cost are computed as presented in
Appendix D.3. The boiler capital cost is obtained as £87,602, while year (1)
annual operation cost is found to be £5,524,589. The present value of year (1)
annual operation cost is computed as £5,022,354. Loan is taken as £5,612,191,
made of the sum of boiler capital cost and year (1) annual operation cost,
whereas equal annual loan repayment is calculated to be £726,804 (see
Appendix D.3 ). Two years loan holiday is allowed so that annual loan
repayment would commence in year (3).

7.3.3.2 Conventional case life-cycle cash flow of SSRP CHP

Applying the escalation rates of prices (costs) to the life-cycle as stated in
section 6.4.2.1, the life-cycle cash flow of the conventional case is computed
and result is presented in Table 7-13.

Table 7-13 Conventional case economic analysis of SSRP (Grid electricity + Boiler)

UNIVERSITY 2014

Electricity price £/kWh 0.1 interest rate( %):
Boiler O & M cost £/kWh: 0.004 Grid electricity /annumkWh : 52560000 Loan duration(yrs):
Boiler capital cost £/kW: 80 Hours of operation/annum: 8760 Loan (£): 5612191.36
Boiler capital cost £: 876024  Boiler gas fuel price £/kWh : 0.05 Repayment Holiday: 2yrs
emissions tax £ /kWh : 0.002 10% Discount rate (d) : 01
End of |Boiler O & M cost, -{Grid electricity |Boiler fuel cost,|Boiler emission | Annual Loan |Annual cost (£) Present value
year |Com (3% cost, -Cge (5% |-Cgn (5% cost - Cpemix repayment, (10% discount
() |escalation rate) (£) |escalation rate) |escalation (3% escalation Cir(®) rate) (£)
®) rate)(£) rate) (£) '
(1+ad)
1 19185 5256000 239812 9592 0 5524589 5022354
2 19760 5518800 251802 9880 0 5800243 4793589
3 20353 5794740 264392 10177 726804 6816467 5121312
4 20964 6084477 277612 10482 726804 7120339 4863287
5 21593 6388701 291492 10796 726804 7439387 4619274
6 22241 6708136 306067 11120 726804 7774368 4388428
7 22908 7043543 321370 11454 726804 8126079 4169964
8 23595 7395720 337439 11798 726804 8495356 3963146
9 24303 7765506 354311 12151 726804 8883076 3767291
10 25032 8153781 372026 12516 726804 9290160 3581759
11 25783 8561470 390628 12891 726804 9717577 3405951
12 26556 8989544 410159 13278 726804 10166342 3239310
13 27353 9439021 430667 13677 0 9910718 2870782
14 28174 9910972 452200 14087 0 10405433 2740076
15 29019 10406520 474811 14509 0 10924859 2615324
16 29889 10926847 498551 14945 0 11470232 2496257
17 30786 11473189 523479 15393 0 12042847 2382613
18 31710 12046848 549653 15855 0 12644065 2274146
19 32661 12649191 577135 16331 0 13275317 2170620
20 33641 13281650 605992 16820 0 13938103 2071810
> 515506 173794655 7929598 257753 7268045 189765557 70557294
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7.3.3.3 SSRP ADIGT-CHP cases

The CHP economic analysis is implemented for both the simple and advanced
cycle small-scale ADIGT-CHP, and results compared. The set of power plant
was described in section 7.3.1. In addition to the assumptions stated in sections
6.4.2.1 and 7.2.3.1, it is assumed that one industrial boiler of 547.515kWy
capacity is installed on site to be kept on stand-by and brought on stream during
CHP outages.

7.3.3.3.1 Simple cycle (SC) SS-ADIGT-CHP case for SSRP
7.3.3.3.1.1 Energy generation and consumption for SC SS-ADIGT-CHP of SSRP

The annual power and steam demand of the SSRP were shown in Table 7-12.
However, the three ADIGT-CHP cycle configurations generate different
amounts of power and steam based on their respective features and prevailing
climatic conditions of the site. The energy generation of the SC SS-ADIGT-CHP
cycle is computed and is presented in Table 7-14. It is assumed that the power
plant has an availability of about 95%.

Initial cash flow is the sum of installation costs of six 1.567MWe ADIGTs (of
which one is fitted with a set of HRSG) and one 547.515kWy, boiler. The initial
cash flow which is the installation/capital cost and annual cash flow are
computed by the method presented in Appendix D.4. The installation/capital
cost is obtained as £9,445,801, while year (1) annual net cash flow is found to
be £1,303,962. The present value of year (1) annual net cash flow is computed
as £1,185,420. Loan is taken as £9,445,801 which is equal to the capital cost,
whereas equal annual loan repayment is calculated to be £1,223,274 (see
Appendix D.4 ). Two years loan holiday is allowed so that annual loan
repayment would commence in year (3)

7.3.3.3.1.2 Simple cycle SS-ADIGT-CHP case life cycle cash flow for SSRP:

Applying the escalation rates of prices (costs) to the life-cycle as stated in
section 6.4.2.1, the life-cycle cash flow of the simple cycle CHP case is
computed and result is shown in Table 7-15.

Simple-payback-period (SPBP) is calculated by the method presented in
Appendix D.4.1, and it is found to be 6.5 years. Similarly, NPV is calculated as
shown in Appendix D.4.2 , and obtained as £2,895,053. More so, by method of
iteration using Equation 6-7 the IRR for the SC SS-ADIGT-CHP case is
determined to be 12.9%.
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Table 7-14 Energy generation and consumption for SC SS-ADIGT-CHP of SSRP

Season Days of power [Average  |Power Power Excess power |Grid Heat Heat Excess heat  (Boiler heat
plant on stream |daily temp.  [consumption  |generated from |exported to |electricity  |consumption |generated  |exported during CHP
(0) demand from {6x 1.567MW (grid (kWh,) [during plant |demand from [fromCHP  |(kwh,) outages
power plant |GT (kWh,) outages CHP (kWhy,) |(kWhy) (kWhy)
(kwh,) (kWh,)
, 36 Warm days 6
Winter 5460000 8930458 3470458 | 228000 498239 | 2764513 | 2266274 20806
53 Cold days 0 7632000 13114524 | 5482524 | 180000 696439 | 3917709 | 3221270 16425
Spring 38 Hot days 10 5598000 8720620 3122620 | 378000 510831 2795498 | 2284666 34493
48 Cold days 2 6912000 11877304 | 4965304 | 300000 630737 | 3548114 | 2917377 27376
Summer 39 Hot days 20 5340000 7501952 2161952 | 450000 487288 | 2589752 | 2102464 41064
46 Cold days 10 6690000 10421749 | 3731749 | 408000 610479 | 3340815 | 2730336 37231
Autumn 35 Hot days 13 4878000 7598997 2720997 | 324000 445130 | 2435948 | 1990819 29566
52 Cold days 0 7422000 12139535 | 4717535 | 360000 677276 | 3757915 | 3080639 32851
Annual total 49932000 |80305139.13 |30373139.1 | 2628000 [4556419.8 P51502634 P0593843.5 | 239812
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Table 7-15 Simple cycle (SC) SS-ADIGT-CHP case economic analysis of SSRP

Boiler O&M cost £/kWh 0.004 interest rate( %): 5
10% Discount rate (d) - 0.1 GT gas fuel price (£/kWh) 0.05 Electricity tariff from grid £/kWhe 0.1 Loan duration(yrs): 10
GT-CHP capital cost £/kW: 1000 GT fuel consumed/annum (kg): 22154828 GT power consumed/annum (kWhe) 49932000 Loan (£): 9445801.2
GT-CHP O&M var cost £/kWh: 0.01 Hours of CHP outages/annum: 438 Grid electricity /annum (kWhe) 2628000 Repayment Holiday: 2 yrs
Initial cash flow (Fo) £: 9445801.2 Hours of CHP operation/annum: 8322 Boiler gas fuel price £/kWhy, 0.05
Excess electricity sold to Grid/annum(kWhe): 30373139 Steam export price £/ kWh 0.025
GT Emission tax £/kg : 0.005 Boiler capital cost £/kWy, : 80 Electricity export tariff to grid £/kWhe 0.05
Boiler emission costannum £: 479.62314 Total emission/annum kg: 111502252 GT-CHP fixed O&M costVannum £: 47010
End (O & Mcost, -Co/m (3% |GT fuel cost, -(Grid Boiler heat cost, |[Emission Saved Saved heat |Revenue Revenue on|Equal annual Loan |F, (annual Present
of |agcalation rate) (£) Cr (5% electricity -Cgn (5% tax, -Cemix | €lECtricity cost, +C, [Onexcess |excess repayment, - C., |netcash value (10%
year escalation cost, -Ccs |escalation rate) |(3% cost, +C. (5% slectricity  |heat sold, (g, flow) (£) discount
® rate) (£) (5% during outages |escalation [(5% escalation |S°ldto +Rp (5% rate) (£)
escalation of CHP (£) rate)(£) escalation rate) (£) Grid, +R¢ escalation
rate) during rate) (£) (5% rate)(£) B
outages of escalation a+as
CHP (£) rate) (£)
1 1102523 4015257 262800 11991 557991 4993200 227821 1518657 514846 6] 1303962 1185420
2 1135599 4216020 275940 12590 574731 5242860 239212 1594590 540588 o] 1402371 1158984
3 1169667 4426821 289737 13220 591973 5505003 251173 1674319 567618 1223274 283421 212939
4 1204757 4648162 304224 13881 609732 5780253 263731 1758035 595999 1223274 393989 269100
s 1240900 4880570 319435 14575 628024 6069266 276918 1845937 625799 1223274 511142 317379
6 1278127 5124598 335407 15303 646864 6372729 290764 1938234 657089 1223274 635241 358577
’ 1316470 5380828 352177 16069 666270 6691366 305302 2035146 689943 1223274 766667 393421
8 1355965 5649870 369786 16872 686258 7025934 320567 2136903 724440 1223274 905819 422571
° 1396643 5932363 388275 17716 706846 7377231 336595 2243748 760662 1223274 1053118 446625
10 1438543 6228981 407689 18601 728052 7746092 353425 2355935 798695 1223274 1209007 466125
" 1481699 6540430 428074 19531 749893 8133397 371096 2473732 838630 1223274 1373953 481562
12 1526150 6867452 449477 20508 772390 8540066 389651 2597419 880562 1223274 1548446 493383
13 1571935 7210825 471951 21533 795562 8967070 409134 2727290 924590 o] 2956278 856328
14 1619093 7571366 495549 22610 819428 9415423 429590 2863654 970819 o] 3151442 829873
15 1667665 7949934 520326 23741 844011 0886194 451070 3006837 1019360 o] 3357784 803827
16 1717695 8347431 546342 24928 869332 10380504 473623 3157179 1070328 o 3575907 778222
17 1769226 8764802 573659 26174 895412 10899529 497305 3315038 1123844 o 3806443 753084
18 1822303 9203042 602342 27483 922274 11444506 522170 3480790 1180037 o 4050058 728438
19 1876972 9663195 632460 28857 949942 12016731 548278 3654829 1239038 o 4307452 704303
20 1933281 10146354 664083 30300 978440 12617568 575692 3837570 1300990 o 4579363 680693
> 29625213 132768302 8689733 396480 14993424 | 165104922 | 7533118 |50215841 | 17023877 12232745 41171862 | 12340854
Annual running cost of CHP (£) = 3917059
Present value of annual running cost of CHP (£) = NPVcup = 2895053
Saving in CHP running cost over conventional running cost (£)= 1461391 IRR = 0.129 for NPV = 0.00
Simple payback period SPBP = 6.5 Years
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7.3.3.3.2 Recuperated cycle (RC) SS-ADIGT-CHP case for SSRP
7.3.3.3.2.1 Energy generation and consumption for RC SS-ADIGT-CHP of SSRP

Following same reasons and assumption in section 7.3.3.3.1.1, the energy
generation of the RC SS-ADIGT-CHP cycle is computed and is shown in Table
7-16.

Assuming 0.5% increment in GT capital cost due to recuperator, and applying
same method of Appendix D.4 as stated in section 7.3.3.3.1.1, the
installation/capital cost for RC SS-ADIGT-CHP is calculated as £9,492,811,
which is equal to the loan taken. Equal annual loan repayment, Cy, is calculated
as £1,229,362 and repayment would commence in year (3).

7.3.3.3.2.2 Year 1 annual net cash flow for RC SS-ADIGT-CHP case of SSRP:

Using the same method of Appendix D.4

Com = £1128638 ; C; = £4031066 ; Cee = £262800;
Cpy, = £11991; Comtx = £489163 ; Co = £4993200

C, = £227821 R, = £1534466 ; R, = £572228

Year 1 annual net cash flow, F; = £1,404,058 , and its present value is
£1,276,416

7.3.3.3.2.3 RC SS-ADIGT-CHP case life cycle cash flow for SSRP:

Applying the escalation rates of prices (costs) to the life-cycle as stated in
section 6.4.2.1, the life-cycle cash flow of the RC ADIGT-CHP case is computed
and result is shown in Table 7-17.

As shown in Appendix D.4.3, simple-payback-period (SPBP) is calculated as
6.1 years. Similarly, NPV is found to be £3,958,516 as shown in Appendix
D.4.4. More so, by method of iteration using Equation 6-7 the internal rate of
return (IRR) for the RC SS-ADIGT-CHP case is determined to be 13.9%.

PhD Thesis / Barinyima Nkoi 156



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Table 7-16 Energy generation and consumption for RC SS-ADIGT-CHP of SSRP

Season Days of power |Average  [Power Power Excess power |Grid electricity [Heat Heat Excess heat |Boiler heat
plant on stream|daily temp. [consumption |generated from|exportedto |during plant  |consumption |generated  |exported during CHP
(OC) demand from |6x 1.567MW |grid (kWh,) |outages (kWh,)|demand from |from CHP|(kwh,,) outages

power plant  |GT (kWh,) CHP (kWhy) |(kWhy,) (kWhy)
(kWh,)
Winter 36 Warm days 6 5460000 8969879 3509879 228000 498239 3017709 | 2519471 20806
53 Cold days 0 7632000 | 13197178 | 5565178 180000 696439 4279783 | 3583343 16425
Spring 38 Hot days 10 5598000 8744020 3146020 378000 510831 3049161 | 2538329 34493
48 Cold days 2 6912000 | 11952161 | 5040161 300000 630737 3876029 | 3245292 27376
Summer 39 Hot days 20 5340000 7495865 2155865 450000 487288 2819833 | 2332545 41064
46 Cold days 10 6690000 | 10449713 | 3759713 408000 610479 3643959 | 3033480 37231
Autumn 35 Hot days 13 4878000 7619387 2741387 324000 445130 2656986 | 2211856 29566
52 Cold days 6 7422000 | 12193121 | 4771121 360000 677276 4102095 | 3424819 32851
Annual total 49932000 |80621324.97 | 30689325 | 2628000 |4556419.83 | 27445555 | 22889135 | 239812
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Table 7-17 Recuperated cycle (RC) SS-ADIGT-CHP case economic analysis of SSRP

UNIVERSITY 2014

Boiler O&M cost £/kWh H 0.004 interest rate( %): 5
10% Discount rate (d) : 01 GT gas fuel price (£/kWh) 0.05 Electricity tariff from grid £/kWhe 01 Loan duration(yrs): 10
GT-CHP capital cost £/kW: 1005 GT fuel consumed/annum (kg) : 19426144 Electricity consumed/annum (kWhe) 49932000 Loan (£): 9492811.2
GT-CHP O&M var cost £/kWh: 0.01 Hours of CHP outages/annum: 438 Grid electricity /annum (kWhe) : 2628000 Repayment Holiday: 2yrs
Initial cash flow (Fg) £: 9492811.2 Hours of CHP operation/annum: 8322 Boiler gas fuel price £/ kWht 0.05
Excess electricity sold to Grid/annum(kWhe): 30689325 Steam export price £/kWh 0.025 8270551.2

Emission tax £/kg : 0.005 Boiler capital cost £/kWt : 80 Electricity export tariff to grid £/kWhe 0.05
Boiler emission cosVannum £: 479.62314 Total emission/annum kg: 97736725 GT-CHP fixed O&M cost/annum £: 47010
End |O & M cost, -Co/m (3% GT fuel cost, - |Grid electricity |Boiler heat cost, -Cg,, |Emission Sawved Sawved heat Rewvenue on Rewvenue on |Annual Loan F: (annual net Present value

of |escalation rate) (£) Ct (5% cost, -Cge (5% escalation rate) tax, -Cemtx electricity cost|cost , +Cy, excess excess heat [repayment, - CLr (£) |cash flow) (£) (10% discount
year escalation rate) |(5% during outages of CHP |(3% . +Ce (5% (5% electricity sold |sold, +R; rate) (£)

) ®) escalation (£) escalation escalation escalation to Grid, +Re (5% (5% L
rate) during rate)(£) rate) (£) rate) (£) escalation rate) |escalation 1+ d)°
outages of £) rate)(£)

CHP (£)

1 1128638 4031066 262800 11991 489163 4993200 227821 1534466 572228 o] 1404058 1276416

2 1162497 4232620 275940 12590 503838 5242860 239212 1611190 600840 o 1506616 1245138

3 1197372 4444251 289737 13220 518953 5505003 251173 1691749 630882 1229362 385911 289941

4 1233293 4666463 304224 13881 534522 5780253 263731 1776336 662426 1229362 501002 342191

5 1270292 4899786 319435 14575 550558 6069266 276918 1865153 695547 1229362 622876 386757

6 1308401 5144776 335407 15303 567074 6372729 290764 1958411 730325 1229362 751905 424431

7 1347653 5402014 352177 16069 584086 6691366 305302 2056332 766841 1229362 888478 455930

8 1388082 5672115 369786 16872 601609 7025934 320567 2159148 805183 1229362 1033005 481904

9 1429725 5955721 388275 17716 619657 7377231 336595 2267106 845442 1229362 1185917 502945

10 1472617 6253507 407689 18601 638247 7746092 353425 2380461 887714 1229362 1347669 519585

11 1516795 6566182 428074 19531 657394 8133397 371096 2499484 932100 1229362 1518737 532308

iz 1562299 6894491 449477 20508 8677116 8540066 389651 2624458 978705 1229362 1699626 541553

13 1609168 7239216 471951 21533 697430 8967070 409134 2755681 1027640 [¢] 3120226 903818

14 1657443 7601177 495549 22610 718353 9415423 429590 2893465 1079022 0 3322370 874884

15 1707166 7981235 520326 23741 739903 9886194 451070 3038138 1132973 [¢] 3536004 846491

16 1758381 8380297 546342 24928 762100 10380504 473623 3190045 1189622 (o] 3761746 818665

17 1811133 8799312 573659 26174 784963 10899529 497305 3349547 1249103 [¢] 4000243 791427

18 1865467 9239278 602342 27483 808512 11444506 522170 3517025 1311558 [¢] 4252177 764791

19 1921431 9701242 632460 28857 832768 12016731 548278 3692876 1377136 o] 4518265 738772

20 1979074 10186304 664083 30300 857751 12617568 575692 3877520 1445993 [¢] 4799262 713380

> 30326927 133291052 8689733 396480 13144000 | 165104922 | 7533118 50738591 18921277 12293625 44156093 13451327

Annual running cost of CHP (£) = 3816963

Present value of annual running cost of CHP (£) = NPVcyp = 3958516

Saving in CHP running cost over conventional running cost (£)= 1552387 IRR = 0.139 for NPV = 0.00
Simple payback period SPBP = 6.1 Years
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7.3.3.3.3 Intercooled/recuperated cycle ICR SS-ADIGT-CHP case for SSRP
7.3.3.3.3.1 Energy generation and consumption for ICR SS-ADIGT-CHP of SSRP

Following same reasons and assumption in section 7.3.3.3.1.1, the energy
generation of the ICR SS-ADIGT-CHP cycle is computed and is shown in Table
7-18

Assuming 1.0% increment in GT capital cost due to intercooler and recuperator,
and applying same method of Appendix D.4 as stated in section 7.3.3.3.1.1, the
installation/capital cost for ICR SS-ADIGT-CHP is calculated as £9,539,821,
which is equal to the loan taken. Equal annual loan repayment, C,; is found to
be £1,235,450 and repayment would commence in year (3).

7.3.3.3.3.2 Year 1 annual net cash flow for ICR SS-ADIGT-CHP case of SSRP:

Applying the same method of Appendix D.4

Co/m = £1055539; C¢ = £3914989; Cge = £262800
Cphn = £11991 ; Comtx = £486108;  C, = £4993200
C, = £227821; R, = £1418389; R, = £447520

Year 1 annual net cash flow, F; = £1355503, having its present value as £1,232,276
7.3.3.3.3.3 ICR SS-ADIGT-CHP case life cycle cash flow for SSRP:

Applying the escalation rates of prices (costs) to the life-cycle as stated in
section 6.4.2.1, the life-cycle cash flow of the ICR ADIGT-CHP case is
computed and result is presented in Table 7-19 .

Simple-payback-period (SPBP) is calculated as shown in Appendix D.4.5, and it
is found to be 6.3 years. Similarly, NPV is calculated to be £3,165,958 as shown
in Appendix D.4.6. More so, by method of iteration using Equation 6-7 the IRR
for the ICR SS-ADIGT-CHP case is determined to be 13.1%.

Figure 7-32, Figure 7-33, and Figure 7-34 show the comparison between the
NPV, SPBP, and IRR of the simple, intercooled, and ICR cycle SS-ADIGT-CHP
for the SSRP. The percentage savings in operational cost of the three SRP
CHP cases over the conventional case is presented in Figure 7-35.
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Table 7-18 Energy generation and consumption for ICR SS-ADIGT-CHP of SSRP

Season  |Days of Average |Power Power Excess Grid Heat Heat Excess heat |Boiler heat
power plant |daily consumption |generated  |power electricity  |consumption |generated |exported during CHP
onstream  [temp.  |demand from |from 6 X exported to |during plant |demand from |from CHP  |(kWh,, ) outages

(C) power plant |1.567MW GT |grid (kWh,) |outages CHP (kWhy,)  |(kWhy) (kWhy;)
(kWh,) (kWh,) (kWh,)
: 36 Warmdays| 6

Winter 5460000 | 8662290 | 3202290 | 228000 498239 | 2463394 | 1965156 20806
53 Cold days 0 7632000 | 12517816 | 4885816 | 180000 696439 | 3472769 | 2776330 16425
Spring 38 Hot days 10 5598000 | 8593518 | 2995518 | 378000 510831 2504534 | 1993703 34493
48 Cold days 2 6912000 | 11336890 | 4424890 | 300000 630737 | 3145150 | 2514412 271376
Summer 39 Hot days 20 5340000 | 7656172 | 2316172 | 450000 487288 | 2347278 | 1859990 41064
46 Cold days 10 6690000 | 10269852 | 3579852 | 408000 610479 | 2993093 | 2382614 37231
Adtumn 35 Hot days 13 4878000 | 7488242 | 2610242 | 324000 445130 | 2182408 | 1737278 29566
52 Cold days 6 7422000 | 11775003 | 4353003 | 360000 677276 | 3348592 | 2671316 32851
Annual total 49932000 | 78299782 |28367782 | 2628000 |4556419.83 |22457219 | 17900799 239812
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Table 7-19 Intercooled-recuperated cycle (ICR) SS-ADIGT-CHP case economic analysis of SSRP

Boiler O&M cost £/kWh H 0.004 interest rate( %): 5

10% Discount rate (d) : 0.1 GT gas fuel price (E/kWh) : 0.05 Electricity tariff from grid £/kWhe 0.1 Loan duration(yrs): 10
GT-CHP capital cost £/kW: 1010 GT fuel consumed/annum (kg): 19291328 Electricity consumed/annum (kWhe): 49932000 Loan (£) 9539821.2
GT-CHP O&M var cost £/kWh: 0.01 Hours of CHP outages/annum: 438 Grid electricity /annum (kWhe) 2628000 Repayment Holiday: 2 yrs
Initial cash flow (Fo) £: 9539821.2 Hours of CHP operation/annum: 8322 Boiler gas fuel price £/kWht 0.05

Excess electricity sold to Grid/annum(kWhe): 28367782 steam export price £/kWh : 0.025
Emission tax £/kg : 0.005 Boiler capital cost £/kWt : 80 Electricity export tariff to grid £/kWhe: 0.05
Boiler emission costannum £: 479.62314 Total emission/annum kg: 97125664 GT-CHP fixed O&M cost/annum £: 47010
End |O & M cost, -Co/m (3% GT fuel cost, - |Grid electricity [Boiler heat cost, - [Emission Saved Sawved heat |Revenue on |(Rewvenue on [Annual Loan F; (annual net Present value

of |escalation rate) (£) Cr (5% cost, -Cge Cgh (5% escalation |tax, -Cemix electricity cost|cost , +C;, |excess excess heat |[repayment, -CLr (£) |cash flow) (£) (10% discount

year escalation rate) (5% rate) during 3% , +Co (5% 5% electricity  |sold, +Rp rate) (£)

) ®€) escalation outages of CHP (£)|escalation escalation escalation |sold to Grid, (59, 3
rate) during rate)(£) rate) (£) rate) (£) +Re (5% escalation 1+ d)*
outages of escalation rate)(£)

CHP (£) rate) (£)

1 1055539 3914989 262800 11991 486108 4993200 227821 1418389 447520 o] 1355503 1232276

2 1087205 4110739 275940 12590 500691 5242860 239212 | 1489309 469896 o] 1454111 1201745

3 1119822 4316275 289737 13220 515712 5505003 251173 | 1563774 493391 1235450 323124 242768

4 1153416 4532089 304224 13881 531183 5780253 263731 1641963 518060 1235450 433764 296266

5 1188019 4758694 319435 14575 547119 6069266 276918 | 1724061 543963 1235450 550916 342076

6 1223659 4996628 335407 15303 563532 6372729 290764 | 1810264 571161 1235450 674937 380985

7 1260369 5246460 352177 16069 580438 6691366 305302 | 1900777 599720 1235450 806201 413708

8 1298180 5508783 369786 16872 597851 7025934 320567 | 1995816 629706 1235450 945099 440896

o 1337126 5784222 388275 17716 615787 7377231 336595 | 2095607 661121 1235450 1092048 463135

10 1377239 6073433 407689 18601 634261 7746092 353425 | 2200387 694250 1235450 1247481 480958

" 1418556 6377105 428074 19531 653288 8133397 371096 | 2310406 728963 1235450 1411857 494847

12 1461113 6695960 449477 20508 672887 8540066 389651 2425927 765411 1235450 1585660 505240

13 1504947 7030758 471951 21533 693074 8967070 409134 | 2547223 803682 o] 3004846 870397

14 1550095 7382296 495549 22610 713866 9415423 429590 | 2674584 843866 o] 3199048 842409

15 1596598 7751411 520326 23741 735282 9886194 451070 | 2808313 886059 o] 3404280 814958

16 1644496 8138981 546342 24928 757340 10380504 | 473623 | 2948729 930362 o] 3621131 788064

17 1693831 8545930 573659 26174 780061 10899529 | 497305 | 3096166 976880 o] 3850225 761746

13 1744646 8973227 602342 27483 803462 11444506 | 522170 | 3250974 1025724 o] 4092214 736021

19 1796985 9421888 632460 28857 827566 12016731 548278 | 3413523 1077010 o] 4347787 710898

20 1850894 9892983 664083 30300 852393 12617568 | 575692 | 3584199 1130861 o] 4617667 686387

> 28362735 129452850 8689733 396480 13061903 | 165104922 | 7533118 | 46900389 (14797675 12354505 42017899 12705779

Annual running cost of CHP (£) = 3865518

Present value of annual running cost of CHP (£) = NPVghp = 3165958

Saving in CHP running cost over conventional running cost (£) = 1508247 IRR = 0.131 for NPV = 0.00
Simple payback period SPBP = 6.3 Years
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Figure 7-35 Percentage cost savings of SSRP ADIGT-CHP over conventional case

7.3.4 Risk analysis of SSRP ADIGT-CHP

Risk assessment of the SSRP ADIGT-CHP is accomplished by integrating the
software @Risk 6.0 to perform Latin Hypercube sampling (a modified Monte
Carlo simulation) of 10,000 random number generations of values of some
inputs to determine their probability effects on NPV.

7.3.4.1 Probability distributions of inputs for SSRP CHP

Grid electricity price, gas turbine gas fuel price, electricity export price, and
emission tax, are identified as economic inputs of high uncertainty. So their
probability effects on NPV are simulated for the three various engine cycles.
Three types of probability distributions are studied, namely, normal, triangular,
and uniform, distributions.

7.3.4.1.1 Normal distribution of inputs for SSRP CHP

Normal frequency distributions are defined for the inputs as presented in Table
7-20.

Table 7-20 Normal distribution of inputs defined for SSRP CHP

Normal standard Minimum Mean Maximum 5th 95th

graph deviation percentile  percentile

(0)

Electricity
tariff from
grid
£/kWhe:

0.02 0.026 0.1 0.178 0.067 0.133

Electricity
export
tariff to
grid
£/kWhe :

0.02 -0.028 0.05 0.147 0.017 0.083
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Normal standard Minimum Mean Maximum 5th 95th
graph deviation percentile  percentile
(0)
GT gas v .
fuel price 0.02 -0.025 0.05 0.132 0.017 0.083
(E/kWh):
Emission 0.001 0001 0005  0.009 0.003 0.007
tax £/kg :
These inputs distributions are maintained in the risk simulation for the SC, IC,
and ICR cycles ADIGT-CHP of SRP.
7.3.4.1.2 Results of normal distribution risk analysis of SSRP ADIGT-CHP
The results of probability distributions of NPV for the three cycles are as
presented in Figure 7-36 to Figure 7-38. Besides, the results of sensitivity of
NPV to variations in values of inputs are shown in Figure 7-39 to Figure 7-41,
whereas the ranking of inputs by their effects on NPV is shown in Figure 7-42 to
Figure 7-44.
(SC SS-ADIGT-CHP)
Q0 4
—_ 49.5%
e 3.0
2.5
2.0 L Bl nev_chp_sc
Minimum-82,932,847.42
Maximun®9,589,505.09
Mean  2,895,714.15

—
()
s

Probability density (x10
&

0.5 N
NPV-CHP-SC(£)

Values in Millions

Std Dev 23,878,028.35
Values 10000

Figure 7-36 Normal probability distribution of NPV for SC SS-ADIGT-CHP of

SSRP
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Figure 7-40 Sensitivity of NPV to changes in inputs values for RC SS-ADIGT-CHP
of SSRP (Normal distribution)
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Figure 7-41 Sensitivity of NPV to changes in inputs values for ICR SS-ADIGT-
CHP of SSRP (Normal distribution)
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Figure 7-42 Inputs ranked by effects on NPV for SC SS-ADIGT-CHP of SSRP
(Normal distribution)
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From the normal distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 45.5%
for SC, 43.4% for RC, and 44.5% for ICR as presented in Figure 7-36 to Figure
7-38. It is important to state that the idea here is not about pegging the design
for low probability, instead the aim of the analysis is to formulate a procedure or
method of assessment and comparing performance of engine cycles.

7.3.4.1.3 Triangular distribution of inputs for SSRP CHP

Triangular frequency distributions are defined for the inputs as presented in
Table 7-21 .

Table 7-21 Triangular distribution of inputs defined for SSRP CHP.

Electricity e e

tariff from 0.06 0.1 0.15 0.073 0.135
grid £/kWhe:

Electricity e S

export tariff

to grid A 0.03 0.05 0.07 0.036 0.064
£/kWhe :

A 0.003 0.005 0.007 0.0036 0.0064

7.3.4.1.4 Results of triangular distribution risk analysis for SSRP CHP

GT gas fuel

price (£/kWh): 0.03 0.05 0.08 0.037 0.071

Emission tax
£/kg :

Following the same procedure of section 7.3.4.1.1, the results of triangular
probability distributions of NPV for the three cycles are as presented in Figure
7-45 to Figure 7-47. Besides, the results of sensitivity of NPV to variations in
values of inputs are shown in Figure 7-48 to Figure 7-50, whereas the rankings
of inputs by their effects on NPV are shown in Figure 7-51 to Figure 7-53.

From the triangular distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 45.6%
for SC, 42.8% for RC, and 45.2% for ICR as shown in Figure 7-45 to Figure
7-47.
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Figure 7-51 Inputs ranked by effects on NPV for SC SS-ADIGT-CHP of SSRP
(Triangular distribution)

(RC SS-ADIGT-CHP)

Electricity tariff from grid £/kWhe -15,252,98082  21,395,45:.

GT gas fuel price (£/kKWh)J

Electricity export tariff to grid £/kWhe]

Emission tax £/kg: 547,074 18 3,0%,570.3

[ Baselng52,643,453.11
e ® /& &€ ©° g

NPV_CHP RC (£)

Values in Millions

R R @

Figure 7-52 Inputs ranked by effects on NPV for RC SS-ADIGT-CHP of SSRP
(Triangular distribution)

PhD Thesis / Barinyima Nkoi 173



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

(ICR SS-ADIGT-CHP)

Electricity tariff from grid £/kWhe -15,835,883.38  21,092,405.

GT gas fuel price (£/kWh) -10,702,831..'8 17,710,373.4

Electricity export tariff to grid £/kWhe

GT Emissiontax £/kg:

NPV_CHP ICR (£)

Values in Millions

Figure 7-53 Inputs ranked by effects on NPV for ICR SS-ADIGT-CHP of SSRP
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7.3.4.1.5 Uniform distribution of inputs for SSRP CHP

Uniform frequency distributions are defined for the inputs as presented in Table
7-22

Table 7-22 Uniform distribution of inputs defined for SSRP CHP.

Inputs Uniform graph Minimum Mean Maximum 5th 95th

percentile percentile

Electricity tariff -

from grid 0.06 0.1 0.15 0.064 0.145
£/kWhe:

Electricity

export tariff to 0.03 0.05 0.07 0.032 0.068
grid £/kWhe :

GT gas fuel 003 005  0.08 0.032 0.077

price (£/kWh):

i 0.003 0.005 0.007 0.0032 0.0068

Emission tax
£/kg :
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7.3.4.1.6 Results of uniform distribution risk analysis for SSRP CHP

Following the same procedure of section 7.3.4.1.1, the results of probability
distributions of NPV for the three cycles are as presented in Figure 7-54 to
Figure 7-56. Besides, the results of sensitivity of NPV to variations in values of
inputs are shown in Figure 7-57 to Figure 7-59, whereas the rankings of inputs
by their effects on NPV are shown in Figure 7-60 to Figure 7-62.

From the uniform distribution results the probability of having less than zero or
zero NPV which is the range for making loss in investment is obtained as 48.3%
for SC, 46.4% for RC, and 47.5% for ICR as presented in Figure 7-54 to Figure
7-56.
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Figure 7-54 Uniform probability distribution of NPV for SC SS-ADIGT-CHP of
SSRP
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7.3.4.1.7 NPV sensitivity analysis results of SSRP ADIGT-CHP

The outcome of sensitivity analysis of NPV of SSRP ADIGT-CHP shows that
change in grid electricity price has the greatest effect on mean NPV followed by
that of gas turbine fuel price, whereas variation in electricity export price has the
least effect for all three engine cycles. This is presented in Figure 7-42 to Figure
7-44, Figure 7-51 to Figure 7-53, and Figure 7-60 to Figure 7-62. This trend is
replicated for normal, triangular, and uniform distribution of inputs.

Similarly, for all three types of distributions, it is also observed as shown in
Figure 7-39 to Figure 7-41, Figure 7-48 to Figure 7-50, and Figure 7-57 to
Figure 7-59, that as price of grid electricity increases, mean NPV increases, for
all three engine cycles. This is because the main benefit of the CHP plant is to
save cost of purchasing power from the grid. Of course this trend is expected
because the higher the grid electricity price, the higher the saved cost of grid
electricity which adds to annual net savings. Also from the annual power
generation/consumption of the plant, power purchased from the grid is far lower
than power generated on site annually, hence the huge amount in saved grid
electricity cost. More so, mean NPV increases very slightly with increase in
electricity export price because very minute quantity of electricity is exported.
On the other hand, as gas turbine fuel price and emission tax increase, mean
NPV decreases. This is true as gas turbine fuel price is huge expense (cash
outflow). Change in emission tax has very little or insignificant effect on mean
NPV perhaps due to the minute amount of the unit price paid as emission
penalty.

Still explaining the sensitivity curves of Figure 7-39 to Figure 7-41, Figure 7-48
to Figure 7-50, and Figure 7-57 to Figure 7-59, it could be observed that mean
NPV rightly occurs in the scenario of input values that fall in the 50 percentile
of input distributions. For scenario of input values above the 50" percentile
(51% - 95%) of input distributions, and for same reasons as stated in the above
paragraph, it is found that: NPV increases above the mean value with grid
power tariff; decreases below mean value with GT fuel price; increases very
slightly with electricity export price; and decreases very slightly with GT
emission tax. On the other hand, for scenario of input values below the 50"
percentile (5% - 49%) of input distributions: NPV becomes lower than the mean
value with grid power tariff; increases above the mean value with GT fuel price;
decreases very slightly with electricity export price; and increases very slightly
with GT emission tax. The import of these results is that GT fuel price and grid
power tariff are very significant input quantities in the life-cycle cost of the CHP
project, and therefore require further priority attention and investigation.

Sensitivity analysis results of the triangular and uniform distribution simulation
are similar to those of normal distribution, except that the range of values of
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mean NPV is narrower in the case of uniform distribution, and narrowest in the
case of triangular distribution. Nevertheless, probability density of mean NPV is
higher in the case of uniform distribution than normal distribution, and highest in
the case of triangular distribution. This explains why the sensitivity curves are
less steep in the case of triangular distribution.

7.3.5 Overall results for SSRP ADIGT-CHP economic analysis

The outcome of the techno-economic assessment of the SSRP ADIGT-CHP
indicates that all three cycle configurations, SC, RC, and ICR SS-ADIGT-CHP
register positive NPV and are profitable than the conventional case. However,
the scenario of RC SS-ADIGT-CHP recorded the highest profit in NPV, the
shortest payback period, and the highest IRR, followed by the ICR SS-ADIGT-
CHP. This economic performance is shown in Figure 7-32 to Figure 7-34. It was
found that the percentage savings in operational cost of SC, RC, and ICR cycle
SS-ADIGT-CHP over the conventional case (grid power plus on-site boiler) are
29.1%, 30.2%, and 30.0% respectively as presented in Figure 7-35. The bulk of
annual net savings of the RC SS-ADIGT-CHP comes from sale of excess
steam. This sale is observed to be huge in the case of RC SS-ADIGT-CHP than
in SC and ICR SS-ADIGT-CHP. The much excess steam is as a result of high
temperature - high heat content of the exhaust gas of the RC SS-ADIGT
compared to those of the SC and ICR cycles.

The avoided or saved electricity and steam cost, grid electricity, and boiler heat
cost, are the same in all three scenarios due to the constant (routine)
consumption rate of the process plant. Nevertheless, capital/installation cost
was highest in the case of ICR SS-ADIGT-CHP, followed by IC SS-ADIGT-
CHP, of course due to additional components and complexity (from intercooler,
and recuperator). Furthermore, highest emission cost was incurred in the
scenario of SC SS-ADIGT-CHP than the advanced cycles, due to least GT
thermal efficiency and highest emission index of the former.

More so, ICR SS-ADIGT-CHP incurred the least GT fuel and emission costs
due to its highest GT thermal efficiency and least emission index. Besides, it is
noteworthy that of all the annual cost elements, GT fuel cost contributes the
largest percentage in all three scenarios. More so, from the risk assessment,
the probability of incurring loss in investment as defined by tendency of having
negative mean NPV is lowest in the RC SS-ADIGT-CHP and highest in SC SS-
ADIGT-CHP. This trend is the same in all three types of distributions studied.
Besides, it is observed that IRR of the SS-ADIGT-CHP cycle options increases
as NPV increases, whereas SPBP decreases with increasing NPV, as shown in
the combination of Figure 7-32, Figure 7-33, and Figure 7-34.
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As referenced in section 7.2.5, the results of SS-ADIGT-CHP economic analysis
compare favourably with trends available in the literature. For instance, A
6.5MWe gas turbine unit was identified to be the largest energy saving measure
for a small refinery (Paramount Petroleum Corp’s asphalt refinery in Paramount
(CA) in the United State. It was predicted that this CHP would result in annual
energy saving worth of $3.8 million and has a payback period of 2.5 years (U.S
DOE-OIT, 2003). Besides, it was found that the CHP would reduce the risk of
power outages for the refinery, and would also reduce emission (Worrell and
Galitsky, 2005). Besides, an instance has been reported of a TMW CHP plant in
the UK predicted to have an IRR of 13.4% and SPBP of 3.5 years with 20 years
life-cycle analysis. Same report mentioned another 20 years life-cycle analysis
of a 12 MW CHP in the UK that was predicted to have an IRR of 12.4% and
SPBP of 5.7 years (Merse et al, 2011).

7.4 Chapter summary

In this chapter the following are described

e TERA framework is adapted to ADIGT-CHP in the petrochemical industry
by way of conducting two case studies: Large-scale refinery and
chemical plant CHP(LSRCP-CHP), and small-scale refinery plant CHP
(SSRP-CHP).

e An economic evaluation model is developed and deployed in the two
case studies.

e Assessment, prediction, and comparison are done of the techno-
economic viability of SC, IC, and ICR large-scale ADIGT-CHP, and SC,
RC, and ICR small-scale ADIGT-CHP, over the conventional case of grid
power plus on-site boiler in the petrochemical industry in their respective
case studies.

e The model implements the assessment by estimating NPV, IRR, and
SPBP for all the ADIGT-CHP cycle options in their various categories
given inputs from technical performance parameters such as GT fuel
flow, power output, exhaust heat recovery, steam flow, emission index,
of the engines with various respective costs.

¢ In addition, the model utilises as inputs the capital/installation costs of
GT-CHP and boilers, boiler fuel and emission costs, investment Loan,
interest on loan, O & M cost, and market discount rate.

e |tis found that the percentage savings in operational costs of SC, IC, and
ICR cycle large-scale ADIGT-CHP over the conventional case are
20.7%, 21.6%, and 21.4% respectively.

e |C exhibits better NPV, SPBP, and IRR than SC and ICR cycles over the
conventional case in the large-scale ADIGT-CHP category.
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Nevertheless, all three cycle options are profitable than the conventional
case.

e Steam flow is found to be more in SC than in IC and ICR in the large-
scale ADIGT-CHP cycles.

e SC exhibits better CHP efficiency than IC and ICR in the large-scale
ADIGT-CHP category.

¢ Risk assessment of large-scale ADIGT-CHP shows that the probability of
incurring loss in investment as defined by tendency of having negative
mean NPV is lowest in the IC LS-ADIGT-CHP and highest in SC LS-
ADIGT-CHP. This trend is the same in all three types of distributions
studied: normal, triangular, and uniform distributions.

e |tis observed that the percentage savings in the operational cost of SC,
RC, and ICR small-scale ADIGT-CHP over the conventional case are
29.1%, 30.9%, and 30.0% respectively.

e RC exhibits better NPV, SPBP, and IRR than SC and ICR cycles over
the conventional case in the small-scale ADIGT-CHP category.
Nevertheless, all three cycle options are profitable than the conventional
case.

e Steam flow is found to be more in RC than in SC and ICR in the small-
scale ADIGT-CHP cycles.

e RC exhibits better CHP efficiency than SC and ICR in the small-scale
ADIGT-CHP category.

¢ Risk assessment of small-scale ADIGT-CHP shows that the probability of
incurring loss in investment as defined by tendency of having negative
mean NPV is lowest in the RC SS-ADIGT-CHP and highest in SC SS-
ADIGT-CHP. This trend is the same in all three types of distributions
studied: normal, triangular, and uniform distributions.

e GT fuel price and grid power tariff are very significant input quantities in
the life-cycle cost of CHP project, and impact more on NPV and by
extension on IRR, and payback period.
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8 CONCLUSIONS AND FURTHER RESEARCH

8.1 Conclusions

8.1.1 Aim of research achieved
In the introduction of this research the aim was clearly stated as:

e To adapt techno-economic and environmental risk analysis (TERA)
framework for aero-derivative industrial gas turbines combined-
heat-and-power (ADIGT-CHP) in the petrochemical industry.

This aim can be said to have been achieved judging by rigorous implementation
of the set objectives as explained in section 8.1.2 below.

8.1.2 Objectives implemented and conclusions

A number of objectives were targeted in order to achieve the aim recalled in the
preceding section.

The first objective formed part A of this research, which is analysis of technical
performances of simple and advanced cycle helicopter engines. This objective
is meant to establish the characteristics and performances of helicopter engines
that were subsequently converted to SS-ADIGT for CHP application in the
petrochemical industry. From the work done in this part of the research, it could
be concluded that:

e All three advanced cycle helicopter engines (RC, ICR, and LPC zero-
staged) configurations have lower s.f.c. and higher thermal efficiencies
than the simple base engine cycle at both DP and OD.

e The percentage increases in thermal efficiencies of engine cycle with
LPC zero-staged, RC engine, and ICR engine cycles, over simple cycle
at DP were found to be 2.1%, 20.6%, and 24.2% respectively, whereas
percentage reduction in specific fuel consumption in these cycles over
simple cycle at DP are 2.6%, 17.3%, and 21.1% respectively.

e At DP, the ICR cycle helicopter engine exhibits the lowest s.f.c. of
0.0664kg/MWs and highest thermal efficiency of 34.9% followed by the
RC, and then the LPC zero-staged, whereas the SC exhibits the highest
s.f.c of 0.0827kg/MWs and lowest thermal efficiency of 28.1%. However,
it was noted that the addition of intercooler, recuperators, and extra stage
of compression, would actually increase the capital/installation cost of the
advanced cycles than that of the simple cycle.

Pursuing the remaining number of objectives formed part B of the research,
which pertains to techno-economic and environmental risk assessment of
ADIGT-CHP application in the petrochemical industry. In this regard, the first
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objective targeted is that of converting helicopter engines analysed in part A to
SS-ADIGT. This objective is accomplished, having the performances of the SS-
ADIGT cycles analysed too. Also, the objective of analysing technical
performances and estimating engine emissions of ADIGT engines is achieved.
From the work carried out it could be concluded that:

e RC and ICR SS-ADIGT cycles have increased thermal efficiencies and
lower combustor heat rates than the simple cycle.

e The percentage increases in thermal efficiencies of RC and ICR SS-
ADIGT cycles over simple cycle at DP were found to be 13.5%, and
14.5% respectively, whereas percentage reduction in heat rates in these
cycles over simple cycle at DP are 12.3% and 12.9% respectively.

e At DP, the ICR SS-ADIGT cycle is found to exhibit the lowest heat rate of
3.229MJ/MWs and highest thermal efficiency of 33.9% followed by the
RC which shows 3.251MJ/MWs and 33.6% respectively, whereas the SC
exhibits the highest heat rate of 3.708MJ/MWs and lowest thermal
efficiency of 29.6%.

e Similarly, for both LS1-ADIGT and LS2-ADIGT, the IC and ICR cycles
possess increased thermal efficiencies and reduced combustor heat
rates than the simple engine.

e The percentage increases in thermal efficiencies of IC and ICR LS1-
ADIGT cycles over simple cycle at DP were found to be 3.2%, and 3.4%
respectively, whereas percentage reduction in heat rates in these cycles
over simple cycle at DP are 2.7% and 2.8% respectively.

e At DP, the ICR LS1-ADIGT cycle is found to exhibit the lowest heat rate
of 2.602MJ/MWs and highest thermal efficiency of 42% followed by the
IC which shows 2.605MJ/MWs and 41.9% respectively, whereas the SC
exhibits the highest heat rate of 2.676MJ/MWs and lowest thermal
efficiency of 41%

e The percentage increases in thermal efficiencies of IC and ICR LS2-
ADIGT cycles over simple cycle at DP were found to be 2.42%, and
0.94% respectively, whereas percentage reduction in heat rates in these
cycles over simple cycle at DP are 2.37% and 0.93% respectively.

e At DP, the IC LS2-ADIGT cycle is found to exhibit the lowest heat rate of
2.343MJ/MWs and highest thermal efficiency of 46.7% followed by the
ICR which shows 2.377MJ/MWs and 46% respectively, whereas the SC
exhibits the highest heat rate of 2.399MJ/MWs and lowest thermal
efficiency of 45.7%.

e The advanced cycle ADIGT engines, possessing increased thermal
efficiencies, show lower total emissions than simple cycle.
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More so, the objective of identification of environmentally friendly Brayton cycles
in the petrochemical industry is accomplished after going through the literatures.
From this task it could be concluded that:

e ADIGT-CHP cycles would be environmentally friendly Brayton cycles of
good repute that would be a measure for large heat energy savings and
reduction of global warming in the petrochemical industry.

Following is the objective of modelling and analysing technical performance of
ADIGT-CHP cycles which is achieved. The analysis led to the conclusions that:

e For SS-ADIGT-CHP, better CHP efficiency is exhibited by RC and ICR
cycles than SC engine. The CHP efficiencies of RC, ICR, and SC SS-
ADIGT-CHP cycles were found to be 92%, 82%, and 75% respectively.

e For the SS-ADIGT-CHP, RC engine produces the highest HRSG duty.
The HRSG duties were found to be 3171.3kW for RC, 2621.6kW for
ICR, and 3063.1kW for SC.

e For both LS1-ADIGT-CHP and LS2-ADIGT-CHP, the SC exhibits the
highest CHP efficiency and HRSG duty than IC and ICR engine cycles.

e For the LS1-ADIGT-CHP, the CHP efficiencies of SC, IC, and ICR
cycles were found to be 75%, 64%, and 66% respectively, whereas the
HRSG duties are respectively 45632.1kW, 31199.7kW, and 32553.8kW.

e For the LS2-ADIGT-CHP, the CHP efficiencies of SC, IC, and ICR
cycles were found to be 78%, 68%, and 69% respectively, whereas the
HRSG duties are respectively 90236.3kW, 63624.5kW, and 67349.8kW.

Furthermore, the remaining three objectives targeted in part B were
accomplished in same sets of tasks carried out. These include the objectives of:
(a) techno-economic and risk analysis of simple and advanced cycle ADIGT-
CHP in the petrochemical industry, (b) development of a techno-economic
model to assess the viability of various ADIGT-CHP cycles in the petrochemical
industry, and (c) providing a multi-disciplinary framework for comparing
investments in ADIGT plant equipment for application in CHP in the
petrochemical industry. From the tasks implemented in these regards, the
following conclusions could be made:

e A techno-economic model has been developed that can evaluate the
criteria of assessing economic viability of ADIGT-CHP cycle options for
generating steam and power simultaneously in the petrochemical
industry over the conventional case of grid power plus on-site boiler.
These criteria are SPBP, NPV, and IRR, given inputs such as GT fuel
flow, power output, exhaust heat recovery, steam flow, total emission, of
the engines with various respective costs, in addition to
capital/installation costs of GT-CHP and boilers, boiler fuel and emission
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costs, investment loan, interest on loan, O & M fixed and variable costs,
and market discount rate.

e Savings exist in operational costs of ADIGT-CHP over and above the
conventional case. Hence, for both SS-ADIGT-CHP, and LS-ADIGT-CHP
cases, all ADIGT-CHP applications are profitable than the conventional
case. The percentage savings in operational costs of SC, RC, and ICR
SS-ADIGT-CHP over and above the conventional case were found to be
29.1%, 30.9% and 30% respectively. The percentage savings in
operational costs of SC, IC, and ICR LS-ADIGT-CHP over and above the
conventional case were found to be 20.7%, 21.6% and 21.4%
respectively.

e For LS-ADIGT-CHP, the probability of incurring loss in investment as
defined by tendency of having negative mean NPV is lowest in the IC
ADIGT-CHP and highest in SC ADIGT-CHP. This trend is the same in all
three types of distributions studied: normal, triangular, and uniform
distributions. This is because IC exhibits better NPV, SPBP, and IRR
than SC and ICR cycles over and above the conventional case in this
ADIGT-CHP category. For instance, the payback period for SC, IC, and
ICR LS-ADIGT-CHP cycles were estimated to be 4.8, 4.6, and 4.7 years
respectively, whereas the IRR were respectively found to be 18.3%,
19%, and 18.7% at same market discount rate of 10%.

e For small-scale ADIGT-CHP, the probability of incurring loss in
investment as defined by tendency of having negative mean NPV is
lowest in the RC ADIGT-CHP and highest in SC ADIGT-CHP. This trend
is the same in all three types of distributions studied: normal, triangular,
and uniform distributions. This is because RC exhibits better NPV,
SPBP, and IRR than SC and ICR cycles over and above the
conventional case in the SS-ADIGT-CHP category. For instance, the
payback period for SC, RC, and ICR SS-ADIGT-CHP cycles were
estimated to be 6.5, 6.1, and 6.3 years respectively, whereas the IRR
were respectively found to be 12.9%, 13.9%, and 13.1% at same market
discount rate of 10%.

e GT fuel price and grid power tariff are very significant input quantities in
the life-cycle cost of CHP project, and impact more on NPV and by
extension on IRR, and payback period

e The general performances and economic viabilities of the ADIGT-CHP
cycles would greatly depend on the climatic conditions of the region/area
of operation.

e A multi-disciplinary framework for comparing investments in ADIGT plant
equipment for application in CHP in the petrochemical industry has been
provided which comprise of engine performance, emissions, economic,
and risk, modules.
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e This multi-disciplinary framework is a preliminary design tool that would
actually aid assets managers or product development engineers to make
good choice of ADIGT-CHP cycle options in the petrochemical industry.
Hence, the research question (which is how one would make the
choice of aero-derivative industrial gas turbines CHP cycle option in the
petrochemical industry that would produce good return on investment,
considering economic benefits) could be said to has been answered.

o Therefore the aim of this research, which is to adapt techno-economic
and environmental risk analysis (TERA) framework for aero-derivative
industrial gas turbines combined-heat-and-power (ADIGT-CHP) in the
petrochemical industry, could be said to has been achieved.

This research has made two contributions to knowledge, namely:

e Development of a model for assessing, predicting, and comparing the
techno-economic viability of simple and advanced cycle ADIGT-CHP
application in the petrochemical industry over the conventional case of
grid power and on-site boiler in terms of NPV, SPBP, and IRR.

e Derivation of simple and advanced cycles small-scale ADIGT-CHP from
helicopter gas turbine engines.

8.1.3 Gains of the techno-economic model

The ADIGT-CHP techno-economic model developed in this research exhibits
the following capabilities which are lacking in other models that have been
reviewed:

e |t accounts for cost of total emissions to include NO,, CO, CO,, and
H20vapour- Previous models account for emission cost of only COs.

e It is able to compare viability of various ADIGT-CHP cycle options with
one another as well as with conventional case of grid power plus on-site
boiler to determine cost savings of using CHP. Previous models only
estimate savings of one GT-CHP cycle with respect to conventional
case.

e |t considers NPV risk analysis using Latin Hypercube sampling technique
which gives a better spread of sampled inputs across the percentiles of a
frequency distribution than Monte Carlo sampling method that clusters
samples of inputs during iterations.

8.2 Research limitations

e Economic and environmental risk assessment of the helicopter engine
cycles analysed in part A of this research was not considered due to time
and its complexity.
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e The techno-economic model developed in this research does not
account for depreciation and creep life of the CHP plant.

8.3 Further research

The analysis conducted in part A of this research which stemmed from the
objective of analysing the technical performances of simple and advanced cycle
helicopter gas turbines is limited. This is because economic and environmental
risk assessment of the helicopter engine cycles was not considered due to time
and its complexity. This limitation needs to be addressed as further research on:

e Techno-economic and environmental risk assessment of helicopter gas
turbines on offshore mission to oil/gas rig, in which case the helicopter
engines analysed in part A of this project could be assessed for their
economic viability for offshore mission application conveying crew
members to oil/gas platforms.

Besides, the techno-economic model developed in this research does not
account for depreciation and creep life of the CHP plant as salvage value was
assumed to be the cost of disposal of scrap plant. This limitation of the model
needs to be addressed as further work on:

¢ Accounting for depreciation, creep life, and salvage value of ADIGT-CHP
plants in the petrochemical industry.

More so, the much excess generated steam and power from the ADIGT-CHP
that is exported could be harnessed or utilised for cooling purposes in both
LSRCP and SSRP complexes, to further maximise CHP efficiencies. These
needs could be handled as further work on:

e Tri-generation consideration for the large-scale ADIGT-CHP case study
of LSRCP complex, and analysing for its techno-economic viability, and

e Tri-generation consideration for the small-scale ADIGT-CHP case study
of SSRP complex, and assessing its techno-economic viability.

Finally, a thought about diversifying application of the small-scale ADIGT
engines derived from helicopter engines could be made further research on:

e Techno-economic and environmental risk analysis of SS-ADIGT for
rotating equipment drive in the petrochemical industry, whereby the
small-scale ADIGT analysed in part B of this project could be assessed
for their viability for application in industrial rotating equipment drive.
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APPENDICES

Appendix A Helicopter engines TURBOMATCH
simulation files

A.1 Input and result files for SC helicopter engine performance

simulation

TURBOMATCH SCHEME - Windows NT version (October 1999)
LIMITS:100 Codewords, 800 Brick Data Items, 50 Station Vector
15 BD Items printable by any call of:-

OUTPUT, OUTPBD, OUTPSV, PLOTIT, PLOTBD or PLOTSV

Input "Program"” follows
DT T

IPERFORMANCE SIMULATION OF A TWO-SPOOL TURBOSHAFT!
IHELICOPTER ENGINE WITH A FREE POWER TURBINE !
IINSPIRED BY TURBOMECCA MAKILA 2A ENGINE CORE !

IMODELLED BY BARINYIMA NKOI, MARCH 2012 !
LT T

OD SIKE CT FP

-1

-1

INTAKE S1-2 D1-4 R100

COMPRE S2-3 D5-10 R101 V5 V6
ARITHY D70-74

COMPRE S3-4 D11,6,13-16 R104 V11
PREMAS S4,5,13 D17-20

ARITHY D75-81

BURNER S5-6 D21-23 R107
MIXEES S6,13,7

TURBIN S7-8 D24-31,115 V25
DUCTER S8-9 D33-36 R108

TURBIN S§9-10 D37-45 V37 V38
DUCTER S$10-11 D46-49 R110
NOZCON S11-12,1 D50 R111
PERFOR §1,0,0 D37,52-54,111,100,107,0,0,0,0,0,0
CODEND
IINTAKE

1 0.0 IALTITUDE:INLET

200 IISA DEVIATION

300  IMACHNO
4-10  IPRESSURE RECOVERY
ICOMPRE AXIAL

5085 ISURGE MARGIN

6 -1.0  IROTATIONAL SPEED

7 25  IPRESSURE RATIO

8 079  ICOMPRE EFFICIENCY
9 00  !ERROR SWITCH

10 20  ICOMPRE MAP
ICOMPRE CENTRIFUGAL

11 0.85  ISURGE MARGIN

12 1.0 IROTATIONAL SPEED
13 45  IPRESSURE RATIO

14 0.79  ICOMPRE EFFICIENCY
15 1.0  IERROR SWITCH

16 40  ICOMPRE MAP
IPREMAS

17 0.913  ILAMBDA(W) {W5/W4}
18 0.0  IDELTAW)

19 1.0  ILAMBDA(P)
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20 0.0
IBURNER
21 0.05
22 0.99
23 1.0

IDELTA(P)

IPRESSURE LOSS
ICOMBUS EFFICIENCY
IFUEL FLOW CALCULATED

ICOMPRE TURBINE

24 0.0 ICOMPRE TURBINE

25 1.0 IREL NON-D MASS FLOW

26 1.0 IREL NON-D SPEED

27 0.88 ITURBINE EFFICIENCY

28 1.0 IREL ROT SPEED=COMPRE ROT SPEED
29 2.0 ICOMP NO

30 1.0 ITURBINE MAP

31 -1.0 IPOWER LAW

IASIN 115 ICOMWRK FOR COMP TURBINE
IDUCTER

33 0.0 IDUCTER

34 0.01 IPRESSURE LOSS

35 0.0

36 100000.0

IPOWER TURBINE
37 1567000.0 !'POWER OUTPUT:POWER TURBINE(WATT)

38 -1.0 IREL NON-D MASS FLOW

39 -1.0 IREL NON-D SPEED

40 0.89 ITURBINE EFFICIENCY

4110 IREL ROT SPEED

42 0.0 ICOMP NO

43 5.0 ITURBINE MAP

44 1000.0 POWER LAW INDEX

45 -1.0 ISET FOR POWER TURBINE
IDUCTER

46 0.0 IDUCTER

47 0.01 IPRESSURE LOSS

48 0.0

49 100000.0

INOZCON

50 -1.0 ISWITCH TO FIXED AREA

IPERFOR

IAS IN 37 IPOWER TURBINE:POWER OUTPUT
52 1.0 IPROPELLER EFFICIENCY:PERFORMANCE
53 0.0 ISCALING INDEX

54 0.0 ISHAFT POWER

IARITHY: COMPREAXIALPCN=COMPRECENTRIFUGALPCN
70 5.0 ICOPY

71 -1.0

72 12.0 ICOMPRECENTRIFUGALPCN

73 -1.0

74 6.0 ICOMPREAXIALPCN

IARITHY: COMPRETURBINEWORK=COMPREAXIALWORK+COMPRECENTRIFUGALWORK
75 1.0 IADD

76 -1.0

77 115.0 ICOMPRETURBINEWORK

78 -1.0

79 101.0 ICOMPREAXIALWORK

80 -1.0

81 104.0 ICOMPRECENTRIFUGALWORK

-1

1257 IMASS FLOW

66 1500.0 ITET

-1

Time Now 20:51:19

-1
-1
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66 1350.0 !OD CALCULATION: TET = 1350.0K
-1
-1
66 1400.0 !OD CALCULATION: TET = 1400.0K
-1
-1
6 6 1450.0
-1
-1
6 6 1500.0
-1
-1
6 6 1550.0
-1
-1
6 6 1600.0
-1
-3
The Units for this Run are as follows:-

Temperature = K Pressure = Atmospheres Length = metres
Area = sq metres Mass Flow = kg/sec Velocity = metres/sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust= N/kg/sec Power = Watts
1

***** DESIGN POINT ENGINE CALCULATIONS *****
% AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
e COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.85000 PR = 2.500 ETA = 0.79000
PCN = 1.0000 CN = 1.00000 COMWK = 0.62497E+06
% COMPRESSOR 2 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.85000 PR = 4.500 ETA = 0.79000
PCN = 1.0000 CN = 1.00000 COMWK = 0.15385E+07
¥ COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP =0.5625 WFB = 0.1297
> TURBINE 1 PARAMETERS *****
CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04
TF = 401.640 ETA = 0.88000 CN = 2.800
AUXWK = 0.00000E+00
*** TURBINE 2 PARAMETERS *****
CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05
TF = 219.627 ETA = 0.89000 CN = 2.200
AUXWK = 0.15670E+Q7
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.15670E+07
% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0565 Exit Velocity = 256.97 Gross Thrust = 1458.14
Nozzle Coeff. = 0.97336E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.700 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.700 ****rx 41 00000 **FFrr D8G5 Frwwkk wkwwwk
0.00000 5.700 ****x 2 5OQQQ ***Frr 3Q7. (] Frrwkr wwwwss
OOOOOO 5700 *kkkkk 1 1 25001 Kkkkkk 65758 Kkkkkk Kkkkkk
OOOOOO 5204 *kkkkk 1 1 25001 Hkkkkk 65758 Kkkkkk Khkkkkk
002491 5334 *kkkkk 1 068751 Kkkkkk 1 50000 Kkkkkk  Khkkkkk

OO WN
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7 002275 5830 dekkdkk 1068751 Kkkkkkk 143461 dhkdkhkkk  Kkkkkkk

8 0.02275 5.830 ******
9 0.02275 5.830 T
10 0.02275 5.830 ******
11 0.02275 5.830 ******

3.31961 ****+* 133,87 *rrrrr wwwwex
3.28641 ****** 133,87 *rwwkx wwwooex
1.15134 **¥ex QU776 *rxxxx wwwwnx
113983 dkkkkk 90776 dkkkkk  kkkkkk

12 0.02275 5.830 1.00000 1.13983 879.28 907.76 257.0 0.0565
13 0.00000 0.496 ****** 11.25001 ****** §57.58 ***xxx wxxwsx

Shaft Power = 1567000.00
Net Thrust = 1458.14

Equiv. Power = 1661016.50
Fuel Flow = 0.1297

S.F.C.= 82.7390

E.S.F.C. = 78.0558

Sp. Sh. Power = 274912.28

Sp. Eq. Power = 291406.41
Sh. Th. Effy. = 0.2803

Time Now 20:51:19

-1

Time Now 20:51:19

66 1350.0 !'OD CALCULATION: TET = 1350.0K
-1

BERR(1)= 0.00000E+00
BERR(2)= 0.57027E-01
BERR(3) = -0.70144E-01
BERR(4)= -0.10641E+00
BERR(5) = -0.75515E-01
BERR( 6) = -0.30568E+00
Loop 1

BERR(1)= 0.77085E-03
BERR(2)= 0.41755E-01
BERR(3) = -0.51845E-01
BERR(4)= -0.79796E-01
BERR(5) = -0.50606E-01
BERR(6) = -0.21880E+00
Loop 2

BERR( 1) = 0.14842E-02
BERR(2)= 0.27497E-01
BERR(3) = -0.33962E-01
BERR(4)= -0.55731E-01
BERR(5) = -0.19962E-01
BERR(6) = -0.12960E+00
Loop 3

BERR(1)= 0.19614E-02
BERR(2)= 0.13345E-01
BERR( 3) = -0.15493E-01
BERR(4) = -0.31668E-01
BERR(5)= 0.11842E-01
BERR(6) = -0.40736E-01
Loop 4

BERR(1)= 0.15672E-02
BERR(2) = -0.96753E-03
BERR( 3) = 0.37332E-02
BERR(4) = -0.43027E-02
BERR(5)= 0.20283E-01
BERR(6) = 0.23506E-01
Loop 5

BERR( 1) = -0.11285E-03
BERR(2) = -0.44726E-04
BERR(3)= 0.15079E-02
BERR(4)= 0.44075E-03
BERR(5)= -0.11971E-01
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BERR( 6) = -0.12464E-01

Loop 6

BERR( 1) = -0.14696E-05
BERR(2)= 0.18581E-04
BERR( 3) = 0.35001E-03
BERR(4)= 0.69256E-04
BERR(5)= 0.67041E-02
BERR(6) = 0.66704E-02
Loop 7

BERR(1)= 0.40636E-05
BERR(2) = -0.10196E-05
BERR(3)= 0.11847E-03
BERR(4) = -0.16248E-04
BERR( 5) = -0.36267E-02
BERR(6) = -0.34377E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 7 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 [|LS.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
% COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z = 0.89995 PR= 2.363 ETA = 0.80554
PCN = 0.9148 CN =0.91478 COMWK = 0.50058E+06
**xx* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.82060 PR = 3.962 ETA =0.80411
PCN = 0.9148 CN =0.92590 COMWK = 0.11636E+07
**xxk COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP =0.4858 WFB = 0.0968
*** TURBINE 1 PARAMETERS *****
CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04
TF = 401.638 ETA = 0.89049 CN = 2.699
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05
TF = 210.281 ETA = 0.84567 CN= 2318
AUXWK = 0.10720E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.10720E+07
**xx% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0565 Exit Velocity = 210.13 Gross Thrust = 1042.33
Nozzle Coeff. = 0.97260E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.003 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.003 ****x 4 00000 *FFFrr D8G5 Frrwkr wkwwwk
3 0.00000 5.003 ****** 236258 ***** 387.53 *rrwx wwwwxx
4 0.00000 5.003 ****** Q35971 ****** §13.26 *rrrrr wexwr*
5 OOOOOO 4568 Fkkkkk 935971 Fkkkkk 61326 Kkkhkk Kkkkkk
6 002119 4665 *kkhkk 887390 Kkkkkk 135000 kkkkkk hhkkkkk
7 001935 5100 Fkkkkk 887390 Fkkkhk 129223 hkkkhkk  hkkkkk
8 0.01935 5.100 ****** 2.87938 ****** 1021.78 *rrr** wewwex
9 0.01935 5.100 ****** 2.850568 ****** 1021.78 ****xx *wwxxx
10 0.01935 5.100 ****** 1.10380 ****** 841,22 **r** *wwwwx
11 0.01935 5.100 ****** 1.09276 ****** 841,22 **r** *wwwx

12 0.01935 5.100 1.00000 1.09276 821.87 841.22 210.1 0.0565
13 000000 0435 Hkkkkk 935971 *kkkkk 61326 Kkkkkk hkkkkk
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Shaft Power = 1072012.50
Net Thrust = 1042.33

Equiv. Power = 1139218.63
Fuel Flow = 0.0968

S.F.C.= 90.3105

E.S.F.C. = 84.9828

Sp. Sh. Power = 214263.08

Sp. Eq. Power = 227695.56
Sh. Th. Effy. = 0.2568

Time Now 20:51:19

-1
66 1400.0 !OD CALCULATION: TET = 1400.0K
-1

Time Now 20:51:20

BERR( 1) = 0.40636E-05
BERR(2) = -0.18920E-01

BERR(3)= 0.25799E-01

BERR(4)= 0.29741E-01

BERR(5) = 0.55742E-01

BERR(6)= 0.11265E+00
Loop 1

BERR( 1) = 0.52621E-04
BERR(2) = -0.51860E-02
BERR(3)= 0.79761E-02
BERR(4)= 0.76329E-02
BERR(5)= 0.20104E-01

BERR(6)= 0.34111E-01

Loop 2

BERR(1)= 0.10847E-03
BERR(2) = -0.97266E-04
BERR(3)= 0.52167E-03
BERR(4) = -0.35603E-03
BERR(5) = 0.46753E-02
BERR(6) = 0.34385E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 LS.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
**xxt COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.88595 PR= 2.409 ETA = 0.80069
PCN = 0.9408 CN =0.94077 COMWK = 0.53847E+06
e COMPRESSOR 2 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.83045 PR= 4.125 ETA = 0.79983
PCN = 0.9408 CN =0.94836 COMWK = 0.12731E+07
Fxxxt COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP = 0.5086 WFB = 0.1069
***** TURBINE 1 PARAMETERS *****
CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04
TF = 401.635 ETA = 0.88767 CN= 2.726
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05
TF = 212.539 ETA = 0.86288 CN= 2276
AUXWK = 0.12210E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.12210E+07
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% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0565 Exit Velocity = 224.74 Gross Thrust= 1163.91
Nozzle Coeff. = 0.97291E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.216 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.216 * x4 00000 **FFrr D815 Frrwkk wkwwwk
0.00000 5.216 **rrrE D A()Q] *F¥Ix 3Q() QG Frrwkr wkwwwk
0.00000 5.216 **rrrx Q38D *FERR GOT 4 wrwwkk kkwwwk
000000 4762 Kkkhkk 993812 Kkkkkk 62718 Khkkkkk Khkkkkk
0.02244 4.869 ****** 9.42950 ****** 1400.00 *rrrrr wEwwer
002049 5323 Fkkhkk 942950 Fkkkkk 133961 hkkkhkk  hkkkkk
002049 5323 Fkkkkk 302710 Fkkkkk 105975 hkkkhkk  hkkkkk
002049 5323 Fkkkkk 299683 Fkkkkk 105975 hkkkhkk hkkkkk
0.02049 5.323 *** 1.12318 *rrF 864,15 FrwrEr wwwwex
11 0.02049 5.323 ****** 1.11195 ****** 864,15 *rw*x wwwwwx
12 0.02049 5.323 1.00000 1.11195 842.15 864.15 224.7 0.0565
13 0.00000 0.454 ****** Q93812 ****** G27.18 **r¥** wwwwwx

SOONOUBWN

Shaft Power = 1220966.75
Net Thrust = 1163.91

Equiv. Power = 1296011.88
Fuel Flow = 0.1069

S.F.C. = 87.5245

E.S.F.C. = 82.4564

Sp. Sh. Power = 234093.19

Sp. Eq. Power = 248481.42
Sh. Th. Effy. = 0.2649

Time Now 20:51:20

-1

6 6 1450.0
-1

Time Now 20:51:20
BERR(1)= 0.10847E-03
BERR(2) = -0.18438E-01
BERR(3)= 0.25353E-01
BERR(4)= 0.29032E-01
BERR(5)= 0.36865E-01
BERR(6) = 0.10952E+00
Loop 1
BERR(1)= 0.15779E-03
BERR(2) = -0.42205E-02
BERR(3)= 0.65155E-02
BERR(4)= 0.58863E-02
BERR(5)= 0.12977E-01
BERR(6) = 0.27750E-01
Loop 2
BERR( 1) = 0.90219E-04
BERR( 2) = -0.89508E-04
BERR(3)= 0.37538E-03
BERR(4) = -0.34004E-03
BERR(5) = 0.33695E-02
BERR(6) = 0.26053E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
% AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
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Z=0.87027 PR= 2454 ETA =0.79541

PCN = 0.9679 CN =0.96791 COMWK = 0.57835E+06
**xx* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.84042 PR = 4.298 ETA = 0.79536

PCN = 0.9679 CN =0.97187 COMWK = 0.13924E+07
**xxk COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5326 WFB = 0.1176

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04

TF = 401.592 ETA = 0.88445 CN = 2.756

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05

TF = 215.204 ETA =0.87302 CN = 2.236

AUXWK = 0.13803E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.13803E+07

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0565 Exit Velocity = 240.09 Gross Thrust= 1297.79
Nozzle Coeff. = 0.97311E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.437 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5437 Fkkhkk 100000 Fkkkkk 28815 Kkkhkk Kkkkkk
3 0.00000 5.437 ****r 245363 **FF** 303.78 FrErr wewex
4 0.00000 5.437 ****** 10.54643 ****** 641.50Q Frrrrr e
5 0.00000 4.964 ****** 10.54643 ****** 641,50 *Frrrrr e
6 0.02369 5.082 ****** 10.01380 ****** 1450.00 ****** e
7 0.02163 5.555 ****** 10.01380 ****** 1387.05 ***xxx wxxwxx
8 0.02163 5.555 ****** 317485 ****** 1097.47 *rrrrr wewwex
9 0.02163 5.555 ****** 314310 ****** 1097.47 ***wxx wwwoe
10 0.02163 5.555 ****** 1,13529 ****** 887.08 ****** wwwwwx
11 0.02163 5.555 ****** 112394 ****** 887.08 *****x *rwxxx

12 0.02163 5.555 1.00000 1.12394 862.15 887.08 240.1 0.0565
13 0.00000 0.473 ***** 10.54643 ****** ©41.5Q *xwxxx wwweex

Shaft Power = 1380250.50
Net Thrust = 1297.79

Equiv. Power = 1463928.13
Fuel Flow = 0.1176

S.F.C. = 85.2080

E.S.F.C. = 80.3375

Sp. Sh. Power = 253872.86

Sp. Eq. Power = 269263.88
Sh. Th. Effy. = 0.2721

Time Now 20:51:20

-1

6 6 1500.0
-1
Time Now 20:51:20
BERR( 1) = 0.90219E-04
BERR( 2) = -0.17893E-01
BERR( 3) = 0.24443E-01
BERR(4)= 0.28812E-01
BERR(5) = 0.23202E-01
BERR(6)= 0.10871E+00
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Loop 1

BERR(1)= 0.15962E-03
BERR(2) = -0.46700E-02
BERR(3)= 0.73700E-02
BERR(4)= 0.65676E-02
BERR(5) = 0.92340E-02
BERR(6) = 0.31180E-01
Loop 2

BERR(1)= 0.61612E-04
BERR(2) = -0.61294E-04
BERR(3)= 0.80929E-04
BERR(4) = -0.11902E-02
BERR(5) = 0.34852E-02
BERR(6) = 0.29616E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****

e AMBIENT AND INLET PARAMETERS *****

Alt. = 0.0 [|LS.A.Dev.= 0.000 Mach No. = 0.00

Etar = 1.0000 Momentum Drag = 0.00

**xxt COMPRESSOR 1 PARAMETERS *****

PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.84946 PR = 2.501 ETA = 0.78952

PCN = 1.0008 CN =1.00075 COMWK = 0.62667E+06

% COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.84967 PR = 4.503 ETA = 0.78964

PCN = 1.0008 CN =1.00057 COMWK = 0.15427E+07

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5638 WFB = 0.1298

**** TURBINE 1 PARAMETERS *****

CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04

TF = 401.709 ETA = 0.87992 CN = 2.802

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05

TF = 219.797 ETA = 0.89057 CN = 2.200

AUXWK = 0.15682E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.15682E+07

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0565 Exit Velocity = 257.27 Gross Thrust= 1461.89
Nozzle Coeff. = 0.97337E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.708 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.708 **rrrx 4 00000 *FFFrr D8G5 Frrwkk wkwwwk
3 0.00000 5.708 ****** 250149 ****** 3Q7.16 *rrrr wewwe
4 0.00000 5.708 ****** 11.26408 ****** 658.06 ****** *rwEE*
5 0.00000 5.212 ****** 11.26408 ****** ©58.06 *****x *rrxx*
6 0.02490 5.341 ***** 10.70026 ****** 1500.00 ****** *rexx
7 0.02273 5.838 ****** 10.70026 ****** 1434.64 *rrxrr wexwrr
8 0.02273 5.838 ****** 3.31723 ****** 1133.48 rrrrrr weweer
9 0.02273 5.838 ****** 3.28406 ****** 1133.48 ***rrr wwwewwx
10 0.02273 5.838 ****** 1.15180 ****** QQ7.5Q ****** *wwxx
11 0.02273 5.838 ****** 1.14028 ****** QQ7.5Q ***** *wwxx

12 0.02273 5.838 1.00000 1.14028 879.05 907.50 257.3 0.0565
13 000000 0497 Fkkkkk 1126408 *kkhkk 65806 *hkkkkk Khkkkk

Shaft Power = 1568211.00
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Net Thrust = 1461.89
Equiv. Power = 1662469.38
Fuel Flow = 0.1298
S.F.C. = 82.7493
E.S.F.C. = 78.0576
Sp. Sh. Power = 274749.50
Sp. Eq. Power = 291263.50
Sh. Th. Effy. = 0.2802
Time Now 20:51:20

-1

6 6 1550.0
-1

Time Now 20:51:20
BERR(1)= 0.61612E-04
BERR( 2) = -0.17360E-01
BERR( 3) = 0.23234E-01
BERR(4)= 0.28256E-01
BERR(5)= 0.57385E-01
BERR(6) = 0.10728E+00
Loop 1
BERR( 1) = -0.62489E-03
BERR( 2)= 0.26666E-03
BERR( 3) = -0.16008E-02
BERR(4) = -0.37689E-02
BERR(5) = 0.60045E-02
BERR(6) = 0.22978E-02
Loop 2
BERR(1)= 0.68518E-05
BERR(2) = -0.18020E-04
BERR(3)= 0.50014E-04
BERR(4)= 0.37940E-03
BERR(5) = 0.58855E-03
BERR(6) = 0.63734E-03

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****

e AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 LS.A.Dev.= 0.000 Mach No. = 0.00

Etar = 1.0000 Momentum Drag =  0.00

e COMPRESSOR 1 PARAMETERS *****

PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z=0.84199 PR = 2.541 ETA =0.77933

PCN= 1.0173 CN=1.01726 COMWK = 0.66591E+06

**xx* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.85880 PR = 4.632 ETA =0.78180

PCN= 1.0173 CN =1.01252 COMWK = 0.16543E+07

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5831 WFB = 0.1404

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04

TF = 402.103 ETA = 0.88063 CN = 2.802

AUXWK = 0.00000E+00

»*** TURBINE 2 PARAMETERS *****

CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05

TF = 221.476 ETA =0.89748 CN= 2.164

AUXWK = 0.17276E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.17276E+07

e CONVERGENT NOZZLE 1 PARAMETERS *****
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NCOSF = 0.10000E+01

Area = 0.0565 Exit Velocity = 271.26 Gross Thrust = 1587.56
Nozzle Coeff. = 0.97352E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.871 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5871 *kkkkk 1 OOOOO Hkkkkk 2881 5 Kkkkkk  Khkkkkk
000000 5871 Kkkkkk 254143 Kkkkkk 40073 Kkkkkk Khkkkk
0.00000 5.871 FhRAER (| JPDTE FEEERR T DT kkkkkk kkkkkk
0.00000 5.361 FhREEE | JPDBE FkEERR T DT kkkkkk kkkkkk
00261 9 5501 Kkkkkk 1 1 18929 Fkkkkk 155000 Kkkkkk Kkkkkk
002391 6012 *kkkkk 1 1 18929 Kkkkkk 148210 Kkkkkk  Kkkkkk
002391 601 2 *kkkkk 3451 99 Hkkkkk 1 1 71 53 Kkkkkk Kkkkkk
002391 601 2 *kkkkk 341 747 Hkkkkk 1 1 71 53 Kkkkkk Khkkkkk
10 0.02391 6.012 ***** 1.16155 ****** Q31.46 ****** *xwwx*
11 0.02391 6.012 ****** 114993 ****** Q31.46 **r*** *xwwx
12 0.02391 6.012 1.00000 1.14993 900.04 931.46 271.3 0.0565
13 0.00000 0.511 ****** 4177235 ****** §72.23 ***xxr wwwwoex

OCO~NOOOTAWN

Shaft Power = 1727610.63
Net Thrust = 1587.56

Equiv. Power = 1829971.88
Fuel Flow = 0.1404

S.F.C.= 81.2723

E.S.F.C. = 76.7263

Sp. Sh. Power = 294243.03

Sp. Eq. Power = 311676.97
Sh. Th. Effy. = 0.2853

Time Now 20:51:20

-1

6 6 1600.0
-1

Time Now 20:51:20
BERR(1)= 0.68518E-05
BERR(2) = -0.16849E-01
BERR(3)= 0.22124E-01
BERR(4)= 0.29189E-01
BERR(5)= 0.48116E-01
BERR(6)= 0.10091E+00
Loop 1
BERR( 1) = 0.23949E-03
BERR(2) = -0.98865E-04
BERR(3)= 0.12631E-02
BERR(4) = -0.94577E-03
BERR(5) = 0.24564E-01
BERR(6) = 0.20837E-02
Loop 2
BERR( 1) = -0.73853E-04
BERR(2)= 0.37177E-04
BERR(3) = -0.62912E-03
BERR(4)= 0.24805E-03
BERR(5) = -0.19049E-01
BERR(6)= 0.11651E-02
Loop 3
Loop 4
BERR(1)= 0.51550E-05
BERR(2) = -0.23165E-05
BERR(3)= 0.81980E-04
BERR(4) = -0.24849E-04
BERR(5)= 0.18062E-01
BERR(6) = -0.13770E-02
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Loop 5

BERR(1)= 0.10758E-05
BERR(2)= 0.38584E-06
BERR(3)= 0.96537E-05
BERR(4) = -0.63575E-06
BERR(5) = 0.38045E-04
BERR(6) = 0.14080E-04

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****
% AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
**** COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.83411 PR= 2579 ETA =0.76980
PCN = 1.0335 CN = 1.03352 COMWK = 0.70495E+06
% COMPRESSOR 2 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.15031E-01
Z =0.86802 PR= 4.763 ETA =0.77362
PCN = 1.0335 CN =1.02435 COMWK = 0.17705E+07
**** COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP =0.6023
**** TURBINE 1 PARAMETERS *****
CNSF = 0.10605E+03 ETASF = 0.10249E+01 TFSF = 0.19440E+02
DHSF = 0.72892E+04
TF = 402.485 ETA =0.88133
AUXWK = 0.00000E+00
*#*** TURBINE 2 PARAMETERS *****
CNSF = 0.74081E-02 ETASF = 0.10609E+01 TFSF = 0.36769E+01
DHSF = 0.41599E+05
TF = 222.700 ETA =0.90109
AUXWK = 0.18846E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.18846E+07
% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01

WFB = 0.1514

CN= 2.803

CN = 2.130

Area = 0.0565 Exit Velocity = 285.83 Gross Thrust= 1720.90
Nozzle Coeff. = 0.97371E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.032 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 6.032 *Frrrx 4 00000 *FFFIF D815 Frrwkr wkwwwk
3 0.00000 6.032 ****** 257885 ***** 404,15 FrEr wewee
4 0.00000 6.032 ****** 12.28253 T 686.47 Frrrrr exrrer
5 0.00000 5.507 ****** 12.28253 *F*** 686.47 Frrrrx e
6 0.02750 5.658 ****** 11.68025 ****** 1600.00 ****** Frwxx
7 002511 6183 *kkkkk 1168025 Kkkkkk 152957 Khkkkk  Khkkkkk
8 0.02511 6.183 ***** 3.58646 ****** 1209.61 ****** *xrxx
9 0.02511 6.183 ****** 3.55089 ****** 1209.61 ****xx *wwxxx
10 0.02511 6.183 ****** 117408 ****** Q95G.76 ****** *xxx
11 0.02511 6.183 ****** 116234 ****** Q95G.76 ****** *xrxx

12 0.02511 6.183 1.00000 1.16234 922.12 956.76 285.8 0.0565
13 0.00000 0.525 ****** 12.28253 ****** 686.47 ***rxx wrwwEx

Shaft Power = 1884554.25
Net Thrust = 1720.90
Equiv. Power = 1995512.50
Fuel Flow = 0.1514
S.F.C. = 80.3620
E.S.F.C. = 75.8935
Sp. Sh. Power = 312439.25
Sp. Eq. Power = 330834.97
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Sh. Th. Effy. = 0.2886
Time Now 20:51:20

-3

A.2 Input and result file for ICR helicopter engine performance
simulation

TURBOMATCH SCHEME - Windows NT version (October 1999)
LIMITS:100 Codewords, 800 Brick Data Items, 50 Station Vector
15 BD Items printable by any call of:-

OUTPUT, OUTPBD, OUTPSV, PLOTIT, PLOTBD or PLOTSV

Input "Program"” follows
R IR AALE

IPERFORMANCE SIMULATION OF AN INTERCOOLED/RECUPERATED TWO-SPOOL TURBOSHAFT!
IHELICOPTER ENGINE WITH A FREE POWER TURBINE !
IINSPIRED BY TURBOMECCA MAKILA 2A ENGINE CORE !

IMODELLED BY BARINYIMA NKOI, MARCH 2012
AR

OD SIKE CT FP

-1

-1

INTAKE S1-2 D1-4 R100

COMPRE S2-3 D5-10 R101 V5 V6
ARITHY D70-74

DUCTER S3-4 D11-14

COMPRE S$4-5 D15,6,17-20 R104 V15
PREMAS S5,6,18 D21-24

HETCOL S6-7 D25-28

ARITHY D75-81

BURNER S7-8 D29-31 R107

MIXEES S8,18,9

TURBIN S§9-10 D32-39,115 V33
DUCTER S$10-11 D41-44 R108
TURBIN §$11-12 D45-53 V45 V46
HETHOT S6,12,16 D54-57

DUCTER $12-13 D58-61 R110
NOZCON S13-14,1 D62 R111
PERFOR §1,0,0 D45,64-66,111,100,107,0,0,0,0,0,0
CODEND

IINTAKE

1 0.0 IALTITUDE:INLET

200 IISA DEVIATION

3 0.0 IMACH NO

4-1.0 IPRESSURE RECOVERY
ICOMPRE AXIAL

5 0.85 ISURGE MARGIN

6 -1.0 IROTATIONAL SPEED
725 IPRESSURE RATIO

8 0.79 ICOMPRE EFFICIENCY
9 0.0 IERROR SWITCH

10 2.0 ICOMPRE MAP
IDUCTER INTERCOOLER

11 20 IINTERCOOLER

12 0.04 IPRESSURE LOSS

13 0.40 IEFFECTIVENESS

14 100000.0 ILIMITING VALUE OF FUEL FLOW
ICOMPRE CENTRIFUGAL
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15 0.85  !SURGE MARGIN

16 -1.0  IROTATIONAL SPEED

17 45 IPRESSURE RATIO

18 079  !COMPRE EFFICIENCY

19 1.0 IERROR SWITCH

20 4.0 ICOMPRE MAP

IPREMAS

21 0.9 ILAMBDA(W) {W5/W4}

22 0.0 IDELTA(W)

23 1.0 ILAMBDA(P)

24 0.0 IDELTA(P)

IHETCOL

25 0.01  !COLD SIDE PRESSURE LOSS
26 0.75  |EFFECTIVENESS

27 1.0 ITYPE:RECUPERATOR

28 0.02  !MASS FLOW LEAKAGE
IBURNER

29 0.05 !PRESSURE LOSS

30 0.99  !COMBUS EFFICIENCY

31 -1.0  IFUEL FLOW CALCULATED

ICOMPRE TURBINE

32 0.0 ICOMPRE TURBINE

33 -1.0 IREL NON-D MASS FLOW

34 -1.0 IREL NON-D SPEED

35 0.88 ITURBINE EFFICIENCY

36 -1.0 IREL ROT SPEED=COMPRE ROT SPEED
37 2.0 ICOMP NO

38 1.0 ITURBINE MAP

39 -1.0 IPOWER LAW

IASIN115 ICOMWRK

IDUCTER

41 0.0 IDUCTER

42 0.01 IPRESSURE LOSS

43 0.0

44 100000.0

IPOWER TURBINE

45 1567000.0 !'POWER TURBINE OUTPUT
46 -1.0 IREL NON-D MASS FLOW

47 -1.0 IREL NON-D SPEED

48 0.89 ITURBINE EFFICIENCY

49 1.0 IREL ROT SPEED

50 0.0 ICOMP NO

51 5.0 ITURBINE MAP

52 1000.0 IPOWER LAW INDEX

53 -1.0 ISET FOR POWER TURBINE
IHETHOT

54 0.01 IHOT SIDE PRESSURE LOSS
55 0.75 IEFFECTIVENESS

56 1.0 ITYPE:RECUPERATOR

57 0.02 IMASS FLOW LEAKAGE
IDUCTER

58 0.0 IDUCTER

59 0.01 IPRESSURE LOSS

60 0.0

61 100000.0

INOZCON

62 -1.0 ISWITCH TO FIXED AREA
IPERFOR

IAS IN 48 IPOWER TURBINE:POWER OUTPUT
64 1.0 IPROPELLER EFFICIENCY:PERFORMANCE
65 0.0 ISCALING INDEX

66 0.0 ISHAFT POWER

IARITHY: COMPREAXIALPCN=COMPRECENTRIFUGALPCN
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70 5.0 ICOPY

71 -1.0

72 16.0 ICOMPRECENTRIFUGALPCN

73 -1.0

74 6.0 ICOMPREAXIALPCN

IARITHY: COMPRETURBINEWORK=COMPREAXIALWORK+COMPRECENTRIFUGALWORK
75 1.0 IADD

76 -1.0

77 115.0 ICOMPRETURBINEWORK
78 -1.0

79 101.0 ICOMPREAXIALWORK
80 -1.0

81 104.0 ICOMPRECENTRIFUGALWORK
-1
1257 IMASS FLOW
46 300.0 IINTERCOOLER OUTLET TEMPERATURE
86 1500.0 ITET
-1
Time Now 20:46:34

The Units for this Run are as follows:-
Temperature = K Pressure = Atmospheres Length = metres
Area = sq metres Mass Flow = kg/sec Velocity = metres/sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust= N/kg/sec Power= Watts
1
***x* DESIGN POINT ENGINE CALCULATIONS *****
***x* AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |1S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z =0.85000 PR= 2.500 ETA =0.79000

PCN = 1.0000 CN =1.00000 COMWK = 0.62497E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.1000 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1406.84 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.85000 PR = 4.500 ETA =0.79000

PCN = 1.0000 CN =1.00000 COMWK = 0.11664E+07
HETYP = 1.0 HEUA = 6.459

HETYP = 1.0 HEUA = 7.034

HETYP = 1.0 HEUA = 7.014

= HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETAD = 0.75000E+00

ETA =0.75000 DLP =0.1080

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5346 WFB = 0.1040

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 401.640 ETA = 0.88000 CN = 2.800

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 219.627 ETA = 0.89000 CN = 2.200

AUXWK = 0.15670E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.15670E+07
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HETYP = 1.0 HEUA = 7.014

e HEAT EXCHANGER HOT SIDE PARAMETERS *****

ETAD = 0.75000E+00 HEUA = 7.014 ETASF = 0.00000E+00

ETA = 0.7500 DLP =0.0137 TOTHOT = 662.2637

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 394.50 Gross Thrust = 2235.54
Nozzle Coeff. = 0.97635E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.700 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.700 ****** 1.00000 ****** 288.15 *xwxxx wwwwex
3 0.00000 5.700 ****** 250000 ****** 397.01 Frerrr wwwwE
4 0.00000 5.700 ****** 240000 ****** 300.0Q ***xxx wexwr
5 0.00000 5.700 ****** 10.80001 ****** 501.75 *r**xx wwwxxs
6 0.00000 5.130 ****** 10.80001 ****** 5(Q1.75 ***** wwwwxx
7 0.00000 5.130 ****** 10.69201 ****** 823.64 ****xx *wwxxx
8 0.02028 5.234 **er 1015741 *ererr 150000 *rerer weress
9 0.01825 5.804 ****** 10.15741 ****** 141(0.99 **xxxx wxxwwx
10 0.01825 5.804 ***** 3.85956 ****** 1159.01 *wwwxx wrweex
11 0.01825 5.804 ***** 3.82096 ****** 1159.01 *wwwxx *wweex
12 0.01825 5.804 ****** 1.36602 ****** 931.24 *****x *wwo
13 001825 5804 Kkkkkk 135236 *kkkkk 93124 Kkkkkk hkkkkk

14 0.01825 5.804 1.00000 1.35236 863.73 931.24 394.5 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01825 5.804 ****** 1.35236 ****** 662.26 ****** *err*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.570 ****** 10.80001 ****** 501.75 ***xxx wxxwrx

Shaft Power = 1567000.00
Net Thrust = 2235.54

Equiv. Power = 1711141.13
Fuel Flow = 0.1040

S.F.C. = 66.3883

E.S.F.C. = 60.7960

Sp. Sh. Power = 274912.28

Sp. Eq. Power = 300200.19
Sh. Th. Effy. = 0.3493

Time Now 20:46:34

-1
86 1350.0 !'OD CALCULATION: TET = 1350.0K
-1

Time Now 20:46:34

BERR(1)= 0.00000E+00
BERR(2)= 0.68671E-01
BERR(3) = -0.74175E-01
BERR(4) = -0.69034E-01
BERR(5) = -0.72007E-01
BERR(6) = -0.23647E+00
Loop 1

BERR( 1) = -0.46739E-04
BERR(2)= 0.47468E-01
BERR(3)= -0.51317E-01
BERR(4) = -0.48704E-01
BERR(5) = -0.42521E-01
BERR(6) = -0.16257E+00
Loop 2

BERR( 1) = -0.11890E-03
BERR(2)= 0.27906E-01
BERR(3) = -0.30120E-01
BERR(4) = -0.31385E-01
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BERR(5) = -0.85062E-02
BERR(6) = -0.89792E-01
Loop 3

BERR( 1) = 0.34902E-02
BERR(2)= 0.95061E-02
BERR( 3) = -0.11657E-01
BERR(4) = -0.16997E-01
BERR(5)= 0.21180E-01
BERR(6) = -0.23584E-01
Loop 4

BERR(1)= 0.46113E-02
BERR(2) = -0.13412E-02
BERR( 3) = 0.63934E-03
BERR(4) = -0.44287E-02
BERR(5)= 0.17579E-01
BERR(6) = 0.72253E-02
Loop 5

BERR( 1) = -0.36238E-03
BERR(2)= -0.17191E-03
BERR(3)= 0.95652E-03
BERR(4)= 0.12824E-04
BERR( 5) = -0.49827E-03
BERR(6) = -0.21723E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****
*xx AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
**** COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z=0.92613 PR= 2370 ETA = 0.79534

PCN = 0.9031 CN =0.90308 COMWK = 0.49208E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.0948 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1097.26 = KWATTS

*+e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.80696 PR= 3.786 ETA = 0.80845

PCN = 0.9031 CN =0.90308 COMWK = 0.83345E+06
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.78606 DLP =0.0913

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.4542 WFB = 0.0729

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 402.846 ETA = 0.89641 CN = 2.664

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 211.776 ETA = 0.85340 CN = 2.317

AUXWK = 0.10616E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.10616E+07
= HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7861 DLP =0.0100 TOTHOT = 612.6841

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 314.88 Gross Thrust= 1505.71
Nozzle Coeff. = 0.97462E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

PhD Thesis / Barinyima Nkoi 219



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 4.835 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 4.835 ***** 1.00000 ****** 288.15 xxr* wwwwx
3 0.00000 4.835 ****** 237035 ****** 389,23 Frwwwr wwwwEx
4 0.00000 4.833 ****** 227554 **** 300.0Q Frrrrr e
5 OOOOOO 4833 Fkkkkk 861532 Fkkkkk 47038 Kkkhkk Kkkkkk
6 OOOOOO 4350 Fkkkkk 861532 Fkkkhk 47038 Kkkhkk Kkkkkk
7 0.00000 4.350 ****** 852405 *rFr 77587 rrEwx wwwwxx
8 0.01676 4.423 *™**** 8.06985 ****** 1350.0Q ****** wwwwwx
9 0.01509 4.006 *rreex 8 ()GO8H FFERRE | DT() T FrEkkE wwwwkk
10 0.01509 4.906 ****** 3.21475 ****** 1045.35 ***xxx wxwwex
11 001509 4906 dkkkkk 318260 *kkkkk 104535 kkkkkk  kkkkkk
12 001509 4906 Kkkkkk 123585 *kkkkk 85899 Kkkkkk hkkkkk
13 001509 4906 Fkkkkk 122349 Fkkhkk 85899 hkkkhk  hkkkkk

14 0.01509 4.906 1.00000 1.22349 815.55 858.99 314.9 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01509 4.906 ****** 1.22590 ****** §12.68 ****** *wexr*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.483 ****** 8.61532 ****** 47(0.38 **xr** *wewr*

Shaft Power = 1061646.63
Net Thrust = 1505.71

Equiv. Power = 1158730.25
Fuel Flow = 0.0729

S.F.C. = 68.6801

E.S.F.C. = 62.9257

Sp. Sh. Power = 219568.11

Sp. Eq. Power = 239646.78
Sh. Th. Effy. = 0.3376

Time Now 20:46:34

-1
86 1400.0 !'OD CALCULATION: TET = 1400.0K
-1

Time Now 20:46:34

BERR( 1) = -0.36238E-03
BERR(2) = -0.20901E-01
BERR(3) = 0.24246E-01
BERR(4)= 0.16726E-01
BERR(5) = 0.49380E-01
BERR(6) = 0.85150E-01
Loop 1

BERR(1)= 0.28783E-03
BERR(2) = -0.75736E-02
BERR(3)= 0.90537E-02
BERR(4)= 0.57037E-02
BERR(5)= 0.22017E-01
BERR(6) = 0.30764E-01
Loop 2

BERR(1)= 0.53022E-03
BERR(2) = -0.25444E-03
BERR(3)= 0.40773E-03
BERR(4) = -0.36666E-03
BERR(5)= 0.61747E-02
BERR(6) = 0.31405E-02
Loop 3

BERR( 1) = -0.13963E-04
BERR(2)= 0.65236E-05
BERR(3) = -0.15255E-03
BERR(4) = -0.30178E-05
BERR(5)= 0.16762E-03
BERR(6) = 0.38090E-03
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1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****

= AMBIENT AND INLET PARAMETERS *****

Alt.= 00 |S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 1.0000 Momentum Drag =  0.00

2 COMPRESSOR 1 PARAMETERS *****

PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z =0.90697 PR= 2421 ETA = 0.79882

PCN = 0.9326 CN =0.93265 COMWK = 0.53231E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0968 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1190.52  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z=0.81983 PR= 3.997 ETA = 0.80282

PCN = 0.9326 CN =0.93265 COMWK = 0.93136E+06
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.77426 DLP = 0.0966

Frxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.4807 WFB = 0.0824

**** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 402.342 ETA =0.89146 CN= 2703

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 213.881 ETA = 0.86890 CN = 2.275

AUXWK = 0.12238E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.12238E+07
*** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7743 DLP =0.0111 TOTHOT = 628.3199

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 340.01 Gross Thrust= 1722.36
Nozzle Coeff. = 0.97520E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.112 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5112 Frrxk 4 (JOO0Q *FFFFT Q8.5 FrrEkx wwwwwk
3 OOOOOO 5112 Fkkhkk 242088 Fkkkkk 39156 Kkkhkk Kkkkkk
4 0.00000 5.112 ***=*** 232404 ****** 300.0Q *rrrrx wwweex
5 0.00000 5.112 ****** Q28882 ****** 479.9Q *rrrrx wwwwEx
6 OOOOOO 4601 *kkhkk 928882 Kkkkkk 47990 kkkkkk khkkkkk
7 0.00000 4.601 **exxx Q49222 *hekkx 7Qq 7 Hekrxx wkxxex
8 0.01792 4.683 *™**** 8.71147 ****** 1400.00 ****** *rwwxx
9 0.01613 5.194 ***** 871147 ****** 1317.43 e wwoo
10 0.01613 5.194 ****** 343181 ****** 1084.08 ***xxx wxxwx*
11 0.01613 5.194 ***** 3.39749 ****** 1084.08 ****xx *rwee*
12 0.01613 5,194 ***** 127693 ****** 88259 ****** wwwwwx
13 0.01613 5,194 ***** 126416 ****** 88259 ****** wwwwxx

14 0.01613 5.194 1.00000 1.26416 831.81 882.59 340.0 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01613 5.194 ***** 126584 ****** §28.32 **wr* *wwowr*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.511 ****** Q28882 ****** 479.9(Q **xr* *wewr*

Shaft Power = 1223804.00
Net Thrust = 1722.36

PhD Thesis / Barinyima Nkoi 221

CRANFIELD
UNIVERSITY 2014



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY CRANFIELD
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY UNIVERSITY 2014

Equiv. Power = 1334856.50
Fuel Flow = 0.0824
S.F.C. = 67.3653
E.S.F.C. = 61.7609

Sp. Sh. Power = 239398.08

Sp. Eq. Power = 261121.94
Sh. Th. Effy. = 0.3442

Time Now 20:46:34

-1

86 1450.0
-1

Time Now 20:46:34
BERR( 1) = -0.13963E-04
BERR(2) = -0.20008E-01
BERR( 3) = 0.22878E-01
BERR(4)= 0.16830E-01
BERR(5)= 0.27851E-01
BERR(6)= 0.76910E-01
Loop 1
BERR( 1) = 0.28044E-02
BERR(2) = -0.58148E-02
BERR(3)= 0.57407E-02
BERR(4)= 0.33381E-02
BERR(5)= 0.11947E-01
BERR(6) = 0.22412E-01
Loop 2
BERR( 1) = 0.22348E-02
BERR( 2) = -0.17969E-03
BERR( 3) = -0.69869E-03
BERR(4)= -0.13321E-02
BERR(5) = 0.32634E-02
BERR(6) = 0.54099E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
% AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z =0.88287 PR= 2.466 ETA =0.79634

PCN = 0.9644 CN =0.96440 COMWK = 0.57635E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0986 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1293.34  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.83226 PR= 4224 ETA =0.79678

PCN = 0.9644 CN =0.96440 COMWK = 0.10401E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****
ETA=0.76213 DLP =0.1024

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP = 0.5095 WFB = 0.0927

=*** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 402.023 ETA = 0.88630 CN= 2746

AUXWK = 0.00000E+00

=*** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05
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TF = 216.393 ETA = 0.87698 CN = 2.236
AUXWK = 0.13886E+07
Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.13886E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7621 DLP =0.0124 TOTHOT = 644.9241

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 367.14 Gross Thrust = 1968.94
Nozzle Coeff. = 0.97576E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.391 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5391 *kkkkk 100000 Hkkkkk 28815 Kkkkkk  Khkkkkk
3 0.00000 5.391 ****** 246557 ****** 304,30 *rrrrr wwwwEr
4 0.00000 5.403 ****** 236694 ****** 300.0Q *rrrrr weeeer
5 0.00000 5.403 ****** Q.99699 ****** 48903 *rrrwx whwwxx
6 0.00000 4.863 *™**** 09.99699 ****** 489 .93 rrrEr wwwwx
7 0.00000 4.863 ****** Q80461 *rrrrx OB.4Q *rrrr wxwrex
8 001907 4956 *kkkkk 938510 Kkkkkk 145000 Kkkkkk Kkkkkk
9 001716 5496 *kkkkk 938510 Hkkkkk 136412 Kkkkkk Kkkkkk
10 001716 5496 Fkkkhk 364690 Fkkkkk 112233 Kkkhkk Kkkkkk
11 001716 5496 Kkkkkk 361043 *kkkkk 112233 Kkkkkk Khkkkkk
12 0.01716 5.496 ***rrx { 38Q7 rrkEEx QT JE Frwrkk kkwwwx
13 0.01716 5.496 ***rrx | JORTE rrEEx Q7. JE FrrrEk kwwwws

14 0.01716 5.496 1.00000 1.30578 848.87 907.76 367.1 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01716 5496 ****** 130661 ****** 44,92 **wer wrwnr
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.540 ****** Q.99699 ****** 489.93 ***wxx wwxxx

Shaft Power = 1388630.38
Net Thrust = 1968.94

Equiv. Power = 1515582.00
Fuel Flow = 0.0927

S.F.C. = 66.7848

E.S.F.C. = 61.1907

Sp. Sh. Power = 257569.69

Sp. Eq. Power = 281117.28
Sh. Th. Effy. = 0.3472

Time Now 20:46:34

-1

8 6 1500.0
-1

Time Now 20:46:34
BERR( 1) = 0.22348E-02
BERR( 2) = -0.19524E-01
BERR(3)= 0.21887E-01
BERR(4)= 0.15723E-01
BERR(5) = 0.15824E-01
BERR(6) = 0.78358E-01
Loop 1
BERR(1)= 0.23979E-03
BERR(2) = -0.44476E-02
BERR( 3) = 0.59806E-02
BERR(4)= 0.29420E-02
BERR(5)= 0.61762E-02
BERR(6) = 0.19060E-01
Loop 2
BERR( 1) = -0.12270E-03
BERR( 2) = -0.16622E-03
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BERR(3)= 0.49361E-03
BERR(4) = -0.34231E-03
BERR(5)= 0.19047E-02
BERR(6)= 0.16291E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****

**x AMBIENT AND INLET PARAMETERS *****

Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 1.0000 Momentum Drag = 0.00

**x COMPRESSOR 1 PARAMETERS *****

PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z=0.84843 PR= 2497 ETA =0.79002

PCN = 0.9999 CN = 0.99987 COMWK = 0.62417E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0999 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1404.77 KWATTS

** COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.84439 PR= 4.476 ETA =0.79002

PCN = 0.9999 CN = 0.99987 COMWK = 0.11615E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.74998 DLP =0.1086

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5387 WFB = 0.1040

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 401.970 ETA = 0.88065 CN = 2.800

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 220.420 ETA = 0.89285 CN= 2.199

AUXWK = 0.15681E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.15681E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7500 DLP =0.0137 TOTHOT = 661.7667

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 394.76 Gross Thrust = 2237.33
Nozzle Coeff. = 0.97636E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.702 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5702 *kkkkk 100000 Hkkkkk 28815 Kkkkkk  Khkkkkk
3 0.00000 5.702 *****x 249691 **FFF* 306.84 *rrrr wwwwxx
4 0.00000 5.701 ¥ 239703 ****** 300.0Q *rrrrr weeeer
5 0.00000 5.701 ****** 10.72958 ****** 500.88 ****xx *wwxxx
6 0.00000 5.131 ****** 10.72958 ****** 500.88 ****** *xwxx
7 OOOOOO 5131 Fkkkkk 1062102 Fkkkkk 82417 hkkkkk  hkkkkk
8 0.02026 5.235 ****** 10.08235 ****** 1500.0Q ***xxr wrxwr*
9 001824 5805 *kkkkk 1008235 Kkkkkk 141091 Kkkkkk  Khkkkkk
10 0.01824 5.805 ****** 3.84777 ****** 1159.78 *wwwwx wwweex
11 0.01824 5.805 ****** 3.80929 ****** 1159.78 ***xxx wxxwxx
12 0.01824 5.805 ****** 1.36714 ****** 931.91 wrr¥x wwwx
13 0.01824 5.805 ****** 1.35347 ****** Q31.91 wrrwsx wwwwx

14 0.01824 5.805 1.00000 1.35347 864.16 931.91 394.8 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01824 5.805 ****** 1.35348 ****** 661.77 *****x *rwoxx
17 0.00000 0.000 ****** 0.00000 0.00
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18 0.00000 0.570 ****** 10.72958 ****** 500.88 ****** *wxx*

Shaft Power = 1568067.63
Net Thrust = 2237.33

Equiv. Power = 1712323.63
Fuel Flow = 0.1040

S.F.C. = 66.3045

E.S.F.C. = 60.7186

Sp. Sh. Power = 275024.06

Sp. Eq. Power = 300325.19
Sh. Th. Effy. = 0.3497

Time Now 20:46:34

-1

8 6 1550.0
-1

Time Now 20:46:34
BERR( 1) = -0.12270E-03
BERR(2) = -0.18892E-01
BERR(3)= 0.22398E-01
BERR(4)= 0.17176E-01
BERR(5)= 0.51480E-01
BERR(6)= 0.76078E-01
Loop 1
BERR(1)= 0.89397E-02
BERR(2) = -0.11724E-02
BERR(3) = -0.19656E-01
BERR(4) = -0.20658E-01
BERR(5)= 0.19951E-01
BERR(6) = 0.54000E-02
Loop 2
BERR( 1) = -0.56232E-02
BERR(2)= 0.41130E-03
BERR(3)= 0.13225E-01
BERR(4)= 0.13530E-01
BERR(5) = -0.79368E-02
BERR(6)= 0.41347E-03
Loop 3
BERR(1)= 0.36921E-02
BERR( 2) = -0.26529E-03
BERR(3) = -0.84556E-02
BERR(4)= -0.87518E-02
BERR(5)= 0.56589E-02
BERR(6)= 0.63832E-03
Loop 4
BERR( 1) = -0.23366E-02
BERR(2)= 0.17332E-03
BERR(3)= 0.54472E-02
BERR(4)= 0.55915E-02
BERR(5) = -0.34953E-02
BERR(6) = -0.10100E-03
Loop 5
BERR(1)= 0.15165E-02
BERR(2)= -0.11071E-03
BERR(3) = -0.34962E-02
BERR(4) = -0.36067E-02
BERR(5)= 0.22959E-02
BERR(6)= 0.19408E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
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*e* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z=0.82918 PR= 2521 ETA=0.77914

PCN= 1.0183 CN =1.01831 COMWK = 0.66281E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.1009 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1496.38 = KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.85730 PR= 4.670 ETA =0.77807

PCN= 1.0183 CN =1.01831 COMWK = 0.12651E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.74160 DLP =0.1129

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA =0.99000 DLP =0.5621 WFB = 0.1137

% TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 402.114 ETA =0.88035 CN = 2.805

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 221.407 ETA = 0.89725 CN= 2.164

AUXWK = 0.17156E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.17156E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA= 0.7416 DLP =0.0147 TOTHOT = 679.3574

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 418.74 Gross Thrust = 2463.39
Nozzle Coeff. = 0.97682E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.900 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5900 *kkkkk 100000 Hkkkkk 28815 Kkkkkk Khkkkkk
3 0.00000 5.900 ****** 2,52132 ****FF 399,68 *rrrrr wwwwEx
4 0.00000 5.909 ****** 242047 ***r 300.0Q Frrwr e
5 0.00000 5.909 ****** 11.30386 ****** 510.93 *r*rxx wwwewx
6 0.00000 5.318 ***** 11.30386 ****** 510.93 w***** wwwwxx
7 0.00000 5.318 ****** 11.19095 ****** 843.51 ***wxx wwwwwx
8 002137 5432 *kkkkk 1062884 Kkkkkk 155000 Kkkkkk  Khkkkkk
9 001923 6022 *kkkkk 1062884 Hkkkkk 145763 Khkkkk  Khkkkkk
10 0.01923 6.022 ***** 4.02603 ****** 1198.03 ****xx *rwe*
11 0.01923 6.022 ****** 3.98577 ****** 1198.03 ***xxx *wweex
12 0.01923 6.022 ****** 1.40551 ****** Q5Q 35 wwwww* wwwwwx
13 0.01923 6.022 ****** 1.39146 ****** 95Q.35 wxrw** wwwwwx

14 0.01923 6.022 1.00000 1.39146 883.55 959.35 418.7 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01923 6.022 ****** 1.39079 ****** §79.36 *****x *xwx*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.591 ****** 11.30386 ****** §10.93 ***xxr wxxwe*

Shaft Power = 1715589.88
Net Thrust = 2463.39
Equiv. Power = 1874421.63
Fuel Flow = 0.1137
S.F.C. = 66.2480
E.S.F.C. = 60.6344
Sp. Sh. Power = 290786.72
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Sp. Eq. Power = 317708.19
Sh. Th. Effy. = 0.3500
Time Now 20:46:34

-1

8 6 1600.0
-1

Time Now 20:46:34
BERR(1)= 0.15165E-02
BERR( 2) = -0.18265E-01
BERR(3)= 0.17510E-01
BERR(4)= 0.13679E-01
BERR(5)= 0.46182E-01
BERR(6)= 0.70511E-01
Loop 1
BERR( 1) = 0.17442E-03
BERR( 2) = -0.19708E-03
BERR( 3) = 0.10086E-02
BERR( 4) = -0.80552E-03
BERR(5)= 0.52657E-02
BERR(6) = 0.14553E-02
Loop 2
BERR(1)= 0.17855E-05
BERR( 2) = 0.54984E-05
BERR( 3) = -0.20037E-03
BERR(4)= 0.36431E-05
BERR( 5) = -0.15187E-02
BERR(6)= 0.19780E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
**xx COMPRESSOR 1 PARAMETERS *****
PRSF = 0.24510E+01 ETASF = 0.91980E+00 WASF = 0.19204E-01

Z=0.81137 PR= 2.534 ETA=0.77169

PCN = 1.0328 CN =1.03285 COMWK = 0.69119E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.1013 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1563.31  KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13611E-01

Z =0.87008 PR= 4.838 ETA=0.76778

PCN = 1.0328 CN =1.03285 COMWK = 0.13514E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.73568 DLP =0.1159

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5815 WFB = 0.1223

***** TURBINE 1 PARAMETERS *****

CNSF = 0.10518E+03 ETASF = 0.10249E+01 TFSF = 0.18590E+02
DHSF = 0.61204E+04

TF = 402.495 ETA =0.88153 CN = 2.801

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.74897E-02 ETASF = 0.10609E+01 TFSF = 0.42488E+01
DHSF = 0.40432E+05

TF = 222.203 ETA = 0.89983 CN= 2129

AUXWK = 0.18519E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.18519E+07

e HEAT EXCHANGER HOT SIDE PARAMETERS *****
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ETA = 0.7357 DLP =0.0156 TOTHOT = 696.8683

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0360 Exit Velocity = 440.19 Gross Thrust = 2658.12
Nozzle Coeff. = 0.97722E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.057 1.00000 1.00000 288.15 288.15 0.0 ******
000000 6057 dekkdkk 100000 kkkkkk 28815 dkkdkkdk  Khkkkkk
3 0.00000 6.057 ****** 253373 **rF* 4(01.42 T e
4 0.00000 6.057 ****** 243238 ****** 300.00 *rrerr e
5 0.00000 6.057 ****** 11.76695 ****** 519.67 **xr** wrwerx
6 0.00000 5.451 ****** 1176695 ****** 519.67 ****+ xrwwxx
7 0.00000 5.451 ****** 11.65102 ****** 864.62 ***+* *rxx*
8 002244 5574 *kkkkk 1106949 Kkkkkk 160000 Kkkkkk kK
9 0.02020 6.179 ***** 11.06949 ****** 1504.24 *rrxwr wwww
10 0.02020 6.179 ***** 419920 ****** 1237.90 ***** wwxwx
11 0.02020 6.179 ***** 415721 ****** 1237.90 ***er* wwwwx
12 0.02020 6.179 ***** 144103 ****** 988 .51 *wwiwx wwwwwx
13 0.02020 6.179 ***** 142662 ****** 988.51 *xxwx* whwxwx

14 0.02020 6.179 1.00000 1.42662 905.23 988.51 440.2 0.0360

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02020 6.179 ****** 1.42545 ****** §96.87 *****x *rwxxx
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.606 ****** 11.76695 ****** 519.67 ***** *wxw*

Shaft Power = 1851885.00
Net Thrust = 2658.12

Equiv. Power = 2023272.25
Fuel Flow = 0.1223

S.F.C.= 66.0677

E.S.F.C. = 60.4712

Sp. Sh. Power = 305745.41

Sp. Eq. Power = 334041.38
Sh. Th. Effy. = 0.3510

Time Now 20:46:34

-3

A.3 Input and result file for LPC-ZS helicopter engine

performance simulation

TURBOMATCH SCHEME - Windows NT version (October 1999)
LIMITS:100 Codewords, 800 Brick Data Items, 50 Station Vector
15 BD Items printable by any call of:-

OUTPUT, OUTPBD, OUTPSV, PLOTIT, PLOTBD or PLOTSV

Input "Program"” follows
DT T

IPERFORMANCE SIMULATION OF A TWO-SPOOL TURBOSHAFT!
IHELICOPTER ENGINE WITH A FREE POWER TURBINE AND !
IZEROSTAGED LP COMPRESSOR !

IINSPIRED BY TURBOMECCA MAKILA 2A ENGINE CORE !

IMODELLED BY BARINYIMA NKOI, MARCH 2012 !
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OD SIKE CT FP

-1

-1

INTAKE S1-2 D1-4 R100

COMPRE S2-3 D5-10 R101 V5 V6
COMPRE S3-4 D11,6,13-16 R102 V11
ARITHY D70-74

ARITHY D75-81

COMPRE S4-5 D17,6,19-22 R104 V17
PREMAS S5,6,14 D23-26

ARITHY D82-88

BURNER S6-7 D27-29 R107

MIXEES S§7,14,8

TURBIN S$8-9 D30-37,120 V31
DUCTER §9-10 D39-42 R108

TURBIN S$10-11 D43-51 V43 V44
DUCTER S$11-12 D52-55 R110
NOZCON S12-13,1 D56 R111
PERFOR §1,0,0 D43,58-60,111,100,107,0,0,0,0,0,0
CODEND
IINTAKE

1 0.0 IALTITUDE:INLET

200 IISA DEVIATION

300  IMACHNO

4-10  IPRESSURE RECOVERY
ICOMPRE ZEROSTAGE

5085 ISURGE MARGIN

6 -1.0  'ROTATIONAL SPEED

7 113 IPRESSURE RATIO

8 0.79  ICOMPRE EFFICIENCY

9 00  !ERROR SWITCH

10 2.0 ICOMPRE MAP
ICOMPRE AXIAL

11 085  !SURGE MARGIN
IPCNASIN6 !ROTATIONAL SPEED
13 255 IPRESSURE RATIO

14 079  |COMPRE EFFICIENCY
15 0.0 IERROR SWITCH

16 4.0 ICOMPRE MAP
ICOMPRE CENTRIFUGAL

17 085  ISURGE MARGIN

18 -1.0  IROTATIONAL SPEED

19 45 IPRESSURE RATIO

20 0.79  !COMPRE EFFICIENCY
21 1.0 IERROR SWITCH

22 4.0 ICOMPRE MAP

IPREMAS

23 0.919  ILAMBDA(W) {W5/W4}
24 0.0 IDELTA(W)

25 1.0 ILAMBDA(P)

26 0.0 IDELTA(P)

IBURNER

27 0.05  !PRESSURE LOSS

28 0.99  !COMBUS EFFICIENCY
29 -1.0  IFUEL FLOW CALCULATED
ICOMPRE TURBINE

30 0.0 ICOMPRE TURBINE

31 -1.0  'REL NON-D MASS FLOW
32 -1.0  'REL NON-D SPEED

33 0.88  ITURBINE EFFICIENCY
34 -1.0  'REL ROT SPEED=COMPRE ROT SPEED
35 2.0 ICOMP NO

36 4.0 ITURBINE MAP
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37 -1.0 IPOWER LAW

IASIN120 ICOMWRK

IDUCTER

39 0.0 IDUCTER

40 0.01 IPRESSURE LOSS

41 0.0

42 100000.0

IPOWER TURBINE

43 1567000.0 !'POWER TURBINE output
44 1.0 IREL NON-D MASS FLOW

45 1.0 IREL NON-D SPEED

46 0.89 ITURBINE EFFICIENCY

47 1.0 IREL ROT SPEED

48 0.0 ICOMP NO

49 5.0 ITURBINE MAP

50 1000.0 !'POWER LAW INDEX

51 -1.0 ISET FOR POWER TURBINE
IDUCTER

52 0.0 IDUCTER

53 0.01 IPRESSURE LOSS

54 0.0

55 100000.0

INOZCON

56 -1.0 ISWITCH TO FIXED AREA
IPERFOR

IAS IN 48 IPOWER TURBINE:POWER OUTPUT
58 1.0 IPROPELLER EFFICIENCY:PERFORMANCE
59 0.0 ISCALING INDEX

60 0.0 ISHAFT POWER

IARITHY: COMPREAXIALPCN=COMPRECENTRIFUGALPCN
70 5.0 ICOPY

71 1.0

72 18.0 ICOMPRECENTRIFUGALPCN
73 -1.0

74 6.0 ICOMPREAXIALPCN

IARITHY: COMPREWORK1=COMPREAXIALWORK+COMPREZEROSTAGEWORK

75 1.0 IADD

76 -1.0

77 115.0 ICOMPREWORK1

78 -1.0

79 101.0 ICOMPREZEROSTAGEWORK
80 -1.0

81 102.0 ICOMPREAXIALWORK

IARITHY: COMPRETURBINEWORK=COMPREWORK1+COMPRECENTRIFUGALWORK

82 1.0 IADD

83 -1.0

84 120.0 ICOMPRETURBINEWORK
85 -1.0

86 115.0 ICOMPREWORK1

87 -1.0

88 104.0 ICOMPRECENTRIFUGALWORK
-1
1257 IMASS FLOW
761500.0 ITET
-1
Time Now 20:54:30

The Units for this Run are as follows:-
Temperature = K Pressure = Atmospheres Length = metres
Area = sq metres Mass Flow = kg/sec Velocity = metres/sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust= N/kg/sec Power = Watts
1
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**xx* DESIGN POINT ENGINE CALCULATIONS *****
e AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 [|LS.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
****x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.85000 PR= 1.130 ETA = 0.79000
PCN = 1.0000 CN =1.00000 COMWK = 0.74218E+05
**xx* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.85000 PR = 2.500 ETA = 0.79000
PCN = 1.0000 CN =1.00000 COMWK = 0.65302E+06
% COMPRESSOR 3 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.85000 PR = 4.500 ETA = 0.79000
PCN = 1.0000 CN =1.00000 COMWK = 0.16058E+07
Fxxxt COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP = 0.6356 WFB = 0.1265
***** TURBINE 1 PARAMETERS *****
CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05
TF = 414.346 ETA = 0.88000 CN = 2.060
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05
TF = 219.627 ETA = 0.89000 CN = 2.200
AUXWK = 0.15670E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.15670E+07
****x% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0557 Exit Velocity = 254.84 Gross Thrust = 1445.28
Nozzle Coeff. = 0.97337E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.700 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.700 ****** 1.00000 ****** 288.15 *xwxxx wwwwex
3 0.00000 5.700 ****** 1.13000 ****** 301.12 *reeer wwww
4 0.00000 5.700 ****** 282500 *Frr* 4147 Feeeer sweees
5 0.00000 5.700 ****** 1271251 *Frr §85.45 Frrwrw wwwwwx
6 0.00000 5.238 ****** 1271251 **** §85.45 wrrEr wwwwwx
7 0.02415 5.365 ****** 12.07688 ****** 1500.0Q ***xrr wxxwrr
8 0.02219 5.826 ****** 12.07688 ****** 144(0.92 *xwrrr wwwwwx
9 0.02219 5.826 ****** 3.39015 ****** 1115.86 ***x*x *ree*
10 002219 5826 Hkkkkk 335625 *kkkkk 111586 Khkkkk  Khkkkkk
11 0.02219 5.826 ***** 1.15185 ****** 888.68 ****** wwwwx*
12 0.02219 5.826 ****** 1.14033 ****** 888.68 ****** *xwxx

13 0.02219 5.826 1.00000 1.14033 860.54 888.68 254.8 0.0557
14 0.00000 0.462 ****** 1271251 ****** §85.45 **wxwx wwwwwx

Shaft Power = 1567000.00
Net Thrust = 1445.28

Equiv. Power = 1660187.13
Fuel Flow = 0.1265

S.F.C. = 80.7230

E.S.F.C. = 76.1920

Sp. Sh. Power = 274912.28

Sp. Eq. Power = 291260.91
Sh. Th. Effy. = 0.2873

Time Now 20:54:30
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-1
7 6 1350.0
-1
Time Now 20:54:30

BERR( 1) = 0.00000E+00
BERR(2) = 0.00000E+00
BERR(3)= 0.57076E-01
BERR(4)= -0.92976E-01
BERR(5) = -0.84233E-01
BERR( 6) = -0.80430E-01
BERR(7)= -0.29854E+00
Loop 1

BERR( 1) = 0.10225E-04
BERR(2)= 0.89155E-03
BERR(3) = 0.42840E-01
BERR(4)= -0.70255E-01
BERR(5) = -0.65051E-01
BERR( 6) = -0.55906E-01
BERR(7)= -0.21972E+00
Loop 2

BERR(1)= -0.27316E-03
BERR(2)= 0.17697E-02
BERR(3) = 0.29664E-01
BERR(4)= -0.47772E-01
BERR(5) = -0.46959E-01
BERR( 6) = -0.25899E-01
BERR(7)= -0.13918E+00
Loop 3

BERR( 1) = -0.16937E-03
BERR(2) = 0.24465E-02
BERR(3)= 0.17129E-01
BERR(4) = -0.25559E-01
BERR(5) = -0.29279E-01
BERR(6) = 0.52606E-02
BERR(7)= -0.60858E-01
Loop 4

BERR(1)= 0.18343E-02
BERR(2) = 0.29524E-02
BERR(3) = 0.43975E-02
BERR(4) = -0.44105E-02
BERR(5) = -0.10806E-01
BERR(6) = 0.25297E-01
BERR(7)= 0.57827E-02
Loop 5

BERR( 1) = -0.17797E-02
BERR(2)= 0.11436E-02
BERR(3)= -0.13310E-03
BERR(4)= 0.78223E-03
BERR(5) = -0.58919E-03
BERR( 6) = -0.80553E-03
BERR(7)= 0.71838E-03

1
**** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****
== AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 [I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
e COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z=0.91938 PR= 1.117 ETA = 0.80023
PCN = 0.8987 CN = 0.89872 COMWK = 0.56054E+05
2 COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.91341 PR = 2.345 ETA = 0.80322
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PCN = 0.8987 CN =0.90082 COMWK = 0.49814E+06

**xx* COMPRESSOR 3 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z=0.82764 PR= 3.911 ETA = 0.80666

PCN = 0.8987 CN =0.91250 COMWK = 0.11474E+07

**xxx COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5213
***** TURBINE 1 PARAMETERS *****
CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05

TF = 411.996 ETA =0.87424
AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****
CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05

TF = 209.157 ETA =0.84129
AUXWK = 0.10094E+07

Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.10094E+07

****x% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01

WFB = 0.0917

CN= 1.951

CN= 2312

Area = 0.0557 Exit Velocity = 203.74 Gross Thrust= 974.25
Nozzle Coeff. = 0.97259E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 4.828 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 4828 Fkkhkk 100000 Fkkkkk 28815 Kkkhkk Kkkkkk
3 OOOOOO 4819 Fkkhkk 111692 Fkkkkk 29972 Kkkhkk Kkkkkk
4 0.00000 4.825 ****** 2.61969 ****** 402.27 *rrrrr wwwwx
5 0.00000 4.825 ****** 10.24548 ****** ©32.36 *rrrrr FEEE*
6 0.00000 4.434 ****** 10.24548 **** §32.36 *rEEr Fewex
7 0.02068 4.526 ****** Q.72415 ****** 1350.00 *Frrrrr e
8 0.01901 4.917 *™**** 0972415 ****** 1297.48 *r+** wwwwex
9 0.01901 4.917 ***** 2.85664 ****** 1010.32 ****xx *wwoex
10 0.01901 4.917 *=** 282807 ****** 1010.32 ***xxx wxxwxx
11 0.01901 4.917 ***** 1.10315 ****** 833.56 ****** wwwwx*
12 0.01901 4.917 ***** 1.09212 ****** 833.56 ****** wwwwx*

13 0.01901 4.917 1.00000 1.09212 815.32 833.56 203.7 0.0557
14 0.00000 0.391 ***** 10.24548 ****** ©32.36 ****** *rr+*

Shaft Power = 1009374.00
Net Thrust = 974.25

Equiv. Power = 1072190.50
Fuel Flow = 0.0917
S.F.C. = 90.8523
E.S.F.C. = 85.5295

Sp. Sh. Power = 209070.31

Sp. Eq. Power = 222081.42
Sh. Th. Effy. = 0.2552

Time Now 20:54:30

-1

7 6 1400.0
-1
Time Now 20:54:30

BERR( 1) = -0.17797E-02

BERR(2)= 0.11436E-02

BERR( 3) = -0.19073E-01

BERR(4)= 0.33667E-01

BERR(5)= 0.22520E-01

BERR(6) = 0.60732E-01
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BERR(7)= 0.11170E+00

Loop 1

BERR( 1) = -0.15154E-02
BERR(2)= 0.85376E-03
BERR(3) = -0.82011E-02
BERR(4)= 0.14829E-01
BERR(5)= 0.92826E-02
BERR(6) = 0.31096E-01
BERR(7)= 0.51119E-01
Loop 2

BERR( 1) = -0.13289E-02
BERR(2)= 0.12648E-02
BERR(3)= 0.44560E-03
BERR(4) = -0.41284E-04
BERR(5) = -0.13097E-02
BERR(6) = 0.80273E-02
BERR(7)= 0.24942E-02
Loop 3

BERR( 1) = -0.58028E-03
BERR(2)= 0.31874E-04
BERR(3)= 0.35410E-05
BERR(4) = -0.71898E-04
BERR(5) = -0.87689E-04
BERR(6) = 0.35473E-03
BERR(7)= -0.23564E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 [|S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
% COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z=0.90218 PR= 1.122 ETA =0.80162
PCN = 0.9298 CN =0.92982 COMWK = 0.61568E+05
**xx* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.89567 PR= 2400 ETA = 0.80231
PCN = 0.9298 CN =0.93130 COMWK = 0.54482E+06
% COMPRESSOR 3 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.83603 PR = 4.096 ETA = 0.80149
PCN = 0.9298 CN = 0.93965 COMWK = 0.12833E+07
Fxxxt COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP = 0.5560 WFB = 0.1025
**** TURBINE 1 PARAMETERS *****
CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05
TF = 412.529 ETA =0.87621 CN = 1.982
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05
TF = 211.889 ETA = 0.86036 CN= 2272
AUXWK = 0.11865E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.11865E+07
**xx% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0557 Exit Velocity = 219.65 Gross Thrust= 1112.27
Nozzle Coeff. = 0.97279E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
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0.00000 5.106 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.106 ****** 1 00000 ****** D8 15 Frrwkk wkwwwk
0.00000 5.103 **rrrr | 1184 *¥¥wx Z(() 17 Frrrkr wwwwss
0.00000 5.103 ****rx D §QQQQ *EEkx gOF ()7 FrrEkr wkwrss
OOOOOO 5103 *kkhkk 1102694 Fkkkkk 64889 Kkkkkk  hhkkkkk
OOOOOO 4690 *kkkkk 1102694 Hkkkkk 64889 Kkkkkk Kkkkkk
0.02185 4.792 ***** 10.47095 ****** 1400.0Q ****** wxxxr*
0.02008 5.205 ****** 10.47095 ****** 1345.21 *wwwrr e
0.02008 5.205 3 ()309QF *rFFFEF {04628 Frrrwk kwwwx
10 0.02008 5.205 ****** 3.00927 ****** 1046.28 ***xxx wxxwxx
11 0.02008 5.205 ****** 1.11556 ****** 851.3Q ***** *wwwwx
12 0.02008 5.205 ****** 1.10441 ****** 851.3Q *rr** *wwwex
13 0.02008 5.205 1.00000 1.10441 830.22 851.30 219.7 0.0557
14 0.00000 0.413 ***** 11.02694 ****** ©48.89 ***xxx *rwae*

OCoO~NO O WN-=

Shaft Power = 1186543.50
Net Thrust = 1112.27

Equiv. Power = 1258259.13
Fuel Flow = 0.1025

S.F.C. = 86.3661

E.S.F.C. = 81.4436

Sp. Sh. Power = 232395.27

Sp. Eq. Power = 246441.42
Sh. Th. Effy. = 0.2685

Time Now 20:54:30

-1

7 6 1450.0
-1

Time Now 20:54:30
BERR( 1) = -0.58028E-03
BERR( 2) = 0.31874E-04
BERR( 3) = -0.18360E-01
BERR(4)= 0.31646E-01
BERR(5) = 0.22744E-01
BERR(6) = 0.32303E-01
BERR(7)= 0.10146E+00
Loop 1
BERR( 1) = -0.89005E-03
BERR( 2)= 0.23729E-03
BERR( 3) = -0.59944E-02
BERR(4)= 0.10866E-01
BERR(5)= 0.71180E-02
BERR(6)= 0.14673E-01
BERR(7)= 0.34973E-01
Loop 2
BERR( 1) = -0.33821E-03
BERR( 2)= 0.22919E-03
BERR( 3) = 0.21950E-04
BERR(4) = -0.12397E-03
BERR( 5) = -0.97024E-03
BERR(6) = 0.47947E-02
BERR(7)= 0.17298E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
*** COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.87802 PR= 1.126 ETA =0.79645
PCN = 0.9630 CN =0.96302 COMWK = 0.67552E+05
**** COMPRESSOR 2 PARAMETERS *****
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PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z=0.87516 PR= 2.451 ETA = 0.79689

PCN = 0.9630 CN =0.96379 COMWK = 0.59599E+06

**xx* COMPRESSOR 3 PARAMETERS *****

PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.84337 PR = 4.288 ETA = 0.79607

PCN = 0.9630 CN =0.96812 COMWK = 0.14329E+07

**xxk COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5933 WFB = 0.1139

***** TURBINE 1 PARAMETERS *****

CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05

TF = 413.310 ETA = 0.87809 CN= 2.018

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05

TF = 215.081 ETA = 0.87264 CN= 2235

AUXWK = 0.13633E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.13633E+07

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0557 Exit Velocity = 236.78 Gross Thrust = 1267.80
Nozzle Coeff. = 0.97307E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.389 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.389 ***** 1.00000 ****** 288.15 *xrrx* wwmwx
3 0.00000 5.387 ****** 1.12601 ****** 300.64 ****x Freee
4 0.00000 5.389 ****** 276007 ****** 410.35 *rrrwr weweewr
5 0.00000 5.389 ****** 11.83568 ****** 666.53 ***rrr Frrxxx
6 000000 4952 Kkkkkk 1183568 Fkkkkk 66653 kkkkkk  hkkkkk
7 0.02301 5.066 ****** 11.24239 ****** 1450.0Q ***xrr wewwrr
8 0.02115 5.502 ****** 11.24239 ****** 13093.02 *****x wwwwe
9 0.02115 5502 ****** 3.21554 ****** 1081.57 *r*wxx wwwxxr
10 0.02115 5.502 ****** 3.18339 ****** 1081.57 ***xxx wxxwex
11 0.02115  5.502 ****** 1.13308 ****** 871.01 *rwxx e
12 0.02115  5.502 ****** 112175 ****** 871.01 *rewex e

13 0.02115 5.502 1.00000 1.12175 846.66 871.01 236.8 0.0557
14 0.00000 0.436 ****** 11.83568 ****** £66.53 ****** *xxw**

Shaft Power = 1363337.63
Net Thrust = 1267.80

Equiv. Power = 1445081.63
Fuel Flow = 0.1139

S.F.C.= 83.5768

E.S.F.C. = 78.8491

Sp. Sh. Power = 252980.78

Sp. Eq. Power = 268149.19
Sh. Th. Effy. = 0.2775

Time Now 20:54:30

-1

7 6 1500.0
-1
Time Now 20:54:30
BERR( 1) = -0.33821E-03
BERR( 2)= 0.22919E-03
BERR(3) = -0.17799E-01
BERR(4)= 0.31362E-01
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BERR(5)= 0.22208E-01
BERR(6) = 0.27996E-01
BERR(7)= 0.10432E+00
Loop 1
BERR( 1) = -0.31242E-03
BERR(2)= 0.25236E-03
BERR(3) = -0.61998E-02
BERR(4)= 0.10152E-01
BERR(5)= 0.62167E-02
BERR(6) = 0.12790E-01
BERR(7)= 0.37429E-01
Loop 2
BERR( 1) = -0.20372E-03
BERR(2) = 0.80542E-04
BERR(3) = -0.19694E-05
BERR(4) = -0.96291E-03
BERR(5) = -0.21908E-02
BERR(6) = 0.52905E-02
BERR(7)= 0.24908E-02
Loop 3
BERR(1)= 0.17178E-04
BERR(2)= 0.97585E-04
BERR(3) = -0.13472E-03
BERR(4)= 0.11037E-02
BERR(5)= 0.13989E-02
BERR(6) = -0.82724E-03
BERR(7)= 0.15026E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
**xx* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.85098 PR= 1.130 ETA =0.79016
PCN = 0.9990 CN =0.99898 COMWK = 0.74049E+05
**xx* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.85091 PR= 2499 ETA =0.79019
PCN = 0.9990 CN =0.99900 COMWK = 0.65155E+06
e COMPRESSOR 3 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.85000 PR = 4.495 ETA =0.79017
PCN = 0.9990 CN =0.99909 COMWK = 0.16012E+07
*xxxt COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP =0.6344 WFB = 0.1264
***** TURBINE 1 PARAMETERS *****
CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05
TF = 414.352 ETA = 0.87988 CN = 2.058
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05
TF = 219.659 ETA =0.89013 CN = 2.200
AUXWK = 0.15675E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.15675E+07
% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0557 Exit Velocity = 254.52 Gross Thrust = 1441.36
Nozzle Coeff. = 0.97334E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000
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Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.691 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.691 wrrxk 4 (JOO0Q *FFFFT Q8.5 FrrEkx wkwwwk
3 0.00000 5.691 ****** 1,12993 ****** 301,12 *reweer wwwer
4 0.00000 5.692 ****** 2.82380 *FFFFF 414,62 Frrrrr wwwwx
5 0.00000 5.692 ****** 12.69208 ****** ©85.00 *F*rrx wwwxxr
6 0.00000 5.231 ****** 12.69208 ****** £85.00 ****** wrxixx
7 0.02416 5.357 ****** 12.05769 ****** 1500.0Q **rrrr wewwrr
8 0.02220 5.818 ****** 12.05769 ****** 144(0.89 *****x wwwwxx
9 0.02220 5.818 ****** 3.39013 ****** 1116.24 ****xx *woo
10 0.02220 5.818 ****** 3.35623 ****** 1116.24 ***xxx wwwwxx
11 002220 5818 K*kkkkk 115006 *hkhkk 88868 kkkkkk hhkkkkk
12 0.02220 5.818 ***** 1.13856 ****** 888.68 ****** wwwwx*

13 0.02220 5.818 1.00000 1.13856 860.70 888.68 254.5 0.0557
14 0.00000 0.461 ***** 12.69208 ****** ©85.00Q ****** *rxe*

Shaft Power = 1567528.13
Net Thrust = 1441.36

Equiv. Power = 1660462.63
Fuel Flow = 0.1264

S.F.C.= 80.6211

E.S.F.C. = 76.1088

Sp. Sh. Power = 275433.63

Sp. Eq. Power =  291763.31
Sh. Th. Effy. = 0.2876

Time Now 20:54:30

-1

7 6 1550.0
-1

Time Now 20:54:30
BERR(1)= 0.17178E-04
BERR(2)= 0.97585E-04
BERR(3) = -0.17447E-01
BERR(4)= 0.32300E-01
BERR(5)= 0.25012E-01
BERR(6) = 0.54784E-01
BERR(7)= 0.10266E+00
Loop 1
BERR(1)= 0.39775E-03
BERR(2)= -0.17102E-02
BERR(3) = -0.55985E-03
BERR(4) = -0.12843E-01
BERR(5) = -0.19319E-01
BERR(6)= 0.16077E-01
BERR(7)= 0.37258E-02
Loop 2
BERR( 1) = -0.27536E-03
BERR(2)= 0.75663E-03
BERR(3) = -0.18412E-02
BERR(4)= 0.12720E-01
BERR(5)= 0.16254E-01
BERR(6) = 0.33487E-04
BERR(7)= 0.13713E-01
Loop 3
Loop 4
BERR( 1) = -0.27270E-05
BERR(2)= 0.49967E-04
BERR(3) = -0.26120E-04
BERR(4)= 0.24222E-03
BERR(5)= 0.11909E-03
BERR(6) = -0.17161E-04
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BERR(7)= -0.10274E-03
1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 4 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 [|S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag =  0.00
% COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.83991 PR= 1.133 ETA =0.77974
PCN = 1.0167 CN =1.01670 COMWK = 0.79200E+05
**xx* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.84287 PR = 2.539 ETA = 0.78008
PCN = 1.0167 CN =1.01591 COMWK = 0.69505E+06
% COMPRESSOR 3 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.85848 PR = 4623 ETA =0.78247
PCN = 1.0167 CN=1.01152 COMWK = 0.17234E+07
*rxxt COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00
ETA = 0.99000 DLP =0.6585 WFB = 0.1371
*** TURBINE 1 PARAMETERS *****
CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05
TF = 414.799 ETA = 0.87983 CN = 2.061
AUXWK = 0.00000E+00
***** TURBINE 2 PARAMETERS *****
CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05
TF = 221.407 ETA = 0.89725 CN= 2.164
AUXWK = 0.17272E+07
Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.17272E+07
**xx% CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01
Area = 0.0557 Exit Velocity = 269.01 Gross Thrust= 1573.08
Nozzle Coeff. = 0.97352E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.869 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.869 **rrrx 4 00000 **FFr* D815 Frrwkr wkwwwk
3 0.00000 5.869 ****** 113311 ****** 301.60 *r**x wrweex
4 0.00000 5.870 ****** 287660 ****** 418.97 *rrrwr wewwwr
5 0.00000 5.870 ****** 13.29895 ****** 700.57 *Frrrrr wwwewx
6 OOOOOO 5394 Fkkhkk 1329895 Fkkkkk 70057 hkkkhkk  hkkkkk
7 0.02541 5.531 ****** 12.64045 ****** 1550.0Q ****** wxxwr*
8 002335 6007 Fkkkkk 1264045 Fkkkkk 148860 Kkkhkk Kkkkkk
9 002335 6007 Fkkkkk 352515 Fkkkhk 115340 hkkkhkk  hkkkkk
10 0.02335 6.007 ****** 3.48990 ****** 1153.4(Q ***xxx wxxwxx
11 0.02335 6.007 ****** 1.16139 ****** 912,21 *rrwx wwwx
12 0.02335 6.007 ****** 1.14978 ****** 912,21 wrrrr wwwwx

13 0.02335 6.007 1.00000 1.14978 881.16 912.21 269.0 0.0557
14 0.00000 0.475 ****** 13.29895 ****** 700.57 ***xxx wwweex

Shaft Power = 1727170.63
Net Thrust = 1573.08
Equiv. Power = 1828598.00
Fuel Flow = 0.1371
S.F.C. = 79.3502
E.S.F.C. = 74.9489
Sp. Sh. Power = 294271.19
Sp. Eq. Power = 311552.13
Sh. Th. Effy. = 0.2922
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Time Now 20:54:30

-1

7 6 1600.0
-1

Time Now 20:54:30
BERR( 1) = -0.27270E-05
BERR(2)= 0.49967E-04
BERR(3) = -0.16869E-01
BERR(4)= 0.30505E-01
BERR(5) = 0.23246E-01
BERR(6)= 0.48638E-01
BERR(7)= 0.97044E-01
Loop 1
BERR( 1) = 0.53996E-04
BERR(2)= 0.20456E-03
BERR( 3) = -0.75482E-04
BERR(4)= 0.85229E-03
BERR(5) = -0.61280E-03
BERR(6)= 0.23278E-01
BERR(7)= 0.22402E-02
Loop 2
BERR( 1) = -0.12819E-04
BERR(2) = -0.57977E-04
BERR(3)= 0.27722E-04
BERR(4)= -0.11932E-03
BERR(5) = 0.80950E-04
BERR(6) = -0.17870E-01
BERR(7)= 0.95950E-03
Loop 3
Loop 4
BERR( 1)= 0.12182E-05
BERR(2)= 0.48010E-05
BERR(3) = -0.43791E-05
BERR(4)= 0.13664E-04
BERR(5) = -0.10568E-04
BERR(6)= 0.16809E-01
BERR(7)= -0.13175E-02
Loop 5
BERR( 1)= 0.71774E-06
BERR(2) = -0.14355E-06
BERR(3) = -0.31491E-06
BERR(4) = -0.77882E-06
BERR(5) = -0.18917E-05
BERR(6) = 0.35457E-04
BERR(7)= 0.52572E-05

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 1.0000 Momentum Drag = 0.00
**x COMPRESSOR 1 PARAMETERS *****
PRSF = 0.21242E+00 ETASF = 0.91980E+00 WASF = 0.19204E-01
Z =0.82990 PR= 1.136 ETA =0.77077
PCN = 1.0324 CN =1.03236 COMWK = 0.83878E+05
***** COMPRESSOR 2 PARAMETERS *****
PRSF = 0.14706E+01 ETASF = 0.95181E+00 WASF = 0.28962E-01
Z =0.83590 PR= 2574 ETA=0.77120
PCN = 1.0324 CN =1.03083 COMWK = 0.73505E+06
**x COMPRESSOR 3 PARAMETERS *****
PRSF = 0.34314E+01 ETASF = 0.95181E+00 WASF = 0.13595E-01
Z =0.86755 PR = 4.745 ETA =0.77500
PCN = 1.0324 CN =1.02234 COMWK = 0.18407E+07
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Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.6796 WFB = 0.1479

***** TURBINE 1 PARAMETERS *****

CNSF = 0.78196E+02 ETASF = 0.10332E+01 TFSF = 0.22625E+02
DHSF = 0.16249E+05

TF = 415.099 ETA = 0.87964 CN = 2.060

AUXWK = 0.00000E+00

% TURBINE 2 PARAMETERS *****

CNSF = 0.73490E-02 ETASF = 0.10609E+01 TFSF = 0.37873E+01
DHSF = 0.42293E+05

TF = 222.631 ETA =0.90088 CN= 2129

AUXWK = 0.18821E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.18821E+07

***x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.0557 Exit Velocity = 283.50 Gross Thrust = 1704.57
Nozzle Coeff. = 0.97372E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.027 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 6027 *kkkkk 100000 Hkkkkk 28815 Kkkkkk Khkkkkk
3 0.00000 6.027 ***** 1,13582 *rFFEr 302,02 *EEEEr wwwwe
4 0.00000 6.027 *rrEEE 202321 FEEr 422 87 Hrrrwr e
5 0.00000 6.027 ***r* 43.87111 *Frr 715,21 T e
6 0.00000 5.539 *F**** 13.87111 ¥ 71521 wrEer wwww
7 002670 5687 *kkkkk 1319156 Kkkkkk 160000 Kkkkkk  Kkkkkk
8 0.02454 6.175 ***** 13.19156 ****** 1536.26 ****** *rxx
9 0.02454 6.175 **** 3.66242 **TTFF 1191.44 eerrr weee
10 0.02454 6.175 ***** 3.62580 ****** 1191.44 *wwwxx wwweex
11 0.02454 6.175 ™% A AT477 ****** Q37.56 **+** *wwwxx
12 002454 6175 ETTT TS 116302 *kkhkk 93756 Khkkkkk hkkkkk

13 0.02454 6.175 1.00000 1.16302 903.33 937.56 283.5 0.0557
14 0.00000 0.488 ****** 13.87111 ***x** 715,29 **wxwr oo

Shaft Power = 1882108.13
Net Thrust = 1704.57

Equiv. Power = 1992013.38
Fuel Flow = 0.1479

S.F.C. = 78.5693

E.S.F.C. = 74.2344

Sp. Sh. Power = 312282.59

Sp. Eq. Power = 330518.25
Sh. Th. Effy. = 0.2951

Time Now 20:54:30

-3

CRANFIELD
UNIVERSITY 2014

Appendix B Aeroderivative IGT engines simulation files

B.1 Input and result file for ICR SS-ADIGT engine performance

simulation

TURBOMATCH SCHEME - Windows NT version (October 1999)
LIMITS:100 Codewords, 800 Brick Data Items, 50 Station Vector
15 BD Items printable by any call of:-
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OUTPUT, OUTPBD, OUTPSV, PLOTIT, PLOTBD or PLOTSV

Input "Program"” follows
LT T T T T

IPERFORMANCE SIMULATION OF AN INTERCOOLED/RECUPERATED TWO-SPOOL TURBOSHAFT!
IHELI-DERIVATIVE INDUSTRIAL ENGINE WITH A FREE POWER TURBINE !
IINSPIRED BY TURBOMECCA MAKILA 2A ENGINE CORE !

IMODELLED BY BARINYIMA NKOI, JULY 2012 !
ATt

OD SIKE CT FP

-1

-1

INTAKE S1-2 D1-4 R100

COMPRE S2-3 D5-10 R101 V5 V6
ARITHY D70-74

DUCTER S3-4 D11-14

COMPRE S4-5 D15,6,17-20 R104 V15
PREMAS S5,6,18 D21-24

HETCOL S6-7 D25-28

ARITHY D75-81

BURNER S7-8 D29-31 R107

MIXEES $8,18,9

TURBIN S§9-10 D32-39,115 V33
DUCTER S$10-11 D41-44 R108
TURBIN S11-12 D45-53 V45 V46
HETHOT S6,12,16 D54-57

DUCTER S12-13 D58-61 R110
NOZCON S13-14,1 D62 R111
PERFOR §1,0,0 D45,64-66,111,100,107,0,0,0,0,0,0
CODEND

IINTAKE

100 IALTITUDE:INLET

200 IISA DEVIATION

300  IMACHNO
4 09951 IPRESSURE RECOVERY
ICOMPRE AXIAL

5080 ISURGE MARGIN

6 0.8  IROTATIONAL SPEED

7 25  IPRESSURE RATIO

8 0.78  ICOMPRE EFFICIENCY

9 00  !ERROR SWITCH

10 2.0 ICOMPRE MAP

IDUCTER INTERCOOLER

11 2.0 IINTERCOOLER

12 004  !PRESSURE LOSS

13 040  !EFFECTIVENESS

14 100000.0 !'LIMITING VALUE OF FUEL FLOW
ICOMPRE CENTRIFUGAL

15 0.80  !SURGE MARGIN

16 0.8 IROTATIONAL SPEED

17 45 IPRESSURE RATIO

18 0.78  |COMPRE EFFICIENCY

19 1.0 IERROR SWITCH

20 4.0 ICOMPRE MAP

IPREMAS

21 0.80  ILAMBDA(W) {W5\W4}

22 0.0 IDELTA(W)

23 1.0 ILAMBDA(P)

24 0.0 IDELTA(P)

IHETCOL

25 0.03  !COLD SIDE PRESSURE LOSS
26 055  |EFFECTIVENESS

27 1.0 ITYPE:RECUPERATOR
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28

0.02

IBURNER

29
30
31

0.05
0.99
-1.0

IMASS FLOW LEAKAGE

IPRESSURE LOSS
ICOMBUS EFFICIENCY
IFUEL FLOW CALCULATED

ICOMPRE TURBINE

32 0.0 ICOMPRE TURBINE

33 -1.0 IREL NON-D MASS FLOW
34 -1.0 IREL NON-D SPEED

35 0.87 ITURBINE EFFICIENCY
36 -1.0 IREL ROT SPEED=COMPRE ROT SPEED
37 2.0 ICOMP NO

38 1.0 ITURBINE MAP

39 -1.0 IPOWER LAW

IASIN115 ICOMWRK

IDUCTER

41 0.0 IDUCTER

42 0.01 IPRESSURE LOSS

43 0.0

44 100000.0

IPOWER TURBINE

45 1567000.0 !'POWER TURBINE OUTPUT
46 -1.0 IREL NON-D MASS FLOW

47 -1.0 IREL NON-D SPEED

48 0.88 ITURBINE EFFICIENCY

49 1.0 IREL ROT SPEED

50 0.0 ICOMP NO

51 5.0 ITURBINE MAP

52 1000.0 !'POWER LAW INDEX

53 -1.0 ISET FOR POWER TURBINE
IHETHOT

54 0.03 IHOT SIDE PRESSURE LOSS

55 0.55 IEFFECTIVENESS

56 1.0 ITYPE:RECUPERATOR

57 0.02 IMASS FLOW LEAKAGE
IDUCTER

58 0.0 IDUCTER

59 0.01 IPRESSURE LOSS

60 0.0

61 100000.0

INOZCON

62 -1.0 ISWITCH TO FIXED AREA
IPERFOR

IAS IN 48 IPOWER TURBINE:POWER OUTPUT
64 1.0 IPROPELLER EFFICIENCY:PERFORMANCE
65 0.0 ISCALING INDEX

66 0.0 ISHAFT POWER

IARITHY: COMPREAXIALPCN=COMPRECENTRIFUGALPCN
70 5.0 ICOPY

71 -1.0

72 16.0 ICOMPRECENTRIFUGALPCN
73 -1.0

74 6.0 ICOMPREAXIALPCN

IARITHY: COMPRETURBINEWORK=COMPREAXIALWORK+COMPRECENTRIFUGALWORK
75 1.0 IADD

76 -1.0

77 115.0 ICOMPRETURBINEWORK

78 -1.0

79 101.0 ICOMPREAXIALWORK

80 -1.0

81 104.0 ICOMPRECENTRIFUGALWORK
-1

125.53 IMASS FLOW
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4 6 300.0 IINTERCOOLER OUTLET TEMPERATURE
86 1500.0 ITET
-1

Time Now 12:21:49

The Units for this Run are as follows:-
Temperature = K Pressure = Atmospheres Length = metres
Area = sq metres Mass Flow = kg/sec Velocity = metres/sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust= N/kg/sec Power= Watts

***x* DESIGN POINT ENGINE CALCULATIONS *****
=== AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 [I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
2 COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z =0.80000 PR= 2.500 ETA =0.78000

PCN = 0.8000 CN =0.80000 COMWK = 0.61411E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0995 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1384.51 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z =0.80000 PR = 4.500 ETA =0.78000

PCN = 0.8000 CN =0.80000 COMWK = 0.11461E+07
HETYP = 1.0 HEUA = 2.526

HETYP = 1.0 HEUA = 2.587

HETYP = 1.0 HEUA = 2.586

> HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETAD = 0.55000E+00

ETA = 0.55000 DLP =0.3224

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5212 WFB = 0.1073

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02

DHSF = 0.66310E+04

TF = 401.640 ETA =0.87000 CN = 2.800

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01

DHSF = 0.45558E+05

TF = 219.627 ETA = 0.88000 CN = 2.200

AUXWK = 0.15670E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.15670E+07

HETYP = 1.0 HEUA = 2.586

e HEAT EXCHANGER HOT SIDE PARAMETERS *****

ETAD = 0.55000E+00 HEUA = 2.586 ETASF = 0.00000E+00

ETA = 0.5500 DLP =0.0307 TOTHOT = 696.2859

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 80.72 Gross Thrust = 441.96

Nozzle Coeff. = 0.97122E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.530 1.00000 1.00000 288.15 288.15 0.0 ******

0.00000 5.530 ****** (,9951(Q ****** 288.15 ***¥xx wwkkkx

0.00000 5.530 ****** 248775 ****** 308.4(Q *rHFxr wwkkkx

0.00000 5.530 ****** 238824 ****** 300.0Q **rrxx wwwkrx

0.00000 5.530 ****** 10.74709 ****** 504,29 **xx** wxkwxx

0.00000 4.424 ***** 10.74709 ****** 504,29 **xx** wwiwxx

OO WN
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7 000000 4424 Kkkkkk 1042467 Fkkkkk 68140 kkkkkk  hkkkkk
8 0.02426 4.531 *™**** 0.90344 ****** 1500.00 ****** *rwwex
9 0.01941 5.637 ***** 000344 **wr+ 322,15 wrewws wewwes
10 0.01941 5.637 ****** 3.39651 ****** 1064.71 ***xxx wxxwxx
11 0.01941 5.637 ***** 3.36255 ****** 1064.71 ***xxx *rwe*
12 001941 5637 Hkkkkk 102244 *kkkkk 82642 Kkkkkk Kkkkkk
13 0.01941 5.637 ***** 1.01222 ****** 826.42 ****** wwwwxx
14 0.01941 5.637 1.00000 1.01222 823.55 826.42 80.7 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01941 5.637 ****** (0.99177 ****** §96.29 **xr** *wewx*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.106 ****** 10.74709 ****** 504,29 *wwxxx wxxwex

Shaft Power = 1567000.00
Net Thrust = 441.96

Equiv. Power = 1595496.50
Fuel Flow = 0.1073
S.F.C. = 68.4894
E.S.F.C. = 67.2661

Sp. Sh. Power = 283363.47

Sp. Eq. Power = 288516.53
Sh. Th. Effy. = 0.3386

Time Now 12:21:49

-1
86 1350.0 !'OD CALCULATION: TET = 1350.0K
-1

Time Now 12:21:49

BERR( 1) = 0.78224E-07
BERR(2) = 0.62672E-01
BERR(3) = -0.69596E-01
BERR(4) = -0.83456E-01
BERR(5) = -0.67518E-01
BERR( 6) = -0.30794E+00
Loop 1

BERR( 1) = -0.30889E-03
BERR(2)= 0.47983E-01
BERR(3)= -0.53617E-01
BERR(4)= -0.64169E-01
BERR(5) = -0.42164E-01
BERR(6) = -0.23532E+00
Loop 2

BERR( 1) = -0.12129E-02
BERR(2) = 0.34994E-01
BERR( 3) = -0.39900E-01
BERR(4)= -0.47472E-01
BERR(5) = -0.12446E-01
BERR(6) = -0.16307E+00
Loop 3

BERR( 1) = -0.13862E-02
BERR(2)= 0.23759E-01
BERR(3)= -0.29113E-01
BERR(4) = -0.33590E-01
BERR(5)= 0.16173E-01
BERR( 6) = -0.95457E-01
Loop 4

BERR( 1) = -0.16489E-03
BERR(2)= 0.13704E-01
BERR( 3) = -0.20427E-01
BERR(4)= -0.21509E-01
BERR(5)= 0.36901E-01
BERR(6) = -0.37151E-01
Loop 5

BERR( 1) = 0.15398E-02
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BERR(2)= 0.41946E-02
BERR(3)= -0.12018E-01
BERR(4)= -0.91483E-02
BERR(5) = 0.34318E-01
BERR( 6) = 0.26949E-02
Loop 6

BERR( 1) = 0.11632E-03
BERR(2)= 0.96570E-03
BERR(3) = -0.65075E-02
BERR(4) = -0.26665E-02
BERR(5) = 0.44782E-02
BERR( 6) = -0.41325E-02
Loop 7

BERR( 1) = -0.30015E-03
BERR(2)= 0.17713E-04
BERR( 3) = -0.36883E-02
BERR(4)= -0.11858E-02
BERR(5) = 0.33939E-02
BERR(6) = 0.30703E-04

1
**** OFF DESIGN ENGINE CALCULATIONS. Converged after 7 Loops *****
== AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 [I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
e COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.89342 PR= 2337 ETA =0.76427

PCN = 0.6969 CN =0.69694 COMWK = 0.46070E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0930 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1030.15  KWATTS

*+e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.75347 PR= 3.631 ETA =0.77395

PCN = 0.6969 CN = 0.69694 COMWK = 0.76811E+06
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.60500 DLP = 0.2564

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.4328 WFB = 0.0703

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 405.123 ETA = 0.90046 CN= 2570

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 206.820 ETA =0.81942 CN= 2.316

AUXWK = 0.88373E+06

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.88373E+06
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.6050 DLP =0.0187 TOTHOT = 659.7021

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 61.65 Gross Thrust= 269.46
Nozzle Coeff. = 0.97115E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area

1 0.00000 4.432 1.00000 1.00000 288.15 288.15 0.0 ******
2 0.00000 4.432 - 0.99510 ****FF 288,15 rrwrEr wwwwx
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3 0.00000 4.432 **xxx 232564 *rFFFr 391,39 rrer wwweer
4 0.00000 4.430 ****** 223261 ****** 300.0Q Frrrer e
5 0.00000 4.430 ****** 810699 ****** 471.30 *rErrr wewwee
6 0.00000 3.544 **** 810699 ***FFF 471.30Q rrrrEr wwwwx
7 OOOOOO 3544 *kkhkk 785061 Kkkkkk 66378 kkkkkk khkkkkk
8 0.01983 3.615 ***** 7.41786 ****** 1350.00 ****** *rwxx*
9 0.01587 4.501 ***** 7.41786 ****** 1191.2Q9 w*xxxxx wwweex
10 001587 4501 Kkkkkk 273502 *kkkkk 96095 Kkkkkk hkkkkk
11 0.01587 4.501 ****** 270767 ****** 960.95 ***** *wwwxx
12 0.01587 4.501 ****** 1.01877 ****** 789.54 wrrw** wwwwwx
13 0.01587 4.501 ****** 1.00859 ****** 789.54 wxr¥** wwiwwx
14 0.01587 4.501 1.00000 1.00859 787.82 789.54 61.6 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01587 4.501 ****** 1.00003 ****** §59.70 *****x *wxxx
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.886 ****** 8.10699 ****** 471,30 ****** *kwwrx
Shaft Power = 883727.63
Net Thrust = 269.46
Equiv. Power = 901101.69
Fuel Flow = 0.0703
S.F.C.= 79.5489
E.S.F.C. = 78.0151
Sp. Sh. Power = 199411.27
Sp. Eq. Power = 203331.69
Sh. Th. Effy. = 0.2915
Time Now 12:21:49

-1
86 1400.0 'OD CALCULATION: TET = 1400.0K
-1

Time Now 12:21:49

BERR( 1) = -0.30015E-03
BERR(2) = -0.20009E-01
BERR(3)= 0.16498E-01
BERR(4)= 0.18658E-01
BERR(5)= 0.72875E-01
BERR(6)= 0.11014E+00
Loop 1

BERR( 1) = -0.18873E-02
BERR(2) = -0.13404E-01
BERR(3) = 0.85492E-02
BERR(4)= 0.94783E-02
BERR(5) = 0.45863E-01
BERR(6) = 0.61455E-01
Loop 2

BERR( 1) = -0.32786E-02
BERR(2) = -0.47920E-02
BERR(3) = -0.11536E-02
BERR(4) = -0.10652E-03
BERR(5)= 0.20718E-01
BERR(6) = 0.12606E-01
Loop 3

BERR( 1) = -0.45564E-03
BERR(2) = -0.88047E-04
BERR(3)= 0.67185E-03
BERR(4)= -0.40168E-03
BERR(5)= 0.48736E-02
BERR(6) = 0.87466E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00

PhD Thesis / Barinyima Nkoi 247



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY

*e* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z =0.86615 PR= 2.398 ETA =0.77826

PCN = 0.7286 CN =0.72858 COMWK = 0.50524E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0954 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1131.98  KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.77008 PR= 3.899 ETA =0.77821

PCN = 0.7286 CN =0.72858 COMWK = 0.87989E+06
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.59181 DLP =0.2773

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA =0.99000 DLP =0.4627 WFB = 0.0813

% TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 403.704 ETA =0.89053 CN = 2.639

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 210.169 ETA = 0.84297 CN= 2274

AUXWK = 0.10910E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.10910E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5918 DLP =0.0222 TOTHOT = 671.6780

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 67.66 Gross Thrust= 319.71
Nozzle Coeff. = 0.97120E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 4.786 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 4786 Fkkhkk 099510 Fkkkkk 28815 Kkkhkk Kkkkkk
3 OOOOOO 4786 Fkkdkk 238591 Fkkkkk 39298 Kkkhkk Kkkkkk
4 0.00000 4.784 ¥ 220047 **r*r 300.0Q Frrrwr e
5 0.00000 4.784 ****** 893161 ****** 481.59 *rrrwx wwwwxx
6 0.00000 3.827 ****** 8.93161 ****** 481.5Q wxwrr* wwwkx
7 0.00000 3.827 ****** 865435 ****** §71.03 FHErr wewwexx
8 0.02125 3.909 ***** 8.19162 ****** 1400.00 **xxxx *rxe*
9 001700 4865 Fkkdkk 819162 Fkkkkk 123474 hkkkkk  hkkkkk
10 0.01700 4.865 ****** 2.96508 ****** Q06.45 ****** wwwwxx
11 001700 4865 dkkkhk 293543 Fkkkkk 99645 hkkkhkk hkkkkk
12 0.01700 4.865 ****** 1.02126 ****** 801.88 ****** *xwwxx
13 0.01700 4.865 ****** 1.01105 ****** 8(01.88 ****** *xwxx

14 0.01700 4.865 1.00000 1.01105 799.82 801.88 67.7 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01700 4.865 ****** 0.99907 ****** §71.68 *****x *wxx*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 0.957 ****** 8.93161 ****** 48159 *****x wwwwwx
Shaft Power = 1091018.25
Net Thrust = 319.71
Equiv. Power = 1111632.00
Fuel Flow = 0.0813
S.F.C. = 74.5457
E.S.F.C. = 73.1633
Sp. Sh. Power = 227953.17
Sp. Eq. Power = 232260.11
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Sh. Th. Effy. = 0.3111
Time Now 12:21:49

-1

8 6 1450.0
-1

Time Now 12:21:49
BERR( 1) = -0.45564E-03
BERR(2) = -0.19435E-01
BERR(3)= 0.21820E-01
BERR(4)= 0.19940E-01
BERR(5)= 0.38387E-01
BERR(6)= 0.10479E+00
Loop 1
BERR(1)= 0.85118E-03
BERR(2) = -0.10580E-01
BERR(3)= 0.10359E-01
BERR(4)= 0.10455E-01
BERR(5) = 0.26729E-01
BERR(6)= 0.58387E-01
Loop 2
BERR( 1) = 0.22752E-02
BERR(2)= 0.21416E-03
BERR(3) = -0.46305E-02
BERR(4)= -0.16169E-02
BERR(5)= 0.14411E-01
BERR(6) = 0.57002E-02
Loop 3
BERR( 1) = -0.18398E-03
BERR(2) = -0.21375E-03
BERR( 3) = 0.22028E-02
BERR(4)= 0.53154E-03
BERR(5) = -0.69416E-03
BERR(6)= 0.11174E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.83748 PR= 2451 ETA =0.78492

PCN = 0.7609 CN =0.76094 COMWK = 0.55253E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.0975 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1240.94 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.78473 PR= 4171 ETA =0.78000

PCN = 0.7609 CN =0.76094 COMWK = 0.99865E+06
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.57159 DLP =0.2982

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.4912 WFB = 0.0933

**** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 402.602 ETA =0.88120 CN= 2709

AUXWK = 0.00000E+00

#*** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
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DHSF = 0.45558E+05

TF = 213.949 ETA =0.85911
AUXWK = 0.13086E+07

Additional Free Turbine Parameters:-
Speed = 100.0% Power = 0.13086E+07

e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5716 DLP =0.0260 TOTHOT = 684.6348
**** CONVERGENT NOZZLE 1 PARAMETERS *****
NCOSF = 0.10000E+01

CN= 2235

Area = 0.1629 Exit Velocity = 73.91 Gross Thrust= 375.14
Nozzle Coeff. = 0.97123E+00
Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.134 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 5134 Fkkkkk 099510 Fkkkkk 28815 Kkkhkk Kkkkkk
3 0.00000 5.134 ***** 243855 *xersr 3Q5 (Q *ekker weweks
4 0.00000 5.133 ****** 234101 ****** 300.0Q ***xrr weeeer
5 0.00000 5.133 ****** Q76545 ****** 491,96 *rrrr wewwexx
6 0.00000 4.106 *™*** 9.76545 ****** 491.9@ ****** wrwex
7 OOOOOO 4106 Fkkkkk 946726 Fkkkkk 67696 Kkkhkk Kkkkkk
8 002272 4199 Fkkkkk 897604 Fkkkhk 145000 hkkkhkk  hkkkkk
9 0.01818 5.226 ****** 8.97604 ****** 1278.26 *****x *x¥**
10 0.01818 5.226 ***** 3.18651 ****** 1(31.73 **wwxx *wweex
11 0.01818 5226 ****** 3.15464 ****** 1031.73 ***xxx wxxwxx
12 0.01818 5.226 ****** 1.02331 ****** 815.83 ***** *wwwwx
13 0.01818 5.226 ****** 1.01307 ****** 815.83 ****** *wwwx

14 0.01818 5.226 1.00000 1.01307 813.37 815.83 73.9 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01818 5.226 ****** 0.99731 ****** §84.63 *****x *x*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.027 ****** Q76545 ****** 401,96 *****x *rwexx

Shaft Power = 1308602.75
Net Thrust = 375.14

Equiv. Power = 1332790.50
Fuel Flow = 0.0933
S.F.C.= 71.3038
E.S.F.C. = 70.0098

Sp. Sh. Power = 254906.00

Sp. Eq. Power = 259617.58
Sh. Th. Effy. = 0.3252

Time Now 12:21:49

-1

8 6 1500.0
-1

Time Now 12:21:49
BERR( 1) = -0.18398E-03
BERR( 2) = -0.18911E-01
BERR( 3) = 0.23864E-01
BERR(4)= 0.21438E-01
BERR(5)= 0.19368E-01
BERR(6) = 0.10495E+00
Loop 1
BERR( 1) = -0.75825E-03
BERR( 2) = -0.86930E-02
BERR(3)= 0.10761E-01
BERR(4)= 0.98028E-02
BERR(5)= 0.11638E-01
BERR(6) = 0.51302E-01
Loop 2

BERR( 1) = -0.12439E-02
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BERR(2)= 0.21119E-03
BERR(3) = -0.84963E-03
BERR(4) = -0.89192E-03
BERR(5)= 0.61552E-02
BERR(6) = 0.53802E-02
Loop 3

BERR( 1) = 0.94767E-04
BERR(2) = -0.16215E-04
BERR(3)= 0.10080E-03
BERR(4)= 0.34781E-04
BERR(5)= 0.10159E-02
BERR(6) = 0.11498E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****

**x AMBIENT AND INLET PARAMETERS *****

Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag = 0.00

e COMPRESSOR 1 PARAMETERS *****

PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z =0.80016 PR= 2.498 ETA =0.78003

PCN = 0.7992 CN =0.79916 COMWK = 0.61261E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.0994 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1380.96 = KWATTS

** COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.79782 PR= 4.485 ETA =0.78000

PCN = 0.7992 CN =0.79916 COMWK = 0.11416E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.55038 DLP =0.3226

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5225 WFB = 0.1072

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 401.806 ETA =0.87060 CN = 2.797

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 219.911 ETA =0.88102 CN = 2.200

AUXWK = 0.15628E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.15628E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5504 DLP =0.0305 TOTHOT = 696.6346

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 80.70 Gross Thrust= 441.34
Nozzle Coeff. = 0.97127E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.523 1.00000 1.00000 288.15 288.15 0.0 ******

OOOOOO 5523 Fkkkkk 09951 O Fkkkhk 2881 5 Kkkhkk Kkkkkk
000000 5523 Kkkkkk 248560 Kkkkkk 39828 Kkkkkk Khkkkk
0.00000 5.523  *Errxk D 3@ wkkkkx () ()() Fewkkk kkwrsk
0.00000 5.523 *Errxx () 70138 FrEER* [(F T4 Frwrwk kwwwws
000000 441 9 Kkkkkk 1 0701 38 dekkkkk 50374 dkkkkk  hkkkkk
OOOOOO 441 9 Fkkkkk 1 037874 Fkkkkk 681 69 hkkkkk  hkkkkk
0.02425 4.526 ****** 09.85625 ****** 1500.00 *rrrrx wwwrx
0.01940 5.630 ***** 9.85625 ****** 1322.06 ***x*x FrEEE*

OCO~NOOTHAWN
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10 0.01940 5.630 ****** 3.39204 ****** 1065.19 *x*¥** *wwwx
11 0.01940 5.630 ****** 3.35812 ****** 1065.19 *x*¥** *wwwx
12 0.01940 5.630 ****** 1.02550 ****** 827.28 *xwr* wwewrx
13 0.01940 5.630 ****** 1.01524 ****** 827.28 *xxr* wwwwrx
14 0.01940 5.630 1.00000 1.01524 824.37 827.28 80.7 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.01940 5.630 ****** 0.99496 ****** 696.63 *****x **xx*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.105 ****** 10.70138 ****** 5(03.74 *x**** *wxwex

Shaft Power = 1562751.75
Net Thrust = 441.34

Equiv. Power = 1591207.88
Fuel Flow = 0.1072
S.F.C. = 68.5686
E.S.F.C. = 67.3423

Sp. Sh. Power = 282968.50

Sp. Eq. Power = 288121.06
Sh. Th. Effy. = 0.3382

Time Now 12:21:49

-1

8 6 1550.0
-1

Time Now 12:21:49
BERR(1)= 0.94767E-04
BERR(2) = -0.18110E-01
BERR(3)= 0.21818E-01
BERR(4)= 0.22030E-01
BERR(5)= 0.51363E-01
BERR(6)= 0.10677E+00
Loop 1
BERR( 1) = 0.28884E-03
BERR( 2) = -0.42927E-02
BERR( 3) = 0.15799E-02
BERR(4)= 0.32164E-02
BERR(5)= 0.21141E-01
BERR(6) = 0.35247E-01
Loop 2
BERR( 1) = -0.97962E-04
BERR(2)= 0.53600E-03
BERR( 3) = -0.13633E-02
BERR(4) = -0.14949E-02
BERR(5) = 0.40059E-02
BERR(6) = 0.22070E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
**x COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.77422 PR= 2.531 ETA =0.77235

PCN = 0.8266 CN = 0.82663 COMWK = 0.66072E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.1007 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1494.00 KWATTS

*+e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01
Z =0.80861 PR= 4.731 ETA =0.77522

PCN = 0.8266 CN = 0.82663 COMWK = 0.12597E+07
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e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.53599 DLP =0.3398

*xxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA =0.99000 DLP =0.5464 WFB = 0.1192

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 401.422 ETA =0.86479 CN= 2847

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 222.905 ETA =0.89211 CN = 2.164

AUXWK = 0.17807E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.17807E+07
**** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5360 DLP =0.0344 TOTHOT= 711.1658

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 86.55 Gross Thrust = 497.83
Nozzle Coeff. = 0.97132E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.803 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 5.803 **rrrx () QOG5 *FFFIr D8G5 Frwwkk wkwwwk
3 0.00000 5.803 ****** 251845 ****** 401,17 Frereer wwwe
4 0.00000 5.802 ****** 241772 **** 300.00 Frrrrr e
5 0.00000 5.802 ****** 11.43739 ****** 513.85 *rwrwx wwwwex
6 OOOOOO 4642 *kkhkk 1143739 Kkkkkk 51385 kkkkkk hhkkkkk
7 000000 4642 Kkkkkk 1109754 Fkkkkk 69067 kkkkkk  hkkkkk
8 002568 4761 dekkdkk 1055116 kkkkkk 155000 dhkdkhkkk  kkkkkk
9 0.02055 5.922 ****** 10.55116 ****** 1365.58 ***x** wxxwx*
10 0.02055 5.922 **ek*x 357128 *eerrx 110,09 *rrerr wxeens
11 0.02055 5.922 ****** 353557 ****** 1100.09 ***xxx wxwwrx
12 0.02055 5.922 ****** 1.02843 ****** 843,97 FrrEr wwwwwr
13 0.02055 5.922 ****** 1.01814 ****** 843,97 *****x wwwwwr

14 0.02055 5.922 1.00000 1.01814 840.63 843.97 86.6 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02055 5.922 ****** (0.99406 ****** 711,17 *xewer e
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.160 ****** 11.43739 ****** 513.85 *xw** wwwx

Shaft Power = 1780709.00
Net Thrust = 497.83

Equiv. Power = 1812807.25
Fuel Flow = 0.1192
S.F.C. = 66.9479
E.S.F.C. = 65.7625

Sp. Sh. Power = 306863.19

Sp. Eq. Power = 312394.59
Sh. Th. Effy. = 0.3464

Time Now 12:21:49

-1

86 1600.0
-1
Time Now 12:21:49
BERR( 1) = -0.97962E-04
BERR(2) = -0.17019E-01
BERR( 3) = 0.20042E-01
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BERR(4)= 0.20747E-01

BERR(5)= 0.67764E-01

BERR(6)= 0.10416E+00
Loop 1

BERR( 1) = -0.34991E-03
BERR(2) = -0.91160E-03
BERR(3)= 0.95809E-03
BERR(4)= 0.71710E-03
BERR(5)= 0.91020E-02
BERR(6) = 0.93874E-02
Loop 2

BERR( 1) = -0.15940E-04
BERR(2) = -0.59383E-05
BERR(3) = -0.17845E-04
BERR(4) = -0.32654E-04
BERR(5)= 0.11548E-02
BERR(6)= 0.88015E-03

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****

= AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 [I.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag =  0.00

2 COMPRESSOR 1 PARAMETERS *****

PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.75796 PR= 2.555 ETA=0.76729

PCN = 0.8460 CN =0.84598 COMWK = 0.69540E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.1017 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1575.71  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.81898 PR= 4.920 ETA=0.77176

PCN = 0.8460 CN =0.84598 COMWK = 0.13491E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.52629 DLP =0.3509

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA =0.99000 DLP =0.5649 WFB = 0.1298

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 401.006 ETA =0.86181 CN = 2.869

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 223.379 ETA =0.89214 CN= 2128

AUXWK = 0.19727E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.19727E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5263 DLP =0.0377 TOTHOT = 727.4669

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 91.77 Gross Thrust= 546.16
Nozzle Coeff. = 0.97133E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 5.998 1.00000 1.00000 288.15 288.15 0.0 ******
2 0.00000 5.998 ****** (.99510 ****** 288.15 **Hxxx Hwwwwx
3 0.00000 5.998 wxxxEx D B4250 FFr**E 403,23 wrEFrr e
4 0.00000 5.997 *FFF*x 244080 ****** 300.0Q FFrerr wwwee
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5 0.00000 5.997 ***** 12.00995 *Frrr 521,44 Frwer e
6 000000 4798 Kkkkkk 1200995 Fkkkkk 52144 kkkkkk  hkkkkk
7 000000 4798 Kkkkkk 1165907 Fkkkkk 70217 kkkkkk  hkkkkk
8 0.02706 4.928 ****** 11.09420 ****** 1600.00 *****x wrwee
9 0.02165 6.127 ****** 11.09420 ****** 1408.70 ****** *wxx
10 0.02165 6.127 ****** 375507 ****** 1137.45 *xwxxx wwweex
11 0.02165 6.127 ****** 371752 ****** 1137.45 *xwwxx wwweex
12 002165 6127 Fkkkkk 102865 *kkhkk 86510 Kkkkkk hkkkkk
13 0.02165 6.127 ****** 1.01836 ****** 865.10Q ****** *xwwx
14 0.02165 6.127 1.00000 1.01836 861.37 865.10 91.8 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02165 6.127 ****** 0.09094 ****** 727 47 *wwwes oo
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.199 ****** 12.00995 ****** §521.44 **wxxx wexwss

Shaft Power = 1972743.75
Net Thrust = 546.16

Equiv. Power = 2007958.63
Fuel Flow = 0.1298
S.F.C. = 65.8204
E.S.F.C. = 64.6661

Sp. Sh. Power = 328926.38

Sp. Eq. Power = 334797.94
Sh. Th. Effy. = 0.3523

Time Now 12:21:50

-1

86 1650.0
-1

Time Now 12:21:50
BERR( 1) = -0.15940E-04
BERR( 2) = -0.17055E-01
BERR( 3) = 0.21225E-01
BERR(4)= 0.21709E-01
BERR(5)= 0.66340E-01
BERR(6) = 0.10030E+00
Loop 1
BERR( 1) = -0.39913E-03
BERR( 2) = -0.81953E-04
BERR(3) = -0.87970E-04
BERR( 4) = -0.55908E-03
BERR(5)= 0.57727E-02
BERR(6) = 0.35586E-02
Loop 2
BERR( 1) = 0.33435E-04
BERR(2)= 0.18144E-05
BERR(3) = -0.27187E-04
BERR(4)= 0.32144E-05
BERR(5) = 0.44748E-03
BERR(6) = 0.38555E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
*** AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.74187 PR= 2579 ETA =0.76236

PCN = 0.8658 CN =0.86584 COMWK = 0.73124E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.1026 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!
***INTERCOOLER***HEAT REMOVED: 1660.23  KWATTS
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*+e* COMPRESSOR 2 PARAMETERS *****
PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z =0.82965 PR= 5.119 ETA =0.76820

PCN = 0.8658 CN =0.86584 COMWK = 0.14439E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.51666 DLP = 0.3621

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.5837 WFB = 0.1411

**** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 400.548 ETA = 0.85858 CN = 2.892

AUXWK = 0.00000E+00

=*** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 223.609 ETA = 0.89044 CN= 2.094

AUXWK = 0.21722E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.21722E+07
*** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5167 DLP =0.0413 TOTHOT = 744.2617

***x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 97.28 Gross Thrust= 598.89
Nozzle Coeff. = 0.97135E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.197 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 6.197 **rxrx () Q5 *FFFI* D8G5 Frwwkk wkwwwk
3 0.00000 6.197 ****** 256595 ****** 4(05.26 *FEErr FHwwe
4 0.00000 6.197 ****** 246331 ****** 300.0Q *rrrrr weeee
5 0.00000 6.197 ****** 12.61006 ****** 52923 ***wxx wwwwwx
6 000000 4958 Kkkkkk 1261006 Fkkkkk 52923 kkkkkk  hkkkkk
7 0.00000 4.958 *FrFFF 1224792 *FFFFF 713,85 wrrwww wwwwx
8 0.02846 5.099 ****** 11.66424 ****** 1650.00 ***xxr wrexwr*
9 002277 6338 *kkkkk 1166424 Kkkkkk 145189 Kkkkkk  Kkkkkk
10 0.02277 6.338 ****** 3.94370 ****** 1174.79 **rxxr wexwsx
11 0.02277 6.338 ****** 3.90427 ****** 117479 **exxr weweex
12 0.02277 6.338 ****** 1.02987 ****** 886.84 *rrrrr wwwwwx
13 0.02277 6.338 ****** 1.01957 ****** 886.84 ****** wwwwwx

14 0.02277 6.338 1.00000 1.01957 882.68 886.84 97.3 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02277 6.338 ****** 0.98856 ****** 744.26 *****x *reoxx
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.239 ****** 12.61006 ****** 520.23 **wxxx wwxwrx

Shaft Power = 2172153.75
Net Thrust = 598.89

Equiv. Power = 2210768.50
Fuel Flow = 0.1411
S.F.C. = 64.9530
E.S.F.C. = 63.8185

Sp. Sh. Power = 350518.88

Sp. Eq. Power = 356750.09
Sh. Th. Effy. = 0.3570

Time Now 12:21:50

-1
86 1700.0
-1
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Time Now 12:21:50

BERR( 1) = 0.33435E-04
BERR(2) = -0.16578E-01

BERR(3)= 0.21080E-01

BERR(4)= 0.21294E-01

BERR(5)= 0.33898E-01

BERR(6) = 0.10102E+00
Loop 1

BERR( 1) = -0.53726E-03
BERR(2) = -0.91634E-03
BERR(3)= 0.12353E-02
BERR(4)= 0.57389E-03
BERR(5)= 0.67417E-02
BERR(6) = 0.87081E-02
Loop 2

BERR( 1) = -0.13907E-04
BERR(2) = -0.71833E-05
BERR(3) = -0.45125E-04
BERR(4) = -0.47654E-04
BERR(5)= 0.84975E-03
BERR(6) = 0.85971E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
*xx AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
**x COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.72236 PR= 2.603 ETA = 0.75668

PCN = 0.8897 CN =0.88974 COMWK = 0.77430E+06
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.1036 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1761.68 KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z =0.83990 PR= 5.350 ETA = 0.76391

PCN = 0.8897 CN =0.88974 COMWK = 0.15597E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.50544 DLP =0.3767

Frxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP = 0.6056 WFB = 0.1540

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 400.202 ETA = 0.85424 CN = 2928

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 225.203 ETA = 0.89279 CN = 2.063

AUXWK = 0.24046E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.24046E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.5054 DLP =0.0456 TOTHOT = 760.4543

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 103.41 Gross Thrust= 662.24
Nozzle Coeff. = 0.97139E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000
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Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.439 1.00000 1.00000 288.15 288.15 0.0 ******
000000 6439 Kkkkkk 099510 Fkkkkk 28815 Kkkkkk Kkkkkk
3 0.00000 6.439 ****** 259062 ****** 407.48 *rrwrr wewe
4 0.00000 6.439 ****** 248700 ****** 300.0Q *rrxxr wexwr
5 0.00000 6.439 ****** 13.30538 ****** 538.16 ****xx Fwwxxr
6 0.00000 5.151 ****** 13.30538 ****** 538.16 ****** *rri*x
7 0.00000 5.151 ****** 1202865 ****** 724.34 Freeex e
8 0.02991 5305 ****** 12.32301 ****** 1700.0Q *x**** *wxwex
9 0.02392 6.593 1232301 *F*** 1495.33 rrrr wwwex
10 0.02392 6.593 ****** 413557 ****** 1211.33 wrwrr wwew
11 0.02392 6.593 ****** 4.09421 ****** 1211.33 *rwwx e
12 0.02392 6.593 ****** 1.03244 ****** 906.83 *****x *rwxxx
13 0.02392 6.593 ****** 1.02211 ****** 906.83 *****x *wxxx

14 0.02392 6.593 1.00000 1.02211 902.15 906.83 103.4 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02392 6.593 ****** (0.98685 ****** 760.45 *xwrr* wwewrx
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.288 ****** 13.30538 ****** 538.16 ****** *wxw*

Shaft Power = 2404616.50
Net Thrust = 662.24

Equiv. Power = 2447316.00
Fuel Flow = 0.1540
S.F.C. = 64.0602
E.S.F.C. = 62.9426

Sp. Sh. Power = 373465.72

Sp. Eq. Power = 380097.47
Sh. Th. Effy. = 0.3620

Time Now 12:21:50

-1

86 1750.0
-1

Time Now 12:21:50
BERR( 1) = -0.13907E-04
BERR(2)= -0.16141E-01
BERR(3)= 0.20817E-01
BERR(4)= 0.21111E-01
BERR(5) = 0.36488E-02
BERR(6)= 0.10328E+00
Loop 1
BERR(1)= 0.27639E-02
BERR(2)= 0.26731E-03
BERR(3)= 0.26347E-02
BERR(4)= 0.44604E-02
BERR(5) = 0.38795E-01
BERR(6) = 0.30546E-01
Loop 2
BERR( 1) = -0.39932E-03
BERR(2) = -0.41423E-03
BERR(3) = -0.24171E-03
BERR(4)= 0.18348E-05
BERR(5) = -0.28837E-01
BERR(6) = 0.20483E-02
Loop 3
Loop 4
BERR(1)= 0.11705E-04
BERR(2) = -0.12120E-04
BERR(3)= 0.10275E-03
BERR(4) = -0.72136E-04
BERR(5)= 0.46393E-01
BERR(6) = -0.28742E-02
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Loop 5

BERR(1)= 0.26335E-05
BERR(2) = -0.79345E-06
BERR(3)= 0.60942E-05
BERR(4) = -0.23377E-04
BERR( 5) = -0.14973E-03
BERR( 6) = -0.27454E-04

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 5 Loops *****

*xx AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag = 0.00

**** COMPRESSOR 1 PARAMETERS *****

PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.69612 PR= 2.628 ETA =0.75182

PCN= 0.9177 CN =0.91773 COMWK = 0.82444E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP = 0.1046 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED: 1879.41  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z=0.84768 PR= 5.627 ETA =0.75889

PCN= 0.9177 CN =0.91773 COMWK = 0.17047E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.49226 DLP =0.3958

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.6316 WFB = 0.1693

***** TURBINE 1 PARAMETERS *****

CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 399.970 ETA = 0.84885 CN= 2977

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 228.197 ETA = 0.89927 CN = 2.033

AUXWK = 0.26871E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.26871E+07
= HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.4923 DLP =0.0509 TOTHOT = 775.6108

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 110.30 Gross Thrust=739.76
Nozzle Coeff. = 0.97142E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.735 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 B.735 *Frrrx () QOFY() *FFFI* D8G5 Frwwkk kkwwwk
3 0.00000 6.735 ****** 261546 ****** 409.61 *rEErr wewwee
4 0.00000 6.735 ****** 251085 ****** 300.00 *rrrrr Fwwex
5 0.00000 6.735 **F** 1412763 *FFFF* 548.64 rrrrrr mEeEer
6 OOOOOO 5388 Fkkkkk 1412763 Fkkkkk 54864 hkkkhkk  hkkkkk
7 0.00000 5.388 ****** 13.73187 ****** 733.33 rrrrww wwwwex
8 0.03142 5.557 ****** 13.10025 ****** 1750.00 ****** *rwwxx
9 0.02513 6.904 ****** 13.10025 ****** 1539.09 **xxxx wxxwxx
10 0.02513 6.904 ****** 433687 ****** 1247.1Q ***xxx wxwoeex
11 0.02513 6.904 ****** 429350 ****** 1247.1(Q ***xxx e
12 002513 6904 dkkkhk 103407 Fkkkkk 92415 hkkkhkk hkkkkk
13 002513 6904 dkkkhk 102373 Fkkkkk 92415 hkkkhkk hkkkkk

14 0.02513 6.904 1.00000 1.02373 918.84 924.15 110.3 0.1629
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15 0.00000 0.000 ****** 0.00000 0.00
16 0.02513 6.904 ***** (0.98320 ***** 77561 *rrerx wrwex
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.347 ***** 1412763 ***** 548,64 *rrexx wrwrsx

Shaft Power = 2687111.25
Net Thrust = 739.76

Equiv. Power = 2734808.50
Fuel Flow = 0.1693
S.F.C. = 62.9922
E.S.F.C. = 61.8936

Sp. Sh. Power = 398991.31

Sp. Eq. Power = 406073.53
Sh. Th. Effy. = 0.3681

Time Now 12:21:50

-1

86 1800.0
-1

Time Now 12:21:50
BERR(1)= 0.26335E-05
BERR(2)= -0.15712E-01
BERR(3)= 0.20518E-01
BERR(4)= 0.21307E-01
BERR(5) = 0.43554E-01
BERR(6) = 0.10066E+00
Loop 1
BERR(1)= 0.33871E-03
BERR(2) = -0.29356E-03
BERR(3)= 0.17437E-03
BERR(4) = -0.35135E-03
BERR(5)= 0.71461E-02
BERR(6) = 0.36041E-02
Loop 2
BERR( 1) = -0.24890E-06
BERR( 2) = 0.44939E-05
BERR(3) = -0.74215E-04
BERR(4) = -0.12833E-03
BERR(5)= 0.39849E-03
BERR(6)= 0.18521E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
= AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.37651E+01 ETASF = 0.87288E+00 WASF = 0.24254E-01

Z=0.67522 PR= 2.644 ETA =0.74708

PCN = 0.9388 CN =0.93880 COMWK = 0.86233E+06
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.4000 DLP =0.1052 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED: 1968.54  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.52711E+01 ETASF = 0.89655E+00 WASF = 0.17100E-01

Z =0.85567 PR= 5.860 ETA =0.75511

PCN = 0.9388 CN =0.93880 COMWK = 0.18214E+07
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.48292 DLP =0.4088

e COMBUSTION CHAMBER PARAMETERS *****
ETASF = 0.99000E+00

ETA = 0.99000 DLP =0.6520 WFB = 0.1829
=*** TURBINE 1 PARAMETERS *****
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CNSF = 0.12726E+03 ETASF = 0.10132E+01 TFSF = 0.19345E+02
DHSF = 0.66310E+04

TF = 399.616 ETA =0.84578 CN = 3.003

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.71786E-02 ETASF = 0.10490E+01 TFSF = 0.40186E+01
DHSF = 0.45558E+05

TF = 228.619 ETA = 0.89844 CN = 2.003

AUXWK = 0.29334E+07

Additional Free Turbine Parameters:-

Speed = 100.0% Power = 0.29334E+07
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.4829 DLP =0.0555 TOTHOT = 792.6246

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 0.1629 Exit Velocity = 116.57 Gross Thrust=807.97
Nozzle Coeff. = 0.97147E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 6.952 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 6.952 ****** (0.99510Q ****** 288.15 *rwwwx wwwwEx
3 0.00000 6.952 *F*F** 263077 *FFFFF 441,22 Freeeer wwwe
4 0.00000 6.952 ****** 252554 ****x* 300.0Q Frrrrr wexwr
5 0.00000 6.952 ****** 14.80053 ****** 557,18 **wxx wwwwwx
6 0.00000 5.561 ****** 14.80053 ****** 557,18 **r¥** wwwwwx
7 0.00000 5.561 ****** 1439176 ****** 74459 ***wxx o
8 003288 5744 dekkdkk 1373979 kkkkkk 180000 dhkkkkk  kkkkkk
9 0.02631 7.135 ****** 13.73979 ****** 1582.54 **xxxx wexwrx
10 0.02631 7.135 ****** 453970 ****** 1284.60 ****** *xxx+*
11 0.02631 7.135 ****** 449430 ****** 1284.60 ****** *xxx+*
12 0.02631 7.135 ***** 1.03654 ****** 945,62 ****** wwwwxr
13 0.02631 7.135 ****** 1.02618 ****** Q945,62 ****** *rwx

14 0.02631 7.135 1.00000 1.02618 939.72 945.62 116.6 0.1629

15 0.00000 0.000 ****** 0.00000 0.00
16 0.02631 7.135 ****** (0.98109 ****** 792,62 ****** *wowe*
17 0.00000 0.000 ****** 0.00000 0.00

18 0.00000 1.390 ****** 14.800563 ****** 557.18 ***xxx wxxwrx

Shaft Power = 2933401.50
Net Thrust = 807.97

Equiv. Power = 2985497.25
Fuel Flow = 0.1829
S.F.C. = 62.3416
E.S.F.C. = 61.2538

Sp. Sh. Power = 421966.00

Sp. Eq. Power = 429459.91
Sh. Th. Effy. = 0.3720

Time Now 12:21:50

-3

CRANFIELD
UNIVERSITY 2014

B.2 Input and result file for ICR LS2-ADIGT engine performance

simulation

1
TURBOMATCH SCHEME - Windows NT version (October 1999)
LIMITS:100 Codewords, 800 Brick Data Items, 50 Station Vector
15 BD Items printable by any call of:-
OUTPUT, OUTPBD, OUTPSV, PLOTIT, PLOTBD or PLOTSV
Input "Program"” follows

PhD Thesis / Barinyima Nkoi 261



TECHNO-ECONOMIC STUDIES OF ENVIRONMENTALLY FRIENDLY
BRAYTON CYCLES IN THE PETROCHEMICAL INDUSTRY

IPERFORMANCE  SIMULATION OF AN INTERCOOLED/RECUPERATED
AERODERIVATIVE!

IINDUSTRIAL GAS TURBINE !

IINSPIRED BY GE LMS100 ENGINE CORE !

IMODELLED BY BARINYIMA NKOI, JULY 2012 !
DL T T T T

OD SIKE CT FP

-1

-1

INTAKE S1-2 D1-4 R300

COMPRE S2-3 D5-10 R301 V5 V6
PREMAS S3-4,20 D12-15

DUCTER S4-5 D16-19 R302
COMPRE S5-6 D20-25 R303 V20 V21

PREMAS S6-7,21 D26-29

HETCOL S7-8 D30-33

BURNER S8-9 D34-36 R304
MIXEES S§9,21,10

TURBIN S10-11  D37-44,303 V38
MIXEES $11,20,12

TURBIN S12-13  D46-53,301 V47
TURBIN S13-14 D55-63 V55 V56
HETHOT S7,14,18 D64-67

DUCTER S14-15 D68-71 R305
NOZCON S15-16,1 D72 R306
PERFOR S1,0,0 D55,74-76,306,300,304,0,0,0,0,0,0,0,0,0
CODEND

IINTAKE

10.0 IINTAKE ALTITUDE

200 IISA DEVIATION

30.0 IMACH NUMBER

4 0.9951 IPRESSURE RECOVERY
ILP COMPRESSOR

50.80 1Z PARAMETER

6-1.0 IROTATIONAL SPEED N

7 3.00 IPRESSURE RATIO

8 0.875 IISENTROPIC EFFICIENCY

91.0 IERROR SELECTION
104.0 IMAP NUMBER
IPREMAS

12 0.906 IBLEED TO COOL LPT BLADES
130.0 IMASS FLOW LOSS

14 1.0 IPRESSURE RECOVERY

150.0 IPRESSURE LOSS

IDUCTER INTERCOOLER

16 2.0 IINTERCOOLER

17 0.03 IPRESSURE LOSS

18 0.30 IEFFECTIVENESS

19 100000.0 ILIMITING VALUE OF FUEL FLOW
IHP COMPRESSOR

200.80 ISURGE MARGIN

21-1.0 ISPOOL SPEED

22 14.05 IPRESSURE RATIO

230.875 IEFFICIENCY

2410 IERROR SELECTOR

255.0 ICOMPRESSOR MAP NUMBER
IPREMAS

26 0.82 IBLEED TO COOL LPT BLADES
27 0.0 IMASS FLOW LOSS

281.0 IPRESSURE FACTOR

290.0 IPRESSURE LOSS
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IHETCOL

30 0.01 ICOLD SIDE PRESSURE LOSS
31 0.75 IEFFECTIVENESS

32 1.0 ITYPE:RECUPERATOR

33 0.02 IMASS FLOW LEAKAGE
IBURNER

34 0.05 IFRACTUAL PRESSURE LOSS
350.998 ICOMBUSTION EFFICIENCY
36-1.0 IFUEL FLOW

'HP TURBINE

37 0.0 IAUXILIARY POWER REQUIRED

38-1.0 INON-DIMENSIONAL MASSFLOW

39-1.0 INON-DIMENSIONAL SPEED

40 0.89 IEFFICIENCY

41-1.0 'REL ROT SPEED (COMPRESSOR TURBINE)
422.0 ICOMPRESSOR NUMBER

431.0 ITURBINE MAP NUMBER

44 -1.0 IPOWER LAW INDEX

! IHPC WORK

IIP TURBINE

46 0.0 IAUXILIARY POWER REQUIRED

47 -1.0 INON-DIMENSIONAL MASS FLOW

48 -1.0 INON-DIMENSIONAL SPEED

49 0.89 IEFFICIENCY

50-1.0 IREL ROT SPEED (COMPRESSOR TURBINE)

511.0 ICOMPRESSOR NUMBER
524.0 ITURBINE MAP NUMBER
53-1.0 IPOWER LAW INDEX

! ILPC WORK

ILP TURBINE

55 100000000 !AUXILIARY POWER REQUIRED

56 -1.0 INON-DIMENSIONAL MASS FLOW

57-1.0 INON-DIMENSIONAL SPEED

58 0.90 IEFFICIENCY

59-1.0 IREL ROT SPEED (COMPRESSOR TURBINE)

60 0.0 ICOMPRESSOR NUMBER
615.0 ITURBINE MAP NUMBER
62 1000.0 IPOWER LAW INDEX

1 0.0 ICOMP WORK

IHETHOT

64 0.02 IHOT SIDE PRESSURE LOSS
65 0.75 IEFFECTIVENESS
66 1.0 ITYPE:RECUPERATOR
67 0.02 IMASS FLOW LEAKAGE
IDUCTER
68 0.0 IDUCTER
69 0.01 IPRESSURE LOSS
70 0.0
71 100000.0
ICONVERGENT NOZZLE
72-1.0 IAIR FIXED
IPERFORMANCE
! ISHAFT POWER OUTPUT
741.0 IPROPELLER EFFICIENCY
750.0 ISCALING INDEX (0=NO SCALING)
76 0.0 IREQUIRED THRUST
-1
122155 !INLET MASS FLOW
56320.0 !INTERCOOLER OUTLET TEMPERATURE
961730.0 !COMBUSTION OUTLET TEMPERATURE
-1
Time Now 15:58:18
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The Units for this Run are as follows:-
Temperature = K Pressure = Atmospheres Length = metres
Area = sq metres Mass Flow = kg/sec Velocity = metres/sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust= N/kg/sec Power = Watts
***** DESIGN POINT ENGINE CALCULATIONS *****
**x AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
% COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z =0.80000 PR = 3.000 ETA = 0.87500

PCN = 1.0000 CN = 1.00000 COMWK = 0.26283E+08
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP = 0.0896 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!
**INTERCOOLER****HEAT REMOVED:59202.10 KWATTS

**xx* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01
Z =0.80000 PR = 14.050 ETA = 0.87500

PCN = 1.0000 CN =1.00000 COMWK = 0.80431E+08
HETYP = 1.0 HEUA=  202.083

HETYP = 1.0 HEUA = 194.553

HETYP = 1.0 HEUA = 194.900

HETYP = 1.0 HEUA = 194.884

e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETAD = 0.75000E+00

ETA = 0.75000 DLP =0.4069

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =2.0139 WFB = 5.0426

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.640 ETA = 0.89000 CN = 2.800

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 414.346 ETA = 0.89000 CN = 2.060

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 219.627 ETA = 0.90000 CN = 2.200

AUXWK = 0.10000E+09

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.10000E+09

HETYP = 1.0 HEUA = 194.884

e HEAT EXCHANGER HOT SIDE PARAMETERS *****

ETAD = 0.75000E+00 HEUA = 194.884 ETASF = 0.00000E+00

ETA = 0.7500 DLP =0.0204 TOTHOT = 704.3835

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 63.14 Gross Thrust = 13523.64
Nozzle Coeff. = 0.97116E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
0.00000 215.500 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 215.500 ****** (0.99510Q ****** 288.15 ***wxx *wwxwx
OOOOOO 215500 *kkkkk 298530 *kkkkk 40917 *hkkkk  kkkkkk
OOOOOO 195243 *kkkkk 298530 *kkkkk 40917 *hkkkk  kkkkkk
0.00000 195.243 ****** 2.89574 ****** 320.0Q ***xr* wxwwe*

abswN =
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6 0.00000 195.243 ****** 40.68519 ****** 717.60 *****r xwrx
7 0.00000 160.099 ***** 40.68519 ****** 717.66 ****** *rwexx
8 0.00000 160.099 ****** 40.27834 ****** £96.52 ****x* wwxx
9 0.03150 165.142 ***** 38.26442 ****** 1730.00 **x*** *wxx*
10 0.02583 200.286 ****** 38.26442 ****** 1568.3Q ****** *rwxx
11 0.02583 200.286 ****** 12.26526 ****** 1249.20 ****** *xxxx
12 0.02340 220.543 ****** 12.26526 ****** 1179.81 *r¥*x mriwxx
13 0.02340 220.543 ****** 8.09782 ****** 1081.34 ***=** wrwsx
14 0.02340 220.543 ****** 1.01938 ****** §89.50 **wxx wwwiwx
15 0.02340 220.543 ****** 1.00918 ****** §89.50 **wxx wwwiwx
16 0.02340 220.543 1.00000 1.00918 687.70 689.50 63.1 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02340 220.543 ****** (0.99899 ****** 7(04.38 **xrr* xwwex
19 0.00000 0.000 ****** 0.00000 0.00

20 000000 20257 *hkhkk 298530 *kkhkk 40917 khkkkk kkkkkk
21 000000 35144 *hkhkk 4068519 Kkkkkk 71766 khkkkk khkkkk

Shaft Power = 100000000.00
Net Thrust = 13523.64
Equiv. Power = 100871960.00
Fuel Flow = 5.0426
S.F.C. = 50.4259
E.S.F.C. = 49.9901
Sp. Sh. Power = 464037.13
Sp. Eq. Power = 468083.34
Sh. Th. Effy. = 0.4599
Time Now 15:58:18

-1
96 1900.0 'OD CALCULATION: TET = 1900.0K
-1

Time Now 15:58:18

BERR(1)= 0.00000E+00
BERR(2) = -0.56810E-01

BERR(3)= 0.67688E-01

BERR(4)= 0.65764E-01

BERR(5)= 0.11482E+00
BERR(6)= 0.10913E+00
BERR(7)= 0.16698E+00
BERR(8)= 0.61694E+00
Loop 1

BERR(1)= 0.71359E-03
BERR(2) = -0.42671E-01

BERR(3)= 0.37125E-01

BERR(4)= 0.37369E-01

BERR(5) = 0.58342E-01

BERR(6) = 0.59060E-01

BERR(7)= 0.14255E+00
BERR(8)= 0.49967E+00
Loop 2

BERR(1)= 0.31976E-02
BERR(2) = -0.26053E-01

BERR(3)= 0.61279E-02
BERR(4)= 0.60719E-02
BERR(5)= 0.14218E-01

BERR(6) = 0.99941E-02
BERR(7)= 0.11036E+00
BERR(8)= 0.34201E+00
Loop 3

BERR(1)= 0.57236E-02
BERR(2) = -0.38678E-02
BERR(3) = -0.16213E-01

BERR(4)= -0.22116E-01
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BERR(5) = -0.11395E-01

BERR( 6) = -0.27789E-01

BERR(7)= 0.47070E-01

BERR(8)= 0.10311E+00
Loop 4

BERR( 1) = -0.38936E-02
BERR(2) = -0.87800E-03
BERR(3)= 0.13006E-01

BERR(4)= 0.11397E-01

BERR(5) = 0.13540E-01

BERR(6)= 0.16811E-01

BERR(7)= 0.49138E-02
BERR( 8) = 0.38979E-01

Loop 5

Loop 6

BERR( 1) = 0.36490E-04
BERR(2) = -0.19393E-04
BERR(3) = -0.11343E-03
BERR(4) = -0.25746E-04
BERR(5)= 0.19037E-03
BERR(6) = 0.64763E-04
BERR(7)= 0.43429E-03
BERR(8) = 0.82656E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 6 Loops *****
*xx AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
**** COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z=0.73814 PR= 3.199 ETA = 0.82456

PCN = 1.0884 CN = 1.08844 COMWK = 0.34110E+08
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP = 0.0955 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

**INTERCOOLER****HEAT REMOVED:80060.00 KWATTS

**xx* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01
Z =0.83703 PR = 15.868 ETA =0.84240

PCN = 1.0521 CN =1.05214 COMWK = 0.10191E+09

> HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.71383 DLP =0.4676

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =2.3314
***** TURBINE 1 PARAMETERS *****
CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.550 ETA = 0.88844
AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****
CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 415.595 ETA =0.89410
AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****
CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 221.849 ETA =0.90712
AUXWK = 0.13557E+09

Additional Free Turbine Parameters:-
Speed = *****% Power = 0.13557E+09

e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA= 0.7138 DLP =0.0285 TOTHOT = 747.3179

WFB = 6.6542

CN= 2813

CN= 2.138

CN= 2.098
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% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 77.23 Gross Thrust = 18998.44
Nozzle Coeff. = 0.97127E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 246.613 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 246.613 ****** (0.99510 ****** 288.15 **xw* wwwex
3 0.00000 246.613 ***** 3.18330 ****** 425.27 wwrixx wxwwwx
4 0.00000 223.432 ****** 318330 *****r 42527 Frrrer e
5 0.00000 223.440 ****** 3.08780 ****** 320.0Q **rr*x wxwww
6 0.00000 223.440 ****** 48.99620 ****** 758.4(Q ***xxr wrxwrx
7 0.00000 183.221 ****** 48.99620 ****** 758.4Q *x*rr* xwwe*
8 0.00000 183.221 ****** 48.52861 ****** T41.77 *xrr=* xwwe*
9 0.03632 189.875 ****** 46.19720 ****** 1900.00 ****** *xxxx
10 0.02978 230.094 ****** 46.19720 ****** 1719.83 *x*¥** swwwex
11 0.02978 230.094 ****** 14.70628 ****** 1374.84 *xx¥*x swwwex
12 0.02698 253.276 ****** 14.70628 ****** 1297.4(Q *x*** wxwex
13 0.02698 253.276 ****** 9.61710 ****** 1188.51 **xx** *wwwxx
14 0.02698 253.276 ****** 1.02559 ****** 73513 *xxwr* xwwex
15 0.02698 253.276 ****** 1.01533 ****** 735,13 *wxwr* xwwex

16 0.02698 253.276 1.00000 1.01533 732.44 735.13 77.2 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02698 253.276 ****** 0.99709 ****** 747 .32 wwxr wwwix
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 23.182 ****** 318330 ****** 42527 *rrrrr wwwwex
21 0.00000 40.219 ***** 48.99620 ****** 758.4(Q **xwr* wrwexx

Shaft Power = 135569296.00
Net Thrust = 18998.44
Equiv. Power = 136794256.00
Fuel Flow = 6.6542
S.F.C. = 49.0832
E.S.F.C. = 48.6437
Sp. Sh. Power = 549724.31
Sp. Eq. Power = 554691.44
Sh. Th. Effy. = 0.4724
Time Now 15:58:18

-1
96 1850.0 !OD CALCULATION: TET = 1850.0K
-1

Time Now 15:58:18

BERR( 1) = 0.36490E-04
BERR(2)= 0.15604E-01
BERR(3) = -0.17547E-01
BERR(4)= -0.21391E-01
BERR( 5) = -0.29460E-01
BERR( 6) = -0.33180E-01
BERR(7)= -0.56391E-01
BERR( 8) = -0.15162E+00
Loop 1

BERR(1)= 0.41205E-03
BERR(2) = -0.11552E-03
BERR(3)= 0.76010E-03
BERR(4)= 0.18547E-03
BERR(5)= 0.10568E-02
BERR(6) = 0.36252E-03
BERR(7)= 0.70451E-02
BERR(8) = 0.95822E-02
Loop 2

BERR( 1) = 0.35085E-04
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BERR(2)= 0.19183E-05
BERR(3)= 0.36163E-04
BERR(4) = -0.40996E-05
BERR(5)= 0.15902E-04
BERR(6) = -0.71634E-05
BERR(7)= -0.43092E-02
BERR( 8) = -0.37126E-03

1

****%* OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****

*xx AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag = 0.00

**** COMPRESSOR 1 PARAMETERS *****

PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z=0.75482 PR= 3.165 ETA =0.83787

PCN = 1.0681 CN = 1.06808 COMWK = 0.32313E+08
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0945 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED:75224.85 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z=0.82676 PR = 15.391 ETA = 0.85229

PCN = 1.0393 CN =1.03932 COMWK = 0.96466E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.72145 DLP =0.4543

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =2.2504 WFB = 6.2305

#*** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.504 ETA =0.88810 CN= 2816

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 415.793 ETA = 0.89338 CN = 2127

AUXWK = 0.00000E+00

=*** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 222.119 ETA = 0.90966 CN= 2128

AUXWK = 0.12650E+09

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.12650E+09
e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA= 0.7215 DLP =0.0263 TOTHOT = 733.1089

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 73.31 Gross Thrust = 17527.60
Nozzle Coeff. = 0.97123E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 239.941 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 239.941 ****** (0.9951(Q ****** 288,15 ****** whwiex
0.00000 239.941 ****** 3.14990 ****** 421,68 ****** *hwixx
0.00000 217.387 ****** 3.14990 ****** 421,68 ****** *hwixx
0.00000 217.394 ****** 3.05541 ****** 320,00 ****** whwixx
0.00000 217.394  ****** 47.02483 ****** 747,02 **¥**x ke
0.00000 178.263 ****** 47.02483 ****** 747,02 *****x ke
OOOOOO 178263 Fkkdkk 4657058 Fkkkkk 72586 Kkkhkk kkkkkk

ONO O WN
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9 0.03495 184.494 ****** 4432014 ****** 1850.00 ****** xwrex
10 0.02866 223.625 ****** 44.32014 ****** 1675.36 ****** *rwx
11 0.02866 223.625 ****** 14.09417 ****** 1337.44 *r**x wrwox
12 0.02597 246.179 ****** 14,09417 ****** 1262.4Q *r***x wrwwx
13 002597 246179 *hkhkk 920586 Kkkkkk 115570 kkkkkk kkkkkk
14 0.02597 246.179 ****** 1.02321 ****** 7772 *ewwex o
15 0.02597 246.179 ****** 1.01298 ****** 71772 xwxex s
16 0.02597 246.179 1.00000 1.01298 715.28 717.72 73.3 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02597 246.179 ****** (0.99687 ****** 733.11 w*rwxr wwwx
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 22.554 ****** 314990 ***F** 421.68 *rrrrr wwwwe
21 0.00000 39.131 ****** 47.02483 ****** T47.02 ***+=* xwwe*

Shaft Power = 126500816.00
Net Thrust = 17527.60
Equiv. Power = 127630944.00
Fuel Flow = 6.2305
S.F.C. = 49.2530
E.S.F.C. = 48.8168
Sp. Sh. Power = 527215.69
Sp. Eq. Power = 531925.69
Sh. Th. Effy. = 0.4708
Time Now 15:58:18

-1

96 1800.0
-1

Time Now 15:58:18
BERR( 1) = 0.35085E-04
BERR(2)= 0.16022E-01
BERR( 3) = -0.17850E-01
BERR(4) = -0.21973E-01
BERR( 5) = -0.30405E-01
BERR(6) = -0.34184E-01
BERR(7) = -0.44102E-01
BERR( 8) = -0.15946E+00
Loop 1
BERR( 1) = 0.93029E-03
BERR( 2) = -0.80678E-04
BERR( 3) = -0.14163E-02
BERR(4) = -0.24139E-02
BERR(5)= 0.10331E-03
BERR( 6) = -0.25354E-02
BERR(7)= 0.31546E-02
BERR(8) = 0.86826E-02
Loop 2
BERR( 1) = 0.49314E-04
BERR( 2) = -0.10076E-04
BERR( 3) = 0.35848E-04
BERR( 4) = -0.60880E-05
BERR( 5) = -0.44310E-04
BERR(6) = 0.19026E-04
BERR( 7) = -0.46975E-03
BERR( 8) = -0.16106E-02

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
***** COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01
Z=0.77252 PR= 3.102 ETA = 0.85302
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PCN = 1.0408 CN =1.04080 COMWK = 0.29864E+08
**** DUCT/AFTER BURNING 1 PARAMETERS *****
ETA = 0.3000 DLP = 0.0926 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED:68671.11  KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z=0.81673 PR = 14.880 ETA = 0.86238

PCN = 1.0245 CN =1.02452 COMWK = 0.89985E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.73228 DLP =0.4355

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =2.1537 WFB = 5.7394

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.447 ETA = 0.88825 CN= 2813

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 415.133 ETA =0.89212 CN = 2.102

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 221.015 ETA = 0.90609 CN= 2.158

AUXWK = 0.11553E+09

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.11553E+09
e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA= 0.7323 DLP =0.0239 TOTHOT = 720.8944

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 69.13 Gross Thrust = 15860.88
Nozzle Coeff. = 0.97119E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 230.501 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 230.501 ****** (0.99510Q ****** 288.15 *r*wxx *wwwex
3 0.00000 230.501 ****** 3.08684 ****** 416.66 ****** *xrr*
4 0.00000 208.834 ****** 3.08684 ****** 416.66 ****r Frrxx
5 0.00000 208.844 ****** 299423 ****** 320.0Q **xrr wwwwrr
6 0.00000 208.844 ****** 44 55372 ****** 735,16 **rrrx *wwwxx
7 0.00000 171.252 ****** 44 855372 ****** 735,16 ***** wxwxxx
8 0.00000 171.252 ****** 4411826 ****** 713.08 *x**** xwwxx
9 0.03351 176.991 ****** 41.96455 ****** 1800.0Q ****** wxwwxx
10 0.02748 214.583 ****** 41.96455 ****** 163(0.82 *****x *rwwxx
11 0.02748 214.583 ****** 13.35958 ****** 1300.37 ****** *rwwxx
12 0.02490 236.250 ****** 13.35958 ****** 1227.76 *****x wrwwwx
13 0.02490 236.250 ****** 8.75733 ****** 1124.26 ****** wreix
14 0.02490 236.250 ****** 1.02065 ****** 705,02 *xxxxx *wwwwx
15 0.02490 236.250 ****** 1.01044 ****** 705,02 *xxxxx wwwex

16 0.02490 236.250 1.00000 1.01044 702.85 705.02 69.1 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02490 236.250 ****** 0.99676 ****** 720.89 ***wxx wwwwx
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 21.667 ****** 3.08684 ****** 416.66 *****r wrrrxx
21 0.00000 37.592 ****** 4455372 ****** 73516 *rrwrr wwwee

Shaft Power = 115528736.00
Net Thrust = 15860.88
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Equiv. Power = 116551400.00
Fuel Flow = 5.7394
S.F.C. = 49.6793
E.S.F.C. = 49.2434
Sp. Sh. Power = 501207.59
Sp. Eq. Power = 505644.28
Sh. Th. Effy. = 0.4668
Time Now 15:58:18

-1

96 1750.0
-1

Time Now 15:58:18
BERR( 1) = 0.49314E-04
BERR(2)= 0.16433E-01
BERR( 3) = -0.18337E-01
BERR(4) = -0.22510E-01
BERR( 5) = -0.31256E-01
BERR( 6) = -0.34924E-01
BERR(7)= -0.44865E-01
BERR( 8) = -0.16462E+00
Loop 1
BERR(1)= 0.18108E-03
BERR(2)= 0.91738E-03
BERR( 3) = -0.12741E-02
BERR(4) = -0.24317E-02
BERR(5)= 0.52027E-03
BERR( 6) = -0.23402E-02
BERR(7)= 0.18766E-02
BERR(8) = 0.37983E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 1 Loops *****
e AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag = 0.00
**x COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z =0.78951 PR= 3.026 ETA = 0.86796

PCN= 1.0122 CN =1.01223 COMWK = 0.27320E+08
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0903 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED:61910.96 = KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z=0.80724 PR = 14.378 ETA = 0.87053

PCN = 1.0093 CN =1.00933 COMWK = 0.83632E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.74427 DLP =0.4154

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =2.0543 WFB = 5.2415

=*** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.497 ETA = 0.88868 CN= 2810

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 414.274 ETA = 0.89085 CN = 2.074

AUXWK = 0.00000E+00

*** TURBINE 3 PARAMETERS *****
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CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 219.541 ETA = 0.90022 CN= 2.189

AUXWK = 0.10398E+09

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.10398E+09
e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7443 DLP =0.0214 TOTHOT = 710.4229

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 65.04 Gross Thrust = 14241.05
Nozzle Coeff. = 0.97126E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 220.175 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 220.175 ****** (0.99510Q ****** 288.15 *r*wxx wwwwex
3 0.00000 220.175 ****** 3.01126 ****** 411.25 *wwwrs o
4 0.00000 199.479 ***** 3.01126 ****** 411.25 wwws* wwwx
5 0.00000 199.515 ****** 292092 ****** 320.0Q ****** xxxw*
6 0.00000 199.515 ****** 4199584 ****** 724 35 *xxrxx swwwwx
7 0.00000 163.602 ****** 41.99584 ****** 724,35 *rr* wewexxx
8 OOOOOO 163602 *kkhkk 4158041 Fkkkkk 70237 *kkkkk kkkkkk
9 003204 168844 *hkhhk 3952615 Kkkkkk 175000 kkkkkk hhkkkkk
10 0.02627 204.756 ****** 39.52615 ****** 1586.46 ****** =+«
11 0.02627 204.756 ****** 12.55942 ****** 1262.59 *r¥**x wwwwx
12 0.02380 225.453 ****** 12.55942 ****** 110237 *rrwx wwwwwx
13 0.02380 225.453 ****** 8.27392 ****** 1092.5Q **rr* wwwwx
14 0.02380 225.453 ****** 1.02492 ****** §94.84 xrrrr wwwwwx
15 0.02380 225.453 ****** 1.01467 ****** §94.84 xwrrx *wwwwx

16 0.02380 225.453 1.00000 1.01467 692.91 694.84 65.0 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02380 225.453 ****** 1.00356 ****** 710.42 *rwxr wwwex
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 20.696 ****** 3.01126 ****** 411.25 ¥ wwwwee
21 0.00000 35.913 ***** 4109584 ****** 724 35 **wwrs wwwee

Shaft Power = 103975864.00
Net Thrust = 14241.05
Equiv. Power = 104894080.00
Fuel Flow = 5.2415
S.F.C. = 50.4103
E.S.F.C. = 49.9690
Sp. Sh. Power = 472241.31
Sp. Eq. Power =  476411.72
Sh. Th. Effy. = 0.4600
Time Now 15:58:18

-1

96 1700.0
-1

Time Now 15:58:18
BERR(1)= 0.18108E-03
BERR(2)= 0.17820E-01
BERR(3) = -0.20040E-01
BERR(4) = -0.25568E-01
BERR(5) = -0.31567E-01
BERR(6) = -0.38101E-01
BERR( 7) = -0.43565E-02
BERR( 8) = -0.16467E+00
Loop 1
BERR(1)= 0.20707E-03
BERR(2)= 0.40013E-02
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BERR(3) = -0.81773E-02
BERR(4)= -0.10274E-01
BERR(5) = -0.17946E-01
BERR( 6) = -0.17345E-01
BERR(7)= 0.92005E-02
BERR(8) = -0.16349E-01
Loop 2

BERR(1)= 0.21185E-03
BERR(2)= 0.52689E-03
BERR(3) = -0.41911E-02
BERR(4)= -0.47251E-02
BERR(5) = -0.97554E-02
BERR(6) = -0.86366E-02
BERR(7)= 0.73171E-02
BERR(8) = 0.75275E-02
Loop 3

BERR( 1) = 0.85249E-04
BERR(2)= 0.17529E-03
BERR(3) = -0.16858E-02
BERR(4)= -0.17246E-02
BERR(5) = -0.41027E-02
BERR(6) = -0.34071E-02
BERR(7)= 0.24468E-02
BERR(8)= 0.74826E-03

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
% AMBIENT AND INLET PARAMETERS *****
Alt.= 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z=0.81528 PR= 20912 ETA = 0.88281

PCN = 0.9629 CN =0.96295 COMWK = 0.24007E+08
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP = 0.0869 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED:53277.80 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z =0.79595 PR = 13.693 ETA = 0.87566

PCN = 0.9852 CN = 0.98524 COMWK = 0.75420E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.76245 DLP =0.3863

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =1.9241 WFB = 4.6420

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 401.796 ETA =0.89216 CN= 2782

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 412.147 ETA =0.88784 CN = 2.002

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 216.017 ETA =0.88612 CN= 2219

AUXWK = 0.90185E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.90185E+08

e HEAT EXCHANGER HOT SIDE PARAMETERS *****
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ETA = 0.7624 DLP =0.0184 TOTHOT = 701.5080

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 60.08 Gross Thrust = 12234.25
Nozzle Coeff. = 0.97118E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 205.015 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 205.015 ****** 0.99510 ****** 288.15 ***x¥* xwxx
3 0.00000 205.015 ****** 2.89807 ****** 4(04.37 ***x* xwexx
4 0.00000 185.744 ****** 289807 ****** 404.37 **rrx* wxwexx
5 0.00000 185.760 ****** 281113 ****** 320.0Q ****** *xwxx
6 0.00000 185.760 ***** 38.49180 ****** 712,15 *xrwx wwwixx
7 0.00000 152.323 ****** 38.49180 ***** 712.15 ™o oo
8 0.00000 152.323 ****** 38.10551 ****** £95.48 **r*xx xwixxx
9 0.03047 156.965 ****** 36.18142 ****** 1700.0Q ****** *xxx*
10 0.02499 190.402 ****** 36.18142 ****** 154190 ***r** xxwwsx
11 0.02499 190.402 ****** 11.57707 ****** 122576 ****** xxwwx
12 0.02264 209.673 ****** 11.57707 ****** 1157.73 **xrtx >
13 0.02264 209.673 ****** T7.70477 ****** 1062.73 ****** whxxs*
14 0.02264 209.673 ****** 1.02025 ****** £89.95 ***r** xwixx
15 0.02264 209.673 ****** 1.01005 ****** £89.95 ***r** xwixx

16 0.02264 209.673 1.00000 1.01005 688.29 689.95 60.1 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02264 209.673 ****** 1.00183 ****** 701.51 e wwwx
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 19.271 ***** 289807 ****** 404.37 *rerr wrwwex
21 0.00000 33.437 ****** 38.49180 ****** 712.15 *xwwx* wwwex

Shaft Power = 90184584.00
Net Thrust = 12234.25
Equiv. Power = 90973408.00
Fuel Flow = 4.6420
S.F.C.= 514721
E.S.F.C. = 51.0258
Sp. Sh. Power = 439892.25
Sp. Eq. Power = 443739.91
Sh. Th. Effy. = 0.4505
Time Now 15:58:18

-1

96 1650.0
-1

Time Now 15:58:18
BERR( 1) = 0.85249E-04
BERR(2)= 0.17573E-01
BERR(3) = -0.20674E-01
BERR(4) = -0.25108E-01
BERR( 5) = -0.36905E-01
BERR( 6) = -0.39449E-01
BERR( 7) = -0.10530E-01
BERR(8) = -0.16149E+00
Loop 1
BERR(1)= 0.26638E-03
BERR(2)= 0.67221E-02
BERR( 3) = -0.78743E-02
BERR(4) = -0.95810E-02
BERR( 5) = -0.14577E-01
BERR( 6) = -0.14656E-01
BERR(7)= -0.51656E-03
BERR(8) = -0.54155E-01
Loop 2
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BERR(1)= 0.41446E-03
BERR(2) = -0.21035E-03
BERR(3)= 0.33767E-03
BERR(4)= 0.48068E-03
BERR(5)= 0.11497E-02
BERR(6) = 0.14043E-02
BERR(7)= 0.61989E-02
BERR(8) = 0.14724E-01
Loop 3

BERR( 1) = -0.50759E-04
BERR(2)= 0.23482E-04
BERR(3)= 0.65628E-05
BERR(4)= -0.17371E-05
BERR( 5) = -0.18816E-03
BERR(6) = -0.11043E-03
BERR( 7) = -0.13640E-02
BERR( 8) = -0.35995E-02

1
***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
% AMBIENT AND INLET PARAMETERS *****
Alt. = 0.0 I.S.A.Dev.= 0.000 Mach No. = 0.00
Etar = 0.9951 Momentum Drag =  0.00
***x* COMPRESSOR 1 PARAMETERS *****
PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z=0.84214 PR= 2764 ETA = 0.89551

PCN = 0.9027 CN =0.90273 COMWK = 0.20431E+08
**** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0825 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED:44064.26 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z =0.78359 PR = 12979 ETA =0.87780

PCN = 0.9587 CN =0.95867 COMWK = 0.66850E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA =0.78429 DLP =0.3533

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =1.7726 WFB = 4.0293

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 402.576 ETA = 0.89736 CN= 2747

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 410.308 ETA =0.88274 CN = 1.906

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 212.636 ETA =0.87429 CN = 2.250

AUXWK = 0.76556E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.76556E+08
e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.7843 DLP =0.0154 TOTHOT = 693.2943

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 54.56 Gross Thrust = 10148.61
Nozzle Coeff. = 0.97107E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000
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Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 187.535 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 187.535 ****** (.9951(Q ****** 288,15 ****** whwixx
3 0.00000 187.535 ****** 275050 ****** 396,32 *xrxwx wxwwxx
4 0.00000 169.906 ****** 275050 ****** 390G .32 ***rxx whkwwx
5 0.00000 169.898 ****** 266799 ****** 320.0Q ***** wwwwwx
6 0.00000 169.898 ****** 34.62895 ****** 7(00.5(Q *****x xxwwxx
7 0.00000 139.316 ****** 34.62895 ****** 7(00.5Q wx*#** xwwwwx
8 0.00000 139.316 ****** 34.27565 ****** §88.98 ***** xwwwkx
9 0.02892 143.345 ****** 32.50301 ****** 1650.0Q ****** xwwwxx
10 0.02372 173.927 ****** 32.50301 ****** 1497 .46 ***rxx wwxxxs
11 0.02372 173.927 ****** 10.48043 ****** 1188.64 ***rxx wwxxxx
12 0.02149 191.555 ****** 10.48043 ****** 1122.75 ***¥**x e
13 0.02149 191.555 ****** 7.07573 ****** 1033.64 ****xx *¥¥xxx
14 0.02149 191.555 ****** 1,01421 ****** §85.51 **¥¥xx wwiwex
15 0.02149 191.555 ****** 1.00407 ****** §85.51 **¥¥xx wxwwwxx

16 0.02149 191.555 1.00000 1.00407 684.14 685.51 54.6 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02149 191.555 ****** (.99884 ****** §93.29 wwHwxx wwwwx
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 17.628 ****** 275050 ****** 3096.32 ***rrr xxwwe*
21 0.00000 30.582 ****** 34.62895 ****** 700.5Q ****** xwwex

Shaft Power = 76555640.00
Net Thrust = 10148.61
Equiv. Power = 77209992.00
Fuel Flow = 4.0293
S.F.C.= 52.6324
E.S.F.C. = 52.1863
Sp. Sh. Power = 408221.44
Sp. Eq. Power = 411710.66
Sh. Th. Effy. = 0.4406
Time Now 15:58:18

-1

96 1600.0
-1

Time Now 15:58:18
BERR( 1) = -0.50759E-04
BERR(2)= 0.17954E-01
BERR( 3) = -0.18824E-01
BERR(4) = -0.23626E-01
BERR(5) = -0.31870E-01
BERR( 6) = -0.36254E-01
BERR( 7) = -0.36589E-01
BERR( 8) = -0.17043E+00
Loop 1
BERR( 1) = -0.89383E-03
BERR( 2) = 0.54692E-02
BERR( 3) = -0.51771E-02
BERR(4) = -0.78967E-02
BERR( 5) = -0.16958E-01
BERR( 6) = -0.14562E-01
BERR(7)= -0.78544E-02
BERR(8) = -0.50411E-01
Loop 2
BERR( 1) = -0.25813E-02
BERR( 2) = -0.16242E-02
BERR( 3) = 0.24314E-02
BERR(4)= 0.90229E-03
BERR( 5) = -0.49493E-02
BERR(6) = -0.11063E-02
BERR(7)= 0.55593E-02
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BERR( 8) = 0.95259E-02

Loop 3

BERR(1)= 0.13112E-02
BERR(2)= 0.20429E-03
BERR( 3) = -0.26697E-03
BERR( 4) = -0.69012E-04
BERR(5)= 0.71663E-03
BERR(6)= 0.81011E-04
BERR(7)= 0.40056E-03
BERR(8)= 0.20558E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****

e AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag =  0.00

e COMPRESSOR 1 PARAMETERS *****

PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01
Z=0.86570 PR = 2.646 ETA = 0.90609

PCN = 0.8485 CN =0.84850 COMWK = 0.17640E+08

% DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0790 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

**INTERCOOLER****HEAT REMOVED:37028.46 KWATTS

e COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01
Z=0.77371 PR = 12.284 ETA = 0.87904

PCN = 0.9374 CN =0.93738 COMWK = 0.59595E+08

e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.80375 DLP =0.3248

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA =0.99800 DLP = 1.6444 WFB = 3.5070

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 402.993 ETA =0.90031 CN= 2727

AUXWK = 0.00000E+00

**** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 408.852 ETA =0.87808 CN = 1.820

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 209.988 ETA = 0.86002 CN = 2.284

AUXWK = 0.64635E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.64635E+08
e HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.8037 DLP =0.0129 TOTHOT = 685.6708

**xx% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 49.90 Gross Thrust= 8531.59
Nozzle Coeff. = 0.97115E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 172.324 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 172.324 ****** (0.99510Q ****** 288.15 *r*wxx wwwwwx
0.00000 172.324 ****** 263266 ****** 389.82 *r*wxx wwwxwx
0.00000 156.126 ****** 2.63266 ****** 389.82 ***x** wxwre*
OOOOOO 156331 *kkkkk 255368 *kkkkk 32000 *hkkkk  kkkkkk
0.00000 156.331 FhREE 34 3EGQQ kkkkx GQQ ()§ Hrrkkk kkkrkk

OO WN
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7 0.00000 128.191 ***** 31.36819 ****** §89.08 ****** *rwxxx
8 0.00000 128.191 ****** 31.04335 ****** £83.68 ****** wrixx
9 0.02736 131.698 ***** 20.39899 ****** 1600.00 ****** *rwxx*
10 0.02243 159.837 ****** 209.39899 ****** 1453.09 *xw*x wwwwk
11 0.02243 159.837 ****** 9.51380 ****** 1151.44 xrr=** wroex
12 0.02033 176.036 ****** 9.51380 ****** 1087.90Q ****** *xx*x
13 0.02033 176.036 ****** 6.48928 ****** 1003.58 ****** *xx**
14 0.02033 176.036 ****** 1.01872 ****** ©82.1Q ****** xwwx**
15 0.02033 176.036 ****** 1.00853 ****** §82.1Q ***wxx wwwwx
16 0.02033 176.036 1.00000 1.00853 680.96 682.10 49.9 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.02033 176.036 ****** 1.00586 ****** 685.67 ****x* *wrxx
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 16.198 ****** 2.63266 ****** 389.82 ***xr* wxwwx*
21 0.00000 28.139 ****** 31.36819 ****** £89.08 ****** xwrx**

Shaft Power = 64635128.00
Net Thrust = 8531.59

Equiv. Power = 65185220.00
Fuel Flow = 3.5070

S.F.C.= 54.2578

E.S.F.C. = 53.7999

Sp. Sh. Power = 375079.06

Sp. Eq. Power = 378271.25
Sh. Th. Effy. = 0.4274

Time Now 15:58:19

-1

96 1550.0
-1

Time Now 15:58:19
BERR(1)= 0.13112E-02
BERR(2)= 0.18679E-01
BERR(3) = -0.19238E-01
BERR(4) = -0.24187E-01
BERR(5) = -0.31673E-01
BERR( 6) = -0.36635E-01
BERR( 7) = -0.60032E-01
BERR(8) = -0.17920E+00
Loop 1
BERR(1)= 0.15182E-02
BERR(2)= 0.80513E-02
BERR(3) = -0.83633E-02
BERR(4)= -0.10623E-01
BERR(5) = -0.13919E-01
BERR( 6) = -0.16383E-01
BERR(7)= -0.21969E-01
BERR( 8) = -0.70636E-01
Loop 2
BERR(1)= 0.28211E-02
BERR(2) = -0.96507E-04
BERR(3) = -0.22684E-03
BERR(4) = -0.43436E-03
BERR(5) = -0.17944E-04
BERR( 6) = -0.12603E-02
BERR(7)= 0.78450E-02
BERR(8) = 0.19144E-01
Loop 3
BERR(1)= 0.19741E-04
BERR(2)= 0.51274E-04
BERR(3) = -0.79986E-04
BERR(4) = -0.57463E-04
BERR(5) = 0.34240E-03
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BERR(6)= 0.15017E-04
BERR(7)= -0.15786E-02
BERR( 8) = -0.30478E-02

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****

== AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 [I.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag =  0.00

e COMPRESSOR 1 PARAMETERS *****

PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z =0.88379 PR= 2514 ETA = 0.90522

PCN = 0.7953 CN =0.79533 COMWK = 0.15140E+08
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP = 0.0751 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

***INTERCOOLER***HEAT REMOVED:30882.94 KWATTS

*** COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z =0.76462 PR = 11.580 ETA = 0.87904

PCN= 0.9177 CN=0.91772 COMWK = 0.52508E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.82463 DLP = 0.2956

e COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =1.5108 WFB = 3.0121

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 403.340 ETA =0.90262 CN= 2711

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 407.813 ETA =0.87317 CN= 1734

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 207.972 ETA =0.84295 CN = 2.319

AUXWK = 0.53535E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.53535E+08
*** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.8246 DLP =0.0107 TOTHOT = 677.9760

% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 45.18 Gross Thrust= 7025.18
Nozzle Coeff. = 0.97104E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 157.111 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 157.111 ****** (0.99510Q ****** 288.15 *r*wxx *wwwwx
0.00000 157.111 ****** 250196 ****** 383,89 **++x wwwers
0.00000 142.343 ****** 250196 ****** 383.89 *r*r** wwwwxx
OOOOOO 142346 *kkkkk 242690 *kkkkk 32000 *hkkkk  kkkkkk
0.00000 142.346 ****** 28.10434 ****** G77.56 ****** wxxxxx
0.00000 116.723 ****** 28.10434 ****** @77.56 ****** wwwe*
0.00000 116.723 ****** 27.80877 ****** §78.68 ****** wwre*
0.02581 119.736 ****** 26.29800 ****** 1550.00 ****** *x*x
0.02116 145.358 ****** 26.29800 ****** 1408.75 *x**** wxxe*
11 002116 145358 Fkkkkk 853627 dkkkkk 111440 Kkkkkk kkkkkk
12 001917 160126 *kkkkk 853627 Hkkkkk 105312 *kkkkk  kkkkkk
13 001917 160126 Fkkkkk 586798 dkkkkk 97296 dhkkhkk kkkkkk
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14 0.01917 160.126 ****** 1.01238 ****** §78.70Q ***wx wwwx
15 0.01917 160.126 ****** 1.00225 ****** §78.70Q ***wx wwwwx
16 0.01917 160.126 1.00000 1.00225 677.76 678.70 45.2 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.01917 160.126 ****** 1.00172 ****** ©77.98 ***r** xwwe*
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 14.768 ****** 250196 ****** 383.89 ***xr* wxwwex
21 0.00000 25.622 ****** 28.10434 ****** @77.50 ****** xwre*

Shaft Power = 53534644.00
Net Thrust = 7025.18
Equiv. Power = 53987608.00
Fuel Flow = 3.0121
S.F.C. = 56.2650
E.S.F.C. = 55.7929
Sp. Sh. Power = 340743.41
Sp. Eq. Power = 343626.47
Sh. Th. Effy. = 0.4121
Time Now 15:58:19

-1

96 1500.0
-1

Time Now 15:58:19
BERR(1)= 0.19741E-04
BERR(2)= 0.19119E-01
BERR(3) = -0.19269E-01
BERR(4) = -0.24716E-01
BERR(5) = -0.32556E-01
BERR( 6) = -0.36786E-01
BERR(7)= -0.95340E-01
BERR( 8) = -0.19654E+00
Loop 1
BERR(1)= 0.15272E-03
BERR(2)= 0.91124E-02
BERR(3) = -0.94097E-02
BERR(4) = -0.12063E-01
BERR(5) = -0.15017E-01
BERR( 6) = -0.17635E-01
BERR(7)= -0.40578E-01
BERR(8) = -0.86187E-01
Loop 2
BERR( 1) = 0.39002E-03
BERR(2) = -0.34918E-03
BERR(3) = -0.12588E-03
BERR(4) = -0.41324E-03
BERR(5) = 0.14655E-01
BERR( 6) = -0.60461E-03
BERR(7)= 0.16518E-01
BERR(8)= 0.23931E-01
Loop 3
BERR( 1) = -0.26972E-03
BERR(2) = -0.38773E-06
BERR(3)= 0.63454E-04
BERR(4) = -0.22380E-04
BERR(5) = -0.48513E-02
BERR(6)= 0.81908E-03
BERR(7) = -0.43446E-02
BERR(8) = -0.51142E-02
Loop 4
BERR( 1) = 0.34994E-04
BERR(2)= 0.11878E-04
BERR(3) = -0.25106E-04
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BERR(4)= 0.26489E-04
BERR(5)= 0.68650E-04
BERR(6) = -0.17118E-03
BERR(7)= 0.57057E-03
BERR(8)= 0.51970E-03

1

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 4 Loops *****

**x AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag = 0.00

**x COMPRESSOR 1 PARAMETERS *****

PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z =0.89829 PR= 2.394 ETA = 0.89356

PCN = 0.7473 CN =0.74733 COMWK = 0.13178E+08
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0715 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED:26207.59  KWATTS

** COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z=0.75367 PR = 10.935 ETA = 0.87904

PCN = 0.8970 CN = 0.89699 COMWK = 0.46470E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.82500 DLP =0.2703

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =1.3948 WFB = 2.5904

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 403.911 ETA =0.90571 CN = 2.693

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 407.127 ETA =0.86729 CN = 1.657

AUXWK = 0.00000E+00

**** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 207.030 ETA = 0.82496 CN = 2.358

AUXWK = 0.43997E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.43997E+08
*** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.8250 DLP =0.0088 TOTHOT = 670.4169

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 41.05 Gross Thrust= 5829.70
Nozzle Coeff. = 0.97109E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 143.640 1.00000 1.00000 288.15 288.15 0.0 ******
0.00000 143.640 ****** (.9Q51(Q ****** D88 15 *ikkx* rrkikx
0.00000 143.640Q ****** 9 3848Q *¥*¥xx 37Q 3 *kkkkk krrikx
OOOOOO 130138 *kkkkk 238189 *kkkkk 37931 Khkkkkk  kkkkkk
0.00000 130.143 ****** 231043 ****** 320.00 ****xx *wexe
0.00000 130.143 ****** 2526479 ****** 666.50 ****** wxre*
0.00000 106.717 ****** 2526479 ****** 666.50 ****** wxr*
0.00000 106.717 ****** 24.99444 **x*** @73.74 xxxe* wwwwx
0.02427 109.307 ****** 23.59964 ****** 1500.00 ****** wxxxx
10 0.01990 132.733 ****** 23.59964 ****** 1364.52 ****** wxwxxx
11 0.01990 132.733 ****** 7.67942 ****** 1077.14 *rrr* e
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12 0.01803 146.235 ****** 7.67942 ****** 1(018.32 **x** wwwxxx
13 0.01803 146.235 ****** 5209413 ****** Q41,34 wwwer wwmx
14 0.01803 146.235 ****** 1.01508 ****** §75.1Q e wwwx
15 0.01803 146.235 ****** 1.00493 ****** §75.10Q e wwwwx
16 0.01803 146.235 1.00000 1.00493 674.32 675.10 41.1 6.8037

17 0.00000 0.000 ****** 0.00000 0.00
18 0.01803 146.235 ****** 1.00627 ****** §70.42 ***+** xww=**
19 0.00000 0.000 ****** 0.00000 0.00

20 0.00000 13.502 ****** 238189 ****** 37Q.31 wrrwr wwwwe
21 0.00000 23.426 ****** 2526479 ****** §66.50 ***rrr wrwexx

Shaft Power = 43996764.00
Net Thrust = 5829.70
Equiv. Power = 44372644.00
Fuel Flow = 2.5904
S.F.C.= 58.8778
E.S.F.C. = 58.3791
Sp. Sh. Power = 306298.50
Sp. Eq. Power = 308915.34
Sh. Th. Effy. = 0.3938
Time Now 15:58:19

-1

96 1450.0
-1

Time Now 15:58:19
BERR( 1) = 0.34994E-04
BERR(2)= 0.19661E-01
BERR(3) = -0.19246E-01
BERR(4) = -0.25317E-01
BERR(5) = -0.39113E-01
BERR(6) = -0.38105E-01
BERR(7)= -0.14290E+00
BERR( 8) = -0.21440E+00
Loop 1
BERR( 1) = 0.60995E-03
BERR(2)= 0.90692E-02
BERR(3) = -0.99939E-02
BERR(4) = -0.12622E-01
BERR(5) = -0.12194E-01
BERR(6) = -0.18504E-01
BERR(7)= -0.56771E-01
BERR( 8) = -0.87880E-01
Loop 2
BERR(1)= 0.15607E-02
BERR(2)= 0.10787E-02
BERR(3) = -0.45416E-02
BERR(4) = -0.39509E-02
BERR(5)= 0.55256E-02
BERR(6) = -0.31167E-02
BERR(7)= 0.16150E-01
BERR(8)= 0.17252E-01
Loop 3
BERR(1)= 0.27913E-03
BERR(2)= 0.35057E-03
BERR(3) = -0.16732E-02
BERR(4)= -0.11530E-02
BERR(5) = -0.19048E-02
BERR(6) = -0.56733E-03
BERR(7)= -0.32713E-02
BERR(8) = -0.30282E-02

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 3 Loops *****
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e AMBIENT AND INLET PARAMETERS *****

Alt.= 0.0 |.S.A.Dev.= 0.000 Mach No. = 0.00

Etar = 0.9951 Momentum Drag = 0.00

**x COMPRESSOR 1 PARAMETERS *****

PRSF = 0.20833E+01 ETASF = 0.10542E+01 WASF = 0.11998E+01

Z=0.91692 PR= 2.300 ETA =0.88178

PCN = 0.7077 CN =0.70769 COMWK = 0.11649E+08
***** DUCT/AFTER BURNING 1 PARAMETERS *****

ETA = 0.3000 DLP =0.0687 WFB = 0.0000

DUCTER IS USED AS AN INTERCOOLER!

****INTERCOOLER***HEAT REMOVED:22667.80 KWATTS

*e* COMPRESSOR 2 PARAMETERS *****

PRSF = 0.21117E+01 ETASF = 0.10852E+01 WASF = 0.13840E+01

Z=0.74116 PR = 10.285 ETA = 0.87494

PCN = 0.8742 CN =0.87415 COMWK = 0.41452E+08
e HEAT EXCHANGER COLD SIDE PARAMETERS *****

ETA = 0.82500 DLP =0.2493

Fxxxt COMBUSTION CHAMBER PARAMETERS *****

ETASF = 0.99800E+00

ETA = 0.99800 DLP =1.2928 WFB = 2.2400

***** TURBINE 1 PARAMETERS *****

CNSF = 0.11089E+03 ETASF = 0.10365E+01 TFSF = 0.19441E+01
DHSF = 0.72424E+04

TF = 404.847 ETA =0.91022 CN = 2.668

AUXWK = 0.00000E+00

***** TURBINE 2 PARAMETERS *****

CNSF = 0.70758E+02 ETASF = 0.10449E+01 TFSF = 0.66997E+00
DHSF = 0.59437E+04

TF = 406.576 ETA =0.86103 CN = 1.597

AUXWK = 0.00000E+00

***** TURBINE 3 PARAMETERS *****

CNSF =-0.72344E-02 ETASF = 0.10729E+01 TFSF = 0.24433E+00
DHSF = 0.74209E+05

TF = 207.201 ETA = 0.80554 CN= 2400

AUXWK = 0.36188E+08

Additional Free Turbine Parameters:-

Speed = *****% Power = 0.36188E+08
***** HEAT EXCHANGER HOT SIDE PARAMETERS *****
ETA = 0.8250 DLP =0.0074 TOTHOT = 662.0754

****x% CONVERGENT NOZZLE 1 PARAMETERS *****

NCOSF = 0.10000E+01

Area = 6.8037 Exit Velocity = 37.38 Gross Thrust = 4877.05
Nozzle Coeff. = 0.97101E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =  1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 132.099 1.00000 1.00000 288.15 288.15 0.0 ******
OOOOOO 132099 *kkkkk 099510 *kkkkk 28815 *hkkkk  kkkkkk
3 0.00000 132.099 ****** 228856 ****** 375,79 *rwrrr wwwex
4 0.00000 119.682 ****** 228856 ****** 37579 rrrrr wwwwwx
5 0.00000 119.715 ****** 221991 ****** 320.0Q ***x** xwww*
6 0.00000 119.715 ****** 2283067 ****** 656.35 ****** *xxw*
7 0.00000 98.166 ****** 22.83067 ****** §56.35 ****xr wxxwrr
8 OOOOOO 98166 dkkkhk 2258137 Fkkkkk 66676 Kkkhkk Kkkkkk
9 0.02282 100.406 ****** 21.28853 ****** 1450.0Q ****** wxwwxx
10 0.01871 121.955 ****** 21.28853 ****** 1320.49 ****** wxwxxx
11 0.01871 121.955 ****** 6.93489 ****** 1039.38 ****** *rx**
12 0.01695 134.372 ****** 6.93489 ****** Q83,19 *wwx** wwwwx
13 0.01695 134.372 ****** 477332 ****** Q08.54 *xw** wwwwx
14 0.01695 134.372 ****** 1.01075 ****** £68.83 ****** www**
15 0.01695 134.372 ****** 1.00064 ****** £68.83 ****** wxwr**

16 0.01695 134.372 1.00000 1.00064 668.18 668.83 37.4 6.8037
17 0.00000 0.000 ****** (0.00000 0.00
18 0.01695 134.372 ****** 100335 ****** §62.08 **+++ *rwews
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19 0.00000 0.000 ****** 0.00000 0.00
20 0.00000 12.417 ****** 228856 ****** 37579 *rrrwr wwwwe
21 0.00000 21.549 ****** 22.83067 ****** §56.35 ****** wrwexx

Shaft Power = 36187584.00
Net Thrust = 4877.05

Equiv. Power = 36502040.00
Fuel Flow = 2.2400

S.F.C. = 61.9001

E.S.F.C. = 61.3668

Sp. Sh. Power = 273942.78

Sp. Eq. Power =  276323.25
Sh. Th. Effy. = 0.3746

Time Now 15:58:19

-3
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Appendix C ADIGT-CHP model result files

C.1 Result of SC SS-ADIGT-CHP model performance

COMBINED-HEAT-AND-POWER PERFORMANCE FOR $C SS-ADIGT-CHP

AVERAGE LHV OF FUEL{natural gas|Mkg: {114

STEAM PRESSURE: 10.0 Bar SUPERHEATED STEAM TEMPERATURE: 673K
TET(K) ~|Heatinput (MW) Exh gas Temp T4 (K) Exh gas flow we (kas] steam flow ws (kg/s)Economiser duty (kW) Exh gas exit Temp T1(K) HRSG duty (MW) Shaft Power(MW) GT Efficiency Heat:Power ratio|Sup. heat. Duty (kW) Temp drap in sup. AT,y Evap duty (kW) Heat rate (MJIMWs) CHP efficiency
1500 6810 8049 .63 1100 JUTH 424 3407 1567 0.296 208 6a0.0T4 78949 19823 3708 0561
1350 4197 §320 4790 0812 1301 485 28 0980 0.256 246 391611 68834 1624022 428 0.59
1400 4697 8510 .03 0904 5148 4262 2654 1487 0210 2 435707 TL461 1806.067 4,060 0542
1450 il 8696 5330 0998 303920 240 281 134 0.282 2 161.269 76,028 195,835 3890 0563
1500 5408 8855 5651 110 S36.067 L7y 310 1563 0.29 Al 530.591 79,064 200375 3T 0561
1550 6.350 9069 5881 1206 366,783 495 34 1787 0.303 20 500,816 §3.165 2408655 3616 0573
1600 6492 989 6074 1307 794 s 3694 194 0.309 20 630.189 §1.362 2613.286 3546 0.500
1650 147 9535 6.253 1418 17 H39 4007 2130 0.314 19 683,660 92,066 2035154 37 0.509
1700 8054 9764 6462 153 467,387 414 4338 2340 0.319 195 10126 96444 3069.318 342 0.596
1750 K] 995 6718 1660 505327 487 4590 259 0.32 191 800.205 100.287 3318471 33 0602
1600 9401 10203 6926 1789 544,518 4054 5054 28 0.5 188 862.265 104838 3675833 3 0,608
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C.2 Result of RC SS-ADIGT-CHP model performance

COMBINED-HEAT-AND-POWER PERFORMANCE FOR RC $S-ADIGT-CHP

AVERAGE LHV QF FUEL(natural gas)Jlkg 414

STEAM PRESSURE: 0.0 Bar SUPERHEATED STEAM TEMPERATURE: 675 K
TET(K) | Heatinput (MW) Exh gas Temp T4 (K] Exh gas flow w (kg/s) steam flow ws (kgs) Economiser duty (W) Exh gas exit Temp T1(K) HRSG duty (1MW) Shaft Power(MW) G Effciency Heat:Power ratio Sup. heat. Duty (kW) Temp drop in sup. AT,y Evap duty (kW) Heat rate (WJIMWs) CHP efficienc
1500 509 9006 6638 1138 36 567 4202 i 1567 0397 216 54802 $1958 275495 35 0
1360 350 8489 4Tl 0642 266,392 4265 2380 0961 0.299 261 406007 72058 1683719 3670 0
1400 4,009 8664 5032 093 204,612 44 2642 1149 0.314 2 450693 75415 1869.036 3489 0716
1450 4505 8864 6307 1083 457 1 2500 1307 0.326 2N 498460 79,044 205,881 339 0122
1500 5091 9013 6636 1140 346904 4202 320 1564 0307 Al 549.936 §2079 278408 3054 0723
1560 5608 o 58N 124 3TR 478 N 35 1762 0.34 210 599403 §5.476 286412 3182 0T
1600 6007 954 6058 1361 411290 4148 3418 1949 0.380 206 651,203 90517 mosar 312 0126
1680 6.599 a2 6.239 1464 445,708 418 L3 A 0.38 204 106,790 96.263 2926930 3088 073
1700 1164 992 6451 1584 48219 4094 44T8 L1 0.360 20 163569 99,556 3166.541 0T 073
1750 1814 10137 6707 m 520990 4065 48% 2604 0.365 1% B25.007 103576 3.3 m 0736
1600 B4 10377 6914 1843 560.945 407 501 2840 0.369 19 808.278 108473 3683711 299 077
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C.3 Result of ICR SS-ADIGT-CHP model performance

COMBINED-HEAT-AND-POWER PERFORMANCE FORICR $S-ADIGT-CHP

AVERAGE LHV OF FUEL(natural gasilkg ATy

STEAN PRESSURE: 10.0 Bar SUPERHEATED STEAM TENPERATURE: 673K
TET(K)  |Heatinput (MW) Exh gas Temp Td K) Exh gas flow wy (kas) steam flow ws (kas) Economiser duty (kW) Exh gas ext Temp T1(K) | HRSG duty (MW) Shatt Power(WW) GT Efficiency | Heat:Power rfio | Sup. heat, Duty (kW) Temp drop in sup. ATyy|Evap duty (kW) Heat rate (JIMIWs)| CHP fficiency
1500 5059 064 5637 094 286501 in2 2659 1567 K]/ 453,685 67,763 100145 30 0599
1360 i 1895 450 0673 204820 g 1902 0884 V71—V 34499 60,708 5707 3760 0501
140 1 B9 4865 (.75 PAINTE! 4§22 1% 1091 032 206 3481 63,079 15156 35 0504
1450 439 it 5206 (846 267,654 4305 130 1309 03 192 408,005 6837 1692006 3.361 0608
1500 602 01 5630 0942 286481 401 2663 1563 039 17 454,261 67.9% LN VY 0609
1550 5620 B0 5522 103 31609 s 203 178 0 n 50023 AT wdm e 081
1600 6124 B (Y 113 5409 445 3206 1973 038 1 646 968 15463 26029 M0 0615
1650 6641 868 6338 123 0% N9 350 211 038 100 57031 19312 UTS9N 062 0624
! 1261 9068 6593 1350 411062 495 348 2408 0363 AfT 65093 (XKD 2946 0 0630
{750 1980 o2 6304 141 447706 414 4456 2687 0369 16 708 959 86463 a0 2N 0631
1800 b6t i) 11% 1502 484,555 4 449 293 0n 1 16731 90,585 o8 240 0637
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C.4 Result of SC LS1-ADIGT-CHP model performance
COMBINED-HEAT-AND-POWER PERFORMANCE FOR SC LST-ADIGT-CHP

AVERAGE LHV OF FUEL (Natural gasjibk : AT

STEAN PRESSURE: 10,0 Bar SUPERHEATED STEAW TEMPERATURE: 583K
TET {Heatinput (W) Exh gas Temp Td (K] Exh gas fow w (Kol steam fow ws (kols) Economiser duty (kW) Exh gas exit Temp TA(K)HRSG duty (VW) Shatt Power(W) GT Efficiency Heat:Power ratio| Sup. hat Duty (kW]Temp drop n sup. AT, Evap duty (kW) Heatrate (WJINW) CHP efciency
1550 | 173 1426 1740 115% 537416 K68 4533 4850 0410 M 5094966 3649 3180028 2476 0553
70 | 142088 8095 131465 6% 6890716 s 59600 59 0416 116 6583508 1 4505148 283 0,706
1650 | 1354 L 102m 094 6375 698 K08 AL 50581 0444 145 6063.693 019 41869032 2546 0590
1600 | 128560 1852 12893 m 568,362 [y 50758 417 0412 (At 581,184 4 30537 368 2562 072
150 | 117w 1439 126473 11600 5360822 455 45368 K53 0408 il 5098482 ) 35204370 2644 0583
150 | 10748 T 1828 1401 401418 590 2.3 A0 0.3% 14 461,616 kY 32187 866 L1T6 050
0| %6465 1054 10249 1429 4361044 k) 3163 378 034 (Al 4311 B9 28673185 1887 006
L1 Y1 i3 11250 1258 351,362 3 A 899 03n 10 343859 nm 25160382 2346 0585
050 | TN 6794 104012 100 349954 Iy 8975 U361 0358 12 B0 5 21999055 3066 0564
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C.5 Result of IC LS1-ADIGT-CHP model performance
COMBINED-HEAT-AND-POWER PERFORMANCE FORIC LST-ADIGT-CHP

AVERAGE LHV OF FUEL (Netural gasiiJkg - ALY

STEAN PRESSURE: 10,0 Bar SUPERHEATED STEAM TEMPERATURE: 583K
TET Heatinput (MW)Exh gas Temp T4 (K) Exh gas flow we (kals) steam fiow ws (kg/s|Economiser duty (kW) Exh gas exit Temp TH(K)HRSG duty (MWW|Shatt Power(\W) GT Effciency Heat Powsr raio Sup. heat Duty (kW) Temp drop in sup. AT,y Evap duy (kW) Heat rat (WJIMWs|| CHP effciency
1550 | 114209 B4 142 1203 3662781 urs 368 43850 04U 076 MBS Al 053383 2605 0504
1m0 | 134466 154 130473 1619 4931058 i) 42688 510 0432 085 4689745 30265 30582098 2540 0582
16850 | 104 870 128,986 14401 4505567 W24 3910 Q767 048 08 485018 am 20547929 2560 0560
1600 | 119748 785 12 1338 4075460 U5 250 43 044 080 A0 2568 183430 2585 053
150 | 113405 B4, 12618 1208 366,802 urs i 428 040 o BB410 A3 un 2613 0507
150 | 106789 B30 12828 1092 B0 134 LA 074 0408 076 62500 iy BT 2607 0475
1050 | %1 6265 12253 0550 2040493 4514 543 3003 0.3 0 196,595 1 1951013 AL 0443
| am 095 1244m BSdT 201342 4540 2508 230 0340 o U1 1109 17086478 2488 039
150 | 6 5.4 19518 150 03 4564 10750 8190 0358 0 UNEY 1529 14994880 305 0356
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C.6 Result of ICR LS1-ADIGT-CHP model performance
COMBINED-HEAT-AND-POWER PERFORMANCE FOR ICR LS1-ADIGT-CHP
AVERAGE LHV OF FUEL Nafural gasjillkg - [IAlY
STEAM PRESSURE: 10 Bar SUPERHEATED STEAW TENPERATURE: 583K
TET  Reatinput (WW)Exh gz Temp T4 (K) Exh gas flow wa (kels| steam flow ws (kols|Economiser duty (W) Exh gasexit Temp TA(KJHRSG duty (W) Saft Power(MW) G T Eficiency Heat. Power rato Sup. heat. Duty (i) Terp drop in sup, ATy Ev duty (kW) Heatrats (JIMWs) CHP eficiency
150 | fom B2 12140 {2554 U8 Us 33056 (AL T 0 370 U8 09T | 2602 0514
1| 13355 135 13091 16.7% S0 494 U5 BIE 0 462408 0 WA | 26 0403
1650 | 1649 102 12801 15348 4 i 4 am o0 0% 43 58t 988 G2 | 256 0519
60 | 19045 b7 12128 13837 45 409 897 LK T 08 40360mt 1683 OG5 | 2508 05
150 | 2 B4 128378 281 2R 566 g KT K R T 00 41.208 U0 21208 | 2608 0518
1500 | 106958 6509 12554 1456 U7 445 g 0164 LI 040 36781 204 2 26 0483
5 |10 309 15947 10203 06,015 41 28065 B | 03% il 2954016 19750 | A 04
o | 952 B0 18787 9080 6TA0 432 B84 5|0 0 0531540 17906 o | 290 03
10| 8 1.3 113N B 3509 4554 1068 B | 0N 0 26708 1879 15065 | 310 0354
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C.7 Result of SC LS2-ADIGT-CHP model performance

COMBINED HEAT AND POWER PERFORMANCE

AVERAGE LHV OF FUEL (Natural gasiikg 47041

STEAN PRESSURE: 100 Bar SUPERHEATED STEAM TEMPERATURE: 655 K

TET | Heatinput (MW) Exh gas Temp T4 (K] Exh gas flow wg (kels| steam flow w (kas)Economiser duty (kW) Exh gas exit Temp T4(K){HRSG duty (MW) Shatt Power(MW) GT efficiency Heat:Power ratio Sup. heat, Duty (KI) Temp drop in sup. AT,y Evap duty (kW)  heat rate MW (CHP efficiency,
1m0 2098 1833 20590 384 999913 438 91.550 100.000 0457 09 14872517 5o 63664553 2399 06M
1900 34561 B34 27910 44961 13687.089 [ 125315 140430 0414 094 19947403 63421 89882730 1M 0,706
1850 299378 B169 48200 40360 12468997 487 114182 19150 047 093 1071897 b1437 B1883.554 2318 0,695
1800 274.1% 8003 2130 31.266 134452 4318 103867 17.90 0489 093 18533123 50,56 14498154 233 0.685
1750 | 240866 1 25890 4 10384854 433 95,080 104970 0481 095 15134536 56414 68197.042 2380 0678
mo 2124 1826 208410 30964 9426160 439 86303 89,781 0445 10 13737.369 53,500 61901.329 2484 0667
1650 194673 1161 191490 LK 8497.200 4345 (AL 76401 0429 108 1138354 54 451 53800475 2558 0.658
1600 172489 1674 177850 2604 1642012 4358 69.968 65.200 0444 11 MM sn 50184879 2646 0647
1545 151600 1569 166.240 25 855,698 41 62769 54,766 0.9 1 9991.263 50812 45021476 1768 0683
1500 136.016 1412 195470 2048 63842 4383 57,090 i 038 Vi 9087.301 914 40947874 2619 0619
1050 120483 T34 145980 18445 615,005 4305 51440 00 0362 136 §183.2%6 .00 36874405 303 0603
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C.8 Result of IC LS2-ADIGT-CHP model performance

COMBINED-HEAT-AND-POWER PERFORMANCE FOR IC LS2:ADIGT-CHP

AVERAGE LHV OF FUEL (Natural gas]iJig i1

STEAM PRESSURE: 10.0 Bar SUPERHEATED STEAM TEMPERATURE: 655 K
TET |Heatinput (MW) Exh gas Temp T4 (K)| Exh gas flow w (kels] steam flow ws (kgls) Economiser duty (kW) Exh gas exit Temp TH{K) HRS(G duty (W) Shaft Power(MIW) GT efficiency | Heat:Power rati Sup. heat, Duty (kW) Temp drop n sup. ATyEvap duty (kW]Heat rate (MJIMWs| CHP efficiency
13 | B 6916 20469 23160 108017 451 64550 10000 | 0468 068 1027489 02t 46299236 138 0513
1900 | H0458 197 250319 230 9834728 42 90044 15000 | 0m 00 133797 48 654,363 14 054
1080 | 289493 4 U5 480 2985 815083 ) 1623 16160 | 0478 068 12992498 44564 S5 | 22 05%
1000 | 286267 ik 236575 2516 8090.459 31 40T 15360 | 0478 068 117190325 214 PR K 05%
1780 | 2420 8975 247 U 1378366 [y 67,563 10380 | 0469 09 10754440 40294 48450.091 130 0518
170 | 1603 8921 209.0% am 6700.328 450 61346 90186 0458 0 9764829 13 44000848 139 0512
1680 | 188347 675 19,007 19,594 5995.30 4456 54490 76663 04 075 BT31.49 3516 00517 261 050
1600 | 165036 6834 176748 17.176 411359 U451 19545 64972 043 080 188632 78 35536.242 150 0501
1580 | 142748 679 159940 15903 43124 1455 U35 5393 0414 087 055,483 UAIY a3 284 049
150 | 12361 676, 146149 an 4346332 o 074 W 039 04 6334198 3488 28642244 AL 0482
10850 | 10038 698 134204 12105 3067649 un B 354 0314 102 36581 B35 2538740 29% 0468
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C.9 Result of ICR LS2-ADIGT-CHP model performance

COMBINED-HEAT-AND-POWER PERFORMANCE FOR ICR LS2-ADIGT-CHP

AVERAGE LHV OF FUEL (Natural gas) Mk : 4114

STEAMPRESSURE: 10.0 Bar SUPERHEATED STEAM TEMPERATURE: 665 K
TET | Heatinput (MW) |Exh gas Temp T4 (K) Exh gas flow we (kgs) steam flow ws (ky/s)Econamiser duty (kW) Exh gas exit Temp T1(K) HRSG duty (MW Shaft Power(MW) GT efficiency | Heat:Power ratio| Sup. heat Duty (kW) Temp drop in sup. AT, Evap duty (kW) Heat rate (MJIMWs|CHP eficiency)
| 2 1044 00543 24516 1§32 435 6830 100000 0461 079 10876.510 4.2 49010444 23M 0622
1900 | 313686 T3 263,076 33367 10164 548 432 9241 135570 0474 (ihHY) 1478.096 4919 66684.531 23 0.683
1850 | 293712 T34 16479 30749 9360.592 LK) 85,703 12650 041 (IHAK 13641.614 46,659 61470743 230 0.544
1800 | 270561 104 26.260 28128 §062.647 15 18307 118530 0468 0 1476914 AT 56230665 234 0.536
1750 | 47090 104 205453 5613 1627.580 28 1,667 103,980 0464 0726 11407.661 42,604 51403496 2376 021
170 | 2184829 (] 200673 2000 007,658 9 64.160 90,185 0482 0749 1012726 4012 46019.005 2406 0518
1650 | 189.945 6933 191,556 2021 617282 49 56,516 16,556 0442 o §996.070 30543 40836.779 248 0511
1600 | 165328 6857 176.0% 17993 5417392 58 50449 64,635 042 0817 1962.567 AL 36969.880 2.5 0.502
1960 | 141993 67180 160.126 15178 4803.035 iy 1975 5535 0413 0.865 6999.781 30807 31541.302 268 0491
150 | 12414 6104 146.2% 13800 4205378 un 38,686 £ 0.39 0926 167924 35,456 24793 P} 0478
1450 | 10559% 621 134312 1218 19410 a7 34064 36,188 0376 0991 5420642 33,966 24426.058 2918 0461
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Appendix D Techno-economic model calculations and
results for ADIGT-CHP case studies

D.1 LSRCP conventional case annual cost model calculation

Boiler capital cost = number of boilers X cost per kW, X Boiler capacity (kW)

=2 x80

x 23.804kW,, = £3,808,722
kW, th

Boiler O&M cost, Cg,/n = annual steam consumption (kWhy,) X O&M cost per kWhyy,

= 208527507.6 kWhy, X 0.004 = £834,110

kWh th

Boiler fuel cost, Cz;, = annual steam consumption (kWhy,) X fuel price per kWhy,

£
= 208527507.6 kWhy, x 0.05 K =£10,426,375

th

Grid electricity cost, C;, = annual electricity consumption (kWhe) X grid electricity tariff per kWhe
= 2584200000 kWhe x 0.1 E__ £258420000
- ¢*  kWhe ~

Boiler emission cost, Cgomix = annual heat consumption (kWhy,) X emission tax per kWhy,

= 208527507.6 kWhy, x 0.002 = £417055

kwhth

Year 1 annual operation cost = £834,110 + £10,426,375 + £258420000 + £417055= £269263430

Ft
(1+d)t

Present value of year (1) annual operation cost = £244,784,937, utilising the formula

Loan, L = Boiler capital cost + year 1 annual operation cost = £273,072,152
Applying Equation 6-10
Equal annual Loan repayment, C;. = (Lxr)/[1— (1 +1)™N]

= (273,072,152 x 0.05)/[1 — (1 + 0.05)71°] = £35,364,093

D.2 SC LS-ADIGT-CHP case annual cash flow model calculation
(LSRCP CHP)

Initial cash flow, F,
= (3 x 100MW GT + 1 x 43.85MW GT) X capital cost per kW + cost of 1 boiler

700£
Initial cash flow, Fo = (3 X 100000kW + 1 x 43850kW) x ~ =+ 23805kW x 80 £/kW

Initial cash flow F, = £242,599,361
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Loan = initial cash flow = £242,599,361
Year 1 annual net cash flow of SC LS-ADIGT-CHP case for LSRCP:

Annual Operation & maintenance cost, C,/m,
= total annual energy generated (kWh) x O&M cost per kWh

= (annual electricity generated kWhe + CHP steam generated kWhth)
X O&M variable cost per kWh + Boiler steam generated kWhth
X O&M cost per kWh + CHP fixed O&M cost

= (2586982563 + 355119227.35 + 386478173.45)kWh x 0.02£/kWh +
10426375.38 kWh x 0.004£/kWh + 1719250) = £68,332,555
Annual GT fuel cost, C; = total annual power generated (kWh) x fuel price per kWh
= (2942101790.35)kWh x 0.05£/kWh = £147,105,090
Annual grid electricity cost during outages of CHP, Cg,
= annual grid electricity consumption (kWhe)
X electricity tariff per kWhe
= 129210000kWhe x 0.1£/kWhe = £12,274,950
Annual boiler heat cost during outages of CHP, Cg},
= annual heat generated in boiler(kWht) X gas oil price per kWht
= 10426375.38kWht x 0.05£/kWht = £521,319
Annual emission tax, Cepix
= (annual total ADIGT emissions )kg X emission tax rate per kg
+ Boiler emission cost
= (2745391762.62)kg x 0.005£/kg + 5025.51 = £13,731,984
Annual saved electricity cost, C,
= annual electricity consumption from CHP (kWhe)
X electricity tariff per kWhe
= 2454990000 kWhe x 0.1£/kWhe = £245499000
Annual saved heat cost, C},
= annual heat consumption from CHP(kWht) X gas oil price per kWht
=198101132.22kWht X 0.05£/kWht = £9,905,057
Annual revenue from excess electricity exported to grid, R,
= annual electricity exported (kWhe) X electricity tariff per kWhe
= 487111790.35kWhe x 0.05£/kWhe = £24,355,590
Annual revenue from excess steam exported, R,
= annual steam exported (kWht) X gas oil price per kWht

= 188377041.24 kWht X 0.025% _ £4,709,426
- ' kWht ~

Year 1 annual net cash flow, F; = C¢+Cy, + Re + Ry-Co/m=Cs — Cpn — Cge — Comix
= 245,499,000 + 9,905,057 + 24,355,590 + 4,709,426 — 68,332,555 — 147,105,090
— 521,319 — 12,274,950 — 13,731,984 = £41,857,125

F
Present value of year 1 annual net cash flow = a +1d)1
, ol ] . L net cash fl _ 41,857,125
resent value of year 1 annual net cash flow = (1+0.0)!

Present value of year 1 annual net cash flow = £38,051,932

Applying Equation 6-10
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Equal annual Loan repayment, C;. = (Lxr)/[1— (1 +1)™N]

Cor = (242,599,361 x 0.05)/[1 — (1 + 0.05)~1°]

Annual loan repayment C . = £31,417,727

D.2.1 Simple payback period for SC LS-ADIGT-CHP case of LSRCP:

Simple payback period SPBPs¢ cyp
_ initial cash flow of SC ADIGTCHP case
" conventional case annual running cost — SC ADIGTCHP case annual running cost

B 242599360.80
T 244784936.72 — 194133574.40

Simple payback period SPBPs¢ cyp

Simple payback period SPBPs¢c cyp = 4.8 years

D.2.2 Net present value for SC LS-ADIGT-CHP case of LSRCP:

Net present value NPVgc cyp = Total life cycle present value — initial cash flow of SC ADIGTCHP

Net present value NPVgc cyp = 483792325.60 — 242599360.80 = £241,192,965

D.2.3 Simple payback period for IC LS-ADIGT-CHP case of LSRCP:

initial cash flow of IC ADIGTCHP case

SPBP, =
IC.CHP ™ conventional case annual running cost — [C ADIGTCHP case annual running cost

244318611

SPBP, =
ICCHP ™ 944784937 — 191829644

= 4.6 years

D.2.4 Net present value for IC LS-ADIGT-CHP case of LSRCP:

NPVic cyp = Total life cycle present value — initial cash flow of IC ADIGTCHP

NPVic cyp = 504075884 — 244318611 = £259,757,273

D.2.5 Simple payback period for ICR LS-ADIGT-CHP case of LSRCP

initial cash flow of ICR ADIGTCHP case

SPBP, =
ICRCHP ™ -onventional case running cost — [CR ADIGTCHP case running cost

246037861

SPBR, =
ICR-CHP ™ 944784937 — 192294919

= 4.7 years

D.2.6 Net present value for ICR LS-ADIGT-CHP case of LSRCP:

NPVicr cyp = Total life cycle present value — initial cash flow of ICR ADIGTCHP

NPVicg cup = 498053892 — 246037861 = £252,016,032
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D.3 SSRP conventional case annual cost model calculation

Boiler capital cost = number of boilers X cost per kW, X Boiler capacity (kW)

=2 x80

T 547.515kW,,, = £87,602

Cpoym = annual steam consumption (kWhy,) X O&M cost per kWhy,

= 4796231.4 kWhy, x 0.004 = £19,185

KWhy,

Cpn, = annual steam consumption (KkWh,;,) X fuel price per kWhy,

= 4796231.4 kWh,, X 0.05

= £239,812
KWhy,

Cs. = annual electricity consumption (kWhe) X grid electricity tariff per kWhe
= 52560000 kWhe x 0.1 E__ £5256000
- ¢ kwhe ~

Cgemtx = annual steam consumption (kWhy,) X emission tax per kWhy,

= 4796231.4 kWhy, x 0.002 = £9593

KWhy,

Year 1 annual operation cost = £19,185 + £239,812 + £5,256,000 + £9,593 = £5,524,589

Ft

Present value of year 1 annual operation cost = £5,022,354, utilising the formula I

Loan, L = Boiler capital cost + year 1 annual operation cost = £5,612,191
Applying Equation 6-10

Equal annual Loan repayment, C;,. = £726,804

D.4 SC SS-ADIGT-CHP case annual cash flow model calculation
(SSRP CHP)
Initial cash flow, F

= (5x1.567MW GT + 1 x 1.567MW GT — CHP) X capital cost per kW
+ cost of 1 boiler

1000£
Fy = (6 X 1567kW) X

oW + 547.515kW x 80 £/kW = £9,445,801

Loan, L = initial cash flow = £9,445,801
Applying Equation 6-10

Equal annual Loan repayment, C,, = £1,223,274 (commences in year (3)
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Year 1 annual net cash flow of SC SS-ADIGT-CHP case for SSRP:
Co/m = total annual energy generated (kWh) x O&M cost per kWh

= (annual electricity generated (kWhe) + annual steam generated (kWht))
X 0&M cost per kWh

= (annual electricity generated kWhe + CHP steam generated kWhth)
X O&M variable cost per kWh + Boiler steam generated kWhth
X O&M cost per kWh + CHP fixed O&M cost
0.01£

= (239811.57) kWh x 0.004£/kWh + (80305139.13 + 25150263.37)kWh x wn T

47010 = £1,102,523
Cr = total annual power generated (kWh) X fuel price per kWh
= (80305139.13)kWh x 0.05£/kWh = £4,015,257
Cge = annual grid electricity consumption (kWhe) X electricity tariff per kWhe
= 2628000kWhe x 0.1£/kWhe = £262,800
Cpp, = annual heat generated in boiler(kWht) x gas oil price per kWht
= 239812kWht x 0.05£/kWht = £11,991
Cemtx
= (annual total ADIGT emissions )kg X emission tax rate per kg
+ Boiler emission cost
= (111502252.19)kg x 0.005£/kg = £557,991
C. = annual electricity consumption from CHP (kWhe) X electricity tariff per kWhe
= 49932000 kWhe x 0.1£/kWhe = £4,993,200
Cy = annual heat consumption from CHP(kWht) X gas oil price per kWht
= 4556419.83 kWht x 0.05£/kWht = £227,821
R. = annual electricity exported (kWhe) X electricity export tariff per kWhe
= 30373139.13kWhe x 0.05£/kWhe = £1,518,657
Ry = annual steam exported (kWht) X gas oil price per kWht

£
WhE £514,846

Year 1 annual net cash flow, F; = C+Cp, + Re + Ry-Co/m=Cr — Cgp — Cge — Cemix
= 4,993,200 + 227,821 + 1,518,657 + 514,846 — 1,102,523 — 4,015,257 — 11,991
— 262,800 — 557,991 = £1,303,962

= 20593843.54kWht x

F
Present value of year 1 annual net cash flow = a+ar +1d)1
, vl of . Lnet cash flow = 1303962
resent value of year 1 annual net cash flow = (1+0.1)"

Present value of year 1 annual net cash flow = £1,185,420

D.4.1 Simple payback period for SC SS-ADIGT-CHP case of SSRP:

initial cash flow of SC ADIGTCHP case
conventional case annual running cost — SC ADIGTCHP case annual running cost

SPBPSC_CHP =

B 9,445,801
"~ 5022354 — 3560962

SPBPsc cup = 6.5 years
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D.4.2 Net present value for SC SS-ADIGT-CHP case of SSRP:

NPVsc cyp = Total life cycle present value — initial cash flow of SC ADIGTCHP

NPVsc cup = 12,340,854 — 9,445,801 = £2,895,053

D.4.3 Simple payback period for RC SS-ADIGT-CHP case of SSRP:

initial cash flow of RC ADIGTCHP case

SPBP, =
RCLHP ™ conventional case annual running cost — RC ADIGTCHP case annual running cost

B 9,492,811
"~ 5,022,354 — 3,469,967

SPBPRC_CHP =6.1 years

D.4.4 Net present value for RC SS-ADIGT-CHP case of SSRP:

NPVgc cyp = Total life cycle present value — initial cash flow of RC ADIGTCHP

NPVic cup = 13,451,327 — 9,492,811 = £3,958,516

D.4.5 Simple payback period for ICR SS-ADIGT-CHP case of SSRP

initial cash flow of ICR ADIGTCHP case
conventional case running cost — ICR ADIGTCHP case running cost

SPBPicr cup =

B 9,539,821
"~ 5,022,354 — 3,514,107

SPBPICR_CHP =6.3 years

D.4.6 Net present value for ICR SS-ADIGT-CHP case of SSRP:
NPVicr cyp = Total life cycle present value — initial cash flow of ICR ADIGTCHP

NPVicr cup = 12,705,779 — 9,539,821 = £3,165,958
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