
NAUSIVIOS  CHORA  
A Journal in Naval Sciences and Technology 

PART  A :                                                                  

Mechanica l  and Marine Engineer ing  

 

 

͎͕͓͓͂͊̓͊͐ɯ͙͗͒͂ 
͑ϘϤϜϢϗϜϝЕɯ΅ϝϗϢϦϚɯ͎ϔϨϧϜϝўϠɯ͆ϣϜϦϧϚϟўϠ 

͍͓͆͒͐ɯ:͂                                       

͆ϣϜϦϧЕϟϘϥɯ͎ϔϨϣϚϖϢэɯϝϔϜɯ͍ϚϪϔϠϢϞрϖϢϨɯ

͍ϚϪϔϠϜϝϢэ 
 

V o lu m e  5 /2 0 1 4  -  ͔ϘэϪϢϥɯƙɤƖƔƕƘ 

 



NAUSIVIOS C HORA, VOL. 5, 2014  

 

http:/ /nausivios.snd.edu.gr/nausivios  

ǥ-2 

 

TABLE OF CONTENTS  
 

S. Suresh, P. Pilidis and R. Singh, Enhancing Operational Availability of Gas 

Turbines through Effective Maintenance Planning Using Advanced Fault 

Diagnostics  ȱȭȱȱȱȭȱȱȱȱȭȭȭȭ................................................................................. A-3 

S. Tsiokas, I. Roumeliotis, N. Aretakis, A. Alexiou, Assessment of the 

Conversion of a Helicopter Engine for Electrical Power 

Productionȱȱȱȭȭȭȭ......................................................................................................... A-15 

͊ȭ͓ȭɯ ͋ϔϧϦϲϠϚϥȮɯ ͆ȭ̈́ȭɯ ͑ϔϤϜўϧϚϥɯ ϝϔϜɯ ͉ȭ͋ȭɯ ͇ϲϠϠϚϥȮ ͈ɯ ͆ϩϔϤϟϢϖЕɯ ϧϢϨɯ

͉ϘϤϟϢϗϨϠϔϟϜϝϲɯ ͓ϨϠϗϨϔϦϟЌϠϢϨɯ ͓ϨϦϧЕϟϔϧϢϥɯJoule-Brayton  / Rankine Ϭϥɯ

͑ϤϢϬϦϧЕϤϜϢɯ͓эϦϧϚϟϔɯϦϘɯ͓эϖϪϤϢϠϔɯ͑ϞϢЮϔ ȱȱȱȱȱȱȱȱȱȱȱȱȱ..... A-31 

T.C. Zannis, I.S. Katsanis, R.G. Papagiannakis and P. Kalpaxis, Combustion 

Equilibrium Chemistry as a Teaching and a Research Tool in Hellenic Naval 

Academy: The Case of Oxy-Diesel Combustionȱȱȱȱȱȱȱȱȱȱȱȱȱȱȭȭ A-45 

͉ȭ͋ȭɯ ͇ϲϠϠϚϥȮɯ ͊ȭ͓ȭɯ ͋ϔϧϦϲϠϚϥ ϝϔϜɯ ͂.͊ȭɯ ͆ϨϛϨϟϜϲϗϚϥȮɯ͗ϤЕϦϚɯ ̓ϜϢϠϧЮϙϘϞɯ ϦϘɯ

͋ϜϠϚϧЕϤϘϥɯ ͎ϧЮϙϘϞȯɯ ͍Ϝϔɯ ͔ϘϪϠϜϝЕȮɯ ͐ϜϝϢϠϢϟϜϝЕɯ ϝϔϜ ͑ϘϤϜϕϔϞϞϢϠϧϜϝЕɯ

͆ϣϜϦϝрϣϚϦϚ ................................................................................................................... -͂69 



PART ǥ:  Mechan ical  and Marine Engineering  

 

ISSN :1791 - 4469                                Copyright É 2014, Hellenic Naval Academy  

A-3 

 

Enhancing Operational Availability of Gas Turbines 
through Effective Maintenance Planning Using 

Advanced Fault Diagnostics 

Sampath Suresh, Pericles Pilidis and Riti Singh
 

aCentre for Propulsion, School of Aerospace, Transport & Manufacturing 
Cranfield University, Cranfield, Bedfordshire- MK43 0AL 

United Kingdom 
 
 

INTRODUCTION 

Marine gas turbines have been in service for more than three decades and have proved to 
be reliable and offer significant advantages to the user. Despite well-proven reliable features of 
these machines their operation in hostile marine environment has been a cause for concern, 
both to the manufacturer and the user. All turbo machinery gradually experience recoverable 
and non-recoverable losses in performance with time. Typically recoverable losses are 
associated with compressor fouling and to a large extent be rectified by water/chemical washing 
or, more thoroughly, by mechanically cleaning the compressor blades and vanes after opening 
the unit. Non-recoverable loss is primarily due to increased turbine and compressor clearances 
and changes in surface finish and airfoil contour and needs to capital repairs to restore 
performance. Therefore the maintenance efforts are essentially directed towards recoverable 
losses. This paper presents an overview of the some modern diagnostics techniques and how 
they could influence the vital decisions regarding maintenance and manpower. The methods are 
explained with suitable case studies. 

MAINTENANCE PLANNING 

 There are many factors that can influence equipment life and these must  be  understood 
and accounted for in the operators maintenance planning. Factors like the starting cycle, power 
setting, fuel and level of steam or water injection factors in determining the maintenance interval 
requirement as these factors directly influence the life of the critical gas turbine parts. The ideal 
approach would be to establish a maintenance factors based on  some baseline parameters and 
work out a schedule and any deviation from the baseline operation  would necessitate  a  
increased maintenance level e.g  a maintenance factor of 2 would indicate a maintenance level 
which is half the baseline level[1]. Advance planning for maintenance is a necessity and proper 
implementation of the planned maintenance and inspection provides direct benefits in reduced 
forced outages and increased starting reliability, which in turn reduces unscheduled repair 
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downtime. The primary factors which affect the maintenance planning process are shown in Fig-
1 and the operating mode will determine how each factor is weighted. 
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FIGURE 1. Factors Affecting Maintenance 

FACTORS INFLUENCING MAINTENANCE AND EQUIPMENT LIFE 

Parts unique to the gas turbine requiring the most careful attention are those with the 
combustion process together with those exposed to high temperature from the hot gas 
discharged from the combustion system. They are called the hot gas path parts and include 
combustion liners, end caps, fuel nozzle assemblies. Gas  turbine wear in different ways for 
different service duties like damage caused due to continuous duty application ï Rupture, Creep 
Deflection, High Cycle  Fatigue, Corrosion, Oxidation, Erosion, Rubs/Wear, Foreign Object 
Damage etc. and    Damage caused due to cyclic duty application- Thermal Mechanical Fatigue, 
High Cycle Fatigue, Rubs And Wear, Foreign Object Damage(FOD) etc. 

Some manufactures base their maintenance requirements on the number of starts and 
hours, which ever criteria limit is reached first determines the maintenance interval. Another 
approach which is adopted by other manufactures is the Equivalent number of Operating 
Hours(EOH) with inspection interval based on equivalent hour count. However it is believed that 
this logic can create an impression of longer intervals, while in reality more frequent 
maintenance inspections are required[1]. In addition, operating conditions other than the 
standard startup and shutdown sequence can potentially reduce the cyclic life of the gas path 
components and rotors, and if present will require more frequent maintenance and parts 
refurbishment and or replacement. Firing temperatures changes occurring over a normal startup 
and shutdown cycle, light-off, acceleration, loading, unloading and shutdown all produce gas 
temperature changes that produce corresponding metal temperature changes (fig-2). 

Thermal and mechanical fatigue testing has revealed that the number of cycles that a part 
can withstand before cracks occur is strongly influenced by the total strain range and the 
maximum metal temperature experienced. Any operating condition that significantly increases 
the strain range or maximum metal temperature over the normal cycle conditions will act to 
reduce the fatigue life and increase the starts based maintenance factor. Trips from load, 
emergency starts and fast loading will impact the starts-based maintenance interval. This again 
relates to the increased strain range that is associated with these events. Emergency starts 
where the engine is brought from standstill to full load conditions in less than five minutes will  
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have parts life  effect equal to 20 normal start cycles and a normal start with fast loading will 
produce  maintenance factor of two[1]. 

In general, axial flow compressor deterioration is the major cause of loss of gas turbine 
output and efficiency. Recoverable losses attributable to compressor blade fouling, typically 
account for 70-85% of the performance losses seen. Fortunately, much can done through 
proper operation and maintenance procedures to minimize fouling type losses. Online 
compressor wash systems are available and are used to clean heavily fouled compressors. 
Other procedures include maintaining the inlet filtration system and inlet evaporative coolers, 
periodic inspection and prompt compressor bla+++de repair. Considering the maintenance 
aspects discussed above, an adjustment from these maximum intervals may be necessary, 
based on the specific operating conditions of a given application. Initially, this determination is 
based on the expected operation of a turbine installation, but this should be reviewed and 
adjusted as actual operating and maintenance data are accumulated. The condition of the hot-
gas-path parts provides a good basis for customizing a program of inspection and maintenance. 
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FIGURE 2. Turbine Start/Stop Temperature Profile 

NEED FOR ENGINE FAULT DIAGNOSTICS 

When a forced outage is experienced, the down-time incurred depends on the period 
required to complete the necessary repair or maintenance action. The largest contributors to 
forced outage rates are often engine support systems such as control and fuel systems. The 
down-times associated with these systems can be managed to acceptable levels by design 
redundancy and the holding of appropriate spares. Advances in instrumentation and 
microprocessor-based controllers can be expected to contribute to further improvements in the 
availability of engine support systems. In contrast, the major gas-path components such as 
compressors and turbines have high reliabilities. However, when a forced outage is caused by 
deteriorations of these components, the down-time experienced can be large (figure-3).  Both 
the high cost of such components and the low likelihood that they will be required means that 
they are often not held as spares by the operators [2]. 
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FIGURE 3. Forced outage and Component availability 

One of the major challenges faced by a marine engineer of an operational ship is to 
strictly adhere to the maintenance schedule. Unexpected/unpredictable operational 
commitments often necessitate postponing a particular maintenance action compounded by the 
fact that a particular port may not have adequate facilities. A diagnostics tool which could 
provide adequate warning on the engine condition would be useful in planning the maintenance 
schedules. Overall a simulation and diagnostics tool would help in- 

 
(a) Optimising maintenance intervals for specific engines based on the condition. 
(b) Prioritise tasks to be performed during a planned maintenance event. 
(c) Reduce overall life cycle costs of engines from installation to retirement.  
(d) Enhanced availability of engines within a fleet. 
(e) Engineering justification for scheduling maintenance actions.  
(f) Improved safety associated with operation and maintenance of gas turbines. 
(g) Training maintenance personnel on the good maintenance practice understanding 

degradation in of engines. 
 

 ENGINE PERFORMANCE-SIMULATION BASED DIAGNOSIS 

Simulating the performance of an engine using mathematical model which relies on basic 
aero-thermodynamic principles to predict a reasonably good level of engine performance forms 
the basis for these types of diagnostics.  The model like its physical counterpart, can be made to 
simulate deterioration over a period of time attributable to various factors like fouling, foreign 
object damage, corrosion, erosion etc. causing shift in performance parameters. However,     
ascertaining the deterioration quantitatively is  always a challenging task and is an important 
step towards  calculating the implications and then  planning an appropriate maintenance 
strategy.  

The methodology used to obtain degradation/faults of components using the measured or 
the gas path parameters is called the Gas Path Analysis. The fundamental concept of GPA  is  
that the physical problems (i.e. fouling, erosion, FOD etc..) would cause loss of component 
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performance(change in component efficiency and flow capacity) which would manifest itself in 
the form of change in the operating parameters which can be measured like temperature, 
pressure, spool speeds etc..[3]. Schematically GPA can be represented as shown in figure-4. 
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FIGURE 4. Concept of Gas Path Analysis [3] 

Mathematically, the relation between the independent parameters and the dependent 
parameters can be represented by a set of differential equations and the coefficients of the 
differential equations in a matrix form is called the Influence Coefficient Matrix (ICM), in real life 
situations we would have the measurements from the engine and therefore the change in 
component performance could be determined by inversing the ICM to obtain FCM and 
multiplying it with the measurements [3].  Improvements in engine diagnostics can in theory be 
achieved simply by adding more and more reliable instrumentation to monitor the engineôs 
health. However, the instrumentation itself has its own mean-time to failure and in real life 
situation the presence of instrumentation noise and bias cannot be ruled out. Additionally, 
inappropriate or badly maintained instrumentation can lead to the detection of spurious faults, 
leading to unnecessary expensive maintenance actions. Several variants of GPA , like the use 
of Kalman filters(KF), Extended Kalman Filters(EKF)  and Weighted Least Square (WLS)[5,6] 
have  been developed over the years and implemented successfully by engine manufacturers. 
Other modern diagnostics techniques using Genetic Algorithm (GA) and Artificial Neural 
Network (ANN) have been used by Sampath et al [7], Fuzzy Logic, Bayesian Belief Networks 
(BBN) etc. have also been developed and used. Fundamentally all the methods use the 
performance simulation method to isolate the fault. 

ENGINE PERFORMANCE ASSESSMENT- CASE STUDIES 

The main advantages of the above fault diagnostics methods are their ability to account for 
noise/sensor bias and   non-linearity of the engine performance model. Another important 
aspect is the ability to quantify the faults detected which help in analyzing the implications of 
such faults and the magnitude of its influence on the overall engine performance. In order 
understand the effects of the fault certain test cases have been designed using two engine 
models. The first one is a simple cycle turboshaft engine of appx. 25 MW capacity (Pressure 
ratio -18, mass flow of 70kg/s and TET of appx. 1600K) and the other engine considered is a 
more complex cycle Intercooled-Recuperated three shaft engine of appx. 25 MW power (PR- 
11, mass flow -126 kg/s and TET- 1383K ).  The engine simulations were undertaken using a 
generic performance simulation software tool called ñTurbomatchò at Cranfield University.  
Table-1 shows the levels of component performance parameter change for a given fault 
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condition. Having decided the   deteriorations levels, six fault scenarios are considered as 
shown in table -2.  The aim of the study is not to compare the performance of these engines, but 
to give an idea of the effect of the faults on the engine performance which will affect the overall 
life cycle costs. 

TABLE 1. Values of faults implanted in test cases 

 
 
 
 
 
 
 
 

 

TABLE 2. Test Cases for sample 

Case Types of Faults  
 ICR-Turboshaft (25 MW) Turboshaft (25 MW)  

Case-A  LP Compressor Fouling Compressor fouling 

Case-B Both Compressor Fouling Compressor Erosion 

Case-C HPT & LPT Erosion Compressor Turbine Erosion 

Case-D Both Compressor Fouling and HPT 
erosion 

Power Turbine Erosion 

Case-E Both Compression Erosion Comp. Fouling and CT Deposition 

Case-F HPT Deposition Compressor and CT Erosion 

 

TABLE 3. Effect of Deterioration and running restored 

 
The results of the simulation for the Turboshaft engine are tabulated  in Table -3 which 

clearly brings out that in all case shows the effects of deterioration  leads to  power short fall and 
an increased  specific fuel consumption (s.f.c). the situation worsens when the engine is run 
restored i.e. in order to make up for the reduced power the engine is run hotter (higher TET) this 
would have an adverse effect on the creep life of the hot end components. Overall, the 
degradation results in increased fuel consumption (reduced range), reduced hot section creep 
life and reduced surge margin imposing severe limitation on acceleration. In interesting outcome 

Degradation Efficiency  change NDMF change 

Compressor fouling  -2.00 -5.00 

Compressor erosion -1.00 -2.00 

Turbine erosion -1.00 +2.00 

Turbine deposition  -1.00 -2.00 

FOD Same as fouling (Less Magnitude) 

Corrosion Same effect as erosion 

CASE DETERIORATED RESTORED 

 D Power(%) D s.f.c(%) D TET ( C̄) D s.f.c(%) 

CASE-A -6.13 2.54 38.00 1.12 

CASE-B -2.40 0.85 18.00 1.20 

CASE-C -1.10 0.76 11.00 0.75 

CASE-D -0.79 1.46 10.00 1.45 

CASE-E -7.80 3.00 46.00 2.40 

CASE-F -6.90 3.40 43.00 2.20 
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of the ICR-Turboshaft simulation is that the s.f.c improves due to increased temperatures as the 
result of degradation. It is mainly because, the recuperater recovers the exhaust heat thereby 
reducing the fuel burn. However, the improved s.f.c is offset by the reduced hot end component 
life. 

ENGINE LIFE CYCLE COST & MANAGEMENT- CREEP LIFE 
APPROACH 

Based on the design operation and maintenance philosophy for a marine gas turbine 
and the degradation it undergoes, the creep life for the turbine blades is considered as one of 
the life limiting criteria. Sophisticated mathematical models for life cycle cost analysis have been 
proposed by Spector[8] considering various aspects like the Initial investment cost, Cost of 
financing, variations in equipment availability, cost of fuel , operation costs etcé at this point  
the need for an accurate input data needs no emphasis. The LCC itself is a complicated subject 
and the application of the above criteria for naval marine gas turbines is difficult due to the 
nature of application.  

Material deterioration is the general limiting factor in defining the maintenance schedules 
of installations and a critical parameter in judging the further operability of high temperatures 
installations. Higher firing temperatures reduce hot gas path lives while lower firing temperature 
increased parts lives. This provides an opportunity to balance the negative effects of   higher 
load operation by periods of operation at part load. However, It is important to recognize that the 
nonlinear behavior described will not result in a one for one balance for equal magnitudes of 
over and under firing operation. High temperature installation not only suffers from creep but 
also from low cycle damage and hot section corrosion. However, hot section corrosion is not 
very critical as it is usually dependent on the quality of the fuel and marine gas turbine use 
LSHSD which contains very low sulphur and negligible vanadium. Fatigue would be an 
important failure mode if there are very frequent power changes (like in military aircrafts). 
Naval ships usually operate for long periods at different power setting depending on the role of 
the ship. Therefore the residual life of the marine gas turbine is considered with respect to creep 
life for the purpose of analysis and aims to specify creep life as functions of engine exploitation 
pattern and engine degradation. 

For marine gas turbines the time spent at various power regimes is an important 
consideration followed by the temperature. Current generation advanced GTs offer higher 
power-to-weight due to increase pressure ratios and temperatures, the time spent at higher 
temperature is significantly less for a marine gas turbine, nevertheless, it reduces the creep life. 
Times spent at different temperature are varying and therefore the mission profile should be 
known.  All Naval ships do not have same mission profile and depend on its role e.g a ship 
carrying out a an antisubmarine  or minesweeping operation would spend  majority of its 
exploitation at lower regimes and some small missile boats are used of fire and run and would 
operate at higher regimes periodically. Figure-5 shows some arbitrarily chosen mission  profiles 
for the purpose of study. These mission profiles have been applied to an imaginary ship fitted 
with one intercooled recuperated turboshaft engine for main propulsion. 

The mission profiles in figure 5 are simulated assuming that each mission lasts for 100 
hours. The creep life consumed is calculated using the procedure show an Appendix óAô and 
results are shown in table-4. The principle of balancing the negative effects of   higher load 
operation by periods of operation at part load is used. However, it should be   recognized that 
the non-linear nature of the engine and the variation in parameters does not result in one for one 
compensation for over and under firing. By obtaining the creep damage factor for a particular 
profile one can identify the actual life usage of the hot components by dividing the actual hours 
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of operation of the engine by the damage factor.  Let us consider a case, in which an engine 
was designed to operate at full power for 100hrs. However, if the same engine is operated 
according to operating profile shown in CASE-A (fig-5) which is benign compared to what it is 
designed for, results in a creep life usage factor of 19.68. Therefore the total duration operated 
divided by the creep life usage factor would result in a consumption of only 5.08 hrs. Likewise, it 
can be observed that other profiles also result in increased exploitation periods which is 
important to understand particularly for inspection of hot end components. The results for 
various cases is shown in table-4. 
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FIGURE 5. Mission Profiles 

TABLE 4. Creep Life Usage 

 

CONCLUSION 

This paper proposes the use of advanced engine fault diagnostics techniques which could 
be used for planning maintenance activities and manpower. The ability of the diagnostics 
systems to quantify a fault is of great importance as that would give an insight into the actual 
condition of the engine and the possibility of simulating the engine to understand the effects of 
such faults. Crucial decisions on the operational availability and maintenance could be made 
based on the life prediction model. This paper deals only with the creep life usage for life cycle 
management in a limited way. However, a more comprehensive system which includes   various 

Case Creep Life Fraction Life Consumed /100 Hours of Operation 

Case-A 19.68 5.08  Hours 

Case-B 4.12 24.27  Hours 

Case-C 15.99 6.25  Hours 

Case-D 10.94 9.14  Hours 

Case-E 2.51 39.84  Hours 

Case-F 1 100  Hours 
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factors like cyclic fatigue, hot corrosion, environmental conditions etc. will have to be considered 
for more realistic analysis. 

 

APPENDIX óAô 

CREEP LIFE CALCULATION PROCEDURE 

The life of the rotor blade can either be established by a manufacturerôs warranty for a 
particular operating condition and type of duty or by a minimum requirement. For the purpose of 
the analysis the HP rotor turbine blade life has been assumed to be  80,000 hrs for the 
Intercooled-Recuperated  engine. Having ascertained the design point life the next step is to 
calculate the lives at various operating points. These require the use of Larson Miller Parameter 
(LMP) for which component stress and metal temperature are to be calculated. In addition the 
creep life usage would depend on the mission profile of the ship and therefore it is important to 
know the time spent at different power setting ( for temperatures). The procedure is enumerated 
in below:- 
 
(a)  Stress Calculation.  Stresses in rotor blades are basically caused due to centrifugal forces 
and due to gas bending forces. The total stress at any given time is the sum of the two forces. 
Since the centrifugal force is directly proportional to the rotational speed of the component, it 
follows that the stresses arising from such force will be directly proportional to the square of 
spool speed. Therefore the stresses arising due to the spool speed at any given time can be 
calculated using: 

 

2

è ø
=é ù
é ùê údesign design

N

N

s

s
 (1) 

this can also be  represented as: 

 
2= ³design PCNs s  (2) 

where, 
ů =  Stress 
N = RPM 
PCN = Spool speed relative to Design Point RPM 
 
(b)   Metal Temperature calculation. 
Since the turbine blades are cooled, the metal temperature would be less than the gas 
temperature and would depend on the gas temperature around the component, coolant 
temperature at inlet and outlet of the component and mass flow of the coolant air into the 
component. Also the temperature will vary from point to point along the radial and transverse 
direction in the blade. It is therefore it is very difficult to obtain the true temperature at all points 
on the blade and it is reasonable to assume that the overall cooling effectiveness would remain 
constant and the following relation would hold good 
 

 
-

=
-

gas metal

gas coolant

T T

T T
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 ( )= - -metal gas gas coolantT T T Te  (4) 
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Cooling Effectiveness Ů in its basic form is defined as: 
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(c) Creep life  at a given temperature. 
 
The next requirement is to calculate the time to rupture at a given temperature and it depends 
on the LMP and temperature. LMP depends on the temperature and stress and it is related to 
stress by the formula: 
 

 
2 3 4

1 2 3 4(log ) (log ) (log ) (log )= + + +P A A A As s s s (6) 

 
The next step is to calculate the value of LMP at design point and it can be done using the 
design life and design point temperature. The values of constants from the creep rupture data 
are  A1= 18.4, A2= 2.14, A3= -2.32 and A4= 0.27 for the WR21. Using the constant values the 
design point LMP and design stress are 26.54 and 31.02 KPas respectively for WR21 model. 
(d) Creep damage determination. 
The creep damage resulting from each time interval t , of applied stress is defined as the ratio of 
the time (T) to the time-to -rupture (TR). The creep damage is then defined as the summation 
over the cycle of the ratio t/tr. The portion of the total damage attributable to the creep   t is then 
obtained by summing the damage for all the applied cycles. If the applied cycles are the same 
the summation reduces to n times the summation obtained for one cycle. Using Minersô Law 
which states that the cumulative creep life is the inverse of sum of the ratios of rupture time to 
time spent at that particular condition. Minorôs law can be mathematically represented as: 
 

 
1
= + + + +RC RNRA RB

A B C N

T TT T

T T T T T
 (7) 

 

 Therefore         

1

1
=

ä
n

RN

N

T
T

T

 (8) 

where 
 
T is the cumulative life of the component 
TRN is the rupture life of component at condition N 
TN is the life component spends at condition N 
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Abstract. The paper considers the conversion of the T53-L-13B turboshaft engine for 
electrical power generation. Small gas turbines generators are compact, have low 
emissions and exhibit potential for low day to day operating and maintenance cost. Their 
quick start-up capability allows them to power up very quickly; their compact size provides 
easy foundation and compact footprint, while they are ideal for cogeneration applications. 
These features suggest that small gas turbines may be suitable for distributed power 
production. At the same time legacy military vehicles utilizing gas turbines as prime 
movers, such as helicopters and aircrafts, are retiring creating an inventory of gas turbine 
engines and their spare parts. The conversion of these gas turbines for civilian use such 
as generators for electricity and/or heat production and pressure pumps is a path worth 
examining. The scope of this work is to investigate the conversion of the ɇ53-L-13B 
engine, available to the Hellenic Army, for electrical generation. The investigation is 
conducted by developing an adapted engine performance model capable to reproduce the 
available engine performance data at design and off-design operation. The simple cycle 
engine model is extended for simulating (design and off-design) a recuperated version of 
the engine. Using the engine performance models the conversion of the engine to 
electrical generator is assessed in terms of operability and performance. For the 
technoeconomic evaluation of the conversion several cases of interest are examined by 
applying the NPV method using a whole year ambient conditions data for calculating the 
annual electrical power production and fuel consumption. The results indicate that the 
conversion is feasible in terms of operability, given that the engine does not operate 
synchronized at low power settings. The addition of a recuperator significantly reduces the 
engine fuel consumption at the expense of surge margin and engine net power. In terms 
of investment assessment the recuperated cycle is the best candidate for base load 
operation giving an electricity price reduction of 19% compared to the simple cycle for ten 
years payback period. For standby generator an available converted T53 engine is a 
rather promising candidate even compared to Diesel engines.  

Keywords: Gas turbines, Performance assessment, Performance Modeling, Small-scale 

aeroderivatives, Technoeconomic assessment,  

PACS: 88.05.Lg, 89.40.Dd 
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INTRODUCTION 

Small gas turbines (up to 5MW) offer an attractive alternative for electrical power generation 
within distribution grids and for consumers wanting to generate their own power. Their main 
disadvantage, especially for the power range up to 3MW is the noticeably higher price per 
kilowatt than competing reciprocating engines, due principally to low production volumes. As 
distributed generation applications increase, manufacturing economies of scale could make 
small gas turbines a source of power or combined heat and power to commercial and small 
industrial customers with high intermediate power prices [1]. 

Several small gas turbines are derivatives from turboshaft and turboprop engines converted 
by the engine OEMs [1]. In this context the conversion of existing retired helicopter engines for 
commercial use is a path worth examining. At this time a great number of military vehicles that 
utilize gas turbines as prime movers are retiring, thus an inventory of low priced gas turbines 
and their spare parts is available. Several attempts to utilize these gas turbines for civilian 
application, such as their use to pressure pump systems for hydraulic fracturing are undergoing 
[2], thus it is of interest to the owners of these gas turbines to assess their conversion for 
electrical or mechanical power production, rather than selling or retiring them. The conversion of 
an existing gas turbine is expected to significantly reduce the investment and maintenance cost 
for the owners of the engine.  

For assessing the conversion of an existing helicopter engine available to the Hellenic Army 
the operability and performance of the converted engine should be examined. The main 
modifications and equipment needed for this conversion should be recognized and their 
feasibility and cost should be determined. Also the economic benefit of converting an existing 
engine should be evaluated and be compared to available technical solutions. In order to 
achieve these objectives the first step is to obtain a reliable engine performance model of the 
turboshaft engine and examine its operation as a genset namely with constant power turbine 
rotating speed. Following the creation of a reliable engine model the power production and fuel 
consumption for suitable operating profiles can be calculated and used for the economic 
assessment of the conversion.  

In this paper the conversion of a helicopter turboshaft engine to an aero-derivative industrial 
gas turbine for electrical power production is considered. An engine model adapted to available 
test-bed data is created and used for assessing the engine operability and performance when 
used for electrical power production (operation with constant power turbine rotating speed). The 
changes on performance and components operability are recognized and discussed. Since the 
performance enhancement of these engines by applying recuperation and/or intercooling are of 
interest, as discussed by Nkoi et al. [3] the addition of a heat exchanger to the existing engine 
for recuperation is also examined and assessed in terms of performance and operability. The 
engine models are used for calculating the produced electrical power and fuel consumption 
throughout a typical year taking into consideration the variation of ambient condition. The cost of 
engine conversion and other investment costs for utilizing the engine as genset are defined and 
the investment is evaluated for operation as base load and standby unit.  

ENGINE PERFORMANCE MODEL 

ENGINE DESCRIPTION 

The engine considered for conversion is the turboshaft engine T53-L-13B, which entered 
service in 1966 and is powering the UH-1 helicopters of the Hellenic Army and its civilian 
versions the Bell 204 and 205 helicopters. In Greece the engine maintenance, overhaul and 
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testing is done by the Hellenic Aerospace Industry (HAI) which is an approved and certified 
maintenance center by the engine OEM (Honeywell). T53 is a twin shaft engine with a mixed 
flow compressor consisting of 5 axial flow stages and one centrifugal stage, a two stage gas 
generator turbine and a two stage power turbine. The combustor is annular of reverse-flow with 
22 fuel nozzles. The engine has a reduction gearbox with a ratio of 3.2105/1. The secondary air 
system provides cooling air to the turbines stages and air for sealing and pressurization. For 
part load operation an interstage air bleed valve (Bleed Off Valve) located at the exit of the 
fourth compressor stage is used for ensuring stable operation over the whole operating 
envelope. The engine schematic is depicted in Fig. 1. The engine reference performance data is 
given in TABLE 1.  

 

 
1: Engine  

Inlet 
2: Compressor  

Inlet 
26: Centrifugal Stage  

Inlet 
31: Combustor  

Inlet 
4 Core Turbine  

Inlet 
44 Power Turbine 

Inlet 
5 Turbine 

Exit 

FIGURE 1: Engine Schematic 

TABLE 1: Engine Datum Performance [ɆűɎɚɛŬ! ɇɞ ŬɟɢŮɑɞ ˊɟɞɏɚŮɡůɖɠ Űɖɠ ŬɜŬűɞɟɎɠ ŭŮɜ ɓɟɏɗɖəŮ.] 

Ratings Power 
SHP 
(min) 

Gas Producer 
N1[RPM] 

(max) 

Power Turbine 
N [RPM] 

(optimum) 

Output shaft 
N2[RPM] 

(optimum) 

SFC[lb/SHP/hr] 
(max) 

   Reduction gear ratio: 3.2105/1 Exhaust area: 
203 sqin 

Take off 1400 25400 21190  
(max 21300) 

6600 
(max 6635) 

0.580 

Max continuous 1250 24650 19390 6040 0.600 

90% max.Cont. 1125 24250 18655 5810 0.620 

75% max.Cont. 938 23475 17465 5440 0.663 

 

AUTOMATED ADAPTIVE METHOD 

An engine model can be based on production engine data, fleet-average overhauled engine 
data or engine specific data. In this context, it is important to have an adaptive procedure as 
automated as possible for quick and accurate generation of engine specific models. The 
PROOSIS gas turbine simulation platform is used to build the required engine performance 
model [5]. PROOSIS is a tool capable of modelling any gas turbine engine configuration using 
the default and/or any user-defined library of gas turbine engine components. Components are 
described using a high-level object-oriented language while an advanced graphical user 
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interface allows an engine model to be constructed graphically by ódragging-and-droppingô the 
required component icons from one or more library palettes to a schematic window, connecting 
the components through the appropriate ports (Fluid, Mechanical, Fuel, Control, Secondary Air 
System, Sensor, etc.) and editing their attributes [6]. The associated mathematical model 
(Partition) can then be defined through the specification of appropriate boundary and iteration 
(algebraic) variables. The final step is to describe one or more simulation cases (Experiments) 
such as single or multi-point design, parametric, sensitivity, optimization, test analysis, 
diagnosis, transient, etc. The tool also has the capability to perform multi-system, mixed-fidelity, 
multi-disciplinary and distributed simulations ([7]-[9]). Last but not least, different types of 
customer decks can be automatically generated for a variety of platforms while a standard 
interface is available for some applications (e.g. MS Excel and Matlab/Simulink). The toolôs 
flexibility and configuration control capabilities along with its clear distinction between modelling 
and simulation tasks makes it ideal for automating the work of the performance engineer. In 
order to generalize and automate the model creation process, the authors have developed in 
PROOSIS a library of various gas turbine engine configurations. For each configuration, a single 
robust mathematical model is created. Various experiments are then defined for this partition in 
order to create the final engine model as shown schematically in Fig. 2. For the design point 
calculation, the model uses known data and best engineering judgment in order to fix the model 
unknown details and calculate parameters that are needed for the off-design calculations such 
as nozzle areas and turbomachinery component map scaling factors. The first step in the design 
point procedure is to select the operating point at which the calculation will be carried out. In 
practice, a multi-point method is employed utilizing the available discrete operating point data. 

 
 

FIGURE 2: Model Creation Process 

 A typical approach is to carry out the design calculation at one representative point e.g. ñtake 
offò and then check whether the requirements and constraints at other operating points are met. 
The procedure is repeated until the best compromise is achieved. The differences between 
model predictions and available specifications can be minimized through a two-step procedure. 
Initially, an optimization algorithm (Simplex [10]) is employed that adjusts selected design point 
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performance parameters and component data (e.g. location of design point on turbomachinery 
component maps, secondary air system flows, duct and burner pressure losses, etc.) within a 
user-specified range in order to match the known performance at selected off-design operating 
conditions. Next, for the calculated design point, the turbomachinery component characteristics 
are modified according to the required off-design performance through scalars of isentropic 
efficiency and corrected mass flow (global map adaptation scalars). The scalars selected are 
typically the ones producing the lowest possible cost function with minimum variation. The 
design point is included as an off-design point in the formulation of the relevant cost function 
since the objective is to reduce all the differences between model predictions and specifications. 
Finally, a third step maybe necessary in order to perform map adaptation locally at discrete 
operating points that they were either not included in the previous analysis and/or cannot be 
matched adequately with the last step global map adaptation scalars.  

All the experiments are generic using globally defined variables for all the required inputs 
(e.g. component maps, fluid model tables, design-point and off-design performance data, etc.) 
and their values are set externally by the user through input files. Hence, the model of a specific 
engine can be generated simply by modifying the input files of the corresponding generic 
configuration and running the experiments. Using the toolôs intrinsic deck generation capability, 
the entire model creation process can also be exported (e.g. as an executable with a graphical 
user interface) using switches to select the required calculation. In addition, the final engine 
deck can also perform fault simulation and diagnosis using gas path analysis. 

T53 ENGINE MODEL 

For the work reported here, the TURBO library of engine components available as standard 
in PROOSIS is used to create the free turbine turboshaft engine model shown in Fig. 3. The 
engine model has a gas generator consisting of an axial compressor (LPC) and a single 
centrifugal stage (HPC) driven by the core axial turbine (CT). The free power turbine (PT) is 
delivering shaft power through a gearbox component (GBX). The model uses appropriate maps 
to define off-design performance for the turbomachinery components [11]. The combustor 
pressure losses vary with the combustor inlet corrected mass flow rate while combustion 
efficiency is a function of combustor loading [12]. Ducts pressure losses are a function of mass 
flow rate. Cooling/sealing flows for the CT and PT components are extracted from the LPC and 
HPC exit as required. Shaft and gearbox transmission losses are also accounted for. Stability 
and customer bleed as well as customer power extraction can be specified. JP-4 is used as fuel 
in this study. The TURBO library in PROOSIS uses three-dimensional linearly interpolated 
tables for calculating the caloric properties of the working fluid in the engine model. These are 
generated with the NASA CEA software [13]. For a given set of ambient conditions, the model 
only needs the power required or the fuel flow and rotational speed at the gearbox outlet shaft in 
order to calculate the complete cycle. 

Data from the HAI engine test bed are used for building a model that closely represents a 
tested engine performance. The available measured data set is given in TABLE 2. The take-off 
operating point is selected as the design point (DP). Basic parameters at the design point such 
as nozzle area, pressure loss coefficients, cooling air flows and pressure ratios of axial and 
centrifugal compressor are specified by using measured data combined with literature data such 
as overall pressure ratio, utilizing basic aerothermodynamic analysis principles. Then the 
adaptive method described is used for evaluating component map scaling factors and design 
points locus. Having built an adapted model the complete cycle data are calculated for given 
fuel mass flow (WF) and gearbox outlet shaft rotational speed (NII). Depending on the analysis 
different engine control variable can be used (e.g. Shaft Power PWSD, Turbine Entry 
Temperature -TET etc). As seen in TABLE 3 the adapted performance model built closely 
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represents the engine operation, with a difference of less than 1% from the available measured 
data.  

 

FIGURE 3: Turboshaft engine PROOSIS schematic diagram & station numbering 

 

TABLE 2: Engine Measured Data 

Ratings 
GG speed 

[RPM] 
GBX shaft  

speed [RPM] 
Power  
[kW] 

Fuel Flow  
[kg/s] 

EGT 
[K] 

Pt1 
[bar] 

Pt2 
[bar] 

Tamb 
[K] 

75% 24130 5502.9 735.77 0.07686 789.15 1.00914 1.00576 285.15 

max cont 25146 6033.3 967.31 0.09261 827.15 1.00914 1.00406 285.15 

take off 25400 6265.35 1071.23 0.10029 843.15 1.00914 1.00237 285.15 

 

TABLE 3: Model Deviations (Deltas) from Measured Data 

 
take off[DP] max cont 75% 

ɲǇƻǿŜǊώ҈ϐ 0.000 -0.556 0.091 

ɲbLώ҈ϐ 0.000 -0.783 -0.642 

ɲɿɹɹώ҈ϐ 0.000 0.000 0.000 

ɲ9D¢ώ҈ϐ 0.000 -0.057 -0.440 

ɲ²Cώ҈ϐ 0.000 0.000 0.000 

ENGINE OFF-DESIGN OPERATION 

Having built a reliable model that closely represents the engine performance and operation 
the next step is to analyze the engine operation as electrical power generator. The turboshaft 
engine is designed so that the speed of the power turbine varies with load demand. For its 
application as electrical power generator the power turbine roational speed should remain 
relatively constant after synchronization to ensure frequency stability. The gear box rotational 
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speed for the electrical generation version of the engine is selected equal to 6040 rpm, which is 
the max. continious rating GBX rotational speed. The full power for the genset is defined 
according to the TET calculated for the max. continious rating. The stability bleed flow schedule 
is selected to ensure stable operation throughout the whole engine operating envelope. The 
engine operating line from 20% up to 100% of power can be seen in the following figures.  

As seen in Fig. 4 and 5, operating the engine with constant power turbine rotational speed 
results to operation with reduced surge margin at part load for the LPC, while the HPC operates 
at acceptable surge margin. At high power the surge margin of the LPC and HPC is acceptable 
and close to its original value. The operating line (power increase) of the power turbine for 
constant and varying speed operation is depicted in Fig. 7. As seen power turbine operation is 
limited when the engine operates as genset. The engine can operate synchronized only if the 
power is greater than 20% of the nominal one. The limitations enforced by the power turbine 
should be taken into consideration when the transfer switches (in the case of grid-isolated 
standby units) or the grid interconnection equipment is considered. In any case the genset can 
operate for a significant load range after synchronization. The Specific Fuel Consumption (SFC) 
variation with shaft power PWSD for ISO conditions and for electrical power generation is 
illustrated in Fig. 8. At high power conditions SFC remains almost constant but increases 
sharply at lower power setting, as expected. The engineôs SFC at max. power is comparable to 
the avaialable commercial non-recuperated engines of the same power rating [14, 15].  

 

FIGURE 4: LP Compressor Map and Operating line 

 

FIGURE 5: HP Compressor (Centrifugal Stage) Map and Operating line 
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FIGURE 6: Core Turbine Map and Operating line 

Engine start-up and 
acceleration for 

varying GBX 
rotational speed

Engine 
operation for 

constant 
GBX 

rotational 
speed

 

FIGURE 7: Power Turbine Operating line for constant and free GBX rotational speed 
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FIGURE 8: Engine sfc-power performance curve 
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RECUPERATED ENGINE OFF-DESIGN OPERATION  

For engines of relatively low pressure ratio, recuperation is a mean to significantly enhance 
the overal performance (decrease of full and part load SFC). This betterment is not free, since a 
recuperator significantly decreases the shaft power due to pressure losses and increase the 
cost and the complexity of the cycle. The recuperator is a heat exchanger connected between 
the turbine exhaust and the compressor exit. During the process of recuperation, hot gases from 
the engine exhaust are passed through the heat exchanger and increase the temperature of the 
compressed air at the compressor exit. The compresed heated air is then fed to the combustion 
chamber. The increase of the air temperature and, therefore, the use of less fuel to achieve the 
desired turbine inlet temperature may increase the cycle overall efficiency, depending on heat 
saved and power decrease due to pressure losses.  

For caclulating the combustor inlet temperature, the heat exhanger effectiveness is used, 
while the pressure losses are modelled via appropriate (hot and cold) pressure loss coefficients. 
For predicting off-design recuperator performance the equations proposed by Walsh and 
Fletcher [12] are used. The design point heat exhanger effectiveness is ŮDP=75%, and the cold 
and hot stream pressure loss coefficients are PLDP,c=3% and PLDP,h=4% respectively. The 
engine model built in PROOSIS is depicted in Fig. 9. 

 

LPC HPC

Combustor

CT

PT

GBX

Inlet

Amb

Gas Generator Shaft

Heat Exchanger

 

FIGURE 9: Recuperated Turboshaft engine PROOSIS schematic diagram 

 
For the recuperated engine the increased pressure losses move the LPC and HPC operating 

lines towards the surge line decreasing the surge margin, as seen in Fig. 10 and 11. The 
decrease of the LPC surge margin at part load is signifcant thus if the engine is to be used as 
recuperated the BOV schedule should be changed to ensure stable operation during power 
increase (acceleration). Concerning the engine performance, as seen in Fig. 12 the engine SFC 
is signifcantly decreased, while the engine power for the limit TET defined at the max. continious 
rating is decreasing. Specifically the power at 100% is decreased by 16.3% relative to the 
simple cycle and the efficiency is ehnanced by 24.4% to a value of SFC=0.259kg/kWh.  
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FIGURE 10: LP Compressor Map and Operating line for recuperated engine 

 

FIGURE 11: HP Compressor Map and Operating line for recuperated engine 
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FIGURE 12: Engine sfc-power performance curve for the recuperated engine 
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ECONOMICAL ASSESSMENT of T53 GENSETS 

For assessing the feasibility of the T53 genset for the Hellenic Army a preliminary economic 
analysis of electrical generation is undertaken. For this purpose the Net Present Value of 
investment (NPV) can be used as a measure of economic performance. It is the present worth 
of the total profit of an investment, which results as the difference between the present worth of 
all expenses and the present worth of all revenues. The NPV is calculated via eq. (1). 

 ( )
0

1
-

=

Ö +=ä
n

t

t t

t

C dNPV  (1) 

Where Ct is the profit or net cash flow (revenue + savings - expenses) in period t, dt is the 
market interest rate during period t and n is the selected payback period. If NPV is greater than 
zero then the investment is economically viable under the specified conditions (n, dt), if it is zero 
the investment is economically viable and it has a return of the investment equal to d t for the 
selected period (n) and if it is negative then the investment is not economically viable under the 
specified conditions (n, dt).  

For evaluating the economic performance of selected cases the investment cost, the 
operation cost and the operating profile of the plant (availability, stand-by or baseline unit etc.) 
should be calculated. The investment or capital cost breaks down to equipment cost, installation 
cost and ñsoftò or project cost. The site development, installation and project management cost 
are assumed negligible, since the means and trained personnel are available to the 
organization. The equipment cost for the case of power generation includes the electrical 
generator cost, the switchgear and interconnection cost and the cost of an additional gearbox 
for connecting the engine to the generator. The generator and gearbox costs are estimated to 
37kú and 53kú accordingly using off the shelf solutions [16]. The switchgear and interconnection 
costs are estimated to 45kú according to [17]. If the engine is not readily available it can be 
purchased used/refurbished at the price of 155kú and new at an estimated price of 360kú [16]. 
For the recuperated engine the additional cost is estimated to the 68% of the simple cycle cost, 
namely 245kú, according to [18]. The gas turbine operation cost is dominated by the fuel cost 
which is assumed equal to 0.8ú/kgf. The maintenance cost is assumed equal to 5.4ú/MWh [19]. 
In the case of Hellenic Army the maintenance cost may be significantly lower, given that spare 
parts and trained personnel are available.  

For the evaluation of the annual electricity production and fuel consumption the engine 
models (simple and recuperated cycle) are utilized for a typical annual ambient conditions 
profile, assuming that the engine operates as base load at the maximum continuous rating TET 
and rotating speed. It should be noted that the gearbox and generator efficiency are modeled 
via appropriate efficiency curves. The generated electrical power for a whole year is depicted in 
Fig. 13 for the case of simple and recuperated cycle.  

Having calculated the engine performance throughout the year the economic evaluation of 
the cases of interest is performed by calculating the electricity price for zero NPV and 10 years 
payback period. The data used for this preliminary economic analysis is presented in TABLE 4. 
The electricity price to achieve 10 years payback period (NPV=0) for the examined cases is 
presented in Fig. 14. It can be easily concluded that the engine acquisition cost has small effect 
on the investment payback, since the fuel cost is the dominant parameter. The utilization of 
recuperation results to a decrease of the electricity price by 18.5%, thus making it a worth 
examining solution if the engine is to be used as base load generator. It should be considered 
that a recuperated engine may have additional maintenance costs. 
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FIGURE 13: Annual Electrical Power production 

TABLE 4: Technoeconomic Data 

 Simple Cycle Recuperation Cycle 

 
Available 
Engine 

Used 
Engine 

New 
Engine 

Available 
Engine 

New 
Engine 

Investment Cost [kú] 135 290 495 380 740 

Electrical Power Production [MWh/year] 8023.29 6015.96 

Fuel Consumption [tn/year] 2920.4 1726.58 

Fuel Cost [ú/kgf] 0.8 

Maintenance Cost [ú/MWh] 5.4 

Market Interest Rate[%] 6 

Payback Period [years] 10 

 
Another use of the engine is as standby generator. In this case the engine acquisition cost 

becomes dominant, thus the investment should be re-evaluated. Gas turbines are ideal for 
emergency generators especially in remote sites due to their infrequent maintenance and 
compactness. 

The standby engines may operate less than 150 to 200 hours per year, so setting the 
operating hours as 200 per year the electricity price for the cases discussed above changes 
dramatically, as depicted in Fig. 15. It is apparent that for infrequent operation the use of an 
existing engine is expected to significantly reduce the cost of electricity for the operator, while 
the Recuperated cycle presents no advantage when periodic operation is considered. The low 
electricity price for the case that the engine is available indicates that the utilization of the 
converted turboshaft engine as standby generator may be economically viable compared to the 
acquisition of a new Diesel genset. The cost of a Diesel genset of 1MW excluding the enclosure 
cost is approximately 400kú according to [17]. The maintenance cost of a Diesel genset can be 
assumed equal to 9.2ú/MWh [19] or if outsourced in the range of 2kú to 5kú [17] for 200 hours 
operation per year. The main advantage of the Diesel engine is its low SFC, which for a High 
Speed Diesel engine is in the range of 0.2 to 0.22kgf/kWh [18]. Assuming a fixed SFC of 0.21 


