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Analysis of Gas Turbine Operation before and after
Major Maintenance
Abstract
This paper presents an analysis of the gas turbine real process (with all losses included) before and
after a major maintenance. The analysis of both gas turbine operating regimes is based on data
measured during its exploitation. Contrary to authors’ expectations, the major maintenance process
did not result either in any decrease in losses or increase in efficiencies for the majority of the gas
turbine components. However, the major maintenance influenced positively the gas turbine combustion
chambers (reduction in losses and increase in the combustion chambers efficiency). After the major
maintenance, the overall process efficiency decreased from 43.796% to 41.319% due to a significant
decrease in the air mass flow rate and to an increase in the fuel mass flow rate in combustion chambers.
A decrease in the gas turbine produced cumulative and useful power after a major maintenance also
increased the specific fuel consumption.
Keywords: gas turbine, turbine major maintenance, efficiency, losses, specific fuel consumption

1. Introduction
Gas turbines nowadays have application in many power systems. They are essential
components of combined power plants [1, 2] where used as a primary element for the
power and heat production [3]. Operation of the steam part of the combined power
plant along with all of its components [4] is highly dependable on gas turbine process
and exhaust gas parameters [5]. The wide usage of gas turbines today also includes
various cogeneration plants [6].
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In marine power systems diesel engines prevail in general [7, 8], while the usage
of gas turbines in such systems is usually limited due to many important factors [9].
Gas turbines in marine power systems can be used as independent components [10]
or in various combinations with internal combustion engines or steam turbines along
with all necessary equipment required for such plant operation [11-14].
Several researchers have analyzed gas turbines as stand-alone devices either
without any upgrades [15] or with several upgrades [16]. One specific upgrade of gas
turbine cycles concerns the air bottoming cycle, presented in [17].
An interesting comparison of four different gas turbine cycles is presented in [18],
in addition to the advanced exergy analysis presented in respect of the most effective
gas turbine cycle. Exergy analysis is a commonly used technique for research and
analysis of various steam and gas turbines [19-21] which shows that highest losses of
the gas turbine cycle occur in combustion chambers [22, 23] regardless of gas turbine
operation characteristics and power output.
Several methods have been developed for improving the efficiency of power plants
having a gas turbine as an essential component. One of such efficiency improvement
methods is based on the specific entropy generation [24].
This paper presents an analysis of a gas turbine without any upgrades included,
taking into account all the losses occurring during the gas turbine operation. Based on
measured operating parameters, the gas turbine performance was investigated before
and after a major maintenance. Usually, it would be expected that the major maintenance
process reduces losses and increases efficiencies of gas turbine components. It will be
interesting to investigate whether such expectations are also valid for the observed
gas turbine.

2. Description of the gas turbine operating process
The main scheme of the gas turbine operating process along with four characteristic
operating points is presented in Figure 1. The turbo-compressor compresses the air from
the atmosphere and brings it with increased pressure to combustion chambers, where
fuel combustion takes place. Fuels in the gas turbine process must be of high-quality
and therefore very expensive, so the majority of gas turbine operational costs are
dependable on current fuel prices (also valid for other power producers where fuels of
lower quality can also be used [25-27]). The maximum process temperature (maximum
combustion gas temperature) occurs at the combustion chamber outlet (gas turbine
inlet) - point 3, Figure 1. After the combustion gas expansion through a turbine, gases
are released from the gas turbine process into the atmosphere. One part of the produced
turbine cumulative power (usually about 50%) is used for the turbo-compressor drive,
while the other part of the produced cumulative power (useful power) drives any power
consumer. The beginning of the gas turbine operation from its dead-state is ensured
with a starting electro-motor. The temperature-specific entropy diagram of the real gas
turbine process that includes losses on each gas turbine component is shown in Figure 2.
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Figure 1 - Gas turbine main scheme (SEM = Starting Electro-Motor; TC = TurboCompressor; CC = Combustion Chambers; T = Turbine; PC = Power Consumer)

Figure 2 - Temperature-specific entropy (T-s) diagram of the gas turbine real process
with included losses

3. Gas turbine analysis – main equations
The majority of equations for the gas turbine process analysis can be found in [28]
and [29]. Each operating point of the gas turbine process, Figure 1, can be calculated
the specific enthalpy of the operating medium (air or combustion gases) as:
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(1)
where cp is the speciﬁc heat capacity of the operating medium at constant pressure
and T is the current operating medium temperature. Speciﬁc heat capacity at constant
pressure (cp) is a function of the current operating medium temperature.
Regarding the air, the specific heat capacity at constant pressure is calculated
according to [30] by using Eq. 2:
(2)
while for combustion gases (cg), the specific heat capacity at constant pressure is also
calculated according to [30] by using Eq. 3:
(3)
In Eq. 2 and Eq. 3 temperature T must be inserted in (K) to obtain cp in (kJ/kg·K).
By using Figure 1 and Figure 2, the gas turbine process operating parameters are
as follows:
- Turbo-compressor real power:
(4)
Air temperature after the ideal (isentropic) compression is calculated using
equation Eq. 5:
(5)
where κair is according to [31] is equal to 1.4.
- Turbo-compressor isentropic power:
(6)
- Turbo-compressor power losses:
(7)
- Turbo-compressor efficiency:
(8)
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- Turbine real cumulative power:
(9)
Temperature of combustion gases after the ideal (isentropic) expansion is
calculated using equation Eq. 10:
(10)
where κcg is equal to 1.3 according to [31] .
- Turbine isentropic cumulative power:
(11)
- Turbine power losses:
(12)
- Turbine efficiency:
(13)
It should be noted that gas turbine power losses (Eq. 12) and efficiency (Eq. 13)
are calculated identically as power losses and efficiency of a steam turbine [32, 33] or
of each steam turbine cylinder (for multi-cylinder steam turbines) [34].
- Useful power (real):
(14)
- Useful power (isentropic):
(15)
- Chemical energy delivered by fuel in the combustion chambers:
(16)
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where LHV is the lower heating value of the fuel used and
chambers fuel mass flow rate.

m F is the combustion

- The amount of heat transferred in combustion chambers:
(17)
- The amount of the heat released from the process:
(18)
- Heat transfer losses in the combustion chambers:
(19)
- Combustion chambers efficiency:
(20)
- Gas turbine process overall efficiency:
(21)
- Specific fuel consumption (based on the useful power):
(22)
- Specific fuel consumption (based on the cumulative produced power):
(23)

4. Operating parameters of the gas turbine process before and after a
major maintenance
Operating parameters of the gas turbine process at each characteristic operating
point, Figure 1 and Figure 2, before and after a major maintenance are found in
[35]. Table 1 presents the gas turbine process operating parameters before a major
maintenance and Table 2 presents the gas turbine process operating parameters after
a major maintenance.
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Table 1 - Operating parameters of the gas turbine before a major maintenance [35]
BEFORE MAJOR MAINTENANCE
Operating point*

Medium
operating mass
flow rate (kg/s)

Medium
operating
pressure (MPa)

Medium
operating
temperature (K)

434.753
434.753
443.706
443.706

0.1033
1.6099
1.5536
0.1071
Natural gas
50000 kJ/kg
8.953 kg/s

288.15
662.08
1509.13
819.99

1
2
3
4
Used fuel
Fuel lower heating value (LHV)
Fuel mass flow rate
* According to Figure 1 and Figure 2

Table 2 - Operating parameters of the gas turbine after a major maintenance [35]
AFTER MAJOR MAINTENANCE
Operating
Operating
Operating
medium
medium
Operating point*
medium mass
flow rate (kg/s) pressure (MPa) temperature (K)
1
2
3
4
Used fuel
Fuel lower heating value (LHV)
Fuel mass flow rate

407.776
407.776
416.884
416.884

0.1026
1.5400
1.5400
0.1070
Natural gas
50000 kJ/kg

295.70
679.00
1600.15
898.18

9.108 kg/s

* According to Figure 1 and Figure 2

5. Results of the gas turbine process analysis before and after a major
maintenance
The developed or used power for each gas turbine component is shown in Figure
3. Turbo-compressor as a power consumer in the real process always uses more power
for its operation compared to an ideal (isentropic) process. After a major maintenance,
turbo-compressor used a lower power amount than before a major maintenance and
this was mostly caused by a reduction in the air mass flow rate, Table 1 and Table 2.
Unlike a turbo-compressor, turbine is a power producer which in the real process
always produced lower cumulative power compared to an ideal (isentropic) one. After
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a major maintenance, the real cumulative power produced by the turbine was lower
than before a major maintenance, which was again mostly caused by a reduction in the
combustion gas mass flow rate, Table 1 and Table 2.
Reduction in air and combustion gas mass flow rates after a major maintenance
resulted in a decrease in real useful power produced by a gas turbine process (from
189.62 MW before a major maintenance to 184.02 MW after a major maintenance),
Figure 3.

Figure 3 - Changes in the real and isentropic useful, turbo-compressor and turbine
power before and after a gas turbine major maintenance
The increase in the fuel mass flow rate after a gas turbine major maintenance
resulted in a higher chemical energy amount delivered by fuel in combustion chambers,
Figure 4. After major gas turbine maintenance, a higher fuel mass flow rate also
resulted in a higher heat amount transferred in combustion chambers, compared with
the performance before a major maintenance. The turbine major maintenance also
resulted in a higher heat amount released from the gas turbine process. The released
heat amount can be used for additional heating purposes, therefore the gas turbine major
maintenance offers a higher amount of heat that can be used in several heat consumers.
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Figure 4 - Heat amounts (delivered by fuel, transferred in combustion chambers and
released from the process) before and after a major maintenance
Compared with the gas turbine performance before major maintenance, the process
of major maintenance resulted in a small increase in turbo-compressor power losses
and in significant increase in turbine power losses, Figure 5. Increased power losses
for turbo-compressor and turbine lead to the conclusion that the major maintenance
process made the compression and expansion processes worse.
The major maintenance process had a positive influence on combustion chambers
losses that decreased from 14.675 MW before a major maintenance to 10.002 MW
after a major maintenance, Figure 5.

Figure 5 - Losses at gas turbine components before and after a major maintenance
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Increase in power losses of turbo-compressor and turbine after a major maintenance
compared with the process before a major maintenance leads to a decrease in the turbocompressor and turbine efficiency (from 91.534% to 89.767% for turbo-compressor
and from 99.199% to 95.686% for turbine), Figure 6. The major maintenance process
increases combustion chambers efficiency from 96.722% before to 97.804% after a
major maintenance.
The major maintenance process decreases the overall process efficiency from
43.796% to 41.319%. This fact is a result of the decrease in the useful gas turbine
power produced along with a simultaneous increase in the heat amount transferred in
combustion chambers.

Figure 6 - Efficiencies of gas turbine parts and the overall process efficiency before
and after a major maintenance
Specific fuel consumption for the gas turbine process can be defined using any of
two different approaches – either in regards to the useful produced power or in regards
to the cumulative developed power. The comparison of gas turbine processes before and
after a major maintenance resulted in the conclusion that the increase in the fuel mass
flow rate with a simultaneous decrease in the cumulative and useful produced power
resulted in an increase in both specific fuel consumptions after a major maintenance,
Figure 7. The specific fuel consumption in regards to the useful produced power is a
much often used operating parameter for comparison with other gas turbine processes.
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Figure 7 - Gas turbine specific fuel consumption based on the useful and cumulative
developed power before and after a major maintenance
Further investigation of the gas turbine presented in this paper will be based on
the research and possible optimization of its operating parameters and characteristics
by using several machine learning methods such as convolutional and multi-layer
perceptron (MLP) neural networks [36, 37], genetic algorithm (GA) [38, 39], particle
swarm optimization (PSO) [40], and many others.

6. Conclusions
The paper presents an analysis of a gas turbine based on measured operating
parameters before and after a major maintenance. The major maintenance process did
not offer any expected results, because usually it would be expected that the major
maintenance process reduces losses on each gas turbine component with a simultaneous
increase in the efficiency.
The most important conclusions that can be derived from the presented analysis
are:
After the turbine major maintenance, there occur lower air and combustion gas
mass flow rates in the gas turbine process that cause a decrease in the turbo-compressor
real used power and decrease in the real turbine cumulative developed power. A
decrease in the turbine real cumulative developed power is higher than the decrease in
the turbo-compressor real used power, so as a result, the turbine real useful produced
power decreases after a major maintenance.
After the turbine major maintenance, the fuel mass flow rate delivered to
combustion chambers increases compared with the process before a major maintenance,
whereby the heat amount transferred in combustion chambers and the heat amount
released from the process increase.
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Turbo-compressor and turbine losses increase after a major maintenance, what
means that the compression and expansion processes deviate from the ideal ones much
more after than before a major maintenance. The result of that occurrence is also a
decrease in the turbo-compressor and turbine efficiency after a major maintenance
process.
The major maintenance process positively influences combustion chambers,
because it causes a decrease in combustion chambers heat losses and increases their
efficiency.
The overall gas turbine process efficiency decreases after a major maintenance
due to the decrease in the turbine useful produced power and simultaneous increase in
the heat amount transferred in combustion chambers.
The increase in the combustion chambers fuel mass flow rate and simultaneous
decrease in the turbine cumulative or useful developed power after a major maintenance
increases the gas turbine specific fuel consumption.

Acknowledgment
This research has been supported by the Croatian Science Foundation under the
project IP-2018-01-3739, CEEPUS network CIII-HR-0108, the European Regional
Development Fund under the grant KK.01.1.1.01.0009 (DATACROSS), the University
of Rijeka scientific grant uniri-tehnic-18-275-1447 and the University of Rijeka
scientific grant uniri-tehnic-18-18-1146.

References
1. Ersayin, E., Ozgener, L.: Performance analysis of combined cycle power plants: A case study,
Renewable and Sustainable Energy Reviews 43, p. 832–842, 2015. (doi:10.1016/j.rser.2014.11.082)
2. Lorencin, I., Anđelić, N., Mrzljak, V., Car, Z.: Genetic Algorithm Approach to Design of MultiLayer Perceptron for Combined Cycle Power Plant Electrical Power Output Estimation, Energies
12 (22), 4352, 2019. (doi:10.3390/en12224352)
3. Kotowicz, J., Brzęczek, M.: Analysis of Increasing Efficiency of Modern Combined Cycle Power
Plant: A Case Studies, Energy 153, p. 90-99, 2018. (doi:10.1016/j.energy.2018.04.030)
4. Lorencin, I., Anđelić, N., Mrzljak, V., Car, Z.: Exergy analysis of marine steam turbine labyrinth
(gland) seals, Scientific Journal of Maritime Research 33 (1), p. 76-83, 2019. (doi:10.31217/p.33.1.8)
5. Taimoor, A. A., Siddiqui, M. E., Abdel Aziz, S. S.: Thermodynamic Analysis of Partitioned
Combined Cycle using Simple Gases, Applied Sciences 9, 4190, 2019. (doi:10.3390/app9194190)
6. Yoru, Y., Karakoc, T. H., Hepbasli, A.: Dynamic energy and exergy analyses of an industrial
cogeneration system, International journal of energy research 34, p. 345–356, 2010. (doi:10.1002/
er.1561)
7. Senčić, T., Mrzljak, V., Blecich, P., Bonefačić, I.: 2D CFD Simulation of Water Injection
Strategies in a Large Marine Engine, Journal of Marine Science and Engineering, 7 (9), 296,
2019, (doi:10.3390/jmse7090296)
8. Mrzljak, V., Žarković, B., Poljak, I.: Fuel mass flow variation in direct injection diesel engine –
influence on the change of the main engine operating parameters, Scientific Journal of Maritime
Research, 31 (2), p. 119-127, 2017. (doi:10.31217/p.31.2.6)
9. Mrzljak, V., Mrakovčić, T.: Comparison of COGES and diesel-electric ship propulsion systems,
Journal of Maritime & Transportation Sciences-Special edition No. 1, p. 131-148, 2016.

68

Pomorski zbornik 57 (2019), 57-70

Vedran Mrzljak, Nikola Anđelić, Ivan Lorencin, Zlatan Car

Analysis of Gas Turbine...

(doi:10.18048/2016-00.131)
10. Taylor, D. A.: Introduction to Marine Engineering, Elsevier Butterworth-Heinemann, 1998.
11. Fernández, I. A., Gómez, M. R., Gómez, J. R., Insua, A. A. B.: Review of propulsion systems on
LNG carriers, Renewable and Sustainable Energy Reviews 67, p. 1395–1411, 2017. (doi:10.1016/j.
rser.2016.09.095)
12. Mrzljak, V., Blecich, P., Anđelić, N., Lorencin, I.: Energy and Exergy Analyses of Forced Draft
Fan for Marine Steam Propulsion System during Load Change, Journal of Marine Science and
Engineering 7 (11), 381, 2019. (doi:10.3390/jmse7110381)
13. Baldi, F., Ahlgren, F., Van Nguyen, T., Thern, M., Andersson, K.: Energy and Exergy Analysis of
a Cruise Ship, Energies 11, 2508, 2018. (doi:10.3390/en11102508)
14. Mrzljak, V., Anđelić, N., Poljak, I., Orović, J.: Thermodynamic analysis of marine steam power
plant pressure reduction valves, Journal of Maritime & Transportation Sciences 56 (1), p. 9-30,
2019. (doi:10.18048/2019.56.01)
15. Ibrahim, T. K., Basrawi, F., Awad, O. I., Abdullah, A. N., Najafi, G., Mamat, R., Hagos, F. Y.:
Thermal performance of gas turbine power plant based on exergy analysis, Applied Thermal
Engineering 115, p. 977-985, 2017. (doi:10.1016/j.applthermaleng.2017.01.032)
16. Gonca, G.: Exergetic and ecological performance analyses of a gas turbine system with two
intercoolers and two re-heaters, Energy 124, p. 579-588, 2017. (doi:10.1016/j.energy.2017.02.096)
17. Alklaibi, A.M.: Utilization of exhaust gases heat from gas turbine with air bottoming combined
cycle, Energy 133, p. 1108-1120, 2017. (doi:10.1016/j.energy.2017.04.086)
18. Fallah, M., Siyahi, H., Akbarpour Ghiasi, R., Mahmoudi, S.M.S., Yari, M., Rosen, M.A.:
Comparison of different gas turbine cycles and advanced exergy analysis of the most effective,
Energy 116, p. 701-715, 2016. (doi: 10.1016/j.energy.2016.10.009)
19. Ali, M. S., Shafique, Q. N., Kumar, D., Kumar, S., Kumar, S.: Energy and exergy analysis of a
747-MW combined cycle power plant Guddu, International Journal of Ambient Energy, 2018. (d
oi:10.1080/01430750.2018.1517680)
20. Mrzljak, V., Poljak, I., Mrakovčić, T.: Energy and exergy analysis of the turbo-generators and steam
turbine for the main feed water pump drive on LNG carrier, Energy Conversion and Management
140, p. 307–323, 2017. (doi:10.1016/j.enconman.2017.03.007)
21. Mrzljak, V., Poljak, I., Prpić-Oršić, J.: Exergy analysis of the main propulsion steam turbine
from marine propulsion plant, Shipbuilding: Theory and Practice of Naval Architecture, Marine
Engineering and Ocean Engineering 70 (1), p. 59-77, 2019. (doi:10.21278/brod70105)
22. Ibrahim, T. K., Mohammed, M. K., Awad, O. I., Abdalla, A. N., Basrawi, F., Mohammed, M.
N., Najafi, G., Mamat, R.: A comprehensive review on the exergy analysis of combined cycle
power plants, Renewable and Sustainable Energy Reviews 90, p. 835–850, 2018. (doi:10.1016/j.
rser.2018.03.072)
23. Abuelnuor, A. A. A., Saqr, K. M., Mohieldein, S. A. A., Dafallah, K. A., Abdullah, M. M., Abdullah,
Y., Nogoud, M.: Exergy analysis of Garri “2” 180 MW combined cycle power plant, Renewable
and Sustainable Energy Reviews 79, p. 960–969, 2017. (doi:10.1016/j.rser.2017.05.077)
24. Haseli, Y.: Efficiency improvement of thermal power plants through specific entropy generation,
Energy Conversion and Management 159, p. 109–120, 2018. (doi:10.1016/j.enconman.2018.01.001)
25. Mrzljak, V., Blažević, S., Anđelić, N., Car, Z.: Exhaust gas emissions from turbocharged direct
injection diesel engine during the fuel mass flow variation, Proceedings of International Conference
on Innovative Technologies, IN-TECH, Zagreb, Croatia, p. 35-38, 2018.
26. Lee, S., Kim, T. Y.: Performance and emission characteristics of a DI diesel engine operated with
diesel/DEE blended fuel, Applied Thermal Engineering, 121, p. 454–461, 2017. (doi:10.1016/j.
applthermaleng.2017.04.112)
27. Mrzljak, V., Poljak, I., Medica-Viola, V.: Dual fuel consumption and efficiency of marine steam
generators for the propulsion of LNG carrier, Applied Thermal Engineering 119, p. 331–346,
2017. (doi:10.1016/j.applthermaleng.2017.03.078)
28. Cengel Y., Boles M.: Thermodynamics an engineering approach, Eighth edition, McGrawHill Education, 2015.
29. Moran M., Shapiro H., Boettner, D. D., Bailey, M. B.: Fundamentals of engineering
thermodynamics, Seventh edition, John Wiley and Sons, Inc., 2011.
30. Balli, O., Aras, H., Hepbasli, A.: Exergetic performance evaluation of a combined heat and
power (CHP) system in Turkey, International journal of energy research 31, p. 849–866, 2007.
Pomorski zbornik 57 (2019), 57-70

69

Vedran Mrzljak, Nikola Anđelić, Ivan Lorencin, Zlatan Car

Analysis of Gas Turbine...

(doi:10.1002/er.1270)
31. Omar, H., Kamel, A., Alsanousi, M.: Performance of Regenerative Gas Turbine Power Plant,
Energy and Power Engineering 9, p. 136-146, 2017. (doi:10.4236/epe.2017.92011)
32. Mrzljak, V., Prpić-Oršić, J., Poljak, I.: Energy Power Losses and Efficiency of Low Power Steam
Turbine for the Main Feed Water Pump Drive in the Marine Steam Propulsion System, Journal of
Maritime & Transportation Sciences 54 (1), p. 37-51, 2018. (doi:10.18048/2018.54.03)
33. Mrzljak, V.: Low power steam turbine energy efficiency and losses during the developed power
variation, Technical Journal 12 (3), p. 174-180, 2018. (doi:10.31803/tg-20180201002943)
34. Mrzljak, V., Poljak, I.: Energy Analysis of Main Propulsion Steam Turbine from Conventional
LNG Carrier at Three Different Loads, International Journal of Maritime Science & Technology
“Our Sea” 66 (1), p. 10-18, 2019. (doi:10.17818/NM/2019/1.2)
35. Oh, H.-S., Lee, Y., Kwak, H.-Y.: Diagnosis of Combined Cycle Power Plant Based on
Thermoeconomic Analysis: A Computer Simulation Study, Entropy 19 (12), 643, 2017.
(doi:10.3390/e19120643)
36. Lorencin, I., Anđelić, N., Mrzljak, V., Car, Z.: Marine Objects Recognition Using Convolutional
Neural Networks, International Journal of Maritime Science & Technology “Our Sea” 66 (3), p.
112-119, 2019. (doi:10.17818/NM/2019/3.3)
37. Lorencin, I., Anđelić, N., Španjol, J., Car, Z.: Using multi-layer perceptron with Laplacian
edge detector for bladder cancer diagnosis, Artificial Intelligence in Medicine, 101746, 2019.
(doi:10.1016/j.artmed.2019.101746)
38. Hong, Y.Y., Yo, P.S.: Novel genetic algorithm-based energy management in a factory power
system considering uncertain photovoltaic energies, Applied Sciences 7, 438, 2017. (doi:10.3390/
app7050438)
39. Anđelić, N., Blažević, S., Car, Z.: Trajectory planning using genetic algorithm for three joints robot
manipulator, Proceedings of International Conference on Innovative Technologies, IN-TECH,
Zagreb, Croatia, p. 25-27, 2018.
40. Tuzikova, V., Tlusty, J., Muller, Z.: A novel power losses reduction method based on a particle
swarm optimization algorithm using STATCOM, Energies 11, 2851, 2018. (doi:10.3390/
en11102851)

70

Pomorski zbornik 57 (2019), 57-70

