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Abstract 

The operation of gas 
turbine engine has 
been affected by 
several operating 
conditions including 
degradation (fouling). 
This paper 
investigates the 
combine effects of 
ambient temperature 
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INTRODUCTION  

Several prime 

movers are used on 

natural gas pipeline 

with their various 

advantages and 

disadvantages. From 

literatures, it is an 

acceptable fact that 

gas turbine engine is 

the preferred prime 

mover for natural gas 

compression on 

pipeline network 

especially remote 

areas that are 

destitute of 

electricity (Kurz, R. 

and Ohanian, n.d.). 

The configuration of 

gas turbine (GT) 

engines ranges from 

single shaft to multi-

shaft engines. The gas 

turbine engines 

which consist of both 

gas generator and 

power turbine, is 

known as two shaft 

while the  one that 

has only the air 

compressors and 
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and degradation on the 
overall engine 
performance at 
different turbine entry 
temperatures. Also, 
the combined effect of 
altitude and 
degradation on the 
overall engine 
performance were 
analysed. 
Furthermore, three 
degraded scenarios 
based on the 
turbomachinery 
components of gas 
turbine engine were 
examined and 
analysed to determine 
the extent of deviation 
of the performance 
parameters from their 
design points due to 
degradation.  An in-
house engine 
performance 
simulation software: 
TURBOMATCH of 
Cranfield University in 
the United Kingdom 
was used to model the 
engine and was 
validated with 99% 
accuracy. 3% and 4% 
reduction in flow 
capacity and isentropic 
efficiency were 
implanted on the 
engine model at 
different operating 

conditions to evaluate 
its effects on overall 
engine performance 
while 1% to 5% 
reduction in flow 
capacity and isentropic 
efficiency were 
implanted on the 
engine model when 
investigating the 
engine parameters’ 
deviation from their 
Design points based on 
the various scenarios 
under investigation. 
The results revealed 
the extent at which the 
performance 
parameters deviated 
from their design point 
(DP) when the engine 
is degraded. The 
results also showed 
that for every increase 
in 50𝑜𝐾 of the Turbine 
entry temperature 
(TET), shaft power 
increases by 15% for 
the clean engine while 
the engine 
experienced 
approximately 10% 
reduction in power 
when only the 
compressor is 
degraded at a given 
TET. But when both 
the compressor and 
turbine degraded, the 
shaft power reduces at 

approximately 24% at 
the same operating 
condition. Besides the 
effects of TET and 
degradation, the 
results revealed that 
every 50𝐶  increase in 
ambient temperature 
led to a corresponding 
4.2% reduction in 
shaft power. It was 
further observed that 
every 50𝑜𝐾 increase   
in the TET resulted to 
an average of 1.6 
percent increase in the 
thermal efficiency of 
the clean engine, while 
for the degraded 
50𝑜𝐾 condition, the 
efficiency reduced by 
approximately 3.3% at 
a given operating 
condition. The fuel 
flow also increased by 
13.4% as the TET 
increases for a 
particular operating 
condition for the clean 
engine and reduced by 
14% at a condition 
when both compressor 
and turbine were 
degraded. Most 
significantly, the shaft 
power decreased by 
3.3 % for every 500 m 
elevation and became 
more in the degraded 
condition.  Finally, 
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Compressor map of the 
engine was developed 
and presented to 
understand the real 
operability of GT 
engine. Thus, the 
proposed approach 

will help operators 
have sufficient 
awareness on the 
selection and 
operation of gas 
turbine engines for a 
particular project 

taking into account the 
potential impact of 
degradation, ambient 
condition and altitude 
on the overall 
performance of the 
engine. 

           

NOMENCLATURE 

GT--- Gas turbine                                                              

PA-- Compressor Inlet Pressure 

PR-- Pressure Ratio                                                     

PAISA- Compressor Inlet Pressure at ISA 

Condition 

pr1-- Compressor Inlet Pressure.                                      

 

TAISA- Compressor Inlet Temperature at ISA 

condition           

ISA –International standard atmosphere  

ISA SLS –International standard atmosphere     

sea level static 

PCN--Non-dimensional Speed line 

NDMFref – Referred Non-Dimensional Mass 

flow;        TET- Turbine entry temperature 

W- Inlet mass flow                                                                

ISA –International standard atmosphere  

HPC--High pressure compressor 

LPT-Low pressure turbine                       

HPT-High pressure turbine 

LPC- Low pressure compressor 

HPC-High pressure compressor 

TA- Compressor inlet Temperature                                     

DEG- Degradation                                               OEM-Original engine manufacturer 

 

the turbine which produces both power for the compressor and the load is 

a single shaft engine.  (Kurz et al, 1998) presented that two-shaft 

configuration of gas turbine is better in application for pipeline 

compression due to its flexibility in speed during operation. They indicated 

that using two shaft engines bring a better return on investment than 

single shaft engine. GT efficiency, fuel flow, shaft power etc of an 

installation are very cardinal performance parameters which directly or 

indirectly affects the techno-economics of a compressor station project 

utilizing GTs engines. In view of this, environmental condition on engine 

operation play significant role on the aforementioned performance 

parameters including the component parameters. 

The major issue with Gas turbine operation besides its advantages is the 

effect of the changes in ambient temperature particularly in dry and hot 
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region like Nigeria where the ambient temperatures were used for this 

research. Also, this engine degraded (fouled) with time. The ambient 

condition was investigated on the overall performance of the engine and it 

was observed that the engine was also prone to degradation (fouling) over 

time(Al-Ibrahim & Varnham, 2010; Hosseini, Beshkani, & Soltani, 2007; 

Polyzakis, Koroneos, & Xydis, 2008). These greatly affects the engine 

performance and causes changes in the component maps and reduces the 

efficiencies. Figure 1 illustrate the   mechanism of degradation and its effect 

that is capable of affecting the industry in terms of profit maximisation in 

gas turbine operation. 

 
Figure 1 Mechanism of Degradation and their effects(Duabari Silas Aziaka, 

2019) 
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Evidently, many countries of the world have a wide range of climatic 

conditions that affects the gas turbine performance. Aziaka et al., (D S 

Aziaka, Zukbee, & Stephen, 2015) analysed the effect of ambient 

temperature, ambient pressure, relative humidity, and intake pressure 

recovery on the performance of GT engines and concluded that the ambient 

temperature has great influence of huge deviation from the engine design 

point than all the aforementioned parameters. (Kakaras et al, 2006) 

reported that the power output and efficiency of gas turbine depends on 

the ambient air. The amount of variations of the ambient temperature 

affects the fuel consumption and power output of the engine significantly 

(Pilidis, P., Palmer, 2013). In fact,  during a project preliminary stage, 

(lubomirsky et al.2010), presented that gas turbine drivers are selected 

based on the maximum power requirement at the highest ambient 

temperature.  

This paper thus, presents the impact of the combined effect of ambient 

temperatures and degradation on the overall performance of 19.3MW GT 

engine used on natural gas pipeline. The analysis also looked into the 

combined effect of altitude (pipeline elevation) and degradation on the 

various performance parameters of the same engine. Further analysis 

presents three investigative scenarios where ‘’only the effect of 

compressor degradation’’ as scenario one, scenario two emphasized on 

turbine degradation only,  and the degradation of both compressor and 

turbine as scenario three were analysed. It should be noted here that 

fouling was assumed to be the only mechanism of degradation in this study 

as GT engines could be degraded by several mechanisms as illustrated in 

Figure 1.  

 

Performance Specification of the Gas compressor and GT engine (IGTB) 

under investigation. 

Figure 2 shows the highest gas compressor power for three seasons of the 

year for all the eighteen compression station as analysed by  (Duabari Silas 

Aziaka, 2019). Hot season shows the highest power requirement of the Gas 

compressor at a particular time of day. It was based on this highest power 

with a particular attention to compressor station 8 and 9 that the prime 
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mover (GT engine) was selected. It was seen here that the power of the 

centrifugal compressor at compressor stations 8 and 9 were 15.97MW and 

14.9MW respectively for hot season. The engine selection agrees with the 

work of (lubomirsky et al.,2010) as the gas compressor power in hot 

season was chosen to be the basis of GT engine selection . It is worthy of 

note that 10% margin on power of the inspired  gas turbine selected for the 

compressor drive as required by API 616  was considered.  

 

 
Figure 3 Gas compressor power requirement for three seasons of the 

year(Duabari Silas Aziaka, 2019) 

 

IGTB was inspired from SGT-500 triple-shaft Industrial gas turbine and 

was selected based on the following criteria   

(i) Adequate Power to meet up the gas compressor Design point 

power requirement  

(ii) Engine configuration  was considered as each configuration has 

different part load performance, reliability and maintainability 

aspects  

(iii) Sufficient data available in the public domain, useful during 

modelling process 
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(iv) Proven experience 

 

This engine is a light-weight, rugged machine that produces high efficiency 

and has been in existence for many years now. The engine was designed 

for heavy oil operation under tough conditions. SGT-500 is extensively 

used in power generation, marine as well as oil and gas industry, it could 

either be offshore or onshore environment, floating or fixed. As a result of 

its large capacious combustors and low turbine entry temperature , the 

engine has the capacity to perform on a wide range of fuels (gas and heavy 

fuel oils) particularly gases with high content of hydrogen sulphide. With 

respect to its world class start-up outstanding operational reliability, the 

engine is an excellent solution for emergency power application, its low 

TET enable the maintenance programme to be impressive. The engine is 

capable of delivering the required power for the gas compressor. The IGTB 

engine Schematic diagram is represented in Figure 3 Error! Reference 

source not found.while Table 1 shows the performance specification.  

 
Figure 3 Schematic diagram of IGTB-3. (3-Spool engines) 

 

Table 1 Performance specification of IGTB engine 
No Parameters Reference  Site Unit 
1 Shaft Power 19.3 MW 
2 Thermal efficiency 34.2 % 
3 Pressure Ratio 13.0:1 N/A 
4 Exhaust Gas Temperature  369/696   0C/0F 
5 Power turbine speed 9500 RPM 
6 Heat Rate 10,530 Kj/kwh 
7 Exhaust mass flow 97.9 Kg/s 
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8 NOx emission ≤ 42 vppm at 15% O2 on 
fuel gas (with DLE) 

 

9 TET - K 
 

Methodology 

Having known the power requirement for the compressor station, and the 
required power of the prime mover, then the engine modelling needs to be 
carried out. This will enable the performance analysis and to evaluate the 
impact of degradation on the modelled engine  
 

Engine Performance Modelling and Simulation 

The modelling and performance simulation including the degradation 
(fouling) investigation of the industrial gas turbine was carried out using 
TURBOMATCH. TURBOMATCH is an advance intramural software of 
Cranfield University in the United Kingdom used to model and simulate gas 
turbine engine at both design and Off-design performance using a modified 
Newton-Raphson method as the convergence technique. The program was 
developed in FORTRAN and has been constantly improved upon over 
years. DP calculation was carried out with initial user specification of 
component efficiency, ambient condition, pressure loss, EGT, etc. The OD 
compressor and Turbine component operating points on their maps were 
determined based on their calculated scaling factors as represented in 
equations (4) to (6).  A schematic of the created model used for the 
iterative coding procedure in TURBOMATCH is presented in Figure 4 with 
various station numbers and brick data.  
One of the important merits of the code is in its modularity which enable 
any engine configuration to be simulated. Also, TURBOMATCH is capable 
to explore the performance degradation of the Gas turbine especially when 
the engine is fouled.  Its effect on the performance parameters can be 
ascertained by TURBOMATCH. 

 
Figure 4 Schematic of IGTB Engines Model for Iterative Coding 
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Component Map Scaling and Deteriorated Mode of the Engine 

The gas turbine engine is a modular designed engine. The most important 

Turbomachinery component of the GT is the Compressor, Combustor and 

the Turbine. These components are inter-related for effective performance 

of the gas turbine. In this paper, the compressor map of IGTB is developed 

and presented from the TURBOMATCH result. The performance of the 

compressor is evaluated based on the dependence of pressure ratio and 

isentropic efficiency on the non-dimensional mass flow at different 

operating speed. This is illustrated on the map result. The following are the 

governing equations for the performance parameters 

PR =
 𝑝𝑟2

𝑝𝑟1
                                                                                                                             (1)  

𝑁𝐷𝑀𝐹𝑟𝑒𝑓 =
𝑊√

𝑇𝐴

𝑇𝐴𝐼𝑆𝐴
 

𝑃𝐴

𝑃𝐴𝐼𝑆𝐴

                                                                                       
 (2) 

PCN =
𝑁√

𝑇𝐼𝑆𝐴 𝑆𝐿𝑆
𝑇𝐴

 

𝑁𝐷𝑃√
𝑇𝐼𝑆𝐴 𝑆𝐿𝐴

𝑇𝐴𝐷𝑃

                                                                                                          (3) 
 

 

Map Scaling and Deteriorated Mode of the Engine 

The component maps are scaled in order to relate to a certain size of 

component. In TURBOMATCH application, efficiency and flow capacity 

varies in order to simulate the degraded component performance. Map 

scaling factors applicable in TURBOMATCH enable maps of degraded 

components to be simulated.  In both the compressor and turbine, it is 

possible to change the pressure ratio, isentropic efficiency and mass flow. 

The effects of this changes generally affects the overall performance 

parameters of the engine like the shaft power output, thermal efficiency, 

fuel flow, etc. Deterioration is introduced by reducing the scaling factors 

calculated in design point. Scaling factors are stored in specific brick data. 

 

Equations for Setting up of Map Scaling Factors  

For Clean compressor: Isentropic efficiency and mass flow are used in 

TURBOMATCH. These two parameters are presented in equations (4) and 
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(5). The equation for the scaling factors applied for compressor are 

represented thus: 

𝐸𝑇𝐴𝑆𝐹 =
ɳ𝐷𝑃

ɳ𝐷𝑃 𝑀𝑎𝑝𝐷𝑃
                                                                                       (4)  

WASF =
 𝑊𝐴𝐶𝐷𝑃

𝑊𝐴𝐶𝐷𝑃 𝑀𝑎𝑝
                                                                                       (5) 

𝑆𝑀 =
𝑃𝑅𝐷𝑃𝑃𝑅𝐻𝐼𝐺𝐻

𝑃𝑅𝐻𝐼𝐺𝐻𝑃𝑅𝐿𝑂𝑊
                                                                                        (6) 

 

 

The specified new design point value map is represented with subscript DP. 
The design value on the standard map is DPmap.  The new compressor map 
are been generated using the scaling factor. The measure of the closeness 
to the surge line otherwise called compressor surge margin is specified also 
and defined by equation (6). 
 
Deteriorated Compressor 
ɳ𝐷𝑒𝑡𝑒𝑟𝑖𝑜𝑟𝑎𝑡𝑒𝑑 = (1 + ∆ɳ) ∗ ETASF ∗ ɳ𝑀𝑎𝑝                                                       (7)  

𝑊𝐴𝐶𝐷𝑒𝑡𝑒𝑟𝑖𝑜𝑟𝑎𝑡𝑒𝑑 = (1 + ∆𝑊𝐴𝐶) ∗ 𝑊𝐴𝑆𝐹 ∗ 𝑊𝐴𝐶𝑀𝑎𝑝                                  (8)  

Where, ∆ɳ  stand for Deterioration of efficiency and ∆𝑊𝐴𝐶 – Deterioration 
of Mass flow function 
 
For Clean Turbine 
The work function scaling factor is given by 

𝐸𝐻𝑆𝐹 =
𝐷𝐻𝐷𝑃

𝐷𝐻𝐷𝑃,𝑀𝑎𝑝
 ;   𝐷𝐻𝑁𝑒𝑤 = 𝐸𝐻𝑆𝐹 ∗ 𝐷𝐻𝑀𝑎𝑝     

 
Efficiency scaling factor is given by 

 

𝐸𝑇𝐴𝑆𝐹 =
ɳ𝐷𝑃

ɳ𝐷𝑃,𝑀𝑎𝑝
 ;   ɳ𝑁𝑒𝑤 = 𝐸𝑇𝐴𝑆𝐹 ∗ ɳ𝑀𝑎𝑝                                                (9) 

The flow function is given by 

 

𝑇𝐹𝑆𝐹 =
𝑇𝐹𝐷𝑃

𝑇𝐹𝐷𝑃,𝑀𝑎𝑝
 ;   𝑇𝐹𝑁𝑒𝑤 = 𝑇𝐹𝑆𝐹 ∗ 𝑊𝐴𝑇𝑀𝑎𝑝                                         (10)  

For Deteriorated Turbine 
ɳ𝐷𝑒𝑡𝑒𝑟𝑖𝑜𝑟𝑎𝑡𝑒𝑑 = (1 + ∆ɳ) ∗ 𝐸𝑇𝐴𝑆𝐹 ∗ ɳ𝑀𝑎𝑝                                                (11) 

Where, 
∆(𝐷𝐻) – Deterioration of ∆𝐻/𝑇  
∆ɳ - Deterioration of efficiency  
∆TF – Deterioration of mass flow function 
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Result and Discussion 

The result of the clean engine was shown alongside with the degraded 

engine. The engine was subjected to a range of temperature ‘’between’’ 

100C to 450C. Also, in the degraded model, 3% reduction in isentropic 

efficiency and flow capacity were implanted in both compressor and 

turbine together. Again different TETs as handle where examined during 

both the clean and degraded engine simulation. The TETs taken were 

between ‘’12000K to 14500K’’ with an interval of 500K. Meanwhile, the DP 

TET for IGTB engine is 11700C. Based on the result from TURBOMATCH 

performance simulation, the engine was compared on the basis of 

performance in order to ascertain the accuracy of the model for the 

compressor drive application and was found 99% accurate at DP. The 

deign point engine validation is shown on Table 2. Figure 5 shows the 

combined effects of ambient temperature and degradation on the shaft 

power of the engine at different fixed TET. The results shows that shaft 

power decreases with increase in ambient temperature. This is because the 

compressor does much work to compress hot air which contributed to the 

overall shaft power reduction. Also, the density of the air reduces as 

temperature increases which consequently reduced the air mass flow rate. 

In a clear term, the decrease in the inlet air density as a result of elevated 

temperature means a decrease of mass flow into the turbine. Hence the 

reason for the reduction in Power output. Further analysis revealed that 

for the clean engine operating at different TETs under varying ambient 

temperature, there was approximately 4.2 percent reduction in shaft 

power when the ambient temperature increase by 50𝐶 . This further 

clarified the fact that even without degradation in the gas turbine engine, 

the shaft power of the engine can reduce at an elevated ambient 

temperature. Although, the power increases with increasing TET, engine 

degradation reduces the engine power at various TETs as represented on 

Figure 5. Furthermore, since the engine is in operation, degradation is 

bound to occur. Therefore, the decrease in shaft power with ambient 

temperature is greater in a fouled engine than the clean engine as shown 

on the various curves below. The shaft power of the engine at a particular 

TET (for example 1200K) reduces at approximately 24 percent when both 
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the compressor and turbine were degraded in comparison with the clean 

condition. 

 

Table 2 IGTB Model validation at DP 

No Parameters Reference  

site 

TURBOMATC 

Result 

% 

Difference 

1 Shaft Power (MW) 19.3 19.3 0 

2 Thermal efficiency 

(%) 

34.2 34.3 0.29 

3 Pressure Ratio 13 13 0 

4 Inlet mass flow 

(Kg/s)  

96.75 96.75 0 

5 Fuel flow (Kg/s) 1.1521 1.1445 0.66 

6 TET(k) - 1440 - 

 Comp. - 0.88 - 

  - 0.88 - 

 

 
Figure 5 Combined effects of ambient temperature and degradation on 

shaft power 

 

Figure 6 also shows the reduction in fuel flow at different ambient 

temperature taking into account different TETs. It can be seen here that 

fuel flow reduces as the ambient temperature increases. At lower 

temperature the engine is able to reach higher power output based on this 

reason, the fuel flow is higher at lower temperature than in elevated 
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temperature. Also, the fuel flow decreases because of the increase in the 

compressor outlet temperature as a result of the increase in the inlet 

temperature. In a simple term, the fuel expected to heat the air to the 

required TET is reduced as a result of the increased outlet temperature. 

The fuel flow becomes more reduced in the degraded engine than in the 

clean engine, for the engine to maintain a required TET, the fuel 

consumption will be high at the expense of the engine life. As the TET 

increases the fuel flow increases but it decreases as the ambient 

temperature increase. 

Figure 7 also represent how the engine thermal efficiency behaves under 
varying ambient temperature and degradation. Thermal efficiency is a 
function of the pressure ratio and the temperature ratio, In this case, the 
thermal efficiency reduces as the ambient temperature increases, and this 
is because the temperature ratio is reduced as a result of the high 
compression work on high temperature day. It was noticed here that the 
thermal efficiency increases with increasing TET while the pressure ratio 
decreases further with increasing degradation as shown on Figure 7. 
Summarily, due to the reduction in flow capacity and isentropic efficiency 
as a result of fouling, there was a further reduction in the thermal efficiency 
of the engine. The thermal efficiency decreases with decreasing TET. 
 

 
Figure 6 Combined effect of ambient temperature and degradation on fuel 

flow 
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Figure 7 Combined effect of ambient temperature and degradation on 

thermal efficiency 

 

The Impact of Degradation on Engine performance parameters’ deviation 

from their Design Point (DP) 

The result for the various componrnt degadation are stated hereunder. In 

this case, three scenarios were examined. Scenario one deals wih only 

when the compressor was degraded, scenario two eaxamined a condition 

were only the turbine was degraded and scenario 3 analysed the situation 

were both the ‘’turbine and compressor’’ were degraded.  

In a way to investigate the potential impact and the various ways 

degradation can affect the operation of GT engines, various engine 

parameters like, shaft power, mass flow, efficiency, fuel flow and pressure 

ratio where investigated to see the extent at which degradation can cause 

these parameters deviates from there DP. When Gas turbine engine is 

degraded, it is obvious that the aforementioned engine parameters will be 

affected. Figures (8) to (10)Error! Reference source not found., shows the 

three scenarios under investiagation. The three figures (8) to (10) shows 

the degradation of ‘’Compressor only’’, ‘’Turbine only’’ and both 

‘’Compressor and turbine degradation’’ at constant TET in an ISA condition 

respectively. It is worthy of note that in all the three scenarios, 1-5% 

reduction in flow capacity and isentropic efficiency was implanted on the 

engine model. Figure 8  represents the fouling of compressor (LPC and 
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HPC) only and the result shows that for every 1% reduction in the 

aforementioned degradation indices, the shaft power reduces by 3.6%, fuel 

flow reduces by 2.1%, Pressure ratio reduces by 2.25%, efficiency and 

mass flow reduces on the engine characteristic curve by 1.4% and 2.1% 

respectively when compared with their DP values. 

Also, Figure 9 represents the degradation of the turbine (LPT and HPT) 

only and the result shows that for every 1% reduction in flow capacity and 

isentropic efficiency implanted on the model, the shaft power reduces by 

4.1 %, Fuel flow reduces by 1.54%, Pressure ratio, mass flow and efficiency 

reduces by 1.6%, 2.18% and 1.9% respectively. Accordingly, figure 8 

represents the degradation of both compressor and turbine. (LPC, HPC, 

LPT and HPT) The result here indicates that the shaft power decreases by 

7.35%, Fuel flow reduces by 3.71%, Pressure ratio, Efficiency and mass 

flow reduces by 4.2%, 4% and 4.7% respectively. It can be concluded here 

that degradation of the turbine has more effect on the engine than the 

compressor. However, when both compressor and turbine degrade, 

significant reduction in the performance parameters was felt than when 

either the compressor or turbine degrade. 

 

 
Figure 8 Effects of compressor degaradtion on engine parameters 
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Figure 9 Effects of turbine degradation on engine parameters 

 

 
Figure 10 Effects of both ‘’compressor and turbine’’ degradation on engine 
parameters 
 

Effects of Altitude and Degradation at various TETs on GT performance  

Effects of Altitude on the engine performance was investigated. The 

altitude value above the ISA SLS condition under consideration was from 0 
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m to 2000 m. Also, 4% reduction in flow capacity and isentropic efficiency 

was implanted in the engine model. Under this simulation, only the 

compressor was degraded. The result are shown on Figures (11) to 

Figure15) which represent the behaviour of the engine at different 

altitude. Figure 11 shows the effects of both altitude and degradation on 

the engine shaft power. Even if the temperature decreases as the altitude 

increases, it was obvious that the power reduces at increasing altitude. This 

is because the ambient pressure decreases as the altitude increases, the 

drop in the inlet pressure results to the reduction in the mass flow, hence 

the reduction in shaft power as the altitude increases. Most significantly, 

the shaft power decreases by 3.3 percent for every 500m elevation and 

becomes more in the degraded condition. On the other hand, due to the 

increasing overall pressure ratio, the combustor pressure does not 

experience much decrease like the mass flow. Therefore, the TET increases 

a little to maintain a constant non-dimensional mass flow. 

Figure 12 indicates the effects of altitudes and degradation on the engine 

fuel flow. The result expresses that the fuel flow reduces as the altitude 

increases. This is expected because of the reduction in shaft power as result 

of the decrease in mass flow of the engine as the altitude increases. The fuel 

flow increases more as the TET increase and very more significant in the 

degraded engine. Figure 13 also shows the impacts of varying altitude and 

degradation on the specific power of the engine. The result indicated that 

there is a slight increase in specific power as the altitude increases. This is 

because the specific power is a function of shaft power and mass flow 

which gives a clear idea of the power that is available per kilogram of air 

drawn. This happen because the mass flow falls faster than the shaft power 

as shown on Figure 15. For instance at TET of 12000K, the mass flow 

decreases by 4% percent for every 500m increase in altitude while the 

shaft power decreases by 3.3 percent for every 500m elevation which 

validate the claim that the mass flow falls faster than the power at high 

elevation. It can be seen also that the mass flow and the power reduces 

further when the engine was degraded clearly represented in Figure (15) 

and Figure ( 11) 

Also, Figure 14 represent how the engine thermal efficiency behaves under 

different level of altitude and engine degradation. For gas turbine engine, 
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thermal efficiency is a function of the pressure ratio and the temperature 

ratio, the trend increases as the altitude increases, this is because at higher 

altitude, the temperature decreases which result to a higher efficiency as 

the air gets colder. It is remarkable to note also that the thermal efficiency 

increases as the TET increases because the temperature ratio and the 

pressure ratio increases further at an elevated TET. Although the thermal 

efficiency increases as the altitude increases especially with increasing 

TET, The thermal efficiency reduces in the degraded condition. The 

reduction in the degraded condition indicates the deprivation of mass flow 

and slight increase in compressor outlet temperature which resulted to 

decrease in temperature ratio when the engine degrade, this reduces the 

efficiency when compared with the clean engine. 

 
Figure 11 Effects of Altitude and degradation on shaft power 

 

 
Figure 12 Effect of Altitude and degradation on fuel flow 
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Figure 13 Effects of Altitude and degradation on specific power 
 

 
Figure 14 Effects of Altitude and degradation on Thermal efficiency 
 

 
Figure 15 Effects of Altitude and degradation on the mass flow 
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IGTB Component Maps 

IGTB which was inspired from SGT-500 engine has three important 

turbomachinery components (Compressor, combustor and turbine). This 

paper looks into the degradation of compressor and turbine only. In view 

of this, only the compressor map shall be presented in this paper.  

 

Compressor Map 

Figures (16) to (19) show the compressor map for IGTB inspired from SGT 

500 indicating the clean and the degraded engine during operation. It is 

important to note that IGTB is a triple shaft with a free power turbine. With 

this, it has both low pressure (LP) and high pressure (HP) compressor as 

indicated on Figure 16 and Figure 17 respectively. 

The results shows the effects of varying the ambient temperature (100C – 
450C) on the map for the LP and HP compressor with the running line, 
surge line and various engine rotational speeds. Meanwhile, 3% reduction 
in flow capacity and efficiency was used to degrade the compressor.  The 
key performance parameters that is plotted against each other is the 
pressure ratio and isentropic efficiency against the corrected mass flow 
(CMF) of the component showing a range of non-dimensional speeds. (In 
some cases, it is represented as a fraction of the highest non-dimensional 
speed, PCN).  From the simulation result of Figures (16) to (19), it is 
obvious that as the compressor speed increases, the mass flow increases 
accordingly as well as the pressure ratio. As the pressure ratio continue to 
increase at each of the non-dimensional speed, the engine will experience 
a geometry change. A point will reach when the mass flow will fall slightly 
and eventually reach a point where the blade of the compressor cannot 
produce more pressure ratio without stalling. The compressor will then 
‘’surge’’ as shown on Figure 15 and Figure 16. The compressor cannot 
perform its operation at a pressure ratio above this point. Generally as 
indicated on the curve, as the non-dimensional speed increases, the curves 
become steeper and ultimately vertical.  
Again, Figure 18 and Figure 19 shows the results for the characteristic 
curve for isentropic efficiency against the corrected mass flow. In this case, 
the compressor efficiency at any given speed varies with mass flow. 
However, a line representing the locus of points of maximum efficiency 
(surge line) is drawn as shown on the aforementioned figures. The 
compressor is expected to always operate as close to this curve as possible.  
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Conclusively, from the various simulation result, degradation causes a shift 

in operating point on the characteristic map. It is seen that the corrected 

mass flow and pressure ratio of the degraded compressor is lower in 

comparison with the clean engine. Generally and more importantly, from 

Figure 16 and Figure 17, at a particular non-dimensional rotational speed 

and pressure ratio, the corresponding CMF can be deduced. Also, with a 

given PCN and CMF, the corresponding pressure ratio can be deduced from 

the map. Having a good knowledge of component map of GT engines will 

help operators and the industry in general to know the actual behaviour of 

the engine at various operating conditions taking into account the potential 

impact of engine degradation on the engine surge line. 

 
Figure 16 LP-Compressor map (PR vs CMF) 

 

 
Figure 17 HP-Compressor map (PR vs CMF) 
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Figure 18 LP-Compressor map (Eff. vs CMF) 

 

 
Figure 19 HP-Compressor map (Eff. vs CMF) 

 

Conclusion 

Proper selection and modelling of the gas turbine has been carried out in 

comparison with the OEM reference site based on the power margin, 

efficiency and configuration as required by AP1 616 of 10% margin on 

power of the gas turbine selected for the compressor drive. Triple shaft 

IGTB engine that was inspired by SGT 500, aero derivative engines has 

been analysed and validated to drive the gas compressor in a compressor 

station for natural gas transportation. TURBOMATCH models of the 

aforementioned engines was developed based on the engine DP data 

available at the public domain. The combined effects of varying ambient 
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temperature and degradation on the overall GT performance has been 

investigated. Also, the combined effect of altitude and degradation on the 

performance of the engines were also analysed and presented.  

Investigation in comparing the clean and degraded engine of their 

performance parameters at variable TETs when 4% reduction in flow 

capacity and isentropic efficiency was implanted in to the model has been 

presented. Again, making the TET as handle at various ambient 

temperatures with 3% reduction in flow capacity and isentropic efficiency 

was also analysed and presented. Significantly, the clean and degraded 

compressor map has been produced in order to understand the operation 

of the engine at different operating conditions. Furthermore, 1-5% 

reduction in flow capacity and isentropic efficiency were implanted into 

the model at constant TET and at ISA condition. The result of how the 

performance parameters (Power, efficiency, fuel flow etc.) deviated from 

their DP (Percentage of deterioration with respect to DP) at each of the 

percentage drop are presented. In this analysis, three degraded 

performance scenarios of the engine are hereby investigated and 

presented, (i) How much the performance parameters deviated from their 

DP when only the compressor was degraded (ii) how much deviation 

occurred when Turbine alone was degraded and (iii) How much deviation 

occurred when both Compressor and Turbine were degraded together all 

at constant TET. 

Adequate knowledge on the selection and operation of GT for a particular 

project is very important to GT operators. Prime mover availability and the 

causes of unavailability constitute essential performance indicator for 

assessing service delivery by Gas turbine used for pipeline gas compressor 

drive application. Also, taking into account the potential impacts of 

degradation and operating condition during operation will help safeguard 

the industry on the engine limit of operation and to help the company’s 

budget on maintenance activities. 
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