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This study evaluates the effect of biofuels on pressure and temperature changes across 
the CFM56-3 gas turbine engine components and the overall engine performance. The 
analysis was performed numerically using the Gas Turbine Simulation Programme 
(GSP11) at increasing high-pressure turbine (HPT) shaft speeds ranging from 8400 rpm to 
10 400 rpm. The biofuels used in this work were Jatropha Bio-Synthetic Paraffinic 
Kerosene (JSPK) and Camelina Bio-synthetic Paraffinic Kerosene (CSPK). The fuels were 
tested as pure and as a blend with Jet-A. Results revealed linear increases in the 
temperature and pressure across the compressor outlet, combustor outlet, and turbine 
outlet as HPT speed increases. Temperature and pressure obtained from biofuels are 
lower than that of the Jet-A fuel. However, the pressure reduction becomes insignificant 
at increasing shaft speed and surpassed Jet-A at 10 400 rpm. Utilising biofuels causes 
temperature reduction across the entire gas turbine components. The reduction is 
beneficial particularly at the turbine blade, as the blade's primary failure is mainly 
associated with thermal related fatigue failure. At a lower shaft speed, the thrust 
produced from biofuels is lower due to the temperature reduction. However, the 
reduction became negligible as the shaft speed increases and exceeded Jet-A at 10 400 
rpm due to pressure increment. At all speeds, fuel flow and thrust specific fuel 
consumption (TSFC) of biofuels is 1% to 3% lower than Jet-A. Therefore, it indicates that 
utilising biofuels improved the engine thrust while consuming less amount of fuel. 
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1. Introduction 
 

Sustainable energy technologies have gained much attention in recent years. The energy demand 
is expected to increase by 60% in 50 years, thus requiring energy industries to play an essential role 
in meeting the world energy needs [1]. Consequently, the use of renewable energy as sustainable 
and environmental-friendly energy increases as a solution to the challenges faced by traditional fossil 
fuels [2]. Fossil fuel has emerged as the source of energy; however, it encountered atmospheric 
pollution due to the emission of CO2, CO, SO2 and NOx worldwide [3]. Besides, at the current 
consumption rate, the existing fossil fuel resources will be depleted within the next century. 
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Researchers expected that the probability that the worlds remaining oil resources would last for 
another 95 years' time is 95% [4, 5].  

The aviation sector is one of the sectors utilise fossil fuel thus contribute to the formation of 
emission polluted into the atmosphere. There are two approaches proposed to alleviate the issues. 
The first option is to modify the whole engine configuration to improve overall energy efficiency. The 
second option is to find alternative fuels to replace conventional petroleum-based fuels [6, 7]. 
Applying alternative fuels as a drop-in fuel in the aero gas turbine engine is a good option as a short-
term solution. This solution can reduce fossil fuel consumption and environmental impact without 
significantly modifying the aircraft [7]. Biofuels can reduce the net amount of carbon dioxide emitted 
into the atmosphere and greenhouse gas emissions [4, 8]. Biofuels is a fuel derived from renewable 
biomass resources that are used as an alternative cleaner fuel widely. According to Warimani, Azami 
[4], Jatropha and Camelina plant-based feedstocks are biofuels sources suitable for near-term 
solutions to the fuel crisis.  

Gas turbine engine plays essential roles for today and future worldwide power generation. The 
gas turbine engine needs to work under high temperature, high pressure, high stress and complicated 
thermo-mechanical loads to achieve higher efficiency and work output [9-14]. However, a severe 
operating environment such as high thermal stress and high mechanical stress may impact the hot 
section part's performance and life cycles, especially the gas turbine blades over time. The high 
thermal and mechanical stress are due to high operating temperature and centrifugal forces, 
respectively [15]. Stresses are created in turbine blades by impulse loads from the interaction with 
high pressure and high-temperature gases released from the combustion chamber at high velocities. 
Therefore, it results in a non-uniform temperature and pressure distribution across the turbine 
blades [16]. The existence of a thermal gradient across the turbine blade is a dominant contributor 
to thermal stress. A thermal gradient exists due to the interaction between high gases temperature 
and low cooling air temperature supplied across the entire blade [1, 12]. Despite the extreme 
operating temperature, high mechanical loadings will arise from the turbine's high-rotational speed 
and impose a high centrifugal load on the blades [11, 13, 17].  

Gas turbine blades are the most sensitive parts of the gas turbine and the most critical power 
plants' components. The failure of the component causes long term failure and economic loss [18]. 
There are high possibilities of blade failure due to the gradual increase of temperature, pressure, and 
centrifugal force during power generation [1, 11, 18]. Under this condition, the microstructure of gas 
turbine blades became unstable. Therefore, it led to changes in mechanical properties and 
degradation of the turbine blade material strength. It reduces the service life and reliability of the 
blades and increases the risk of premature failure [9, 15, 19]. Additionally, in the case of an intense 
operating environment, which requires the turbine blade to extract maximum energy from the high-
temperature and high-pressure gasses of the combustor causes the blades lifetime to reduce.  

Among the gas turbine components, high-pressure turbine blades (HPT) are the most critical 
components in which failures occur frequently and affect the gas turbine engine's safety and overall 
performance. The temperature within this region is the highest compared to the other part of the 
engines. Blade failures often lead to the loss of all downstream stages and affect turbine engines' 
availability. Blades failure contributes approximately 40% to 62% of the high-performance gas 
turbine's total damage costs [10, 19]. Many factors could cause turbine blades failure. They are low 
cycle thermal fatigue (LCF), high cycle mechanical fatigue (HCF), fretting fatigue, creep, crack 
formation and environmental attacks. The environmental attacks include hot corrosion failure, 
oxidation, erosion, surface and coating degradation due to overheating and foreign object damage 
(FOD) [20-23]. However, the most predominant blade failure is due to fatigue [16, 24]. Fatigue causes 
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more than 80% of all in-service failures in structural materials. In the gas turbine engine, fatigue is 
responsible for at least 40% of the HPT stage failures [14, 16].  

The pressure and temperature of the HPT depend on the pressure and temperature of the 
combustion gaseous, which is influenced by many factors such as combustor inlet condition, 
combustor efficiency, and fuel flow. The amount of fuel injected into the chamber may influence by 
the properties of the fuel. Therefore utilising new fuel in a gas turbine engine will produce different 
temperatures and pressure entering the HPT section, thus influence its thermo-mechanical 
properties and consequently, its lifetime. Hence, detailed energy analysis of the biofuels on gas 
turbine engines is essential to assess. Therefore, this study investigates the impact of biofuels on the 
pressure and temperature across the engine components such as compressor, combustor and 
turbine at increasing shaft speed. Results obtained are compared with the conventional Jet-A fuels 
at increasing shaft speed to account high loading environment. 

Additionally, the results also are essential to understand its influence on engine performance. 
Fuels used in this work are Jatropha Bio-Synthetic Paraffinic Kerosene (JSPK) and Camelina Bio-
synthetic Paraffinic Kerosene (CSPK). The fuels are tested as pure and as a blend with Jet-A. American 
Society for Testing and Material (ASTM) have restricted renewable jet fuels to only 50% blend with 
conventional jet fuel in the existing aero engine. However, since the aviation industry is dedicating 
to more sustainable and greener growth, it is therefore evaluated at 100% biofuels [25]. 
 
2. Methodology  
2.1 Modelling the CFM56 Engine Design Point 
 

The pressure and temperature changes across the main components of the aircraft engine were 
assessed for a two-spool high bypass turbofan engine (CFM 56-3). The engine consists of a fan, low-
pressure compressor (LPC), high-pressure compressor (HPC), combustion chamber, high-pressure 
turbine (HPT), low-pressure turbine (LPT), and an exhaust. CFM56-3 engine is used in Boeing 737, 
Airbus A320 and Airbus A340. The engine is the most used and most typically found in civil aircraft 
[26]. The CFM56-3 gas turbine engine was modelled in Gas Turbine Simulation Program (GSP11) to 
simulate on-design and off-design conditions. Gas Turbine Simulation Program (GSP) is used for 
performance analysis, emission calculation and control system diagnostics of industrial and aircraft 
gas turbine engines [26-29]. GSP is component-based modelling that allows a steady-state and 
transient simulation of any gas turbine configuration. GSP allows more realistic calculations of gas 
turbine engine performance as it assumes the specific heat variation as a function of temperature. 
The engine configuration modelled in GSP is shown in Figure 1, while Table 1 shows the station 
numbers for each component of the engine.  
 

 
Fig. 1. Schematic diagram of the CFM56-3 engine modelled in Gas Turbine Simulation Program (GSP) 
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Table 1 
Component section number 

Engine component Station number 

Inlet 1 
Fan Inlet 2 
Fan Outlet/Duct Inlet 13 
Duct Outlet/Exhaust Inlet 17 
Fan Outlet/Low-Pressure Compressor (LPC) Inlet 24 
LPC Outlet/High-Pressure Compressor (HPC) Inlet 26 
HPC Outlet/Combustor Inlet 3 
Combustor Outlet/ High-Pressure Turbine (HPT) Inlet 4 
HPT Outlet/ Low-Pressure Turbine (LPT) Inlet 45 
LPT Outlet/Duct Inlet 5 
Duct Outlet/ Exhaust Inlet 7 

 
In this study, the design point referred to the initial state of the engine. Meanwhile, the off-design 

condition referred to the engine state with different biofuels consumption and various HPT shaft 
speeds. Six different turbine rotor speeds ranges between 8400 rpm and 10 400 rpm were considered 
in this paper as these speed ranges were associated with a standard operating cruise speed and 
maximum operating speed of the CFM56-3 gas turbine engine model [30, 31]. The design point 
simulation was performed initially to verify the reliability of the CFM56-3 engine model with the 
reference. The parameters for modelling the engine was based on engine parameters used, as shown 
in Table 2.  
 

Table 2 
Specification of CFM56-3 gas turbine engine at design point [26] 
Parameters Design Point 

Ambient Temperature, T1 (K) 288.15 
Ambient Pressure, P1 (kPa) 101.325 
Intake Pressure Ratio 0.99 
Fan Pressure Ratio (FPR) 1.71353 
Design Bypass Ratio (BPR) 5.29436 
Low-Pressure Compressor Pressure Ratio 2.23709 
High-Pressure Compressor Pressure Ratio 10.6724 
Turbine Entry Temperature (K) 1636.99 
Fan Efficiency (𝜂f) 0.930 
Low-Pressure Compressor Efficiency (𝜂LPC) 0.910 
High-Pressure Compressor Efficiency (𝜂HPC) 0.840 
Burner Design Efficiency (𝜂b) 0.9995 
High-Pressure Turbine Efficiency (𝜂HPT) 0.990 
Low-Pressure Turbine Efficiency (𝜂LPT) 0.990 
Fuel Heating Value (LHV) (MJ/kg) 43.38 

 
2.2 Fuels Properties 
 

Fuels used in this study were Jatropha Bio-synthetic Paraffinic Kerosene (JSPK), Camelina Bio-
synthetic Paraffinic Kerosene (CSPK) and Jet-A. JSPK and CSPK were evaluated as pure (100%) and as 
blended fuel with Jet-A. The JSPK was blended with 50% Jet-A (50JSPK/50Jet-A), and the CSPK was 
blended with 50% Jet-A (50CSPK/50Jet-A). Jet-A is the baseline fuel. The fuel properties were shown 
in Table 3. The properties were included in the GSP11 as an input parameter to the combustion 
chamber section. However, other engine parameters were kept constant. The injection temperature 
is set at 288.15 K. No preheat system was applied for all fuels. The engine's performance, such as the 



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 92, Issue 2 (2022) 138-156 

142 
 

engine thrust, fuel flow and thrust specific fuel consumption (TSFC) is compared between the 
baseline fuels.  
 

Table 3 
Properties of alternative fuels [25, 26] 
Properties of Alternative Fuel Jet-A 50CSPK/50Jet-A 50 JSPK/50Jet-A CSPK JSPK 

Molecular Formula C12H23 C12H24.2 C12H24.5 C12H25.4 C12H26 
Enthalpy (kJ/mol) -321.70 -331.08 -329.05 -335.45 -330.5 
Low Heating Value (MJ/kg) 43 43.50 43.65 44 44.30 
Heat Capacity, Cp (kJ/kg.K) 2.093 2.114 2.113 2.135 2.132 
Viscosity @-20°C (mm2/s) 8 - - 3.336 3.663 
Density @-15°C (kg/m3) 831 - - 753 749 
Initial Boling Point (°C) 165 - - 162 164.5 
Final Boiling Point (°C) 265 - - 251.2 254.9 
Freeze Point (°C) -43.5 - - -63.5 -54.5 
Flash Point (°C) 38 - - 42 46 
Smoke Point (mm) 25 - - 50 53 
Aromatics (%) 25 - - 0.3 0 
Lubricity (mm) 0.85 - - 0.76 0.76 

 
3. Model Validation  
3.1 Design Point CFM56-3 Engine Verification 
 

Table 4 shows the comparison between the engine performance obtained from the GSP11 
simulation with Koh, Mazlan [28]. The percentage difference obtained in this simulation is 
comparable with the study conducted in Koh, Mazlan [28]. Therefore, the CFM56-3 engine modelled 
in GSP11 is reliable and can be used for further analysis. 
 

Table 4 
CFM56-3 design point verification results 

Performance Parameter GSP11 Results Koh, Mazlan [28] Deviation (%) 

LPC Temperature, TT26 (K) 381.79 387.18 1.66 
HPC Pressure, PT3 (kPa) 2634.46 2599.43 1.33 
HPC Temperature, TT3 (K) 826.39 787.17 4.86 
Fuel Flow (kg/s) 3.097 - - 
Thrust Specific Fuel Consumption, TSFC (kg/kNs) 0.0108 0.0109 0.92 

 
3.2 Engine Performance Comparison at a Constant Turbine Entry Temperature (TET) 
 

Figure 2 compares thrust, fuel flow and thrust specific fuel consumption (TSFC) of biofuels with 
data obtained from Li, Mazlan [6]. Increases in the thrust are noticed as biofuels are used. Thrust 
improves by up to 0.10% and 0.11% using pure CSPK and JSPK respectively. The increases are due to 
the increases in LHV. Blend biofuels with Jet-A increases the LHV by up to 1.16% and 1.50% when 
biofuels CSPK and JSPK mixed 50% into Jet-A fuels. 

Further increases are noticed for pure CSPK and JSPK fuel. LHV is defined as the heat of 
combustion and is associated with the flame temperature. Higher LHV indicates higher flame 
temperature achieved during the combustion process. Since the engine's amount of thrust depends 
on the temperature across the combustor outlet/turbine inlet section, therefore the thrust increased 
with biofuels' utilisation.  

Increasing the percentage of biofuels into the mixture reduces fuel flow and TSFC. The fuel flow 
of biofuels is reduced 1.05% to 2.79% indicates a lower amount of fuel was consumed by the engine 
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to produce the engine thrust. The reduction of fuel flow at a higher mixing percentage of biofuels 
into Jet-A is associated with the reduction of fuel-to-air ratio (FAR) in the combustor. FAR reduced by 
up to 2.15% and 2.79% with pure CSPK and JSPK, respectively, indicating that more air is introduced 
to complete the burning [32]. TSFC is associated with the amount of fuel used to produce the engine 
thrust. 

As a consequence of the low amount of fuel shown in Figure 2, the reduction of TSFC for the 
biofuels reduces. The increment of thrust reduces fuel flow, and TSFC showed in Figure 2 is consistent 
with data obtained by Li, Mazlan [6]. The trend similarity between the engine model and data 
obtained by Li, Mazlan [6] is shown in a similar figure. Hence, the engine model's off-design condition 
has been verified and can be used for further analysis. For the following analysis, the impact of 
biofuels on the evolution of thermodynamics parameters across the gas turbine engine will be 
assessed at increasing shaft speed. The results are discussed in the following sections. 
 

 
Fig. 2. Thrust, fuel flow and TSFC for biofuels compared to Jet-A at off-design condition. 
The pattern-filled bar chart represents data obtained from Mazlan et al., [6] 

 
4. Results and Discussion  
4.1 T-s diagram of CFM-56 Gas Turbine Engine 
 

The conventional gas turbine engine operation is based on the Bryton cycle in which fuel and air 
are pressurised, burned and exhausted through a turbine at significantly high temperature. The 
Bryton cycle is the primary thermodynamics cycle for gas turbine engines [33-36]. In the Bryton cycle 
an adiabatic gas is compressed through a compressor. The heat is added to the combustor at constant 
pressure, then going through an adiabatic expansion at a turbine, and finally a constant pressure heat 
rejection to the atmosphere through a nozzle [37]. According to Adefarati and Bansal [38], the gas 
turbine draws the atmospheric air into the compressor at ambient conditions. An axial-flow 
compressor will then compress the air. The air pressure and temperature will increase across the 
compressor stages. The compressed air is fed into the combustion chamber, burning the fuel at 
constant pressure. 
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The gaseous temperature will reduce across the dilution zone of the combustor to meet the 
required operating temperature of the turbine. The high-pressure and high temperature gases will 
drive the turbine shaft and developed power for the entire engine. The exhaust gases that leave the 
turbine will release into the atmosphere. The Bryton cycle engine is classified as an open cycle since 
the exhaust gases are released into the atmosphere and not recirculated back into the system. The 
thermodynamics cycle can be represented as a pressure-volume (P-V) diagram and temperature-
entropy (T-s) diagram. However, according to Razak [37], it is more advantageous to represent the 
thermodynamic cycle as a (T-s) diagram. The ideal and actual Bryton cycle of the CFM-56 gas turbine 
engine model used in this study as HPT shaft speeds increase is represented as a (T-s) diagram as 
shown in Figure 3 for the Jet-A fuel. 
 

 
Fig. 3. T-s diagram of CFM-56 gas turbine engine at various HPT shaft speed for baseline 
Jet-A fuel. The T-s diagram was built based on data at the LPC inlet (T24), HPC outlet (T3), 
Combustor outlet (T4) and LPT outlet (T5) obtained at isentropic (‘) and actual conditions  

 
In Figure 3 the ideal Bryton cycle for the CFM-56 gas turbine engine model includes; isentropic 

compression across the compressor stages (24-3'), constant pressure heat addition at the combustor 
(3’-4), isentropic expansion at the turbine stages (4-5'), and constant-pressure heat rejection to the 
atmosphere (5’-24). The atmospheric air is drawn into the engines at ambient conditions. In the ideal 
condition, the air temperature increased from 291.51 K to 643.02 K (24-3'). The temperature rises 
from 643.02 K to 1308.28 K at the combustor outlet as the compressed air is heated at constant 
pressure across the combustor (3’-4). The constant pressure heat addition represents an isobaric 
process across the combustor in which the combustion of injected fuel initiated heat addition at 
constant pressure [39]. The combustor outlet temperature is reduced from 1308.28 K to 766.12 K at 
the turbine outlet as the gas is expanded isentropically across the turbine stages (4-5'). A turbine 
extracts the energy from the expanded gases to drive the compressor. Temperature drops across 
these stages [40]. The Brayton cycle is completed through a constant pressure heat rejection, 
witnessing a temperature drop from 766.12 K to 291.51 K as heat is rejected to the atmosphere (5’-
24).  
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In this study, it is worth highlighting that the actual simple open-cycle gas turbine engine differs 
from the ideal Bryton cycle in several ways. The compression process is not isentropic by accounting 
for isentropic compressor efficiency (ⴄc), typically around 0.84 [41]. Similarly, the turbine is not 
isentropic but has an isentropic turbine efficiency (ⴄT) of around 0.99. The actual Bryton cycle of the 
engine model by accounting for the compressor and the turbine's isentropic efficiency is presented 
as a dotted line in Figure 3. Under the isentropic efficiency condition, the compressor outlet's actual 
temperature is 709.97 K (T5) and 771.54 K (T9) at the turbine outlet. Besides, with increasing HPT 
shaft speeds, temperature across the gas turbine component increases (Figure 3).  

Figure 4 and Figure 5 illustrates the actual temperature and pressure across the gas turbine 
components at increasing HPT shaft speed for the baseline Jet-A fuel. At 8400 rpm, the temperature 
increased from 291.51 K to 709.97 K from the compressor inlet to the compressor outlet. Figure 5 
depicts the pressure rises from 104.90 kPa to 1499.70 kPa. The compressor is a mechanical device 
that increases the pressure and temperature of the working fluid. The ambient air will be gradually 
compressed at each compressor stages to increase the air pressure and temperature. The addition 
of energy into the working fluid causes the pressure and temperature across the compressor stages 
to increase. Also, at increasing HPT shaft speed, Figure 4 and Figure 5 reveal that temperature and 
pressure at the compressor outlet increased linearly with HPT shaft speed. Therefore, this indicates 
that higher temperature and pressure are required for the combustion process to release adequate 
energy to sustain the desired HPT shaft speed [6]. High-pressure and high-temperature air produces 
from the compressor are supplied to the combustion chamber for the combustion process. 

A combustion chamber is an engine component where the mixture of fuel and air occurs. 
Combustor must release large amounts of heat energy with a proper temperature level to the 
turbines that will then drive the whole system. It must provide complete combustion with minimum 
pressure loss [42]. The fuel-air mixture burn in the combustion zone releases heat as energy [43]. At 
8400 rpm, the temperature across the combustor increased from 709.97 K to 1308.28 K. The result 
reveals that temperature across the combustor increases linearly with HPT shaft speed. An increment 
in temperature across the combustor with shaft speeds indicates more fuel was burnt, and higher 
heat is released from the combustor to sustain the desired level of shaft speed [44]. 

In the combustion section, a slight drop in pressure is observed between the combustor inlet and 
combustor outlet, representing pressure loss in the combustor. At 8400 rpm, pressure across the 
combustor reduced by approximately 4.5% from 1499.703 kPa to 1434.365 kPa. According to Dolbec 
and Cohn [41], the combustion process (or the heat addition process) has a pressure drop of around 
5%. According to Azami and Savill [32] and Boyce [45], the combustor's pressure drop is associated 
with increased flow momentum across the combustor. An increase in temperature increases the 
velocity and momentum of the combustion gases resulting in a pressure drop across the combustor.  

Temperature and pressure across the turbine stages reduce significantly from the turbine inlet to 
the turbine outlet. The reduction is due to the turbine that converts gaseous energy into mechanical 
energy by expanding the high pressure and high-temperature gases to rotate the engine shaft. For 
instance, at 8400 rpm, with Jet-A fuels' utilisation, the turbine outlet temperature reduced from 
1308.28 K to 771.54 K, which declined by 52%. At a higher HPT shaft speed of 10 400 rpm, the turbine 
outlet temperature reduced from 1664.90 K to 987.72 K, which fell by 51%. Simultaneously, pressure 
reduced from 1434.37 kPa to 155.45 kPa, which is 161% at 8400 rpm. At 10 400 rpm, pressure 
reduced from 2628.23 kPa to 276.24 kPa, which is 162%. 
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Fig. 4. Temperature changes at gas turbine engine component section at increasing 
rotational speed for baseline Jet-A fuel 

 

 
Fig. 5. Pressure changes at gas turbine engine component section at increasing rotational 
speed for baseline Jet-A Fuel 

 
4.2 Temperature and Pressure Changes Across CFM56-3 Main Engine Components 
 

The detailed effect of biofuels in gas turbine application is assessed at increasing shaft speed, 
ranging from 8400 rpm to 10 400 rpm. Temperature and pressure changes across the main 
component of CFM56-3 engine components particularly HPC, combustion chamber and LPT are 
assessed and compared between different biofuels to the conventional Jet-A fuel.  
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4.2.1 HPC outlet  
 

Figure 6 and Figure 7 depict temperature, and pressure variation of the compressor outlet at 
engine speed varies from 8400 rpm to 10 400 rpm. The bar plots indicate the percentage difference 
of the temperature and pressure to Jet-A. Both figures reveal that temperature and pressure at the 
compressor outlet increased linearly with HPT shaft speed for all fuels. In Figure 6, the temperature 
of biofuels is slightly lower compared to Jet-A fuel. At 8400 rpm, the outlet compressor temperature 
of biofuels is between 0.004% and 0.028% lower than Jet-A. The temperature difference between 
biofuels and Jet-A reduces 0.003% to 0.01% as the shaft speed reached between 9200 rpm to 10 000 
rpm. However, as the shaft speed increases to 10 400 rpm, biofuel temperature becomes higher than 
Jet-A with a percentage difference ranges 0.002% to 0.1%. Result reveals that the temperature for 
biofuels 50JSPK/50Jet-A is the lowest at all shaft speeds followed by JSPK and CSPK. In contrast, the 
temperature of JSPK and 50CSPK/50Jet-A began to increase and achieved the highest temperature 
of 835.53 K and 835.49 K at 10 400 rpm respectively. 

A similar trend is observed for pressure variation, as shown in Figure 7. At a lower shaft speed 
(8400 rpm), pressure at the combustor outlet for biofuels is between 0.01% and 0.09 % lower than 
Jet-A fuels. The pressure for biofuels begins to increase as shaft speed increases. Similarly, as speed 
reached between 9200 rpm to 10 000 rpm, the pressure difference between biofuels and Jet-A is 
almost negligible. Pressure for biofuels is only between 0.01% and 0.06% lower compared to Jet-A 
fuel. When speed further increases from 10 000 rpm to 10 400 rpm, pressure for biofuel increases 
higher than Jet-A with a percentage difference ranges 0.01% to 0.12%. Result also reveals that 
pressure for biofuels 50JSPK/50Jet-A is the lowest at all speeds, followed by JSPK and CSPK. However, 
at 10 400 rpm, the pressure for JSPK and 50CSPK/50Jet-A begin to increase and achieved the highest 
pressure of 2740.18 kPa and 2738.74 kPa respectively. Results show that pressure and temperature 
drawn into the combustion chamber are lower with biofuels' utilisation at lower shaft speed. 
However, the increment of both parameters is visible when the shaft speed increases. 
 

 
Fig. 6. Temperature of the compressor outlet at various rotational speeds and type of fuels 
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Fig. 7. The pressure of the compressor outlet at various rotational speeds and type of fuels 

 
4.2.2 Combustor outlet 
 

Temperature and pressure of the combustor outlet for different engine speeds and fuels are 
shown in Figure 8 and Figure 9, respectively.  
 

 
Fig. 8. Temperature of the combustor outlet at various rotational speeds and type of fuels 

 

-0.10

-0.05

0.00

0.05

0.10

0.15

8400 8800 9200 9600 10000 10400

P
re

ss
u

re
 C

h
an

ge
s 

w
.r

.t
 J

et
-A

 (
%

)

HPT Shaft Speed, rpm

50CSPK/50Jet-A 50JSPK/50Jet-A CSPK JSPK

-0.200

-0.180

-0.160

-0.140

-0.120

-0.100

-0.080

-0.060

-0.040

-0.020

0.000

8400 8800 9200 9600 10000 10400

Te
m

p
er

at
u

re
 C

h
an

ge
s 

w
.r

.t
 J

et
-A

 (
%

)

HPT Shaft Speed, rpm

50CSPK/50Jet-A 50JSPK/50Jet-A CSPK JSPK



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 92, Issue 2 (2022) 138-156 

149 
 

 
Fig. 9. Pressure of the combustor outlet at various rotational speeds and type of fuels 

 
An increment in temperature with shaft speeds is shown in Figure 8. In comparison to Jet-A, 

utilising biofuels reduces combustor outlet temperature, although the difference was not significant. 
It indicates that by using biofuels, the desired level of shaft speed can be sustained with lower turbine 
inlet temperature (TIT) thus protects and provides a longer turbine blade lifetime. For instance, by 
using Jet-A, the turbine needs to operate at the turbine inlet temperature of 1308.28 K to 
accommodate the shaft speed at 8400 rpm. However, by utilising biofuels, the TIT required to sustain 
the same shaft speed is approximately between 0.05% and 0.13% lower than Jet-A. The effect is 
significant with increasing shaft speed. As been stated, to sustain the shaft speed from 8400 rpm to 
10 400 rpm, the turbines need to operate at a higher temperature. For Jet-A, as the shaft speed 
increases from 8400 rpm to 10 400 rpm, temperature increases from 1308.28 K to 1664.90 K. 
However, by using biofuels, the TIT required to sustain the shaft speed at 10 400 rpm is approximately 
between 0.07% and 0.18% lower than Jet-A. Also, it shows that by increasing the percentage of 
biofuels into Jet-A, the combustor outlet temperature can be reduced. The highest temperature 
reduction can be obtained using pure JSPK and CSPK. 

High low heating value (LHV) and low viscosity of the biofuels are found to be the two fuel 
properties that contributed to a lower temperature at the combustor outlet. LHV is an amount of 
heat energy generated by the fuel to supply the energy to operate the engine. LHV is proportional to 
flame temperature [6]. High LHV attributes to higher flame temperature. As been discussed in the 
previous sections, LHV for Jet-A fuels is approximately 43 MJ/kg. The LHV increased up to 1.2% and 
1.5% when Jet-A fuels are mixed with 50% CSPK and 50% JSPK respectively. The LHV for pure CSPK is 
44 MJ/kg and 44.3 (MJ/kg) for JSPK. Therefore, higher flames temperature can be achieved if using 
biofuels, which attributes to a higher temperature at the combustor outlet. However, in this study, a 
lower temperature at the combustor outlet is obtained. 

Previously, we discovered that the compressor outlet's temperature is slightly lower for biofuels 
except at 10 400 rpm. Since LHV for biofuels is higher, it only requires less heat during the combustion 
process to achieve a significantly higher flame temperature for sustaining the desired shaft speed. In 
addition, lower fuel viscosity may also contribute to a lower temperature at the combustor outlet. 
Fuel viscosity plays an essential role during the atomisation process which breaks up the fuel into 
small particles. During the combustion process, fuels with higher viscosity will be more challenging 
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to atomise thus results in a higher droplet diameter. Due to the larger fuel droplet diameter, the 
combustion process will occur later than fuel with a smaller droplet diameter [46]. Thus, the highest 
flame temperature region achieved in the combustion chamber will further push behind and nearer 
to the combustor outlet section. For instance, fuel viscosity for CSPK and JSPK fuel is approximately 
18% and 21% lesser than Jet-A fuel. Due to lower fuel viscosity, the diameter of the fuel droplet is 
smaller during the atomisation process. The small particle evaporates easier thus enhances the 
combustion process. As a result, the highest flame temperature region will occur in the primary zone. 

Consequently, the high flame temperature has more time to cool as it travels downstream 
towards the combustor outlet. Although Jet-A has lower LHV than CSPK and JSPK, higher fuel viscosity 
is observed. As a result, larger droplets diameter produced and the combustion process occurs 
further downstream. At the same amount of cooling air, the high flame temperature has a shorter 
time to cool resulted in a higher temperature at the combustor outlet. The effect is significant at high 
rotational speed since a larger droplet diameter will be achieved using Jet-A fuels, resulting in a higher 
temperature at the combustor outlet. A similar observation was reported by [47]. 

Figure 9 shows the pressure variation of biofuels across the combustor outlet as shaft speed 
increases. The relationship between the pressures obtain at the combustor inlet, and pressure at the 
combustor outlet shows a good agreement. 4% to 4.5% reduction in combustor outlet pressure is 
observed. Percentage difference of turbine inlet pressure at lower shaft speed for biofuels reduces 
0.015% to 0.1% compared to Jet-A. The percentage difference is almost negligible when the shaft 
speed increases from 9200 rpm to 10 000 rpm. The percentage difference increases at 10 400 rpm. 
Among the biofuels, 50JSPK/50Jet-A has the lowest percentage difference at all speeds, followed by 
JSPK and CSPK. However, at higher engine shaft speed, JSPK and 50CSPK/50Jet-A started to increase 
and achieved the highest pressure of 2631.375 kPa and 2630.049 kPa respectively. 

Hence, we could conclude that, at low shaft speed, utilising biofuels causes both operating 
temperature and pressure at the combustor outlet to be slightly lowered compared to Jet-A. The 
percentage difference between Jet-A temperature and biofuels becomes significant at increasing 
shaft speed. However, the trend is not similar to the operating pressure. At increasing shaft speed, 
biofuel’s pressure increases and finally exceeds the pressure of Jet-A. It indicates that utilising biofuel 
causes the turbine to operate at a higher-pressure environment to sustain the desired shaft speed. 
Reducing turbine inlet temperature at the first turbine stages is favourable since it will reduce the 
temperature across the turbine blade body and avoid any related thermal failure. It may enhance the 
service life of the hot components. However, low inlet temperature at the turbine section may cause 
drawbacks to the engine performance.  
 
4.2.3 LPT outlet  
 

Figure 10 and Figure 11 depict the comparison between the temperature and pressure at the LPT 
outlet at increasing HPT shaft speed for different fuel types. The trend is identical to the temperature 
and pressure at the turbine inlet. For instance, turbine outlet temperature and pressure increase 
linearly with HPT shaft speed for all fuel types. At 8400 rpm, the turbine outlet temperature is 771.54 
K for Jet-A. However, by utilising biofuels, the turbine outlet temperature is between 0.07% and 
0.16% lower than Jet-A. The effect is significant at increasing shaft speeds. As the HPT shaft speed 
increased from 8400 rpm to 10 400 rpm, turbine outlet temperature increased from 771.54 K to 
987.72 K for Jet-A fuel. However, by utilising biofuels, the turbine outlet temperature is 
approximately between 0.10% and 0.23% lower than Jet-A. 
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Fig. 10. Temperature of the LPT outlet at various rotational speeds and type of fuels 

 

 
Fig. 11. The pressure of the LPT outlet at various rotational speeds and types of fuels 

 
Similarly, it shows that by increasing the percentage of biofuels into Jet-A, the turbine outlet 

temperature is reduced. The highest temperature reduction was obtained by using pure JSPK and 
CSPK. Since the amount of thrust and power output of the gas turbine engine depends on the turbine 
inlet's temperature, having low turbine inlet temperature will reduce the net amount of output 
produced. 

At 8400 rpm, the pressure at the turbine outlet for biofuels is between 0.02% and 0.06 % lower 
than Jet-A fuels. The pressure for biofuels begins to increase as shaft speed increases. Similarly, as 
speed reached between 9200 rpm to 10 000 rpm, the pressure difference between biofuels and Jet-
A is almost negligible. At 10 400 rpm, pressure for biofuel increases higher than Jet-A with a 
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percentage difference ranges 0.03% to 0.09%. Result also reveals that pressure for biofuels 
50JSPK/50Jet-A is the lowest at all shaft speeds, followed by JSPK and CSPK. However, at 10 400 rpm, 
the pressure for JSPK and 50CSPK/50Jet-A increase and achieve the highest pressure of 276.495 kPa 
and 276.400 kPa respectively. 
 
4.3 Engine Performance Comparison at Various Shaft Speeds 
 

Figure 12 shows the amount of thrust generated by the gas turbine engine as the shaft speed 
increases for all types of fuels. The thrust increases with HPT shaft speed. However, utilising biofuels 
causes the thrust generated to be lower compared to Jet-A particularly at low shaft speed. However, 
at a higher shaft speed, the thrust generated is higher than Jet-A. The amount of thrust generated is 
in good agreement with the temperature and pressure at the combustor outlet section. Since the 
combustor outlet temperature is lower with biofuels, the amount of thrust generated is lower since 
it highly depends on the temperature at the turbine inlet. As the shaft speed increase, the amount 
of thrust generated with biofuels increases and becoming closer to the thrust value generated by Jet-
A. The thrust is exceeded at 10 400 rpm. Therefore, this could prove that the combustor outlet 
temperature is not the only parameter affecting the thrust's magnitude. The pressure at the 
combustor outlet also affects the amount of thrust generated. At increasing shaft speed, the 
combustor outlet's pressure increases and exceeds Jet-A's pressure. However, it is worth highlighting 
that although the thrust produced from the engine is lower for biofuels than Jet-A due to lower 
combustor outlet temperature, the problem can be encountered by installing the afterburner that 
will boost the thrust performance [48]. Hence, it is favourable to adopt biofuels to replace the Jet-A 
since the temperature and pressure across the hot engine sections can be reduced with no significant 
reduction to the engines' power output. 

 

 
Fig. 12. Engine thrust at increasing rotational speed for various type of fuels 

 
Based on Figure 13, as expected, with a higher HPT shaft speed requirement, the fuel flow rate 

across the combustor increases linearly with HPT shaft speed for all fuel types. In terms of the effect 
of different fuel usage on fuel flow rate, biofuels' fuel flow rate is 1.1% to 3.2% lower than Jet-A. At 
all HPT shaft speeds, pure JSPK biofuel presents the highest fuel flow reduction, followed by pure 
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CSPK. The result reveals that pure JSPK and CSPK biofuel show their capability to save a considerable 
amount of fuel without sacrificing the engine's thrust. 

 

 
Fig. 13. Fuel flow rates at increasing rotational speed for various types of fuels 

 
Similarly, based on Figure 14, TSFC increases linearly with HPT shaft speed for all fuel types. Thrust 

specific fuel consumption is a ratio between the fuel flow and the thrust. It is an indication of the fuel 
efficiency of the gas turbine engine. Since TSFC is proportional to the fuel mass flow rate, the 
reduction of TSFC at all shaft speed with biofuels utilisation was revealed. The TSFC of biofuels is 1.2% 
to 3.2% lower than Jet-A. At all HPT shaft speeds, pure JSPK biofuel presents the highest TSFC 
reduction, followed by pure CSPK. 

 

 
Fig. 14. TSFC at increasing rotational speed for various types of fuels 
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5. Conclusions 
 

In this study, the impact of biofuels on the thermodynamics evolution across the gas turbine 
engine has been investigated on the CFM56-3 engine model at increasing HPT shaft speed. The 
investigation was performed through the Gas Turbine Simulation Programme (GSP11). Fuels used in 
this work are Jatropha Bio-Synthetic Paraffinic Kerosene (JSPK) and Camelina Bio-synthetic Paraffinic 
Kerosene (CSPK). The fuels are tested as pure and as a blend with Jet-A. Temperature and pressure 
across the compressor outlet, combustor outlet and turbine outlet increase linearly with HPT shaft 
speed. Utilising biofuels in the engine reduces temperature and pressure particularly at low shaft 
speed. Whilst at higher shaft speed, increases in temperature and pressure in comparison to Jet-A 
were observed. The reduction of temperature across the engine components impact the engine 
thrust specifically. At low shaft speed, the thrust produced by biofuels is lower than that of Jet-A but 
the thrust generated is vice versa at higher shaft speed. It is consistent with the pressure increment 
across the engine sections when biofuels are applied. It proves that the amount of thrust generated 
does not merely depend on the temperature at the combustor outlet but also pressure. The variation 
in temperature and pressure at the engine components particularly at the turbine section, is essential 
to be studied as it may affect the lifetime of the turbine component. Lower temperature and pressure 
at the turbine section produced by biofuels may enhance the life cycles of the gas turbine blades and 
prevents any premature failure related to fatigue. Results obtained in this study is crucial for further 
analysis to estimate turbine blade mechanical properties and component lifetime during its 
operation. 
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