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Abstract: This paper presents efficiencies and losses comparison of 5 different turbofan engines for 

aircraft propulsion. With some exceptions these turbofan engines were generally comprised of the 

following components: fan, low-pressure compressor, high-pressure compressor, combustion chamber, 

high-pressure turbine, and low-pressure turbine. The comparison of engine components and whole 

engines was done using energy and exergy analysis method. The analysis showed that “Engine 1” 

performed with the highest energy and exergy efficiencies, while “Engine 5” performed with the lowest 

energy and exergy efficiencies. Engine component with the highest energy and exergy loss was the 

combustion chamber in all of the engines, while engine component with the highest energy and exergy 

efficiency proved to be the high-pressure turbine in most of the cases. 
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1. Introduction 

 

Jet engines are used as a form of aircraft propulsion with turbofan engines being widely represented in 

that role. A turbofan engine usually consists of a fan, low-pressure compressor, high-pressure 

compressor, combustion chamber, high-pressure turbine, and low-pressure turbine. 

Turbofan engine forces pressurized air around and through the engine. The bypass ratio is the ratio of 

air passing through the fan (thus bypassing the engine core) to the air that passes through the engine. 

The higher the ratio of bypassed air to air passing through the engine, the greater is fuel efficiency of 

the engine [1]. The main energy source for turbofan engines comes from fuel, usually kerosene. Energy 

analysis has its roots in the first law of thermodynamics, while exergy analysis is based on the second 

law of thermodynamics. Engines can be analyzed in such a way to improve certain engine components 

regarding their efficiency and performance. Many studies have been published about this topic. 

According to Tai et al. (2014) [2], exergy is the maximum theoretical work obtainable during a process 

that brings the system into equilibrium with its environment. Tuzcu et al. (2020) [3] researched 

enviroeconomic impact of turbofan engines and applied some of the energy analysis methods on a 

turbofan engine used in aviation industry. In another study performed by Turgut et al. (2007) [4] exergy 

analysis was performed on a turbofan engine with an afterburner both at sea level and at altitude of 

11000 m. There are many ways turbofan engine performance can be affected. According to Turgut et 

al. (2009) [5], effects on exergy efficiencies and losses are investigated by modifying the isentropic 

efficiencies of turbomachinery components. They found that generally the components with the most 

exergy destruction in a turbofan engine are the fan, engine exhaust and combustion chamber. Hence, in 

their research fan had an exergy efficiency of only 12,9%.  

In this paper five different turbofan engines are analyzed and compared on the basis of their energy and 

exergy efficiency, including losses.  

 

2. Methodology 
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Operating parameters of each observed turbofan engine - Temperatures T (K), pressures p (bar) and 

mass flow rates m (kg/s) were found in the literature [3-7]. Each of the engines used kerosene, with a 

lower fuel heating value (LHV) equal to 46000 kJ/kg, and fuel mass flow rate mf. Specific entropy s 

(kJ/kgK), specific enthalpy h (kJ/kg), and specific exergy ε (kJ/kg) were afterwards calculated for each 

point of each engine using NIST-REFPROP software [8]. Scheme of the first analyzed turbofan engine 

(Engine 1) is presented in Figure 1.  

 

 
Figure 1. “Engine 1” and its components [5]. 

 

Each of five observed turbofan engines consists of various components. The list of components for each 

engine is presented below from a) to e). 

a) “Engine 1” consists of: fan, low-pressure compressor (LPC), high-pressure compressor (HPC), 

combustion chamber (CC), high-pressure turbine (HPT) and low-pressure turbine (LPT) [5]. 

b) “Engine 2” consists of: fan, low-pressure compressor (LPC), combustion chamber (CC), high-

pressure turbine (HPC) and is the only engine with an afterburner [4]. 

c) “Engine 3” consists of: fan, low-pressure compressor (LPC), high-pressure compressor (HPC), 

combustion chamber (CC), high-pressure turbine (HPT) and low-pressure turbine (LPT) [6]. 

d) “Engine 4” consists of: fan, high-pressure compressor (HPC), combustion chamber (CC), high-

pressure turbine (HPT) and low-pressure turbine (LPT) [7]. 

e) “Engine 5” consists of: fan, low-pressure compressor (LPC), combustion chamber (CC), high-

pressure turbine (HPT) and low-pressure turbine (LPT) [3]. 

 

Each component of each engine was analyzed separately. The equations for the energy and exergy 

analysis of all the components of each observed turbofan engine were found in the available literature 

[9, 10]. These equations are not presented in this paper. 

Here are presented an energy and exergy equations for the evaluation of whole engines, because they 

slightly differ in comparison to the equations from a literature. In the equations for evaluation of the 

whole engines, inlet and outlet stand for engine inlet and engine outlet. Engine inlet consists of air which 

enters the engine through the fan while engine outlet consists of two parts: gas which leaves the engine 

through the main exhaust (after the turbine) and air which leaves the engine through the fan exhaust. 

Therefore, moutlet consists of those two combined streams. Energy and exergy analysis of the whole 

engine (valid for each observed engine) were done as follows: 

 

Energy analysis: 

- Inlet energy (kW):  

𝐸𝑒𝑛,𝑖𝑛 = 𝑚𝑖𝑛𝑙𝑒𝑡 ∙ ℎ𝑖𝑛𝑙𝑒𝑡 + 𝑚𝑓 ∙ 𝐿𝐻𝑉, (1) 

 

- Outlet energy (kW): 

𝐸𝑒𝑛,𝑜𝑢𝑡 = 𝑚𝑜𝑢𝑡𝑙𝑒𝑡 ∙ ℎ𝑜𝑢𝑡𝑙𝑒𝑡 , (2) 
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- Energy loss (kW): 

𝐸𝑒𝑛,𝑙 = 𝐸𝑒𝑛,𝑖𝑛 − 𝐸𝑒𝑛,𝑜𝑢𝑡, (3) 

 

- Energy efficiency: 

ղ𝑒𝑛 =
𝐸𝑒𝑛,𝑜𝑢𝑡

𝐸𝑒𝑛,𝑖𝑛
∙ 100%, (4) 

 

Exergy analysis: 

- Inlet exergy (kW): 

𝐸𝑒𝑥,𝑖𝑛 = 𝑚𝑖𝑛𝑙𝑒𝑡 ∙ 𝜀𝑖𝑛𝑙𝑒𝑡 + 𝑚𝑓 ∙ 𝜀𝑓 , (5) 

 

- Outlet exergy (kW): 

𝐸𝑒𝑥,𝑜𝑢𝑡 = 𝑚𝑜𝑢𝑡𝑙𝑒𝑡 ∙ 𝜀𝑜𝑢𝑡𝑙𝑒𝑡 , (6) 

 

- Exergy loss (kW): 

𝐸𝑒𝑥,𝑙 = 𝐸𝑒𝑥,𝑖𝑛 − 𝐸𝑒𝑥,𝑜𝑢𝑡, (7) 

 

- Exergy efficiency: 

ղ𝑒𝑥 =
𝐸𝑒𝑥,𝑜𝑢𝑡

𝐸𝑒𝑥,𝑖𝑛
∙ 100% , (8) 

 

3. Results and Discussion 

 

In order to compare the engine parameters, inlet air properties are given in Table 1. “Engine 1” 

performed with the highest inlet air temperature of 306,5 K (33,35 ⁰C), while “Engine 3” performed 

with the lowest inlet air temperature of 288 K (14,85 ⁰C). Furthermore, “Engine 1” performed with the 

highest air mass flow rate of 679,184 kg/s and “Engine 5” performed with the lowest air mass flow rate 

of 70,330 kg/s. Fuel economy is presented in Table 2, and it shows that “Engine 2” was using the most 

fuel (6,879 kg/s), while “Engine 4” was using the least fuel (1,050 kg/s). 

 

Table 1. Inlet air properties. 

 
 

Table 2. Engine fuel economy. 

 
 

3.1. Energy losses and efficiencies 

 

The fan for which energy losses are the highest and equal to 2815,96 kW can be found in “Engine 2”, 

while the fan for which energy losses are the lowest can be found in “Engine 5”. Low-pressure 

Temperature (K) Mass flow rate (kg/s)

Engine 1 306,5 679,184

Engine 2 298,0 101,696

Engine 3 288,0 361,000

Engine 4 288,2 142,700

Engine 5 288,2 70,330

Inlet air properties

Engine 1

Engine 2

Engine 3

Engine 4

Engine 5

2,200

6,879

1,284

1,050

2,970

Fuel economy (kg/s)



Student Scientific Conference RiSTEM 2021, Rijeka, 10. 06. 2021 

  66 

compressor (LPC) for which energy losses are the highest can be found in “Engine 2”, while the low-

pressure compressor for which energy losses are the lowest and equal to 896,52 kW can be found in 

“Engine 1”. “Engine 4” does not have a low-pressure compressor. High-pressure compressor (HPC) for 

which energy losses are the highest can be found in “Engine 1”, while the high-pressure compressor for 

which energy losses are the lowest and equal to 2982,33 kW can be found in “Engine 4”. “Engine 2” 

and “Engine 5” do not have a high-pressure compressor, Figure 2. Combustion chamber (CC) which 

lost the most energy can be found in “Engine 5”, while the combustion chamber which lost the least 

energy (3595,93 kW) can be found in “Engine 3”. High-pressure turbine (HPT) for which energy losses 

are the highest and equal to 4381,81 kW can be found in “Engine 1”, while the high-pressure turbine 

for which energy losses are the lowest and equal to 43,98 kW can be found in “Engine 5”. Low-pressure 

turbine (LPT) which lost the most energy can be found in “Engine 1”, while the low-pressure turbine 

which lost the least energy (124,61 kW) can be found in “Engine 5”. “Engine 2” does not have an LPT, 

Figure 2. As stated earlier, “Engine 2” is the only engine of the five observed with an afterburner which 

lost 76961,44 kW of energy. When comparing whole engines, “Engine 2” lost the most energy 

(162998,51 kW), while “Engine 3” lost the least energy (5036,84 kW), Figure 3. 

 

 
Figure 2. Energy losses of specific engine components in kW. 

 

 
Figure 3. Whole engine energy and exergy losses in kW. 

 

The most energy efficient fan (93,87%) is in “Engine 1”, while the least energy efficient fan (77,54%) 

operates in “Engine 2”. The most energy efficient low-pressure compressor is in “Engine 5” (86,02%), 
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while the least energy efficient low-pressure compressor operates in “Engine 1” (79,20%), Figure 4. 

The most energy efficient high-pressure compressor operates in “Engine 3” (85,08%) while the least 

energy efficient high-pressure compressor operates in “Engine 4” (83,05%). The most energy efficient 

combustion chamber is found in “Engine 3” (93,91%). Simultaneously, the least energy efficient 

combustion chamber is found in “Engine 5” (31,32%).  

 

 
Figure 4. Energy efficiency of specific engine components. 

 

 
Figure 5. Whole engine energy and exergy efficiencies. 

 

The most energy efficient high-pressure turbine operates in “Engine 5” (99,80%), while the least energy 

efficient high-pressure turbine operates in “Engine 4” (92,91%). The most energy efficient low-pressure 

turbine is found in “Engine 5” (99,38%), while the least energy efficient low-pressure turbine operates 

in “Engine 1” (89,80%), Figure 4. “Engine 2” is the only engine of the five observed with an afterburner 

which runs with energy efficiency of 67,70%. 

When comparing whole engines, “Engine 1” has the highest overall energy efficiency of 97,76%, while 

“Engine 5” has the poorest energy efficiency of 37,38%, Figure 5. 

 

3.2. Exergy losses and efficiencies 

 

The fan which lost the most exergy can be found in “Engine 2”, while the fan which lost the least exergy 

(1322,12 kW) can be found in “Engine 5”. Low-pressure compressor which lost the most exergy can 

be found in “Engine 2”, while the low-pressure compressor which lost the least exergy (681,62 kW) 

can be found in “Engine 1”, Figure 6. High-pressure compressor which lost the most exergy can be 

found in “Engine 1”, while the high-pressure compressor which lost the least exergy (1310,08 kW) can 

be found in “Engine 4”. Combustion chamber which lost the most exergy (116073,50 kW) can be found 
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in “Engine 5”, while the combustion chamber which lost the least exergy (20600,95 kW) can be found 

in “Engine 3”. High-pressure turbine with the highest exergy losses (1233,99 kW) can be found in 

“Engine 1”, while the high-pressure turbine with the lowest exergy losses can be found in “Engine 5”. 

Low-pressure turbine which lost the most exergy (1762,49 kW) operates in “Engine 1”, while the low-

pressure turbine which lost the least exergy operates in “Engine 5”, Figure 6. “Engine 2” is the only 

engine of the five observed with an afterburner which lost 129306,30 kW of exergy. When comparing 

whole engines, “Engine 2” lost the most exergy (245761,21 kW), while “Engine 3” lost the least exergy 

(29730,40 kW), Figure 3. 

 

 
Figure 6. Exergy losses of specific engine components in kW. 

 

The most exergy efficient fan operates in “Engine 1” (94,88%), while the least exergy efficient fan 

operates in “Engine 2” (83,55%). The most exergy efficient low-pressure compressor is found in 

“Engine 5” (93,91%), while the least exergy efficient low-pressure compressor is found in “Engine 1” 

(84,19%). The most exergy efficient high-pressure compressor operates in “Engine 3” (94,71%), while 

the least exergy efficient high-pressure compressor operates in “Engine 4” (92,56%), Figure 7. The 

most exergy efficient combustion chamber operates in “Engine 3” (87,94%). Simultaneously, the least 

exergy efficient combustion chamber operates in “Engine 5” (49,86%). The most exergy efficient high-

pressure turbine can be seen in “Engine 5” (99,93%), while the least exergy efficient high-pressure 

turbine can be seen in “Engine 4” (97,67%). The most exergy efficient low-pressure turbine is observed 

in “Engine 5” (99,75%), while the least exergy efficient low-pressure turbine is observed in “Engine 1” 

(95,79%), Figure 7. “Engine 2” is the only engine of the five observed with an afterburner which runs 

with exergy efficiency of 70,65%. When comparing whole engines, “Engine 1” has the highest overall 

exergy efficiency of 54,57%, while “Engine 5” has the poorest overall exergy efficiency of only 

10,38%, Figure 5. 

 

 
Figure 7. Exergy efficiency of specific engine components. 
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4. Conclusion 

 

From the performed analysis, it can be concluded that “Engine 2” operates with the largest losses, both 

for energy and exergy. This was expected because of the afterburner fitted to this turbofan engine. 

Furthermore, “Engine 3” performed with the smallest losses both for energy and exergy. However, the 

most energy and exergy efficient engine was “Engine 1”, while “Engine 5” showed the poorest 

performance in relation to energy and exergy efficiency. The afterburner in “Engine 2” had the highest 

exergy loss of all the engine components. 

This research shows which of the turbofan components could be further improved. For future work it 

would be interesting to examine the internal build of the turbofan components more closely to see where 

energy and exergy improvements could be made. Also, in the future it would be useful to make a study 

which investigates turbofan energy or exergy efficiencies periodically over the whole flight, as in 

research performed by Tona, Cesare et al. (2010) [11] or more recently Sohret et al. (2015) [12]. 

Moreover, optimization of each observed turbofan engine or any of the engine components can be 

performed in the future by the application of various artificial intelligence (AI) methods, which show 

good performance in the energy sector [13, 14]. 
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