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ABSTRACT 

The performance of turbochargers is heavily influenced by heat transfer. Conventional 

investigations are commonly done under adiabatic assumptions and based on first law of 

thermodynamics which are insufficient to perceive the aerothermodynamic performance of 

the turbochargers. This study aims to experimentally investigate the non-adiabatic 

performance of an automotive turbocharger turbine through energy and exergy analysis, 

considering heat transfer impacts. It is done based on experimental measurements and 

implementing a novel innovative power-based approach to extract the amount of heat 

transfer. The turbocharger is measured on the hot gas test bench at both diabatic and 

adiabatic conditions. Consequently, by carrying out energy and exergy balances, the amount 

of lost available work due to heat transfer and internal irreversibilities within the turbine are 

quantified. The study allows to build up a deep understanding of the impacts of heat transfer 

on aerothermodynamic performance of the turbochargers considering both first and second 

laws of thermodynamics. 
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NOMENCLATURE      

CFD Computational Fluid Dynamics  �̇�  Entropy rate 

CHT Conjugate Heat Transfer   𝑝  Pressure 

ETP Effective Turbine Power   SUBSCRIPTS 

ICE Internal Combustion Engine   0  Ambiance 

ICP Isentropic Compressor Power   1  Compressor inlet 

ITE Isentropic Turbine Efficiency   2  Compressor outlet 

RPM Rotation Per Minute    3  Turbine inlet  

TIT Turbine Inlet Temperature   4  Turbine outlet 

Symbol                        C  Compressor 

𝑇  Temperature                 T  Turbine 

𝑃 Power                   b  Boundary  

�̇� Heat transfer rate                 eff  Effective 

�̇�  Mass Flow Rate                 ex  Exergetic 

𝑐𝑝 Heat capacity at constant pressure                is  isentropic 

𝜂 Efficiency                   corr/uncorr corrected/uncorrected 

𝛱 Pressure ratio 

�̇� Exergy rate      

�̇� Enthalpy rate 
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INTRODUCTION 

In the light of growing awareness due to the environmental impacts of CO2 intense 

processes on global warming, the need for optimization of energy conversion systems has gained 

significant importance in recent decades. Particularly, the global automotive industry is facing 

various challenges to meet emission legislations and reduce greenhouse gases. In past few years, 

engine downsizing has been known as one of the key technologies to reduce the fuel consumption 

and emissions. This is done by reducing the size of the internal combustion engine (ICE) while 

using the turbocharger to compensate the power loss due to engine size reduction. This approach 

leads to the reduction of engine weight, friction losses, fuel consumption and emissions 

consequently. The key technology in question is the concept of turbocharging. A turbocharger is 

composed of a turbine, using the thermal energy of hot exhaust gas from the combustion process of 

the ICE and a compressor, that is mechanically connected to the turbine via a rotating shaft. 

Recovering the mostly wasted thermal energy of the exhaust gas of the ICE by driving turbocharger 

turbine and delivering demanded compressor power for the required engine boost pressure. 

 The conventional turbocharger performance measurements at the hot gas test bench are 

based on the SAE J922 and SAE 1826 standards under adiabatic assumptions. The considered 

adiabatic assumptions do not take into account the unavoidable aerothermodynamic effects of heat 

transfer. The diabatic (i.e. non-adiabatic) behavior within the turbocharger is significant especially 

at low operating speeds, as the effects of the heat transfer dominate the aerodynamic turbine 

expansion work, leading to overestimation of the turbine power and isentropic efficiency (Lim et al. 

2020). Therefore, the characterization of heat flows in turbochargers is of a great interest beyond 

the state of the art. Many recent studies have proposed different experimental and numerical 

methods, that allow to approximate the heat transfer of turbochargers, including sophisticated 

Conjugate Heat Transfer (CHT) simulations of different complexity (Gao 2019; Aghaali et al. 2015; 

Payri et al. 2014). Most of the above-mentioned methods depend on geometric data and require 

extensive computational costs and measurement time. A power-based approach has been first 

introduced by (Baar et al. 2018) as a solution to overcome these complexities, that allows to 

estimate the heat transfer rate of the turbochargers based on experimental measurements directly 

from hot gas tests. Several validations on the power-based method have been done using CFD and 

CHT (Savic et al. 2017; Gao et al. 2018; Lim 2018), showing satisfying agreement between 

experimental and simulation results. The feasibility and reliability of the proposed approach have 

further been proven by (Zimmermann et al. 2018), where the performance and heat transfer impacts 

of four different turbochargers were compared.  

 Thermodynamically, applying the energy balance on the turbocharger using the standard 

model follows the first law of thermodynamics. On the other hand, first law of the thermodynamics 

solely, is not sufficient to understand the aerothermodynamic behaviors of the turbocharger such as 

the losses caused by heat transfer and internal irreversibilities. S. M. Lim and S. Bakhshmand have 

performed a numerical CFD based exergy analysis in which the CFD results have also been 

validated with the experimental data and suggested that the aerothermodynamic performance cannot 

be fully depicted just based on an energetic consideration alone (Lim et al. 2020). Furthermore, it 

was concluded in (Lim et al. 2017), that the amount of losses caused by heat transfer and internal 

irreversibilities occur during the expansion process and fluctuate between factors of 8 and 15 for 

different operating points. The total irreversibilities exceed the generated power by a great factor 

and as a result must not be neglected (Lim et al. 2017; Diango et al. 2011). Therefore, the traditional 

approach via the first law of thermodynamics does not provide adequate insight about the prevalent 

aerothermodynamic losses. By introducing the entropy term to quantify the irreversibility of the 

process, the efficiencies can be further dissected and optimized using the approach of entropy 

generation minimization. The idea of entropy minimization and exergy analysis is a well-

documented approach to improve thermal systems. For this experimental research, the potentials 

and differences between the first and second law concept are shown. 
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This study aims to further develop the aerothermodynamic investigation of a commercial 

vehicle turbocharger turbine as a case study. The turbocharger is measured directly on a hot gas test 

bench in both adiabatic and diabatic conditions. The power-based approach has been implemented 

to the turbocharger turbine to estimate the turbine heat losses, providing the basis for the following 

exergy analysis. The diabatic measurements and analysis have been carried out for different turbine 

inlet temperatures (TIT). 

METHODS 

Experimental Procedure 

The turbocharger has been measured on the hot gas test bench at the Institute of Integrated 

Modelling of Efficient Powertrain Systems at the Technical University Berlin (Figure 1). All the 

tests have been conducted using a mechanical compressor allowing for combustion air pressures up 

to 4 bar and massflows up to 1400 kg/h. The test bench is capable of producing a wide temperature 

range (T3 up to 1050 °C) either via an electrical heater or a combustion chamber. Pressures and 

temperatures have been recorded at the inlet and outlets of the turbine and compressor. 

Thermocouples of type K have been used to measure the temperatures at exhaust side and PT100 

for compressor side, lubrication oil and coolants (for T3 > 800 °C). A mixing device has been also 

installed in the measurement pipe downstream from the turbine to make a homogenous temperature 

field and increase temperature measurement accuracy of T4, that can be seen in Figure 2. (Baar et al. 

2014) 

 

 
Figure 1: Turbocharger hot gas test bench at the TU Berlin 
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Figure 2: Mixing device (left) and temperature mixing quality study (right) (Baar et al. 2014) 

 

The V-element mixing device on the left-hand of the Figure 2 shows the structure of the device 

which has been placed in turbine downstream between turbine outlet and the T4 measurement point.  

On the right, results of a numerical comparison between standard measurement pipe and mixing 

element show the significant improvement of the homogenized temperature field which is more 

suited for a reliable T4 measurement.  

Adiabatic measurement conditions 

Most of the common approaches for turbocharger adiabatic tests consider lower operating 

temperatures to prevent higher temperature gradients and heat transfer effects. The expansion and 

compression processes always meet unavoidable temperature changes and gradients; therefore, it is 

not possible to reach adiabatic conditions under real operating points. However, the proposed near 

adiabatic testing conditions follow the rule of “minimizing the diabatic behavior” through 

temperature adjustments. From different heat transfer analysis (Baines et al. 2009) it is proven, that 

the lubricating oil is responsible for internal heat transfer and acts as the internal heat sink to the 

turbine. Matching the turbine inlet temperature with the mean oil temperature and the compressor 

outlet temperature (T3=TOil,mean=T2) is a viable method to approach near adiabatic conditions. 

Additionally, keeping the operating temperatures low is generally favorable to minimize thermal 

interactions between the turbocharger and environment. Furthermore, all measurement pipes and 

the turbocharger are insulated to minimize the heat loses. It should be mentioned that throughout 

adiabatic testing, the turbine power is mostly provided through the mass flow rather than the 

specific enthalpy (temperature) drop which results in the measurement of fewer speed lines due to 

the pressure and mass flow limitations of the hot gas test bench. Moreover, the mentioned 

temperature alignments to reach near adiabatic conditions, require relatively longer measurement 

time in comparison to standard diabatic tests.  

 

Diabatic(i.e. non-adiabatic) measurement conditions 

The diabatic measurements used for this paper on the other hand consider turbine inlet 

temperatures of 400°C, 600 °C and 800 °C. The adjacent pipes to the turbocharger as well as the 

lubricating oil and coolant pipes were insulated. The turbocharger itself was not insulated. Although 

the insulations do not fully eliminate the heat losses but it was shown that they can be reduced 

significantly (Baar et al. 2018).  

Power-Based Method 

As mentioned earlier, the conventional turbocharger measurement SAE standard suggests a turbine 

inlet temperature of 600 °C while simultaneously assuming adiabatic conditions. It turns out that 

neglecting the effects of heat transfer in a turbocharger and assuming it as an adiabatic component 
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would be insufficient to provide a deep understanding about the aerothermodynamic effects on the 

turbocharger performance. Therefore, methods for measuring, modeling and determination of the 

heat transfer in turbochargers, have always been a challenge in the development and accurate 

prediction of the turbochargers performance. 

 Due to this discrepancy, this standard approach is incapable to extract turbocharger aerodynamic 

maps directly from the hot gas measurements.  

 Accordingly, a novel approach has been developed at TUB that determines the turbocharger 

heat transfer directly from the hot gas test bench measurement data (Baar et al. 2018). Hence, the 

developed power based approach can be applied as a powerful tool to extract the turbocharger heat 

flow directly from the hot gas test measurements. The methodology is based on characterizing 

effective turbine power (ETP) calculated directly from hot gas test bench with respect to the 

isentropic compressor power (ICP) which is not influenced by heat transfer (Baar et al. 2018). The 

isentropic compressor power (ICP) only depends on the compressor inlet temperature and the 

compressor pressure ratio that are largely independent of heat transfer (equation (1)). Figure 3 

illustrates how the heat flows can be estimated using the power-based diagram. It can be seen that, 

plotting the ETP over ICP benefits a linear fitting of the points that correspond to the maximum ICP 

for every speed line. The fitting lines of both diabatic and adiabatic data can be extended to 

intercept the ordinate. Theoretically, at zero ETP/ICP point, the rotational speed and thus the 

friction losses are zero. Moreover, the fitting line of operating points at maximum isentropic 

compressor power at adiabatic condition points to the origin at zero point. Therefore, the vertical 

offset between non-adiabatic and adiabatic fitting line in ETP axes, represents the heat loss form the 

turbine. Consequently, heat losses can be directly extracted from the experimental data and it is 

possible to calculate the corrected aerodynamic power and isentropic efficiency of the turbine solely 

from the measurement data.  This approach makes a reasonable trade-off between the accuracy of 

results and high calculation costs through using CHT analysis as well as measurement time (in case 

of adiabatic measurements) compared to standard measurement methods. In addition to that, it is 

independent of the turbocharger geometry information and there is not any requirement to 

calibration process. 

 

 

 
Figure 3: Power-based approach 
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𝑃𝐶,𝑖𝑠 = �̇�𝐶  𝑐𝑝,𝐶  𝑇1 (𝛱𝐶

𝜅−1
𝜅 − 1) 

(1) 

  

 

The following equations explain the corrected values of the turbine power and isentropic 

efficiency.  

 

𝑃𝑇,𝑐𝑜𝑟𝑟 = 𝑃𝑇,𝑒𝑓𝑓 − �̇�𝑇 (2) 

The heat loss term �̇�𝑇 can be directly estimated from the power based method, as indicated in 

Figure 3 and equation (2). Its subtraction from the total measured turbine power 𝑃𝑇,𝑒𝑓𝑓  (based on 

equation 3) leads to the corrected turbine power 𝑃𝑇,𝑐𝑜𝑟𝑟. Assuming constant heat capacity ration κ, 

the isentropic turbine power is given with (4): 

𝑃𝑇,𝑒𝑓𝑓 = �̇�𝑇  𝑐𝑝,𝑇  (𝑇3 − 𝑇4) (3) 

𝑃𝑇,𝑖𝑠 = �̇�𝑇 𝑐𝑝,𝑇  𝑇3 [1 − (
𝑝3𝑡
𝑝4
)

κ−1

κ
]  

(4) 

Temperature and pressure are common measurement parameters and using equation (2), (3) and (4), 

the isentropic efficiencies (5) and (6) can be estimated solely from hot gas data: 

𝜂𝑇,𝑖𝑠,𝑢𝑛𝑐𝑜𝑟𝑟 =
𝑃𝑇,𝑒𝑓𝑓
𝑃𝑇,𝑖𝑠

 
(5) 

 𝜂𝑇,𝑖𝑠,𝑐𝑜𝑟𝑟 =
𝑃𝑇,𝑐𝑜𝑟𝑟
𝑃𝑇,𝑖𝑠

 
(6) 

Experimental Exergy Analysis Methodology 

Thermodynamic investigations of turbochargers are often carried out with energy balances 

based on the first law of thermodynamics. However, conclusions from (Lim et al. 2017) and 

(Diango et al. 2011) clearly state, that from a thermodynamic point of view, the aerothermodynamic 

turbine behavior cannot be fully investigated merely from the first law of thermodynamics. Based 

on this research gap, further efforts including exergy analysis are needed to build a better 

thermodynamic view on heat transfer losses, which considers the irreversibilities of every process. 

This study will focus on the experimental path to quantify the aerothermodynamic losses and the 

impact of heat transfer on a commercial vehicle turbocharger turbine. The exergy analysis, which is 

also referred to second-law analysis, is based on the second law of thermodynamics. Accordingly, 

the calculations extend the already established energy balance.  

 

Definition of the exergy and governing equations 

Exergy is defined as the maximum theoretical useful work which is obtainable from a quantity 

of substance, as the system reaches equilibrium with the environment which is called dead state 

(𝑃 = 𝑃0 & 𝑇 = 𝑇0) (Bejan et al. 1996). At this dead state, the system is in thermal and mechanical 

equilibrium with the environment and no turbine power can be extracted from the working fluid. 

The total specific flow exergy transfer associated with a stream is defined as: 

 

𝑒𝑖 = (ℎ𝑖(𝑇, 𝑝) − ℎ0) − 𝑇0(𝑠𝑖(𝑇, 𝑝) − 𝑠0) (7) 

 

The following equations clarify the correlation of first and second law of thermodynamics on 

the example of a diabatic turbine. 

Equation (8) represents the turbine energy balance, that is adopted through (2) and (3): 
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𝑃𝑇,𝑐𝑜𝑟𝑟 = (�̇�3 − �̇�4) − �̇�𝑇 = �̇�𝑇  𝑐𝑝,𝑇  (𝑇3 − 𝑇4) − �̇�𝑇 (8) 

The second law of thermodynamics in the form of the entropy balance equation for the turbine 

is defined as follows: 

 

�̇�𝑔𝑒𝑛 = −(�̇�3 − �̇�4) +
�̇�𝑇
𝑇𝑏

 
(9) 

 

 

The working fluid is assumed to be an ideal gas with specific heat capacity being constant 

between inlet and outlet. The pressure and temperature drop during the expansion determine the 

entropy change �̇�3 − �̇�4 according to equation (10):  

 

�̇�3 − �̇�4 = �̇�𝑇 (𝑐𝑝𝑙𝑛 (
𝑇3
𝑇4
) − 𝑅 𝑙𝑛 (

𝑝3
𝑝4
)) 

(10) 

 

The total entropy, that is generated from the expansion process, �̇�𝑔𝑒𝑛 is being derived from the 

entropy change rate of the �̇�3 and �̇�4 corresponding to turbine inlet and outlet and the heat transfer 

rate term 
�̇�𝑇

𝑇𝑏
, across the system boundary. The main objective of the exergy analysis is to figure out 

the main causes of the entropy generation �̇�𝑔𝑒𝑛. Based on equation (9) and (10), heat transfer is 

identified as a main source of entropy generation. Therefore, it is important to consider the effects 

of heat transfer in the investigation of the turbocharger turbine. The thermodynamic average 

temperature 𝑇𝑏 of a process that undergoes a temperature change from 𝑇3 to 𝑇4 is given using the 

following equation (Bejan et al. 1996): 

𝑇𝑏 =
𝑇3 − 𝑇4

𝑙𝑛 (
𝑇3
𝑇4
)
 

(11) 

Exergy can be decomposed into the following fractions: 

 

�̇�𝐹 = �̇�𝑃 + �̇�𝐷 + �̇�𝐿, (12) 

Where, the fuel exergy term �̇�𝐹  indicates the total amount of available exergy  from the turbine 

expansion process. The mentioned fuel exergy expression is not limited to the common 

understanding of fuel (such as gasoline, diesel etc.). The individual fractions of fuel exergy are split 

into three different terms as follows: 

 

1. Product exergy (�̇�𝑃): the produced (usable) work by system 

2. Exergy destruction (�̇�𝐷): exergy destruction due to internal irreversibilities 

3. Exergy loss (�̇�𝐿): exergy loss due to heat losses 

 

Exergy destruction rate, �̇�𝐷  is an important parameter which is commonly referred to the lost 

work (exergy) caused by the internal irreversibilities inside the system and is derived as follows:  

 

�̇�𝐷 = 𝑇0 �̇�𝑔𝑒𝑛 = −𝑇0 (�̇�3 − �̇�4) + 𝑇0  
�̇�𝑇
𝑇𝑏

 
(13) 

 

The exergy balance of the turbine is being carried out by combining the first and second (9) law 

of thermodynamics as follows:  
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𝑇0�̇�𝑔𝑒𝑛⏟  
�̇�𝐷

= (�̇�3 − �̇�4) − 𝑇0 (�̇�3 − �̇�4)⏟                
�̇�𝐹

− 𝑃𝑇,𝑐𝑜𝑟𝑟⏟  
�̇�𝑃

− (1 −
𝑇0
𝑇𝑏
) �̇�𝑇

⏟        
�̇�𝑄 𝑜𝑟 �̇�𝐿⏟              

𝐸𝑥𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟

 
(14) 

 

 

 

The exergy efficiency is thus defined as the ratio of the product exergy (turbine power), and the 

fuel exergy. It demonstrates the percentage of the fuel exergy wasted inside the system in forms of 

exergy destruction and exergy loss. 

 

𝜂𝑒𝑥 =
�̇�𝑃

�̇�𝐹
= 1 −

�̇�𝐷 + �̇�𝐿

�̇�𝐹
 

(15) 

The results of the experimental analysis are featured in the following section and the impact of 

heat transfer and internal irreversibilities on the individual exergy terms and efficiencies are 

described. 

 

Results 

Turbine Heat Transfer Estimation via Power-Based Approach 

       The results of the heat transfer estimation for different turbine inlet temperatures TIT, are 

shown in the form of a power based diagram in Figure 4. The investigated operating points are 

indicated by a circle and correspond to the highest ICP of every speed line, starting from 37k RPM 

and increasing in increments of 13k RPM up to 87k RPM for 400 °C and 800 °C TIT and 100k 

RPM for 600 °C. Isentropic compressor power and effective turbine power are calculated according 

to equations (1) and (3). The results of adiabatic measurements in this diagram help to better 

visualize the heat loss for each diabatic scenario in respect to the adiabatic data. A line has been 

fitted through every maximum ICP operating point. Based on the ordinate intercept for each TIT 

scenario, the heat loss can be quantified to calculate the corrected turbine aerodynamic power 

𝑃𝑇,𝑐𝑜𝑟𝑟 according to equation (2) and thus also the turbine isentropic efficiency 𝜂𝑇,𝑖𝑠,𝑐𝑜𝑟𝑟. 
 

It is clear from the different diagrams in Figure 4, that with increasing TIT, the turbine heat loss 

rises accordingly, as steep temperature gradients are the main cause of heat transfer. The estimated 

turbine heat flows for different turbine inlet temperatures of 𝑇3 = 400℃,𝑇3 = 600℃ and 𝑇3 =
800℃ are approximated to be �̇�𝑇,400 = 2.6 𝑘𝑊, �̇�𝑇,600 = 4.9 𝑘𝑊 and �̇�𝑇,800 = 8.1 𝑘𝑊 

respectively. 

 

Another observation can be made by comparing the different gradients of the non-adiabatic and 

adiabatic fitting line. Due to the fact that the adiabatic data is the same for every diagram, with 

increasing TIT, the gradients show stronger deviation from the adiabatic data. This means, the 

turbine heat transfer increases lineary with the turbocharger shaft speed. In the present work the 

approximated heat transfer is being considered as a mean value for each turbine inlet temperature. 

Although for TITs of 400 °C and 600 °C the difference is marginal, the measurement data for TIT 

of 800 °C show a heat transfer increase of up to 1.1 kW at the highest speed. In fact, studies by 

(Gao 2019) prove the non-linear heat transfer behavior with increasing speed, however aligning the 

gradients show satisfying convergence with CHT simulations as elaborated by (Savic et al. 2019). 

Further calculations using the energy and exergy balances incorporate this detail. 
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(a) TIT = 400 °C              (b) TIT = 600 °C 

  
(c) TIT = 800 °C 

 

Figure 4: Power-based consideration to determine the turbine heat transfer for different TIT 

(a) T3 = 400 °C (b) T3 = 600 °C (c) T3 = 800 °C 

 

Exergy Analysis 

The results of isentropic turbine efficiencies (ITE) and the exergetic efficiency calculated by 

using equations (5) and (15) are shown in Figure 5. The results are plotted over isentropic 

compressor power (ICP) as a reference for comparability purposes to previous research papers 

regarding the power based approach Additionally, the heat loss independency of the ICP adds 
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clearness, since the highest ICP per speed line was chosen initially (c.f. circled operating points in 

Figure 5).   

In the diabatic scenarios, the red datasets reflect the thermodynamic isentropic efficiency of the 

turbine that includes the effects of heat transfer. In this case, the calculated turbine power exceeds 

the isentropic turbine power, leading to unrealistic isentropic turbine efficiencies greater than 1. 

Thus, the heat flow correction is needed to analyze the aerodynamic performance of the diabatic 

turbine. 

  

           (a) adiabatic                      (b) TIT = 400 °C 

 
           (c) TIT = 600 °C                (d) TIT = 800 °C 

 

Figure 5: Different turbine efficiencies plotted over the ICP under different operating 

conditions (a) adiabatic (b) T3 = 400 °C (c) T3 = 600 °C (d) T3 = 800 °C 

 

Regarding the adiabatic results in Figure 5(a), both isentropic and exergetic efficiencies are 

calculated through the equations (5) and (15). With the absence of heat transfer, the difference 

between these two efficiencies is the definition of the ideal process. Thus in calculating isentropic 

efficiency the ideal work is assumed to be a reversible adiabatic process (�̇�3 − �̇�4,𝑖𝑠), whereas in 

calculating exergy efficiency, it is assumed to be the maximum obtainable work which is known as 

fuel exergy (�̇�3 − �̇�4) − 𝑇0 (�̇�3 − �̇�4). Therefore, the obtained exergetic efficiencies are higher 

than the isentropic efficiencies for adiabatic operation. This fact may be extended to the diabatic 
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performance as well. Thermodynamically, the exergy efficiency can be increased by reducing the 

heat transfer rates, ideally operating under adiabatic conditions as explained in the following 

paragraphs. 

The entropy change of the expansion process in the turbine can be explained in detail with the T-S 

diagram (Figure 6). This diagram describes a simple expansion process from state 3 (T3, p3) to state 

4 (T4, p4). 

Conventionally, the isentropic efficiency uses the hypothetical isentropic temperature T4,is to 

measure the efficiency of the turbine. This ideal operating point is assumed to be isentropic and 

result in zero entropy generation. Figure 5(b), (c) and (d) however, clearly show the uncorrected 

ITE can exceed 1, implying that the measured temperature drops below the isentropic temperature 

T4,is. At real operating conditions, the enthalpy (or temperature) change ∆𝐻𝑇,𝑑𝑖𝑎 from the expansion 

can be split into the aerodynamic part (∆𝐻𝑇,𝑎𝑑𝑖𝑎), which powers the shaft and into the thermal part 

(𝑄𝑇), that additionally contributes to the temperature drop to T4,dia. The thermal influence also 

causes the entropy change from ∆𝑆𝑎𝑑𝑖𝑎  towards ∆𝑆𝑑𝑖𝑎 . Combining these with equation (9) results 

that the heat transfer affects the internal irreversibilities and thus the exergy destruction rate �̇�𝐷. 

This phenomenon is most prevalent at the lower speeds, where the heat loss influence is dominant.  

 

 
Figure 6: T-S diagram of the expansion process in turbine 

 

Figure 7 shows the amount of different exergy budgets such as product exergy �̇�𝑃, exergy 

destruction �̇�𝐷  and exergy loss �̇�𝐿 , of the turbine for all measured scenarios in a normalized form. 

The results have been normalized with the fuel exergy rate �̇�𝐹  to better understand the role of each 

exergy budget. From Figure 7, it is evident that both exergy losses via internal irreversibilities �̇�𝐷  

and heat loss �̇�𝐿  are sensible to heat transfer. By increasing TIT, which aims to increases the 

amount of heat transfer, it can be seen that the amount of exergy loss due to heat transfer in each 

speed line increases as well. However, by increasing the TIT the amount of exergy destruction 

budget decreases and it can be explained by the fact the exergy destruction rate varies directly with 

the mass flow rate, and inversely with the temperature level ( 𝑇𝑏) (Bejan et al. 1996) .  
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Figure 7: Turbine normalized exergy budget of different operating points 

 

The impact of exergy loss due to heat transfer is clearly dominant and it is the major cause of the 

lower exergy efficiency. Consequently, the heat loss is mostly dominant at lower speeds. For TIT of 

800 °C and at 37k RPM speed of the turbine, the exergy loss via heat transfer reaches up to 79% 

and for that of TIT 400 °C, the exergy loss still contributes 41%.  

The results also demonstrate that by increasing turbine speed in each TIT the amount of exergy 

destruction increases as well. This is due to fact that at higher turbocharge speeds the mass flow of 

the gas raises too which is the main cause of flow friction losses at upper speeds and consequently 

leads to higher irreversibilities and exergy destruction rates. Moreover, at the adiabatic scenario 

because of lower operating temperatures, the specific enthalpy difference does not provide the main 

power of the turbine and mass flow is the main cause of the power generation at turbine. Therefore, 

higher mass flow is needed at adiabatic case to reach the same turbine power generated at the 

diabatic cases. Due to the mentioned flow friction effects at higher mass flow rates, the amounts of 

the exergy destruction rate at adiabatic condition are higher than different diabatic conditions 

(TIT=400,600 and 800 °C). Considering the results for TIT of 600 °C, the exergy destruction 

between lowest and highest speed merely increases by 7.3%, while the exergy loss via heat 

decreases by 55.2%. The exergy destruction varies  

CONCLUSIONS 

It can be concluded that the negative effect of heat loss on the turbine performance, is reflected 

in the low exergy efficiencies for operating points that involve higher heat loss rates. The exergy 

transfer via heat transfer is also counted as exergy loss and is the major factor, that reduces the 

exergy efficiency at low speeds. It was also recorded, that the internal irreversibilities from the 

expansion process are influenced by the heat transfer based on the T-S diagram. This ultimately also 

causes the exergy destruction of the turbine. Due to the fact, that the adiabatic measurements were 

physically limited, higher speeds could not be recorded to compare with the non-adiabatic results. 

However, considering the lower exergy efficiency of the diabatic scenarios, it is generally favorable 

to minimize the heat transfer exergy losses to receive higher efficiencies, particularly at lower 
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speeds through waste heat recovery technologies. The conventional isentropic efficiency utilizes a 

hypothetical isentropic process to measure the effectiveness of the turbine. Instead by introducing 

the exergetic efficiency, the maximum obtainable work of the expansion is used to measure the 

effectiveness of the turbine. This offers a practical point of view to the turbine efficiency, that 

includes the interaction of heat transfer and internal irreversibility. Lower values of exergy 

efficiencies clearly show the need for further thermal optimization, especially for transient 

operations, where unexpected condition can occur, that are not always considered in the designed 

operating range. 
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