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Abstract 

This work aims to predict if the gas turbine SGT-800 (57 MW) can cope with a fuel change from 

methane to hydrogen. Therefore a physical simulation model of this gas turbine is created in 

Ebsilon Professional. This physical simulation model is reverse engineered from the correction 

curve model of the SGT-800 (57 MW) in Ebsilon Professional. Reverse engineering is 

subdivided into four major steps. The first one is the creation of the physical simulation model. 

In this step, the gas turbine SGT-800 (57 MW) gets modeled as closely as possible. Some of 

the parameters in this model are set by regressions. The second step is the so-called Reference 

Run. This step aims to generate data for fitting the regressions used in the physical simulation 

model. Since the regressions are not fitted at this stage, the physical simulation models take 

these values from the correction curve model. At this point, the physical simulation model 

cannot make stand-alone calculations. After the needed data is generated, the regressions 

used in the physical simulation model are fitted. With these fitted regressions, the model can 

make stand-alone predictions. The third step is the Validation Run. The Validation Run aims 

to see if the physical model can predict close enough results compared to the correction curve 

model. After this is true, it is assumed that the physical simulation model can properly model 

the behavior of the gas turbine SGT-800 (57 MW). In the last step of the so-called Hydrogen 

Run, the fuel changes from methane to hydrogen. The results of this Hydrogen Run show that 

the fuel system tends to use too much fuel. The reason for this is a change in the expansion 

behavior of the flue gas. This additional fuel consumption results in a higher turbine power 

generation of about 2 MW. It also causes a rise in the firing temperature. This rise in the firing 

temperature can cause damage to the turbine. This thesis concludes that the fuel control 

system has to be adapted if the fuel gets changed from methane to hydrogen. 
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1. Introduction 

Climate change is an issue that has become increasingly important. One of the main causes of 

global warming is the extensive emission of greenhouse gases. One of the most prominent 

greenhouse gases is CO2. To cope with this problem, the EU aims to reduce CO2 emissions by 

55 percent by 2030 and by another 45 percent by 2050  [1]. One part of the solution is to build 

more renewable power plants. In 2020, only 21.3 percent of the overall EU energy 

consumption came from renewable energies [2]. The objective is to achieve a share of more 

than 90 percent in 2050 [2]. This mandatory increase in renewable power plants, however, 

comes at a price as it creates challenges to stabilize the power grid. This is so because 

renewable power plants like wind and solar power plants depend on ambient conditions. Since 

the frequency of the power grid changes when power generation and consumption are not 

balanced, the imprecise predictability of renewable power generation can lead to instability. 

This problem will be increasingly dominant with the rising share of these plants in the future.  

Gas turbines could solve this problem because they are well suited for this task for several 

reasons. On the one hand gas turbines can generate large amounts of power, up to hundreds 

of megawatts [3, 4]. On the other hand they can greatly vary the power generated depending 

on the operating point of the turbine, which can be changed rapidly. For some gas turbines 

the ramp rate is in the tens of MW [5].  Therefore these power plants could help keep the 

power grid frequency at a reasonable level [6].  

So far, there is an important drawback, however. Gas turbines often use methane as fuel and 

therefore they emit CO2. This problem could be eliminated if hydrogen could be used instead. 

Other than methane, hydrogen does not create any CO2 when being combusted. Therefore a 

hydrogen-fueled gas turbine would operate without emitting any CO2.  

Another interesting aspect for using hydrogen with a gas turbine is that hydrogen is often 

considered a chemical storage compound in power-to-gas plants [7]. Such power-to-gas plants 

use excess electricity to generate hydrogen, which then can then be stored. If energy is needed 

gas turbines could use this hydrogen for power generation. Even if the gas turbine is not 

powered exclusively by hydrogen, it could be added to the natural gas and reduce the 

consumption of natural gas and therefore the emission of CO2. Step by step, the percentage 

of hydrogen mixed with the natural gas could be increased to reduce the need for natural gas 

over time.  

An alternative technology for using the generated hydrogen are fuel cells. Fuel cells are often 

considered for converting hydrogen into electric energy, but most fuel cells have a nominal 

power below 2.8 MW [8]. In comparison, a single gas turbine can generate hundreds of 

megawatts of power [3]. These technologies operate on a different power scale.  
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Due to the high pressure ratio, gas turbines can reach incredibly high efficiencies. If the 

turbines high temperature exhaust gases are used in a steam turbine, the whole cycle can 

reach an electric efficiency above 62 percent [9]. Another aspect that favors the idea of 

hydrogen-powered gas turbines is it that these plants already exist and no new construction 

work would be needed. There are currently around 1007 operational gas power plants in 

Europe [10]. The only cost incurred would be the result of the fuel switch from methane to 

hydrogen.  

All these advantages show that gas turbines could play an essential role in the energy 

transition. Since there are currently numerous operational gas turbines fueled by natural gas, 

it is essential to know if they could also be powered by hydrogen. If so, they could be a viable 

option for using the produced hydrogen. The objective of this thesis is to create a simulation 

model of the gas turbine SGT-800 (57 MW) that can predict the behavior of this gas turbine 

when fueled with hydrogen. This behavioral change is then analyzed to see whether this gas 

turbine could cope with the fuel change. 
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2. Task assignments 

This thesis aims to establish whether it is theoretically possible to power existing gas turbines 

with hydrogen. Currently, there are only correction curve models of gas turbines available, 

because the engine simulations are often proprietary [11]. These correction curve models only 

mimic the behavior of the gas turbines they are based on. They work by applying a set of 

different correction factors to reference values based on ambient conditions. [12] Therefore 

they cannot predict how a gas turbine's behavior would change if the fuel were changed from 

methane to hydrogen. One possible solution to this problem is a physical simulation of a gas 

turbine. This model can calculate the impact of fuel changes on the turbine. Therefore it does 

not rely on predefined correction curves.  

This thesis uses the SGT-800 (57 MW) gas turbine as example and creates a physical simulation 

model for predicting the turbine's behavioral change if the fuel switches from methane to 

hydrogen. This model will be reverse engineered from existing data. The simulation model is 

then used to analyze how the SGT-800 (57 MW) gas turbine would perform if it were fueled 

with hydrogen. In the following, a broad overview of the content of this thesis is given. 

This thesis will describe the process of creating a physical simulation model in seven Chapters. 

Chapter 3 gives a basic introduction to gas turbine components and the ideal gas turbine cycle. 

Chapter 4 describes the mathematical origin of important gas turbine performance indicators 

like the mach number, the normalized corrected speed, and the normalized corrected mass 

flow. It also shows common representations of these performance indicators like the 

compressor and turbine map. Chapter 5.1 explains the process of creating the gas turbine 

simulation model. The Chapters 5.2 to 5.2.9 give a more detailed look at the correction curve 

model and the implementation of the simulation model in Ebsilon Professional. It also explains 

that some parameters are going to be predicted by regressions. These regressions are going 

to be fitted in Chapter 5.4. In order to generate data for these regressions to fit, the correction 

curve model is used as a reference for the physical simulation model. Therefore the physical 

model uses the air mass flow, the fuel mass flow, the generated power and the flue gas 

exhaust temperature of the correction curve model to calculate multiple scenarios. This run is 

also referred as Reference Run. The following (2-1) diagram is a graphical representation of 

the Reference Run. The red arrows show the transmitted values from the correction curve 

model to the physical model. 
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2-1: Outline of the Reference Run 

This approach is necessary because the regressions use parameters that are not available in 

the correction curve model. After all, regressions are fitted, the Validation Run is explained 

and executed in Chapter 5.5. In this run, both models work independently and no values are 

transmitted from the correction curve model to the physical model. This is shown in the 

diagram of the Validation Run (2-2). The aim of this run is to see if all regressions works as 

expected and produce accurate results. This run is also calculated for multiple scenarios. 

 

2-2: Outline of the Validation Run 

The deviations in the results for these two models are also shown in Chapter 5.5. In the last 

step, the fuel is switched from methane to hydrogen in Chapter 5.6. This is done without 

making any other change in the model.  
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2-3: Outline of the Hydrogen Run 

This setup is calculated for the same scenarios as the Validation Run. In Chapter 6, the results 

of the Hydrogen Run in Chapter 5.6 gets analyzed and interpreted. This thesis ends with the 

conclusion in Chapter 7. 
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3. Theoretical introduction to gas turbines 

A gas turbine consists of four main components. These components are the compressor, the 

combustion chamber, the turbine, and the generator. The schematic structure of a gas turbine 

can be seen in the following figure.  

 

3-1: Outline structure of a gas turbine [13]  

The compressor functions as air intake and compresses the aspired air to the pressure level 

needed. Due to practical limitations, a compressor consists of multiple stages. Each stage has 

a rotor and a stator. [13] After the air exits the compressor at the required pressure level, it 

reaches the combustion chamber, where the fuel gets burned. The so-produced flue gas has 

a much higher temperature than the air at the inlet of the combustion chamber. At this point, 

the flue gas has reached its highest pressure and temperature level. After the flue gas leaves 

the combustion chamber, it flows to the inlet of the turbine. The flue gas expands to a lower 

pressure and temperature level at the turbine. The flue gas's outlet temperature and pressure 

are lower, resulting in a lower enthalpy. [14] 

The turbine itself can also consists of multiple stages due to practical limitations. Therefore, it 

can have multiple rows of rotors. Each of these rotor rows transfers a part of the enthalpy in 

the flue gas to the turbine shaft. [15] Some of this energy is used to power the compressor, 

which sits on the same shaft as the turbine, which is why the turbine needs to supply more 

power than the compressor consumes to work. Usually, the turbine produces significantly 

more power than the compressor's demand. With this excess power, it is possible to generate 

electric energy. [14] The ideal process behind the gas turbine is the so-called joule cycle. The 

joule cycle will be explained in detail in the next chapter. 
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3.1 Joule Cycle 

The performance of an ideal gas turbine is described by the joule cycle [16]. With this ideal 

process, it is possible to calculate the highest possible efficiency and specific power output for 

a gas turbine considering limitations like maximum temperature and pressure level [13]. The 

comparison with the joule cycle makes it possible to estimate the compressor's and turbine's 

efficiency. As shown in the following diagram this cycle consist of four steps [17]. 

 

3-2: T-S diagram of a Joule Cycle 

Each of these cycle steps also represents a task for a component in the turbine. [17] Therefore 

each of these steps is explained in further detail in the following.  In contrast to an actual gas 

turbine, the joule cycle assumes that the fluid's composition and mass flow stays the same 

[18].  

 

3.1.1 1-2 Isentropic compression 

In this step, the fluid gets isentropically compressed to the pressure level needed. Therefore, 

the entropy change is zero. In reality, there would be a slight increase in entropy. The power 

consumption of an ideal compression is calculated with the formula (3-1). In this formula, W12 

is the compressor's power consumption,  ṁ is the air mass flow in the compressor, cp is the 

specific heat capacity of air, T1 is the air's inlet temperature, and T2 is the exit temperature of 

the air. [19] 

 𝑊12
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇2 − 𝑇1) (3-1) 

Since the power delivered in the system is considered positive, the power required to 

compress this mass flow has to be positive. In the case of a gas turbine, this step represents 

the compressor's compression of the aspired air. 
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3.1.2 2-3 Isobaric heat supply 

As a result of the isobaric heat supply, the fluid reaches a higher temperature level. In the case 

of a gas turbine, the heat comes from the combustion of natural gas. In literature the firing 

temperature ranges from 1300 °C – 1600 °C [20, 21]. Even though the temperature rises, the 

pressure stays the same. Therefore, it has the same pressure level as the outlet of the 

compressor. The amount of heat supplied to the process can be calculated with the formula 

(3-2). In this formula, Q23 represents the supplied heat, T2 is the inlet temperature, and T3 is 

the exit temperature. [19] 

 𝑄23
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇3 − 𝑇2) (3-2) 

This formula is only valid for the ideal process because, in reality, the combustion of the fuel 

would change the composition of the gas and the mass flow. 

 

3.1.3 3-4 Isentropic expansion 

By the isentropic expansion, the fluid expands from a higher pressure and temperature level 

to a lower one. Therefore, the turbine's rotors use this gas expansion to create rotational 

energy. Many turbines have multiple rotors to convert the kinetic energy of the fluid into 

rotational energy. This rotational energy is then transferred to the turbine shaft.  

The so-generated power can be calculated with the formula (3-3). In this formula, W34 is the 

generated power, cp is the specific heat capacity of the gas, T3 is the inlet temperature in the 

turbine, and T4 is the exit temperature. [22] 

 𝑊34
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇4 − 𝑇3) (3-3) 

This formula is only valid for the ideal process. In reality, the mass flow and the composition 

of the gas through the turbine can change due to bleed flows.  

 

3.1.4 4-1 Isobaric dissipation 

The gas must be cooled to the starting temperature to close the cycle. Most gas turbine have 

an open joule cycle [23]. Therefore, this last step is not realized. The only reason for cooling 

down the flue gas is to use the waste heat, but the flue gas does not get compressed again. 

The dissipated heat can be calculated with the formula (3-4) [22].  

 𝑄41
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇1 − 𝑇4) (3-4) 
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All these processes combined represent the joule cycle. This joule cycle is beneficial in 

predicting the highest possible efficiency. This ideal cycle can be used as a reference for actual 

gas turbines.  

 

3.2 Cycle efficiency  

If all of these formulas are combined, it is possible to calculate the highest possible efficiency 

for this cycle. Since power leaving the system is stated with a negative sign, it is necessary to 

change the sign convention. The resulting formula calculates the generated power by 

subtracting the compressor's power consumption from the turbine's power generation. [19, 

22] 

 𝛥𝑊𝑖𝑠
̇ = (−𝑊34

̇ ) − 𝑊12
̇  (3-5) 

 𝛥𝑊𝑖𝑠
̇ = − (𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇4 − 𝑇3)) − 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇2 − 𝑇1) (3-6) 

 𝛥𝑊𝑖𝑠
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇3 − 𝑇4) − 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇2 − 𝑇1) (3-7) 

 𝛥𝑊𝑖𝑠
̇ = 𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇3 + 𝑇1 − 𝑇4 − 𝑇2) (3-8) 

This formula represents the generated power by the joule cycle. For the thermal efficiency 

calculation, the generated power is divided by the heat input into the system. [22] 

 𝜂𝑡ℎ =
𝛥𝑊𝑖𝑠

̇

𝑄12
̇

 (3-9) 

 𝜂𝑡ℎ =
𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇3 + 𝑇1 − 𝑇4 − 𝑇2)

𝑚̇ ⋅ 𝑐𝑝 ⋅ (𝑇3 − 𝑇2)
 (3-10) 

 𝜂𝑡ℎ =
(𝑇3 − 𝑇2) + (𝑇1 − 𝑇4)

(𝑇3 − 𝑇2)
 (3-11) 

 𝜂𝑡ℎ =
(𝑇3 − 𝑇2)

(𝑇3 − 𝑇2)
+

(𝑇1 − 𝑇4)

(𝑇3 − 𝑇2)
= 1 +

𝑇1 − 𝑇4

𝑇3 − 𝑇2
 (3-12) 

The joule cycle assumes an isobaric heat supply and heat dissipation. Therefore, there are only 

two different pressure levels p1 and p2. This makes it possible to simplify the equation for 

thermal efficiency even more. The reason for this is the formula for the isentropic compression 

(or expansion). [17, 19] In the following formula γ is the isentropic exponent. 
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𝑇2

𝑇1
= (

𝑝1

𝑝2
)

𝛾−1
𝛾

=
𝑇4

𝑇3
 (3-13) 

 𝑇4 = 𝑇3 ⋅
𝑇2

𝑇1
 (3-14) 

This relation can be used to simplify the equation for cycle efficiency. [17, 19] 

 𝜂𝑡ℎ = 1 +
𝑇1 − 𝑇4

𝑇3 − 𝑇2
= 1 +

𝑇1 − 𝑇3 ⋅
𝑇2

𝑇1

𝑇3 − 𝑇2
= 1 + (

𝑇1

𝑇2
) ⋅

𝑇3 − 𝑇2

𝑇3 − 𝑇2
 (3-15) 

 𝜂𝑡ℎ = 1 − (
𝑇1

𝑇2
) ⋅

𝑇3 − 𝑇2

𝑇3 − 𝑇2
 (3-16) 

 𝜂𝑡ℎ = 1 − (
𝑇1

𝑇2
) = 1 − (

𝑝2

𝑝1
)

(𝛾−1)
𝛾

 

 (3-17) 

 𝜂𝑡ℎ = 1 − (
𝑝2

𝑝1
)

(𝛾−1)
𝛾

 

 (3-18) 

This formula states that the cycle efficiency of the ideal joule process is only dependent on the 

pressure levels p1 and p2. In practical terms, this means that the difference between the upper 

and lower pressure limits defines the thermal efficiency of the cycle. Therefore the firing 

temperature has no impact on the thermal efficiency. [20] The firing temperature is essential 

for the thermal limitations of the turbine inlet. Therefore it limits the heat intake for a given 

pressure level. This limits the power the turbine can generate. [22] 
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4. Gas turbine parameters 

Since there are different types of gas turbines, like radial and axial gas turbines, it is necessary 

to find a way to describe the fundamental behavior of these turbines. One example of an axial 

gas turbine is the SGT-800 (57 MW). Even within the axial gas turbines, the models can vary 

by the number of compressor and turbine stages [24]. In addition, they also vary in the firing 

temperature and the power generation. With all these parameters in mind, it is clear that it is 

nearly impossible to find basic behavioral patterns within the gas turbines based on 

dimensional parameters. This is because there are hundreds of turbines with different 

dimensions. It is important to note that the used temperatures and pressures are the 

stagnation temperatures and stagnations pressures if not mentioned otherwise. 

Therefore non-dimensional parameters are used. These parameters aim to make operating 

points between different gas turbines comparable. They are used for plotting compressor and 

turbine maps. These diagrams illustrate the operating points of these components. For the 

determination of these non-dimensional parameters, dimensional analysis is used. [24] 

For a further understanding, the process of dimensional analysis is explained in the following 

Chapter 4.1. Chapter 4.2 uses dimensional analysis for deriving important gas turbine 

performance parameters. These parameters are applied in the compressor and turbine maps. 

These diagrams are shown in Chapter 4.3. 

 

4.1 Basics of dimensional analysis 

Dimensional analysis makes it possible to rewrite a function where all parameters are 

dimensionless. If there is a function f with n input parameter and k different units, it is possible 

to create a function g with n-k nondimensional input parameters. This is also called the 

Buckingham π-Theorem. [25, 26] 

 𝑓(𝑥1, 𝑥2, 𝑥3, . . , 𝑥𝑛) = 0  (4-1) 

This function f is formulated in a way where it is equal to zero. This is a valid assumption 

because every function can be rewritten in a way where its result is zero. This function has n 

parameters starting from x1  and ending with xn. All these parameters can have dimensions. In 

total, all these parameters have k different units. According to the Buckingham π-Theorem, it 

is possible to rewrite this function into a new one that only depends on dimensionless 

parameters. This new function is then called g. Since there are n parameters with k units, the 

new dimensionless function should have n-k parameters. [25] 
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 𝑔(𝜋1, 𝜋2, 𝜋3, . . , 𝜋𝑛−𝑘) = 0 (4-2) 

It is demonstrated with the formula for the potential energy to show how it works. In this 

formula Epot is the potential energy, ρ is the density, V is the volume, g is the gravitational 

acceleration and h is the height.  

 𝐸𝑝𝑜𝑡 = 𝜌 ⋅ 𝑉 ⋅ 𝑔 ⋅ ℎ (4-3) 

Since this formula is not equal to zero, it gets rewritten. After rewriting this formula, it is 

possible to see that there are five different parameters. 

 𝐸𝑝𝑜𝑡 − 𝜌 ⋅ 𝑉 ⋅ 𝑔 ⋅ ℎ = 0 (4-4) 

 𝑓(𝐸𝑝𝑜𝑡, 𝜌, 𝑉, 𝑔, ℎ) = 0 (4-5) 

This calculation aims to create a function with only dimensionless input parameters. 

Therefore, it is necessary to know the dimension of each parameter. For this example, the 

input parameters and their units are shown in the following table. 

Table 1: Used variables with their units 

𝜌 = [
𝑘𝑔

𝑚3
] 𝑉 = [𝑚3] 𝑔 = [

𝑚

𝑠2
] ℎ = [𝑚] 𝐸𝑝𝑜𝑡 = [

𝑘𝑔 ⋅ 𝑚2

𝑠2
] 

These five parameters have three different units (kg, m, s). This means it is possible to rewrite 

this function with two dimensionless input parameters (5-3=2). Therefore these two non-

dimensional parameters will be calculated. The potential energy, the density, and the volume 

are defined as repeater variables. The number of repeater variables is equal to the number of 

units [27]. This means that only the exponents for these three values get calculated and the 

exponent for the non-repeater variable is considered one. These exponents are calculated for 

every π-term. Each π-term consists of the repeater parameters and one other parameter.  

 𝛱1 = 𝐸𝑝𝑜𝑡
𝑒1 ⋅ 𝜌𝑒2 ⋅ 𝑉𝑒3 ⋅ 𝑔 (4-6) 

 𝛱1 = (𝑘𝑔 ⋅
𝑚2

𝑠2
)

𝑒1

 ⋅ (
𝑘𝑔

𝑚3
)

𝑒2

⋅ (𝑚3)𝑒3 ⋅ (
𝑚

𝑠2
) (4-7) 

Since the π-term is dimensionless, all the units have to erase themselves. Therefore, it is 

possible to formulate an equation for each unit. [25] In this equation, the exponent of a unit 

for a given input parameter is multiplied by the defined exponent e1, e2, or e3. This results in 
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three different equations for three variables. Therefore it is possible to calculate each of these 

three exponents. 

kg: 1 ⋅ 𝑒1 + 1 ⋅ 𝑒2 = 0 (4-8) 

 𝑒1 = −𝑒2  

   

s: −2 ⋅ 𝑒1 − 2 = 0 (4-9) 

 𝑒1 = −1  

   

m: 2 ⋅ 𝑒1 − 3 ⋅ 𝑒2 + 3 ⋅ 𝑒3 + 1 = 0 (4-10) 

 2 ⋅ (−1) − 3 ⋅ (1) + 3 ⋅ 𝑒3 + 1 = 0  

 −4 + 3 ⋅ 𝑒3 = 0  

 𝑒3 =
4

3
  

At this point, all given exponents are known. Therefore they can be inserted to calculate the 

first π-term. 

 𝛱1 = 𝐸𝑝𝑜𝑡
𝑒1 ⋅ 𝜌𝑒2 ⋅ 𝑉𝑒3 ⋅ 𝑔 (4-11) 

 𝛱1 =
𝜌 ⋅ 𝑉

4
3 ⋅ 𝑔

𝐸𝑝𝑜𝑡
  

The second π-term gets calculated the same way the first one did. The only difference is that 

height instead of gravity is used.  The repeater variables stay the same as in the first π-term. 

 𝛱2 = 𝐸𝑝𝑜𝑡
𝑒1 ⋅ 𝜌𝑒2 ⋅ 𝑉𝑒3 ⋅ ℎ (4-12) 

 𝛱2 = (𝑘𝑔 ⋅
𝑚2

𝑠2
)

𝑒1

 ⋅ (
𝑘𝑔

𝑚3
)

𝑒2

⋅ (𝑚3)𝑒3 ⋅ 𝑚  

 

kg: 1 ⋅ 𝑒1 + 1 ⋅  𝑒2 = 0 (4-13) 



Gas turbine parameters 

PAGE | 14 
 

 𝑒1 = −𝑒2  

 

s: −2 ⋅ 𝑒1 = 0 (4-14) 

 𝑒1 = 0  

 

m: 2 ⋅ 𝑒1 − 3 ⋅ 𝑒2 + 3 ⋅ 𝑒3 + 1 = 0 (4-15) 

 2 ⋅ (0) − 3 ⋅ (0) + 3 ⋅ 𝑒3 + 1 = 0  

 𝑒3 = −
1

3
  

 

 𝛱2 = 𝐸𝑝𝑜𝑡
𝑒1 ⋅ 𝜌𝑒2 ⋅ 𝑉𝑒3 ⋅ ℎ (4-16) 

 𝛱2 = 𝐸𝑝𝑜𝑡
0 ⋅ 𝜌0 ⋅ 𝑉−

1
3 ⋅ ℎ  

 𝛱2 =
ℎ

𝑉
1
3

 
  

With both dimensionless input parameters calculated, the function g can be formulated as 

follows. 

 𝑔(𝛱1, 𝛱2) = 0 (4-17) 

 𝑔 (
𝜌 ⋅ 𝑉

4
3 ⋅ 𝑔

𝐸𝑝𝑜𝑡
, 𝑉

1
3 ⋅ ℎ) = 0  

The reason why this method is important for the modeling of gas turbines is that some of the 

most critical performance indicators are derived from this method. The advantage of these 

non-dimensional indicators is that they are practical for comparing performance 

characteristics for different machines [24]. Indicators like the Mach number, the normalized 

corrected mass flow, and the normalized corrected speed are derived with this method.  
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4.2 Important performance parameters of a gas turbine 

This chapter explains some common non-dimensional performance parameters. These are the 

Mach number, the normalized corrected mass flow, and the normalized corrected speed . 

 

4.2.1 The Mach number 

One important non-dimensional parameter for describing the behavior of a gas turbine is the 

Mach number. The Mach number is defined as the ratio between the local flow speed u and 

the local speed of sound c [28].  

 𝑀𝑎 =
𝑢

𝑐
 (4-18) 

The Mach number is an important parameter because the mass flow through a given diameter 

reaches the maximum mass flow with Mach one. If the Mach number is below one, the 

decrease in the fluid density is less compared to the increase in fluid speed. Therefore, the 

mass flow rises with an increased fluid speed. If the Mach number exceeds Mach one this is 

not true anymore. In this case, the density of the fluid decreases faster compared to the rise 

of the flow speed. This results in a decreasing mass flow despite increasing flow speed. This 

phenomenon is also called flow choking. [28] The Mach number is a dimensionless variable 

with a physical interpretation. Therefore, there are two ways to derivate the Mach number. 

The first is to use the Buckingham π-theorem, and the second is to use the physical 

correlations. 

 

Derivation of the Mach number with the Buckingham π-theorem 

To use the Buckingham π-theorem for the derivation of the Mach number, it is necessary to 

define input parameters. The following derivation of the Mach number is inspired by the book 

“Fluid mechanics” by Çengel, Yunus A. and Cimbala, John M [27]. It is important to note that 

the following derivation of the Mach number uses similar parameters to the book but not the 

same ones. These input parameters are the speed of sound c, the mass flow ṁ, the specific 

volume v, and the flow area A.  

Table 2: Variables needed for deviating the Mach number 

𝑐 = [
𝑚

𝑠
] 𝑚̇ = [

𝑘𝑔

𝑠
] 𝑣 = [

𝑚3

𝑘𝑔
] 𝐴 = [𝑚2] 
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With these parameters in mind, a non-dimensional flow speed is derived. All these combined 

parameters have three different units. These units are kg, s, and m. With four input 

parameters and three separate units, there is only one π-term. This π-term will be calculated 

using the following equation. 

 𝑓(𝑐, 𝑣, 𝐴, 𝑚̇) = 0  (4-19) 

In this case, the mass flow, the diameter, and the characteristic density are used as repeater 

variables. 

 𝛱1 = 𝑚𝑒1̇ ⋅ 𝐴𝑒2 ⋅ 𝑣𝑒3 ⋅ 𝑐 (4-20) 

 𝛱1 = (
𝑘𝑔

𝑠
)

𝑒1

⋅ (𝑚2)𝑒2 ⋅ (
𝑚3

𝑘𝑔
)

𝑒3

⋅ (
𝑚

𝑠
)  

This π-term can be calculated using the three following equations. 

kg: 1 ⋅ 𝑒1 − 1 ⋅ 𝑒3 = 0 (4-21) 

 𝑒1 = 𝑒3  

 

m: 2 ⋅ 𝑒2 + 3 ⋅ 𝑒3 + 1 = 0 (4-22) 

 𝑒2 = −
3

2
⋅ 𝑒3 −

1

2
  

 

s: −1 ⋅ 𝑒1 − 1 = 0 (4-23) 

 𝑒1 = −1  

 

 𝑒3 = 𝑒1 = −1 (4-24) 

 𝑒2 = −
3

2
⋅ 𝑒3 −

1

2
= −

3

2
⋅ (−1) −

1

2
  

 𝑒2 = 1  
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 𝛱1 = 𝑚−1̇ ⋅ 𝐴1 ⋅ 𝑣−1 ⋅ 𝑐 (4-25) 

 𝛱1 =
𝐴 ⋅ 𝑐

𝑚̇ ⋅ 𝑣
   

As defined earlier, the Mach number is the local flow speed divided by the local speed of 

sound. 

 𝛱1 =
𝐴 ⋅ 𝑐

𝑚̇ ⋅ 𝑣
=

𝐴 ⋅ 𝑐

𝑉̇
=

𝑐

𝑢
=

1

𝑀𝑎
 (4-26) 

 𝑀𝑎 =
𝑢

𝑐
  

This is one way to derivate the Mach number. Since these non-dimensional parameters are 

often helpful for comparing different turbomachines, there is no need for a physical derivation 

of these parameters. In the case of the Mach number, one will also be shown nevertheless. 

 

Physical derivation of the Mach number 

For calculating the Mach number, the speed of sound is needed. The speed of sound is the 

speed at which an infinitesimally pressure waves can travel through a given medium [27].  It 

is dependent on multiple parameters and can change though out the turbomachine [29]. Since 

the speed of sound is not constant, the literature often mentions the local speed of sound. 

The local speed of sound is the speed of sound at a given point within the turbomachine. For 

calculating the Mach number, the measured flow speed and the local speed of sound at the 

measurement point have to be used. For the derivation of the Mach number, the first step is 

to calculate the maximal speed of a pressure wave in a fluid. This speed is equal to the speed 

of sound. For this deviation, the continuity equation is used. In this equation,  ṁ is the mass 

flow, ρ is the density, A is the flow area, and u is the flow speed if the fluid [30]. 

  𝑚̇ = 𝜌 ⋅ 𝑉̇ = 𝜌 ⋅ 𝐴 ⋅ 𝑢 (4-27) 

This formula shows that for a given diameter and a constant mass flow, a change in velocity 

also creates a change in density if the mass flow and the diameter are considered constant. 

 𝑚1̇ = 𝑚2̇  (4-28) 

 𝜌1 ⋅ 𝐴 ⋅ 𝑢1 = 𝜌2 ⋅ 𝐴 ⋅ 𝑢2  (4-29) 

 𝜌1 ⋅ 𝑢1 = 𝜌2 ⋅ 𝑢2 (4-30) 
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This formula will be used as starting point to determine how fast a pressure wave travels 

through the fluid.  

The derivation follows that of the book “Fundamentals of Compressible Fluid Mechanics” by 

Bar-Meir Genick [31]. In the following equation du represents the fluid's local flow speed. In 

the following formula, dρ is the change in density, and c is the speed of the pressure wave. 

The assumption is that the pressure wave travels against the flow direction. Therefore its sign 

is negative. 

 𝜌 ⋅ 𝑐 = (𝜌 + 𝑑𝜌) ⋅ (𝑐 − 𝑑𝑢) (4-31) 

 𝜌 ⋅ 𝑐 = 𝜌 ⋅ 𝑐 + 𝜌 ⋅ 𝑑𝑢 − 𝑐 ⋅ 𝑑𝜌 + 𝑑𝜌𝑑𝑢 (4-32) 

The term dρ multiplied by du will be neglected. Therefore, it is set equal to zero. Therefore, 

this formula can be simplified to the following equation. 

 𝑑𝜌𝑑𝑢 = 0 (4-33) 

 0 = 𝜌 ⋅ 𝑑𝑢 − 𝑐 ⋅ 𝑑𝜌 (4-34) 

This formula represents the final form of the continuity equation. 

 𝑐 ⋅ 𝑑𝜌 = 𝜌 ⋅ 𝑑𝑢 (4-35) 

For the next step, the Bernoulli equation is used. In this equation, c represents the local speed 

of sound, u represents the fluid's local flow speed, and the variable p represents the pressure. 

 
(𝑐 − 𝑑𝑢)2 − 𝑐2

2
+

𝑑𝑝

𝜌
= 0 (4-36) 

 
𝑐2 − 2 ⋅ 𝑐 ⋅ 𝑑𝑢 + (𝑑𝑢)2 − 𝑐2

2
+

𝑑𝑝

𝜌
= 0 (4-37) 

The term (du)2 is also considered neglectable and set equal to zero. This results in the following 

formula. 

 (𝑑𝑢)2 = 0 (4-38) 

 −𝑐 ⋅ 𝑑𝑢 +
𝑑𝑝

𝜌
= 0 (4-39) 
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The two following formulas represent the formulas of the continuity equation and the 

Bernoulli equation. Both of these formulas are rewritten in a way that the differential of the 

flow speed is on the left side of the equation. 

 𝑑𝑢 =
𝑐

𝜌
⋅ 𝑑𝜌 (4-40) 

 𝑑𝑢 =
1

𝜌 ⋅ 𝑐
⋅ 𝑑𝑝 (4-41) 

These two equations are set equal in the next step. 

 
𝑐

𝜌
⋅ 𝑑𝜌 =

1

𝜌 ⋅ 𝑐
⋅ 𝑑𝑝 (4-42) 

The formula is now able to calculate the local speed of sound. In literature, this equation is 

often represented by the second formulation.  

 𝑐2 ⋅ 𝑑𝜌 = 𝑑𝑝 (4-43) 

 𝑐 = √
𝑑𝑝

𝑑𝜌
 (4-44) 

The equation (4-44) and the simplified version of the Bernoulli equation are rewritten in the 

next step so that the pressure differential is on the left side of the equation. 

 𝑑𝑝 = 𝜌 ⋅ 𝑐 ⋅ 𝑑𝑢 (4-45) 

 𝑑𝑝 = 𝑐2 ⋅ 𝑑𝜌 (4-46) 

These two equations are set equal in the next step. 

 𝜌 ⋅ 𝑐 ⋅ 𝑑𝑢 = 𝑐2 ⋅ 𝑑𝜌 (4-47) 

 𝑐 = 𝜌 ⋅
𝑑𝑢

𝑑𝜌
 (4-48) 

This relation of the local speed of sound is used for replacing the speed of sound in the formula 

of the Mach number. 

 𝑀𝑎 =
𝑢

𝑐
 (4-49) 
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 𝑀𝑎 =
𝑢

𝑐
= 𝑢 ⋅

1

𝜌
⋅

𝑑𝜌

𝑑𝑢
 (4-50) 

 
𝑑𝑢

𝑢
⋅ 𝑀𝑎 =

𝑑𝜌

𝜌
 (4-51) 

This formula shows that if the Mach number is below one, the density change in the fluid is 

smaller than the change in the velocity. In this case, the mass flow of the fluid would rise. If 

the Mach number is equal to one, the velocity change would be similar to the density change 

of the fluid. If the Mach number exceeds one, then the density of the fluid drops faster than 

the velocity rises. This would result in a decrease in the mass flow [28]. This is why the mass 

flow can not be increased above Mach one. This phenomenon is also called flow choking. 

Therefore, flow choking is an essential aspect to be considered in the design process. A turbine 

often operates near Mach one. The Mach number can change if operating conditions change 

for a turbine or a compressor.  Since the Mach number has no dimension, it is possible to 

describe and compare the characteristics of different turbines and compressors. One 

important aspect is that above a Mach number of 0.3, a fluid must be calculated as 

compressible [15]. Therefore, it is mainly impossible to assume an incompressible fluid for the 

simulation of gas turbines. 

 

4.2.2 The normalized corrected mass flow 

The normalized corrected mass flow is like the Mach number, also a non-dimensional 

parameter. It is often used for describing the mass flow through a turbine or a compressor 

[28]. The reason why the mass flow is not used instead is to make it more comparable. If this 

parameter was dimensional, it would not be comparable to other turbomachines. In addition 

to the normalized corrected mass flow, the corrected mass flow is also often mentioned in 

literature. The difference between these two is that the normalized corrected mass flow 

NCFLW is a given corrected mass flow CFLWin divided by the reference one CFLWRef.  

 𝑁𝐶𝐹𝐿𝑊 =
𝐶𝐹𝐿𝑊𝑖𝑛

𝐶𝐹𝐿𝑊𝑅𝑒𝑓
 (4-52) 

The corrected mass flow is derived with the Buckingham π-theorem. In literature, the 

corrected mass flow gets derived with a handful of other non-dimensional performance 

indicators. Therefore, more parameters are used in the literature. The following paragraph 

shows only the variables necessary for this derivation. The needed variables are the density ρ, 

the local speed of sound c, the diameter D, and the mass flow m. The following derivation of 
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the corrected flow from equation (4-53) till equation (4-66) is inspired by the book 

“Fundamentals of Turbomachines” by Erik Dick [23]. 

Table 3: Variables used for deviating the normalized corrected flow 

𝜌 = [
𝑘𝑔

𝑚3
] 𝑐 = [

𝑚

𝑠
] 𝐷 = [𝑚] 𝑚̇ =

𝑘𝑔

𝑠
 

Since there are only four parameters with three different units, this results in only one non-

dimensional parameter. This parameter will be the corrected mass flow. 

 𝐹(𝜌, 𝑐, 𝐷, 𝑚̇) = 0 (4-53) 

 𝛱1 = 𝜌𝑒1 ⋅ 𝑐𝑒2 ⋅ 𝐷𝑒3 ⋅ 𝑚̇ (4-54) 

 𝛱1 = (
𝑘𝑔

𝑚3
)

𝑒1

⋅ (
𝑚

𝑠
)

𝑒2

⋅ 𝑚𝑒3 ⋅ (
𝑘𝑔

𝑠
) (4-55) 

   

kg: 0 = 𝑒1 + 1 (4-56) 

 𝑒1 = −1  

   

s: 0 = −𝑒2 − 1 (4-57) 

 𝑒2 = −1  

   

m: 0 = −3 ⋅ 𝑒1 + 𝑒2 + 𝑒3 (4-58) 

 0 = −3 ⋅ (−1) − 1 + 𝑒3  

 𝑒3 = −2  

   

 𝛱1 = 𝜌𝑒1 ⋅ 𝑐𝑒2 ⋅ 𝐷𝑒3 ⋅ 𝑚̇ = 𝜌−1 ⋅ 𝑐−1 ⋅ 𝐷2 ⋅ 𝑚̇ (4-59) 

 𝛱1 =
𝑚̇

𝜌 ⋅ 𝑐 ⋅ 𝐷2
 (4-60) 
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This non-dimensional parameter represents the non-dimensional mass flow. It looks different 

from the literature's formulations because it must be modified. Therefore, the ideal gas 

equation is used. 

 𝜌 =
𝑝

𝑅𝑠 ⋅ 𝑇
 (4-61) 

Now this formula is used to rewrite the density in the non-dimensional parameter. 

 𝐶𝐹𝐿𝑊 =
𝑚̇ ⋅ 𝑅𝑠 ⋅ 𝑇

𝑝 ⋅ 𝑐 ⋅ 𝐷2
 (4-62) 

In the next step, the formula for the local speed of sound is used.  

 𝑐 = √𝛾 ⋅ 𝑅𝑠 ⋅ 𝑇 (4-63) 

This relation is used to replace the local speed of sound in the formula for the corrected mass 

flow. 

 𝐶𝐹𝐿𝑊 =
𝑚̇ ⋅ 𝑅𝑠 ⋅ 𝑇

𝑝 ⋅ √𝛾 ⋅ 𝑅𝑠 ⋅ 𝑇 ⋅ 𝐷2
 (4-64) 

 𝐶𝐹𝐿𝑊 =
𝑚̇ ⋅ √𝑅𝑠 ⋅ 𝑇

𝑝 ⋅ √𝛾 ⋅ 𝐷2
 (4-65) 

 𝐶𝐹𝐿𝑊 =
𝑚̇ ⋅ √𝑇

𝑝
⋅

√𝑅𝑠

√𝛾 ⋅ 𝐷2
 (4-66) 

This non-dimensional parameter is split into two parts. The first part includes the mass flow, 

the temperature, and the pressure. This part of the formula changes for different operating 

conditions. For a given turbine and working fluid, it is usual to drop the gas constant, the 

isentropic exponent, and the diameter [28]. This reduces the formula of the corrected mass 

flow to the following expression. 

 
𝐶𝐹𝐿𝑊 =

𝑚̇ ⋅ √𝑇

𝑝
 (4-67) 

It is important to note that the reduced formula for the corrected mass flow is not 

dimensionless anymore. In addition to this, the corrected mass flow is not normalized. 

Therefore, it is common in the literature to normalize this corrected mass flow. For 

normalization, a reference point is needed. This is often the point with the highest corrected 

mass flow, but this is not mandatory. If another reference point is used, the normalized 
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corrected mass flow may exceed the value of one. The following expression represents the 

reference corrected mass flow. 

 𝐶𝐹𝐿𝑊𝑟𝑒𝑓 =
𝑚𝑟𝑒𝑓̇ ⋅ √𝑇𝑟𝑒𝑓

𝑝𝑟𝑒𝑓
 (4-68) 

Every operating point of the turbine with a corrected mass flow gets now divided by this 

reference point. [28] 

 𝐶𝐹𝐿𝑊𝑖𝑛 =
𝑚𝑖𝑛̇ ⋅ √𝑇𝑖𝑛

𝑝𝑖𝑛
 (4-69) 

 𝑁𝐶𝐹𝐿𝑊 =
𝑚𝑖𝑛̇

𝑚𝑟𝑒𝑓̇
⋅

𝑝𝑟𝑒𝑓

𝑝𝑖𝑛
⋅ √

𝑇𝑖𝑛

𝑇𝑟𝑒𝑓
 (4-70) 

After this normalization, the normalized corrected mass flow is now non-dimensional again. 

Using a reference point also indicates why dropping the three parameters from before is 

possible. This is because the turbine diameter stays the same at every operating point. 

Therefore, this variable would always be one after the normalization. The same is also true for 

the gas constant. The isentropic exponent is considered constant, because the gas is 

considered perfect [28]. With the assumption that the turbine operates only in a temperature 

range where the isentropic exponent does not change very much, it can be neglected. 

Even though the formula above represents the normalized corrected mass flow, it looks 

slightly different in the literature. The reason for this is that the pressure ratio and the 

temperature ratio are often represented as follows. 

 𝜃 =
𝑇𝑖𝑛

𝑇𝑟𝑒𝑓
 (4-71) 

 𝛿 =
𝑝𝑖𝑛

𝑝𝑟𝑒𝑓
 (4-72) 

 𝑁𝐶𝐹𝐿𝑊 =
𝑚𝑖𝑛̇

𝑚𝑟𝑒𝑓̇
⋅

√𝜃

𝛿
 (4-73) 

If the normalized corrected mass flow is assumed as one, it is possible to calculate the 

reference mass flow. [24] 

 𝑁𝐶𝐹𝐿𝑊 = 1 =
𝑚𝑖𝑛̇

𝑚𝑟𝑒𝑓̇
⋅

√𝜃

𝛿
 (4-74) 
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 𝑚𝑟𝑒𝑓̇ = 𝑚𝑖𝑛̇ ⋅
√𝜃

𝛿
 (4-75) 

This so calculated mass flow represents an equivalent mass flow for reference conditions. [24] 

 

4.2.3 The normalized corrected speed 

The normalized corrected speed is based on the corrected speed. This corrected speed can be 

derived from the Buckingham π-theorem. To achieve this, only four parameters are needed. 

These four parameters are the density ρ, the local speed of sound c, the diameter D, and the 

rotational speed Ω. The following derivation of the corrected flow from equation (4-76) till 

equation (4-84) is inspired by the book “Fundamentals of Turbomachines” by Erik Dick [23]. 

Table 4: The used variables with their units 

𝜌 = [
𝑘𝑔

𝑚3
] 𝑐 = [

𝑚

𝑠
] 𝐷 = [𝑚] Ω = [

1

𝑠
] 

In this case, these four parameters are also set up like in the derivation before. 

 𝐹(𝜌, 𝑐, 𝐷, 𝛺) = 0 (4-76) 

 𝛱1 = 𝜌𝑒1 ⋅ 𝑐𝑒2 ⋅ 𝐷𝑒3 ⋅ 𝛺 (4-77) 

 𝛱1 = (
𝑘𝑔

𝑚3
)

𝑒1

⋅ (
𝑚

𝑠
)

𝑒2

⋅ 𝑚𝑒3 ⋅ (
1

𝑠
)  

   

kg: 0 = 𝑒1 (4-78) 

   

s: 0 = −𝑒2 − 1 (4-79) 

 𝑒2 = −1 (4-80) 

   

m: 0 = −3 ⋅ 𝑒1 + 𝑒2 + 𝑒3 (4-81) 

 0 = −3 ⋅ (0) − 1 + 𝑒3  
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 𝑒3 = 1  

   

 𝛱1 = 𝜌01
𝑒1 ⋅ 𝑎01

𝑒2 ⋅ 𝐷𝑒3 ⋅ 𝛺 = 𝜌01
0 ⋅ 𝑎01

−1 ⋅ 𝐷1 ⋅ 𝛺 (4-82) 

 𝛱1 =
𝛺 ⋅ 𝐷

𝑐
  

This term π1 represents the corrected speed. At this point, it looks a bit different from the 

literature. This is because the turbine's diameter and the sound's local speed are present in 

this formula. As shown earlier, the local speed of sound has the following formula. 

 𝑐 = √𝛾 ⋅ 𝑅𝑠 ⋅ 𝑇 (4-83) 

Therefore, this formula can replace the local speed of sound. This creates the following 

expression. 

 𝐶𝑆 =
𝛺 ⋅ 𝐷

√𝛾 ⋅ 𝑅𝑠 ⋅ 𝑇
 (4-84) 

 𝐶𝑆 =
𝛺

√𝑇
⋅

𝐷

√𝛾 ⋅ 𝑅𝑠

  

This formula for the corrected speed is split into two parts. The first part of this formula 

changes with the operating point, and the second part nearly stays constant. In the literature, 

dropping the diameter, the isentropic exponent, and the gas constant is typical [28]. This 

results in the following expression. 

 𝐶𝑆 =
𝛺

√𝑇
 (4-85) 

Since the three parameters got dropped, this expression is not dimensionless anymore. To 

make this parameter non-dimensional again, it is divided by a reference point. [24] 

 𝐶𝑆𝑟𝑒𝑓 =
𝛺𝑟𝑒𝑓

√𝑇𝑟𝑒𝑓

 (4-86) 

 𝐶𝑆𝑖𝑛 =
𝛺𝑖𝑛

√𝑇𝑖𝑛

 (4-87) 
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 𝑁𝐶𝑆 =
𝐶𝑆𝑖𝑛

𝐶𝑆𝑟𝑒𝑓
=

𝛺𝑖𝑛

 𝛺𝑟𝑒𝑓
⋅ √

𝑇𝑟𝑒𝑓

𝑇𝑖𝑛
 (4-88) 

The normalized corrected speed can exceed values above one if the corrected speed used as 

reference is not the highest for a given operating point set. Since a reference point normalized 

the normalized corrected speed, the gas constant and the diameter of the turbine would have 

been canceled out. Therefore, it is easy to see why it is possible to drop these two constants. 

This is only a valid approximation for the isentropic exponent if the temperature varies not 

much for different operating points.  

If the normalized corrected speed is assumed to be one, it is possible to calculate a turbine’s 

or compressor's reference rotational speed for a given operating point. This makes it possible 

to compare the rotational speed of a given operating point with the rotational speed by 

reference conditions. [24] 

 𝑁𝐶𝑆 = 1 =
𝛺𝑖𝑛

𝛺𝑟𝑒𝑓
⋅ √

𝑇𝑟𝑒𝑓

𝑇𝑖𝑛
 (4-89) 

 
𝛺𝑟𝑒𝑓 =

𝛺𝑖𝑛

√
𝑇𝑖𝑛

𝑇𝑟𝑒𝑓

 
(4-90) 

This formulation of the normalized corrected speed is commonly used in literature. The result 

of this expression is the rotational speed the turbine would have by reference conditions. 
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4.3 Performance maps 

Gas turbine performance maps are used for describing the behavior of the compressor or 

turbine for different operating points. These maps only use non-dimensional parameters. 

Even though the maps change for different compressors or turbines, the basic characteristics 

stay similar. 

 

4.3.1 Compressor map 

The normalized corrected mass flow and the normalized corrected speed are used to create 

the compressor map. This map also uses the pressure ratio of the compressor. The compressor 

map is a ways to characterize the behavior of a compressor. The compressor map plots the 

normalized corrected mass flow against the pressure ratio. In this map, there is also the 

normalized corrected speed and the isentropic efficiency represented. [28] 

 

4-1: Example of a compressor map inspired by [28] 

A compressor map can be created through extensive testing and measuring or computer 

simulation [32]. This map makes it possible to predict the behavior of a compressor for 

different conditions. One critical line in this map is the surge line. If the pressure level rises for 

a given normalized corrected mass flow above a defined limit, the compressor will surge. This 

happens when the speed of the fluid exceeds Mach one. After this point, the density of the 

fluid starts dropping, and the mass flow cannot be increased. If a work line for a compressor 
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is known, it is possible to predict the isentropic efficiency and the corrected speed. It is 

possible to check if the compressor will not exceed a specific pressure limit and stall. [28] Since 

the compressor map is created with non-dimensional indicators, the compressor maps of 

different compressors look similar, which makes them easy to read and use. 

 

4.3.2 Turbine map 

The characteristic operation behavior of the turbine gets plotted into a so-called turbine map. 

Since all these parameters are normalized and non-dimensional it is possible to compare this 

turbine map with others. This turbine maps are often based on experimental data [33].  

  

4-2: Example of a turbine map inspired by [28] 

These plots both have the pressure ratio on the x-axis. In the first plot the isentropic efficiency 

is represeted on the y-axis. In the second plot the y-axis show the normalized corrected mass 

flow. These four parameters are important for characterizing the behavior of a turbine. [28] 
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5. Creating a simulation model 

This chapter starts by explaining the principles of the correction curve model. After this, the 

physical simulation model will be described. This begins with the basic idea of the simulation 

model (Chapter 5.2) and ends by implementing the gas turbine model in Ebsilon Professional 

(Chapter 5.2.1 - 5.2.9). The used regressions in the physical simulation model will then be 

fitted by the Reference Run (Chapter 5.4). The Validation Run will then validate this fitted 

model (Chapter 5.5). The last step is to change the fuel from methane to hydrogen in the 

Hydrogen Run (Chapter 5.6).  

 

5.1 The Correction Curve Model 

To understand why the correction curve model can not be used for predicting a hydrogen-

powered gas turbine, it is essential to know how a correction curve model works. First, the 

correction curve model does not represent a physical simulation [34]. Instead, it uses multiple 

functions to predict specific parameters like the air mass flow, fuel mass flow, temperature of 

the flue gas, and the power generated. These functions are all based on ambient temperature, 

pressure, and humidity. A function applies a correction factor to the prediction for each 

parameter change. Therefore, the prediction of this correction curve model is not the result 

of a physical simulation. Instead, it results from multiple functions applying multiple correction 

factors to a default prediction.  

The function for applying a specific correction factor can even change depending on the 

surroundings. Parameters like ambient humidity use a different function for calculating a 

correction factor based on the ambient temperature. The advantage of this approach is that 

the correction curve model can deliver the same results as an actual gas turbine without 

complex modeling [34]. The only thing needed is multiple operating points for the gas turbine 

to calculate these correction functions based on the ambient conditions. Since these functions 

only use the ambient conditions as parameters for their predictions, they are only valid for the 

intended fuel. In the example of the SGT-800 (57 MW), these functions are only valid for 

natural gas. As a result, they would not take the fuel change into account. Therefore, the 

correction curve model of the SGT-800 (57 MW) gas turbine cannot predict the behavior 

caused by a fuel change to hydrogen. 
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5.2 Reverse engineering the physical model 

This thesis aims to create a physical model of the SGT-800 (57 MW) gas turbine. This model is 

then used for predicting the turbines behavior when it is powered with hydrogen. Therefore, 

the first step is to create a physical model of the SGT-800 (57 MW) gas turbine. This model is 

divided into four main parts. 

 

1. Compressor 

2. Combustion system 

3. Turbine 

4. Generator 

 

Each of these components is modeled in Ebsilon Professional. The combination of these 

components represents the gas turbine model. These components will use regressions to 

predict specific parameters like the air mass flow or the exhaust temperature. Without these 

regressions, the physical model will not be able to work independently. Since regressions need 

data to fit, the physical model must take these values from the correction curve model. This 

is done for multiple scenarios. This run aims to generate data unavailable in the correction 

curve model for fitting the regressions. This run is referred to as the Reference Run.  

The physical model can work independently with this data and the so-fitted regression. At this 

point, the model must be validated. Therefore, multiple scenarios are calculated for the 

physical model and the correction curve model. This is also referred to as the Validation Run. 

At this point, there is no data transfer between these two models. It is considered reliable if 

the physical model creates a close enough result compared to the correction curve model.  

This validated physical model is then used for predicting the gas turbine's behavior if the fuel 

changes from methane to hydrogen. The same scenarios are calculated in this so-called 

Hydrogen Run as in the Validation Run. The only difference between these two datasets is the 

fuel used by the gas turbine. Therefore, this dataset will then be interpreted for similarities 

and differences. 
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5.2.1 Modeling concept of the compressor 

The purpose of the compressor is to raise the pressure level of the air mass flow at its inlet 

[13]. This compressed air flows then to the combustion chamber. The physical model of the 

compressor should be able to calculate the air mass flow, and the power needed to reach a 

given pressure level. The schematic of this component can be seen in the following diagram. 

 

5-1: Schematic function of the compressor model 

 

The compressor will not be modeled with multiple bleed flows. Therefore, the mass flow can 

be described using equation (5-1). In the formula mIn is the air mass flow in the compressor, 

mOut is the air mass flow out of the compressor and mB are the summed up bleed flows to the 

turbine. 

 𝑚̇𝐼𝑛 = 𝑚̇𝑂𝑢𝑡 + 𝑚̇𝐵 (5-1) 

The compressor and the turbine sit on the same shaft. Therefore, they have the same 

rotational speed. This rotational speed is constant with 6608 1/min [35]. The compressor only 

uses ambient conditions to predict the air mass flow at its inlet. It is important to note that 

this compressor has multiple bleed flows with different pressure levels. Therefore, the power 

consumption calculated by the compressor model must take all these flows and their pressure 

level into account. This power PComb is then subtracted from the power generated by the 

turbine PTurb. The resulting power PGen can be used for power generation [24]. 

 𝑃𝐺𝑒𝑛 = 𝑃𝑇𝑢𝑟𝑏 − 𝑃𝐶𝑜𝑚𝑏 (5-2) 

It is important to note that the compressor model will not be able to predict an exit pressure 

level. Therefore, it has to be defined externally. 
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5.2.2 Modeling the compressor in Ebsilon Professional 

The compressor of the gas turbine SGT-800 (57 MW) consists of 15 stages [36]. Each of these 

15 stages is modeled as a compressor itself. Therefore, each stage uses the compressor 

component (Comp 24) in Ebsilon Professional. The mechanical energy used by each stage is 

considered constant [24]. In the modeling of the compressor, there are multiple controllers 

(Comp 12) used. Since the pressure level of the compressor exit is set externally, one central 

controller raises the power consumption for each stage until the compressor meets the 

requested pressure level. In addition to this, there is a controller for each stage. This stage 

controller aims to raise the power consumption for its stage to meet the defined power 

consumption set by the central controller. The reason for these stage controllers is to ensure 

that each stage uses the same amount of power. It is also important to note that the pressure 

rise in each stage is therefore not constant. A section of the implemented compressor is shown 

in the following figure. 

 

5-2: Part of the modeled compressor 

Another important aspect of this compressor model is that the pressure ratio is not constant 

for different environmental conditions. Therefore, the pressure ratio changes with the 

surrounding pressure, temperature, and humidity.  

One design aspect of the compressor is that the isentropic efficiency is fixed to 85 percent.  

Central controller 

Compressor stage 1 
Compressor stage 2 
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This design decision is based on the communication with two Experts from ENEXSA GmbH. 

They used the following example figure (5-3) for illustration. 

 

5-3: Compressor Efficiency for Base Load Operation 

“Typical compressor efficiencies as a function of ambient temperature taken from an online 

performance monitoring system (Pechtl, Pölzl, ENEXA GmbH, Private Communication 

Undisclosed client).  Full load efficiencies vary in a relativly narrow band.“ 

Based on this communication, the isentropic efficiency of the compressor is set constant.  

The main compressor is modeled with multiple stages, each of which has optional bleed flows. 

This makes the calculation of the isentropic efficiency more complex. In this case, the 

isentropic efficiency is calculated based on each inlet and outlet flow of the compressor. The 

compressor has only one inlet stream. Therefore, its enthalpy and entropy can be considered 

the starting point of the compression. For each outgoing stream, the pressure is measured. 

With the pressure and the entropy of the inlet stream, it is possible to calculate the isentropic 

enthalpy of the outlet stream for the measured pressure. The difference between the 

isentropic outlet enthalpy and the enthalpy of the inlet stream multiplied by the mass flow of 

the outlet stream is the minimum power needed for the compression. This calculation is done 

for each of the outlet streams and added up. The result is the isentropic power needed for the 

compression to the multiple pressure levels of the outlet streams. The formula (5-3) calculates 

this isentropic power.  In this formula, Wis is the isentropic power. H2 is the specific enthalpy 

of the gas at the compressor outlet. H1 represents the enthalpy of the fluid at the inlet of the 

compressor. The variable m2 is the mass flow at the compressor exit. The specific enthalpy HBi 

and the mass flow mBi represent the multiple bleed flows. 
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 𝑊𝑖𝑠
̇ = (𝐻2 − 𝐻1) ⋅ 𝑚2̇ + ∑(𝐻𝐵𝑖 − 𝐻1) ⋅ 𝑚𝐵𝑖̇

𝑛

𝑖=1

  (5-3) 

This isentropic power can then be divided by the consumed power of the compressor Wreal. 

The result is the formula for the isentropic efficiency of the compressor [37]. 

 𝜂𝑖𝑠 =
𝑊𝑖𝑠

̇

𝑊𝑟𝑒𝑎𝑙
̇

 (5-4) 

In the model, the isentropic efficiency is constantly calculated. This is because one controller 

changes the efficiency of all stages to meet the defined compressor efficiency of 85%. At this 

point, the compressor model can hold a constant isentropic efficiency of 85% for different 

ambient conditions and multiple bleed flows. The model can also calculate the power 

consumption for a given pressure level. At this stage, the physical model of the compressor 

can simulate the compression for a given inlet stream and multiple bleed flows.  

As explained before, the compressor model should also be able to predict the air mass flow at 

its inlet. Therefore this model needs predefined ambient conditions. The air mass flow 

changes for different ambient conditions therefore, a multivariant polynomial regression is 

used. This regression aims to predict the air mass flow in the compressor based on the 

surrounding conditions. The exact creation of this regression is explained later. 

 

5.2.3 Modeling concept of the combustion system 

The combustion system is one of the critical aspects of the physical model. It inherits the fuel 

control system. The combustion system aims to define the fuel mass flow. The schematic of 

the combustion system is shown in the following figure. 

 

5-4: Schematic function of the combustion system 

Since the mass flow of compressed air  mȦ  is defined by the compressor and the fuel mass 

flow  mḞ  is defined by the combustion system, it is possible to calculate the mass flow of the 

flue gas  mFĠ  with the following formula. 
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 𝑚̇𝐹𝐺 = 𝑚̇𝐴 + 𝑚̇𝐹  (5-5) 

The combustion system also calculates the flue gas's composition and firing temperature. As 

indicated in the joule cycle, the combustion is performed isobaric. This is the reason why the 

exit pressure level of the compressor is equal to the inlet pressure level of the turbine. 

 

5.2.4 Modeling the combustion system in Ebsilon Professional 

In Ebsilon Professional, the modeled combustion system mainly consists of the combustion 

chamber component (Comp 22). This component takes the compressed air mass flow, and the 

fuel mass flow as inputs and calculates the resulting flue gas flow. This component's 

calculation results include fuel gas composition and firing temperature. It is implemented in 

Ebsilon Professional as follows. 

 

5-5: Combustion system in Ebsilon Professional 

The fuel pressure is  32 bar, and the temperature is 15 °C [12]. These values are based on the  

correction curve model and are constant for all calculations. To predict the fuel mass flow a 

multivariant polynomial regression will be used. This regression will predict the turbine 

exhaust temperature. The controller will then regulate the fuel to meet this temperature.  

 

5.2.5 Modeling concept of the turbine 

The primary purpose of a turbine is to expand the high temperature and pressure flue gas for 

power generation. Therefore the turbine model must be able to calculate the power 

generated by the expansion of the flue gas. In addition, it also has to calculate the inlet 

pressure level and the exhaust temperature of the flue gas. As mentioned before, the inlet 

pressure level of the turbine is equal to the exit pressure level of the compressor. Therefore 

this turbine model is responsible for calculating the exit pressure level of the compressor too. 

Air Mass Flow Flue Gas Mass Flow 

Fuel Mass Flow 
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The turbine must also take bleed flows from the compressor into account. The schematic of 

the turbine model looks like this. 

 

5-6: Schematic function of a turbine 

The high-pressure flue gas mFĠ  flows directly from the combustion chamber in the turbine. In 

addition, there are also multiple bleed flows with different pressure levels coming from the 

compressor. The sum of these bleed flows is named  mḂ . Since only one mass flow mOuṫ  leaves 

the turbine, the exhaust mass flow can be calculated with the following equation. 

 𝑚̇𝑂𝑢𝑡 = 𝑚̇𝐹𝐺 + 𝑚̇𝐵 (5-6) 

Since the compressor and the turbine sit on the same shaft, their rotational speed is equal. 

The rotational speed of the shaft is set to 6608 1/min [35]. Therefore, a change in power 

generation only results in a change in torque, not a change in rotational speed. 

 

5.2.6 Modeling of the turbine in Ebsilon Professional 

The turbine of the SGT-800 (57 MW) consists of three stages [36]. Each of these three stages 

is modeled separately. As explained, the turbine model sets the pressure level for its inlet flow. 

Therefore it defines the target pressure level for the compressor. The following figure shows 

the implementation of the turbine model in Ebsilon Professional. 
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5-7: Implementation of the turbine 

The central controller aims to raise the turbine's generated power to meet the target pressure 

level defined by the TMAP block. The TMAP block uses the ellipse law for calculating the 

normalized corrected mass flow. The pressure is then regulated so that the normalized 

corrected mass flow is one. [38] This model assumes that each turbine stage produces the 

same amount of power. Therefore the controller will raise or decline the generated power for 

each turbine stage based on the target pressure level. The higher the target pressure, the 

higher the generated power by each turbine stage. 

The turbine stage model differentiates between the stator and the rotor. The nozzle is 

modeled as pressure drop (Comp 13) and the rotor is modeled with the turbine component 

(Comp 6) in Ebsilon Professional. Each nozzle has two tap streams. One is in front of the nozzle, 

and one is behind. These tap streams are cooling streams for the stator blades. The modeling 

of a turbine stage is shown in the following figure. 

 

5-8: Implementation of a turbine stage 

Nozzle 

Rotor 
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The turbine itself calculates the inlet pressure for the first turbine stage. Therefore the inlet 

and exit pressure of the turbine is known. This model assumes that each turbine stage 

generates the same amount of power [39]. To achieve this, a controller for each turbine stage 

regulates the outlet pressure of its stage. As a result, the inlet and outlet pressure levels for 

each turbine stage are defined. Just because the power generation is the same for each 

turbine stage, this does not mean this is also true for the pressure drop.  

In addition, the isentropic efficiency for each turbine stage and, therefore the whole turbine 

must be considered. This isentropic efficiency does vary for different operating points. For the 

calculation of the isentropic efficiency, it is necessary to calculate the isentropic power 

generated by the turbine. Since the turbine has multiple stages and bleed flows, this is not as 

simple as assuming an isentropic expansion for the entire pressure drop. This is because the 

bleed flow gets mixed up with the flue gas. The entropy and the temperature of the bleed 

flows are lower compared to the flue gas.  

It results in an overall decrease in entropy and temperature for the mixed gas compared to 

the flue gas [40]. This can be seen in the following diagram. 

 

 

5-9: Ideal expansion compared to real expansion 

Therefore the bleed flows have to be considered. To solve this problem, the isentropic power 

is calculated for each turbine stage. These isentropic stage powers are then added up. The 

result is the isentropic power generated by the whole turbine. With this approach, it would 

be possible for a perfect turbine to reach the calculated isentropic power. 

For the Validation and Hydrogen Run, the exhaust temperature of the flue gas and the 

isentropic efficiency of the turbine are predicted by regressions. This is not possible for the 

Reference Run. A values transmitter (Comp 36) is used to cope with this problem. This value 

transmitter aims to define the exhaust temperature of the flue gas. The higher this 
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temperature, the lower the efficiency of the turbine. The value transmitter uses the correction 

curve model as a reference. Therefore it measures the flue gas exhaust temperature of the 

correction curve model and transmits this value to the physical model. This value transmitter 

is only active for the Reference Run. 

The controller, which sets the turbine's predicted exhaust temperature, works against the 

turbine's pressure controller, which changes the generated power for each stage to fit the 

pressure level. The reason for this is that a lower isentropic efficiency of the turbine results in 

a lower power generation by the turbine. Therefore, Ebsilon Professional has to find an 

operation point for the turbine where both parameters are satisfied.  

 

5.2.7 Modeling concept of the mechanical losses 

This component aims to model mechanical losses. These losses represent, for example, 

friction losses that occur during power generation. The schematic of this component looks like 

the following. 

 

5-10: Schematic function of the loss block 

This component gets the shaft power PShaft behind the compressor as input. This power is the 

turbine's generated power PTurb minus the power consumption of the compressor PComp. 

 𝑃𝑆ℎ𝑎𝑓𝑡 = 𝑃𝑇𝑢𝑟𝑏 − 𝑃𝐶𝑜𝑚𝑝 (5-7) 

Therefore this component has to predict the power losses PLosses for calculating the remaining 

power PGen that reaches the generator. This power can be calculated as follows. 

 𝑃𝐺𝑒𝑛 = 𝑃𝑆ℎ𝑎𝑓𝑡 − 𝑃𝐿𝑜𝑠𝑠𝑒𝑠 (5-8) 

Since these losses should not be too high, the result of this component should not have a  high 

impact. 

 

5.2.8 Modeling of the mechanical losses in Ebsilon Professional 

This component aims to predict a variety of mechanical losses. For the Reference Run, the loss 

is calculated by subtracting the shaft power of the generator from the shaft power coming 
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from the compressor. For the other runs, these losses are predicted by a regression. These 

predicted losses are subtracted from the shaft power after the compressor. For this operation, 

the calculator component (Comp 77) is used. This calculator component has logical lines as 

input. With the first line, it gabs the value of the shaft power after the compressor, and with 

the second line, it gabs the predicted loss. The so-calculated shaft power for the generator is 

then adjusted by a controller component (Comp 12). The following illustration shows the 

implemented loss model. 

 

5-11: Implementation of the loss map in Ebsilon Professional 

The regression which predicts the loss is represented by the LOSS_MAP block. The exact 

creation of the regression will be explained later. 

 

5.2.9 The complete gas turbine model in Ebsilon Professional 

In the preview subsections, each component of the gas turbine model was explained in detail. 

These four components are combined into the complete gas turbine model. The combined 

model looks like this. 

 

5-12: All blocks combined to turbine model 
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Since each of these major components uses a regression to model the component's behavior, 

it is necessary to make a Reference Run. As explained earlier, this Reference Run aims to 

generate data for fitting these regressions. The way this Reference Run is going to be 

calculated is to use the correction curve model as a reference. Therefore all major flow 

characteristics in and out of the gas turbine model are transferred from the correction curve 

model. For the compressor, the air mass flow is transmitted. This is also true for the fuel mass 

flow in the combustion chamber. In addition, the turbine's generated electricity and the 

exhaust flue gas temperature are also transmitted. With these values defined, it is possible to 

calculate the gas turbine model. Therefore it is possible to generate operational data on the 

gas turbine. This data is needed to fit the multiple regressions used in the stand-alone version 

of the gas turbine model.  

 

5.3 Design and Off-design calculation 

In Ebsilon Professional there are two calculation modes. These modes are the design and the 

off-design calculation mode. [12] The design mode aims to calculate the dimensions of the 

components needed to meet the demanded requirements. The design calculation for a 

component is executed for one specific scenario. Therefore, this design calculation often takes 

place under reference conditions. [41] The ISO reference temperature is 288.15 K, the 

pressure is 1.013 bar, and the humidity is 0.6 [42, 43]. Therefore the whole turbine design is 

calculated to satisfy the given requirement and these conditions. One example of a design 

calculation in this model is the mass flow in the compressor. This mass flow is set in the design 

calculation. It is used as a reference in the off-design calculations for predicting the 

compressor's performance. 

The off-design calculation does not change any design parameter of the model. The calculation 

is used to calculate the behavior of the design model under different conditions without 

making any design changes [41]. For the turbine model, this means that it is possible to 

calculate the turbine's behavior based on different ambient conditions. This calculation is used 

for the Reference, Validation and Hydrogen Run. Therefore the turbine model gets solved 

thousands of times for different scenarios. Each scenario has three input parameters. These 

parameters are the surrounding temperature, pressure, and humidity. Since the off-design 

calculation aims to map the behavior of the turbine, it is necessary to calculate as many 

different variations of these three input parameters as possible. The range of these 

parameters is as follows. 



Creating a simulation model 

PAGE | 42 
 

Table 5: Ambient parameters and their limits 

Parameter Min Max 

Temperature [K] 273.15 318.15 

Pressure [bar] 0.90 1.07 

Humidity [-] 0.1 1 

These three parameters can be seen as a three-dimensional coordinate system. Therefore, it 

is necessary to calculate as many points in this three-dimensional coordinate system as 

possible. Since each of these parameters has its limits, this results in the three-dimensional 

operating space of the gas turbine. Every point calculated for this turbine model has to be 

within this defined space.  

 

5-13: Operating space of the turbine model 

Since the computation power is limited, it is essential to consider what scenarios are 

calculated. The mapping should be equally distributed in this three-dimensional space to avoid 

gaps in the representation. If this is not the case, specific areas may not be adequately 

represented. This is an essential factor if the so generated data is used for fitting the 

regressions used in the physical model. This is because if specific areas are not represented 

properly, this could result in a higher than expected error for the predictions of the 

regressions. 
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To cope with this problem, a monte carlo simulation is used. This monte carlo simulation 

generates 10976 scenarios. Each scenario is defined by a combination of the three ambient 

parameters. All these parameters have to be within the defined operating space. Each of these 

scenarios is then solved to generate data. This data is then used for fitting the regressions.  

With this number of operation points, it is not easy to validate if the whole operating space of 

the turbine is properly covered. The assumption is that if each of these three parameters is 

equally distributed within its limits and appears random to each other, the whole space will 

be represented equally. Therefore each parameter will be checked individually and compared 

to the other parameters. It is important to check if these parameters appear random to each 

other because even if every parameter is distributed perfectly within its limits, this is not a 

guarantee that the whole operating space is covered.  

One example can be seen in the following plot. All three parameters are perfectly distributed 

within their limits, but the parameters got paired by rising values. The red line represents this 

the worst possible distribution, while the blue dots represent the best possible distribution. 

 

5-14: Comparison of distributions 

This shows that the red line only covers a fraction of the operating space. Therefore it is not 

only necessary to validate that each parameter is equally distributed within its limits, but they 

also should appear random to each other. Therefore there should be no pattern visible if the 

parameters get plotted to each other. Even if one of these three parameters appears random 

to another parameter, this does not guarantee that this is true for the third one. Therefore 
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each of these three parameters has to be random to each other. Therefore the validation of 

the generated data is as follows: 

1. Validate an equal distribution within the limit of each parameter 

2. Validate if each parameter appears randomly to the other parameters 

First, the ambient temperature is going to be validated. The temperature will be sorted by 

increasing values. The green line in the following plot represents an ideal distribution. The 

green line is generated with the following formula: 

 𝑇 =
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

𝑛
⋅ 𝑥 + 𝑇𝑚𝑖𝑛 (5-9) 

In this formula, n is the number of data points shown in the plot, and x is the number of a 

specific data point. T represents the expected temperature at a given data point x for the n 

sorted temperature points. As a result, each deviation of this green line represents a variance 

from a perfect distribution within the given limits Tmax and Tmin.  

 

5-15: Distribution of the used ambient temperature values 

The red line represent the trend line of the generated data points. As it is possible to see, there 

is no relevant deviation from an ideal distribution.  

The values of the ambient pressure will be validated in the same way as the temperature. The 

green line will also represent an ideal distribution. For the green line, the following formula 

was used: 

 𝑝 =
𝑝𝑚𝑎𝑥 − 𝑝𝑚𝑖𝑛

𝑛
⋅ 𝑥 + 𝑝𝑚𝑖𝑛 (5-10) 
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The variable x represents the number of a specific data point, and n represents the total 

number of data points used.  This formula can only be used if the data points get sorted by 

value. Therefore all values in the following plot are sorted. 

 

5-16: Distribution of the used ambient pressure values 

This plot shows that there is no major deviation between these two lines. Therefore the 

generated points for the ambient pressure can be assumed to be equally distributed. 

The data points of the ambient humidity also get sorted by value and plotted against a green 

reference line. This green line represents an ideal distribution within the given limits. For the 

reference line following formula was used: 

 𝑅𝐻 =
𝑅𝐻𝑚𝑎𝑥 − 𝑅𝐻𝑚𝑖𝑛

𝑛
⋅ 𝑥 + 𝑅𝐻𝑚𝑖𝑛 (5-11) 

The variables n and x have the same meaning as in the previous functions. 

 

5-17: Distribution of the used ambient humidity values 
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Since there is no major deviation of the ideal line, the ambient humidity can be assumed to 

be equally distributed. 

As a result, each of these three parameters is equally distributed within their given limits. As 

shown in the example earlier, this does not guarantee that the whole operating space is 

covered evenly. Another important aspect is to validate if all parameters are random to each 

other. If this is not true major spaces could be missed in the Reference Run. To validate this, 

each parameter will be plotted against each other. This results in three plots. If there is no 

pattern of any kind in this plot, it will be assumed that these parameters are random to each 

other. If this is true, the operation space of the turbine is assumed to be covered. The ambient 

temperature is plotted against the ambient pressure in the following plot. 

 

5-18: Representation of the correlation between the ambient pressure and temperature 

As it is possible to see, there is no visible pattern or trend between these two points. Therefore 

these two parameters are assumed to be independent of each other. At this point, it is not 

safe to say that none of these two parameters correlates with the ambient humidity. 

Therefore it is necessary to check if these two parameters are also independent of the ambient 

humidity. The following plot will show the ambient humidity plotted against the ambient 

temperature. 
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5-19: Representation of the correlation between the ambient temperature and humidity 

As it is possible to see, there is no visible pattern or correlation between the ambient 

temperature and the ambient humidity. The last step is to check if there is a correlation 

between the ambient pressure and the ambient humidity. These two parameters are plotted 

in the following diagram. 

 

5-20: Representation of the correlation between the ambient humidity and pressure 

This plot also shows no visible correlation between these two parameters. It was shown that 

the distribution of each parameter between the given limits is evenly, and no correlation exists 

between these three parameters. Therefore, it is assumed that the operation space is covered 

evenly by the generated operating points. As a result, it is possible to use these data points 

for the Reference Run. The data generated by the Reference Run is used to fit the regressions 

used in the physical model. 

 



Creating a simulation model 

PAGE | 48 
 

5.4 Calculation of the Reference Run 

Each model takes about 30 seconds to solve on a laptop (Lenovo Thinkpad L15). Therefore 

calculating these 10 976 scenarios would take around four days. Gladly the ENEXSA GmbH 

provided access to their distributed calculation service which reduced the calculating time to 

around 1 h. This was the only reason why it was possible to calculate this many scenarios. 

Since the Reference Run is an off-design calculation, it is crucial that a design calculation was 

made before. 

The Reference Run aims to generate data for fitting the regressions in the physical gas turbine 

model. Since these regressions are not active for the Reference Run, these values are taken 

from the correction curve model. These values are the air mass flow of the compressor inlet, 

the fuel mass flows into the combustion chamber, the exhaust temperature of the gas turbine, 

and the generated electric power of the generator. With this data from the correction curve 

model, it is possible to calculate these 10 976 defined scenarios. The regressions that will be 

fitted with this data are multivariant polynomial regressions. This type of regression will be 

explained in the next chapter. 

 

5.4.1 Multivariant polynomial regressions 

While a polynomial regression has only one input variable, a multivariant polynomial 

regression has multiple input variables. Therefore a multivariant polynomial regression also 

includes all interactions for a given order of all defined input variables. To illustrate the 

difference between these two regressions, the general formulations for both types are shown. 

 The following formula shows the general formulation of a quadratic polynomial [44]. 

 𝑓(𝑥) = 𝑎 ⋅ 𝑥2 + 𝑏 ⋅ 𝑥 + 𝑐 (5-12) 

Compared to this, the multivariant quadratic polynomial with two input variables has the 

following general expression [44]. 

 𝑓(𝑥, 𝑦) = 𝑎 ⋅ 𝑥2 + 𝑏 ⋅ 𝑥 ⋅ 𝑦 + 𝑐 ⋅ 𝑦2 + 𝑑 ⋅ 𝑥 + 𝑒 ⋅ 𝑦 + 𝑓 (5-13) 

As it is possible to see, this regression does not only include all given orders for the variables 

but also all possible interactions between these variables. Therefore, the number of terms 

drastically rises with a higher polynomial order or a higher number of input parameters. 

This figure shows a graphical representation of all terms for a third-order multivariant 

polynomial regression with three variables. 
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5-21: Graphical representation of all terms for a multivariant  
regression with three input parameters 

It is possible to calculate the number of all terms for a given order and a given number of input 

variables. The number of all terms up to a given order including all cross terms can be 

calculated with the formula (5-14) [45]. In this formula n is the number of input variables and 

m is the highest order of the polynomial. 

 𝑠(𝑚, 𝑛) = (
𝑚 + 𝑛

𝑛
) =

(𝑚 + 𝑛)!

𝑛! ⋅ (𝑚 − 𝑛 + 𝑛)!
  (5-14) 

 𝑠(𝑚, 𝑛) =
(𝑚 + 𝑛)!

𝑛! ⋅ 𝑚!
 (5-15) 

This shows that the number of terms rises drastically if the number of input variables or the 

highest order of the polynomial increases. This is important to consider when using 

multivariant polynomial regressions.  

 

5.4.2 Multivariant polynomial regression of the compressor 

The air mass flow of the compressor must be very accurate because it represents the main 

mass flow on the turbine. Therefore, slight deviations in the air flow compared to the 

correction curve model can significantly impact the accuracy of the results. One aspect that 

makes the compressor's modeling easier is the fuel's independence. Since the rotational speed 

is constant with 6608 1/min and the compressor does not interact with the flue gas.  

It is important to consider that the variation in the generated power by the gas turbine does 

not mean there is a change in the rotational speed. The cause of the power variation is based 

on the change in torque. Therefore, the compressor can have the same rotational speed for 

every ambient condition. The compressor also does not interact with the flue gas. Therefore, 
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it is not dependent on the fuel used. This makes it possible to use the ambient conditions as 

parameters for predicting the air mass flow. These parameters are ambient temperature, 

pressure, and humidity. The regression can be written as follows. 

 𝑚𝐼𝑛̇ = 𝑓(𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡,  𝑝𝐴𝑚𝑏𝑖𝑒𝑛𝑡, 𝑅𝐻𝐴𝑚𝑏𝑖𝑒𝑛𝑡) (5-16) 

The type of regression which will be used is a multivariant polynomial regression. As explained 

earlier, this type of regression uses polynomes for each input parameter and considers all 

cross terms. Since it is necessary to create a high accuracy for this mass flow prediction, a high 

polynomial degree is used. For this regression, a maximum polynomial degree of six is used. 

With this formula, it is possible to calculate the number of terms this regression will have.  

 𝑠(𝑚, 𝑛) =
(𝑛 + 𝑚)!

𝑚! ⋅ 𝑛!
 (5-17) 

In this formula, n is equal to the number of input parameters which is three in this case. The 

parameter m is equal to the maximum order of the polynomial and, therefore six. 

 𝑛 = 3  

 𝑚 = 6  

 𝑠(6, 3) =
(6 + 3)!

6! ⋅ 3!
= 84  

It shows that the regression will have 84 terms which is extremely large. This is acceptable 

because this regression will not be used for extrapolation and is only used on the interval it 

was created on. To ensure no hidden spikes, the regression was calculated for a large amount 

of different ambient conditions. The result is shown in the following plot. 
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5-22: Air mass flow for multiple scenarios 

This plot indicates that there are no hidden spikes. The reason for this assumption is that the 

minimum and the maximum values are in an expected range. In addition to this, the plot also 

shows a clear color shift within the operating space.  

Even though this plot shows that the regression is behaving as expected, it says nothing about 

its accuracy. Therefore the regression is used for predicting the data it was fitted on. The 

accuracy of this regression for the used data can be seen in the following plot. 
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5-23: Validation of the air mass flow 

As it is possible to see, the regression is very accurate. This regression will not be used for 

extrapolation therefore, the high number of terms should not be a problem. Another 

important aspect of this regression is that it only uses predefined parameters as input. This is 

important for the numerical behavior of the model. Since these parameters are constant 

throughout all iterations, the regression can instantly predict the “right” air mass flow. 

Therefore the air mass flow in the compressor does not change while the model gets 

calculated. This makes the gas turbine model much more stable and results in a more reliable 

and faster model. Since multiple regressions constantly predict values based on changing 

input parameters, having one regression that can instantly predict an important parameter 

makes a huge difference.  

 

5.4.3 Defining a multivariant polynomial regression for the combustion 

The fuel control system aims to set the fuel mass flow. The problem, in this case, is that the 

fuel system has to work not only for methane but also for hydrogen. Since methane and 

hydrogen do not have the same heating value, the mass flow will likely differ significantly. This 

also has an impact on the predicted parameter. The prediction of the fuel mass flow would 

only be a valid option if there were no fuel changes. Since the fuel will be changed from 

methane to hydrogen this is not an option. Another critical point is that the amount of fuel 

influences the firing temperature, which changes the isentropic efficiency of the turbine. 

Therefore, it is likely that the results of the combustion system will influence the turbine 

efficiency.  
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The fuel control system will use the expansion ratio EXPR and the normalized corrected speed 

NCSPD of the turbine as input parameters for predicting the exhaust temperature of the gas 

turbine.  

 𝑇𝑒𝑥 = 𝐹(𝐸𝑋𝑃𝑅, 𝑁𝐶𝑆𝑃𝐷) (5-18) 

To control the exhaust temperature of the turbine, the fuel control system will regulate the 

mass flow of fuel. This makes it possible to regulate the mass flow for different fuel types. 

There is only one drawback with this approach. The exhaust temperature depends on the 

turbine's isentropic efficiency, and the isentropic efficiency depends on the fuel mass flow. 

Since the exhaust temperature is the primary reference variable for the fuel mass flow 

regulation, this approach must be taken cautiously.  

Another aspect is that the composition of the flue gas changes with the fuel. Therefore, the 

expansion behavior and temperature drop through the turbine can differ for methane and 

hydrogen. As a result, the energy input of the fuel for a given scenario is highly dependent on 

the fuel used. Therefore, it is safe to say that not only will the mass flow of the fuel change if 

the fuel gets changed from methane to hydrogen, but also the energy input will change.  

Since this regression will interact with the turbine's isentropic efficiency, the polynomial 

degree is an important parameter for not risking a runaway situation. Therefore, the 

maximum polynomial degree used is two. Since the number of input parameters and the 

maximum polynomial degree are known, it is possible to calculate the number of terms used 

in this regression. 

 𝑠(𝑚, 𝑛) =
(𝑛 + 𝑚)!

𝑚! ⋅ 𝑛!
 (5-19) 

 𝑛 = 2  

 𝑚 = 2  

 𝑠(2, 2) =
(2 + 2)!

2! ⋅ 2!
=

4 ⋅ 3 ⋅ 2 ⋅ 1

2 ⋅ 1 ⋅ 2 ⋅ 1
= 6  

This regression only uses six terms. Therefore, the threat of overfitting should not be a 

problem. The base formula of this multivariant polynomial regression with two parameters 

and a maximal order of two looks as follows. 

 
𝑇𝑒𝑥 = 𝐴 + 𝐵 ⋅ 𝐸𝑋𝑃𝑅 + 𝐶 ⋅ 𝑁𝐶𝑆𝑃𝐷 + 𝐷 ⋅ 𝐸𝑋𝑃𝑅2 + 𝐸 ⋅ 𝐸𝑋𝑃𝑅 ⋅ 𝑁𝐶𝑆𝑃𝐷

+ 𝐹 ⋅ 𝑁𝐶𝑆𝑃𝐷2 
(5-20) 
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Therefore, six coefficients are fitted by the data calculated in the Reference Run. The values 

of the fitted coefficients are based on around 10976 data points and are shown in the 

following table. 

Table 6: Coefficients of the fuel system regression 

Coefficient A B C D E F 

Value 8740.7841 -28.0565 -14946.5626 1.1921 -27.5279 7416.2836 

Since the maximum regression order is limited to two, there should be no unexpected spikes 

in the regression. If this regression had a higher order, there could be a risk of hidden spikes 

between the data points used for the regression. In this case, the regression would behave 

perfectly fine when used on known data points, but it could produce large deviations on new 

data. This behavior would be an example of an overfitted function. Since this regression is 

based on 10976 data points and uses only six terms, this should not be a problem. This 

regression was calculated for a variety of new data points. The result is shown in the following 

two plots. 

 

5-24: Operating space of the fuel system regression 

These plots show that the regression has no hidden spikes and no strange or unexpected 

behavior is visible. To verify the accuracy of the regression, it will be used to predict the 

exhaust temperature of the turbine based on the normalized corrected speed and the 

expansion ratio. This predicted exhaust temperature is then plotted against the given exhaust 

temperature of the correction curve model. This is done for all 10976 data points. In addition 

to this, the mean accuracy is also calculated. The plot and the calculated accuracy are shown 

in the following plot. 
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5-25: Validation of the exhaust temperature 

This plot shows that the regression has high accuracy and can be used to control the fuel mass 

flow. 

 

5.4.4 Narrowing down the combustion regression 

Predicting the fuel mass flow is essential for this simulation and its numerical behavior. Since 

the Validation Run will deviate from the Hydrogen Run, the regression will be narrowed down 

by multiple other functions. The reason for this is to avoid extrapolation. This has to be 

avoided because this regression strongly interacts with the prediction for the isentropic 

efficiency. Therefore every extrapolation in the fuel mass flow prediction of the combustion 

system would result in a possible extrapolation in the prediction of the isentropic efficiency of 

the turbine. With two extrapolating regressions, the impact on the results could be very 

strong. To avoid this, the prediction area of the fuel control system is narrowed down. The 

way this is done is illustrated in the following plot. In this plot, the turbine expansion ratio is 

on the x-axis and the normalized corrected speed of the turbines inlet is on the y-axis. 
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5-26: Operating area of the regression 

This plot shows that the data points generated by the Reference run are a distinct closed area. 

This area includes all data points the regression uses for its predictions. Multiple linear 

functions will narrow down this area to avoid extrapolation for this function. The expansion 

ratio will not be influenced by any kind because it will not likely vary much. Since this 

regression will also be used for the hydrogen prediction, the normalized corrected speed will 

likely vary. Therefore it is going to be narrowed down. A minimal and maximal limit for both 

parameters is defined to achieve this. The minimal and maximal limit for the normalized 

corrected speed is predicted by multiple functions depending on the expansion ratio of the 

turbine. Therefore, the limits used for the normalized corrected speed depend on the 

turbine's expansion ratio. 

With these precautions, the numerical behavior of the model should be much more stable. 

The reason for this is that the normalized corrected speed is only going to vary in a known 

range. This makes it easier for the fuel system to predict the right amount of fuel.  

 

1.1.1 Defining a multivariant polynomial regression for the turbine 

One important aspect is predicting the isentropic efficiency based on the normalized corrected 

speed and the expansion ratio. Since it is not known how each of these two parameters 

influences the isentropic efficiency, a multivariant polynomial regression is used.  
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The isentropic efficiency is calculated by dividing the actual power generation of the turbine 

by the ideal power generation. Since no turbine can realize an isentropic expansion, the 

generated power will always be lower than the ideal power generation. This non-ideal 

expansion also has other side effects than the power generated.  

The isentropic efficiency also affects the exhaust temperature of the flue gas and, therefore 

the regression of the fuel control system. Since the isentropic efficiency of the turbine is 

modeled as a function of the expansion ratio and the normalized corrected speed, it depends 

on the firing temperature. There is also a good chance that the firing temperature will change 

slightly when changing the fuel from methane to hydrogen. Therefore, there is a good chance 

that this regression will extrapolate at least a bit. For this reason, it is impossible to use a 

higher degree polynomial for the regression. To cope with this problem, a new strategy is 

used. A piecewise linear approach is used. Therefore, the data generated by the Reference 

run is split into three separate intervals. The data points in each of these intervals get 

approximated by their linear regression. The so calculated regressions and the corresponding 

intervals are shown in the following. In the following equations the isentropic efficiency is 

represented by 𝜂𝑖𝑠. 

1.Interval 𝐸𝑋𝑃𝑅 < 20.1  

 𝜂𝑖𝑠1
= 0.7678 +  0.0007 ⋅  𝐸𝑋𝑃𝑅 + 0.1226 ⋅  𝑁𝐶𝑆𝑃𝐷 (5-21) 

   

2.Interval 20.1 ≤ 𝐸𝑋𝑃𝑅 < 21.8  

 𝜂𝑖𝑠2
= 0.8374 − 0.0035 ⋅ 𝐸𝑋𝑃𝑅 +  0.1381 ⋅ 𝑁𝐶𝑆𝑃𝐷 (5-22) 

   

3.Interval 21.8 ≤ 𝐸𝑋𝑃𝑅  

 𝜂𝑖𝑠3
= 0.9828 − 0.0112 ⋅  𝐸𝑋𝑃𝑅 +  0.1602 ⋅  𝑁𝐶𝑆𝑃𝐷 (5-23) 

These functions can now be used for predicting the isentropic efficiency of the turbine. In the 

following plot, all three of these functions are shown for the whole interval. 
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5-27: Representation of all used regressions 

This plot shows that each function predicts a different isentropic efficiency for the turbine. 

Therefore, the model has to decide which of these values it will use. Since each regression is 

defined for a specific interval, the model could decide based on this interval. The problem with 

this approach is that the functions do not necessarily intersect at this point. Therefore, a gap 

between the functions would be the result. This gap could cause numerical problems. 

Therefore, this would not be a good solution for this problem. A better way of solving this is 

to always use the smallest of the predicted values. Therefore, each of these three regressions 

predicts one value and the model compares these values to each other. Subsequently, the 

smallest value is used. With this approach, the model only switches the regression it uses on 

intersections. Therefore, no gap could cause numerical problems. One problem with this 

approach is that the defined interval borders should be very close to the intersection between 

these functions. The reason for this is that each of these functions is only based on the data 

of its interval. Therefore, if the intersection of these functions is outside of the interval, it will 

extrapolate. This is not a significant problem in this case because all functions used are linear. 

Therefore, there is not a high risk with slight extrapolations.  
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5-28: All used regressions and the interval borders 

As it is possible to see, the intersections are very close to the interval limits (green vertical 

lines) and should not cause more significant deviations.  Even though the accuracy of each 

function is high, it is necessary to validate the accuracy of these functions combined. Therefore 

the approach of picking the smallest predicted value has to be validated. As a result, these 

piecewise linear regressions are used for predicting the isentropic efficiencies for all data 

points of the Reference Run. These predictions are used to calculate the percentual deviation 

from the correction curve model. This deviation is shown in the following plot. 

 

5-29: Prediction error of the used regression 

As it is possible to see the deviation is not very high and should therefore be capable of 

predicting the isentropic efficiency of the turbine based on the expansion ratio and the 

normalized corrected speed. This regressions prediction area will be narrowed down similarly 
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to the fuel control system. Therefore, these regressions only predict based on values of a 

defined area. 

 

5.4.5 Defining a multivariant polynomial regression for the losses 

The mechanical losses are going to be predicted by a regression. Therefore, it is necessary to 

define input parameters. These input parameters are the air mass flow in the compressor  mȦ , 

the ambient temperature TAmbient, and the shaft power after the compressor PShaft.  

 𝑃𝑆ℎ𝑎𝑓𝑡 𝑓𝑜𝑟 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 = 𝐹(𝑚̇𝐴, 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡 , 𝑃𝑆ℎ𝑎𝑓𝑡) (5-24) 

As explained previously, the compressor predicts air mass flow and only depends on the 

ambient pressure, temperature, and humidity. Therefore, the ambient temperature and the 

compressor's inlet air mass flow do not depend on the fuel type.  

Since this regression will be based on the data generated by the Reference Run this regression 

will likely be extrapolating a bit. The reason for this is that the power generation of the turbine 

could be highly dependent on the fuel used. Even though the ambient temperature and the 

air mass flow in the compressor are not dependent on the fuel used in the turbine, it can be 

assumed that the ratio between these three input parameters will vary with a fuel change. 

This would result in an extrapolation of this regression. Therefore the polynomial degree 

should not be too high for not to risk large deviations by slight extrapolations.  

As a result, the maximal polynomial degree is limited to two.  With three input parameters for 

this regression, the number of terms can be calculated as the following: 

 𝑠(𝑚, 𝑛) =
(𝑛 + 𝑚)!

𝑚! ⋅ 𝑛!
 (5-25) 

 𝑛 = 3 (5-26) 

 𝑚 = 2 (5-27) 

 𝑠(2, 3) =
(3 + 2)!

3! ⋅ 2!
= 10 (5-28) 

 

This shows that the regression will only have 10 terms and a maximum polynomial order of 

two. Therefore it should be possible for the regression to extrapolate a bit without creating a 

significant error. The base formula used for the regression looks like this: 
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𝐿𝑂𝑆𝑆 = 𝐴 + 𝐵 ⋅ 𝑃𝑆ℎ𝑎𝑓𝑡 + 𝐶 ⋅ 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡 + 𝐷 ⋅ 𝑚̇𝐴 + 𝐸 ⋅ 𝑃𝑆ℎ𝑎𝑓𝑡
2 + 𝐹 ⋅ 𝑃𝑆ℎ𝑎𝑓𝑡

⋅ 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡 + 𝐺 ⋅ 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡
2 + 𝐻 ⋅ 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡

2 + 𝐼 ⋅ 𝑇𝐴𝑚𝑏𝑖𝑒𝑛𝑡 ⋅ 𝑚̇𝐴

+ 𝐽 ⋅ 𝑚̇2
𝐴 

(5-29) 

All 10976 data points from the Reference Run are used to fit this formula. Since the number 

of terms in this formula is very low compared to the number of data points, overfitting should 

not be a problem.  The coefficients of this formula can be seen in the following table. 

Table 7: First five coefficients of loss regression 

Coefficient A B C D E 

Value 354.6941 -1.1249 -151.0631 519.5983 -1.4229 

 

Table 8: Remaining coefficients of the loss regression 

Coefficient F G H I J 

Value 0.0009 0.0212 0.3707 0.6907 -6.7009 

 

In addition to the regression, the mechanical loss will have a lower limit of 200 kW and an 

upper limit of 1500 kW. To validate if this regression behaves as expected and has no hidden 

peaks in its defined area, it is calculated for different input parameters (all within their limit) 

and plotted in the following diagram. 

 

5-30: Operating space of the loss map 
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This regression is limited from 200 kW to 1500 kW in Ebsilon Professional. The reason for this 

is that with the fuel change to hydrogen there is a considerable risk of extrapolation, and with 

these limits, the error, should be relatively small, even in a worst-case scenario. Since no peaks 

are visible in the plot and the whole regression behaves as expected. 

At this point, every regression is fitted with the data generated by the Reference Run. 

Therefore the physical model can work without the correction curve model. To validate the 

accuracy of the whole physical model, another run was executed with methane as fuel. This 

run is referred to as a Validation Run. 

 

5.5 Calculation of the Validation Run 

The Validation Run aims to see how accurate the regressions perform when they are all active. 

This is because the results of these regressions interact with each other. One example for this 

is the fuel mass flow. The higher the fuel mass flow the higher the firing temperature. This 

results in a higher normalized corrected speed. With a change in the normalized corrected 

speed, the isentropic efficiency of the turbine changes. Therefore, the exit temperature of the 

turbine changes. Since the fuel system uses the exit temperature of the turbine as a control 

variable, this also affects the fuel mass flow. Since these two regressions interact, this could 

cause numerical problems, or this behavior could result in multiple numeric stable alternative 

operating points. These operating points could depend on the start value used for the 

iteration. This would not be an acceptable result, because a gas turbine has only one way it 

reacts to given conditions. Therefore it is necessary to see if the gas turbine model can reliably 

produce good enough results compared to the correction curve model. For this run also, 

10907 combinations of ambient conditions were generated. This was done with the same 

functions used as for the Reference Run. Since it was extensively shown that all scenarios are 

equally distributed over the whole operating space, this is also assumed for these 10907 newly 

generated operating points.  

 All these scenarios are calculated by the correction curve model and the gas turbine model. 

The results generated by these two models are then compared to each other. One aim of this 

comparison is to validate if the accuracy of the gas turbine model is nearly as high as the 

individual regressions themselves. The model's accuracy is expected to be slightly lower than 

the individual regressions, but it should not be much lower. The accuracy could drop rapidly 

because there could be multiple numerical stable results. Therefore it is essential to show that 

this is not the case. 
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If the gas turbine model can reliably produce similar results to the correction curve model, it 

is assumed that there are no alternative results the gas turbine model converges. Therefore 

the model should be able to cope with the fuel change from methane to hydrogen.  

To verify this run all regressions are compared to the correction curve model. Therefore the 

air mass flow, the fuel mass flow, the exhaust temperature of the turbine and the generated 

electrical power will be compared. If these parameters are similar enough to the correction 

curve model, it will be assumed that the gas turbine model is a good representation of the  

real turbine. 

 

5.5.1  Validation of the air mass flow 

The air mass flow gets predicted by the regression used in the compressor module. Therefore, 

the air mass flow in the compressor should be nearly the same for the correction curve model 

and the gas turbine model. In the following plot, the air intake in the compressor of the 

correction curve model is on the x-axis and the air intake of the gas turbine model is on the y-

axis. If the gas turbine model predicted the airflow perfectly, the plot would show every data 

point on the red reference line. 

 

5-31: Validation of the air mass flow for new scenarios 

As it is possible to see in this plot, the regression works with very high accuracy. This is 

expected because the regression only uses environmental parameters like the ambient 

temperature, the ambient pressure, and the ambient humidity as input parameters. Therefore 

it operates independently from other regressions. 
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5.5.2 Validation of the fuel power flow 

The fuel directly flows in the combustion chamber and is controlled by the fuel control 

regression. This regression uses the expansion ratio and the normalized corrected speed to 

predict the turbine's exhaust temperature. To adjust this value, a controller changes the fuel 

power flow to match the predicted exhaust temperature of the turbine. If the fuel power flow 

of the gas turbine model deviates from the correction curve model, this could be either an 

error generated by the fuel control regression or the isentropic efficiency regression of the 

turbine. This is because these regressions strongly interact, as explained earlier. Therefore 

they can not be validated separately. In the following plot, the fuel power flow of the 

correction curve model is plotted against the fuel mass flow predicted by the fuel control 

system.  

 

5-32: Validation of the fuel power flow for new scenarios 

As it is possible to see the fuel control system works pretty accurately. It also indicates that 

the efficiency prediction of the turbine is also working correctly. This is because the exhaust 

temperature has to be suitable for the fuel control system to work. Since the environment 

defines parameters like the pressure and humidity of the exhaust flow, the temperature is the 

only variable controlled by the turbine efficiency. Therefore these two regressions have to 

work together to generate accurate results. Therefore if one regression produces accurate 

results, it indicates that the other is also working correctly.  
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5.5.3 Validation of the isentropic turbine efficiency 

The isentropic efficiency is the first parameter that will be validated without being able to 

compare it directly to the correction curve model. Since the mass flow and the fuel flow were 

predicted quite accurately, it can be assumed that the firing temperature is very close to the 

expected one. As mentioned earlier, the environment predates exhaust pressure and 

humidity. Therefore it is possible to validate the regression for the isentropic turbine efficiency 

by the exhaust temperature. In the following, the exhaust temperature of the correction curve 

model is plotted on the x-axis, and the gas turbine model is on the y-axis. 

 

5-33: Plot of the exhaust temperature 

This shows that also the exhaust temperature of the gas turbine model only has minor 

deviations from the correction curve model. If this is combined with the accuracy of the fuel 

system, it is safe to say that the interaction between the fuel system and the turbine efficiency 

works as accurately as expected. 

 

5.5.4 Validation of the generated power 

One of the most critical parameters of this gas turbine model is the generated electrical 

power. Therefore, it is curial for this model to predict the generated power precisely. This 

parameter can be directly compared to the correction curve model. Since each regression was 

validated on its own and then when interacting with the other regression, the generated 

power should be nearly as accurate as the regressions used. An important aspect to consider 

is that the generated electrical power can only be correct if all regressions work together and 

do not create a too large error. Therefore if this parameter is close enough, it can be assumed 
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that the gas turbine model is working correctly. In the following plot, the generated electrical 

power of the correction curve model is on the x-axis and the generated electrical power of the 

gas turbine model is on the y-axis. 

 

5-34: Validation of the power generation for new scenarios 

Is it possible to see in this plot that these values are very close to each other. Therefore, the 

gas turbine model is working correctly.  

After it was shown that each of these regressions can predict their parameter very accurately, 

it is now shown that they also work together and generate accurate results. Therefore, it can 

be assumed that the gas turbine model can simulate the behavior of the gas turbine. As a 

result, changing the fuel from methane to hydrogen should be possible, and the gas turbine 

model should produce valid results. 

 

5.6 Calculation of the Hydrogen Run 

The Hydrogen Run aims to see how the gas turbine reacts if the fuel changes from methane 

to hydrogen. The same ambient conditions are used for this run as in the Validation Run. This 

is because it allows a direct comparison between these two runs. It is important to note that 

this run's regressions are not changed. The only regression that will predict the same values 

for both runs is the regression predicting the air mass flow in the compressor. This regression 

is only dependent on the ambient conditions and, therefore not dependent on the fuel used.  
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The results of the Hydrogen Run will be compared to the results of the Validation Run. With 

this reference, it will be easier to see changes in the operational behavior of the gas turbine 

induced by the fuel change. 

 

5.6.1  Air mass flow in the compressor 

As indicated earlier, there should not be any change because the regression used for the mass 

flow in the compressor is not dependent on the fuel. Since the same environmental 

parameters are used, the regression should have the same result. 

 

5-35: Comparison of the air mass flow 

This plot shows that the regression predicts the same values in both runs. Therefore it works 

as expected. If there were deviations, this would indicate that the ambient parameters have 

changed. If this is true, then this would show that the wrong ambient conditions were used 

for the calculation. Since this did not happen, the Methane and Hydrogen Run are using the 

same operating points. 

 

5.6.2  Exhaust temperature 

The exhaust temperature shows no clear trend compared to the methane-fired gas turbine. 

In the following plot, the exhaust temperature of the Validation Run is on the x-axis, and the 

exhaust temperature of the Hydrogen Run is on the y-axis.  
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5-36: Comparison of the exhaust temperatures 

This shows that the exhaust temperature of the hydrogen is sometimes lower and sometimes 

higher compared to methane. The trend line of the hydrogen shows that exhaust temperature 

is higher on average compared to methane.  

 

5.6.3  Generated electrical power 

The generated electrical power shows a much clearer trend than the exhaust temperature. 

The generated electrical power tends to be higher when switching from methane to hydrogen. 

This can be seen in the following plot. 

 

5-37: Comparison of the generated power 
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As this plot shows the generated electrical power is in all cases calculated higher when 

switching from methane to hydrogen. The mean power advantage is about 3 MW compared 

to methane.  
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6. Result discussion 

As mentioned in the results, the electrical power generated rises when switching from 

methane to hydrogen. This is true for every scenario calculated. This is especially interesting 

when looking at the turbines isentropic efficiency for both runs. The reason for this is that the 

turbine efficiency tends to be lower for the Hydrogen run.  

 

6-1: Isentropic turbine efficiencies for methane and hydrogen 

One unexpected aspect of this lower turbine efficiency is that the heat rate also tends to be 

lower for the hydrogen-fired run. The heat rate is defined as the generated electrical energy 

of the turbine divided by the supplied energy. Therefore a lower heat rate indicates a higher 

efficiency [24]. As a result, the whole turbine worked more efficiently when fired with 

hydrogen, even though the turbines isentropic efficiency was lower.  
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6-2: Heat rates for both runs 

Therefore, even though the turbines isentropic efficiency is lower for the Hydrogen Run the 

overall efficiency tends to be higher. As shown earlier, the thermal efficiency of the cycle is 

only dependent on the pressure ratio. In the following equation p1 is the inlet pressure at the 

compressor and p2 is the outlet pressure level [17]. 

 𝜂𝑡ℎ = 1 − (
𝑝2

𝑝1
)

(𝛾−1)
𝛾

 

 (6-1) 

This shows that the theoretical turbine cycle efficiency will rise if the compression ratio rises 

too. Therefore one possible cause of this turbine behavior is that the pressure level was higher 

in the Hydrogen Run compared to the Validation Run. 
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6-3: Compression Ratio Comparison 

As can be seen in the plot, this is exactly what happened. The pressure level tends to be higher 

for the Hydrogen Run resulting in higher cycle efficiency. This can explain why the overall 

efficiency of the turbine rises, even though the isentropic efficiency of the turbine itself 

declines.  

One possible explanation for the lower isentropic efficiency of the Hydrogen Run is that the 

fuel power consumption is higher than in the Validation Run. This is shown in the following 

plot. 

 

6-4: Comparison of the fuel consumption 
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This results in a higher firing temperature. This higher temperature also occurs on the turbine 

inlet. Since the temperature is higher, the isentropic power also rises. A rise in the isentropic 

power does not mean that the isentropic efficiency has to rise. The isentropic efficiency is 

defined as follows [37]. 

 𝜂𝑖𝑠 =
𝑊𝑟𝑒𝑎𝑙

̇

𝑊𝑖𝑠
̇

 (6-2) 

If the isentropic power Wis
̇  rises stronger than the actual power generated by the 

turbine  Wreal
̇ , the isentropic efficiency may decline, although the power generated by the 

turbine rises. The following plot shows the isentropic power of the Hydrogen Run compared 

to the isentropic power of the Validation Run. 

 

6-5: Comparison of the isentropic power for different fuels 

In this plot, it is possible to see that the isentropic power for the Hydrogen Run is higher 

compared to the Validation Run. This was expected because the Hydrogen Run used to have 

a higher firing temperature therefore a higher isentropic power was expected. The following 

plot shows the power generated by the turbine for both runs. 
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6-6: Comparison of the generated power for different fuels 

This also shows that the turbine's real generated power is higher for the Hydrogen Run. Since 

the isentropic power was also higher, this is not unexpected behavior. Therefore the only 

reason why the turbine efficiency of the Hydrogen Runs could be lower compared to the 

Validation Run would be if the rise in the real generated power is lower compared to the rise 

of the isentropic power. In the next plot, the Hydrogen Run's actual power is divided by the 

generated power of the Validation Run. The same happens to the isentropic power. 

 

6-7: Comparison between the isentropic power and the generated power for different fuels 
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This plot shows that the rise of the isentropic power is higher than the generated power's rise. 

Therefore, it can be said that the cycle efficiency of the hydrogen-fired turbine rises compared 

to the methane-fired one, even though the turbine efficiency tends to be lower.  

Another aspect is the firing temperature. While the firing temperature of the Validation Run 

was very close compared to the Reference Run this is not true for the Hydrogen Run. The firing 

temperature can be seen in the following plot. 

 

6-8: Firing temperature for different fuels 

This diagram shows that the hydrogen-fueled gas turbine's firing temperature was much 

higher than the methane-fueled one. This also results in the higher power generation of the 

turbine, as seen in plot 6-8. The problem with this rise in firing temperature is that it is unclear 

if a real gas turbine could withstand this additional thermal load. If not, this could cause severe 

damage to the gas turbine. Since the heat supply was too high for hydrogen, the fuel control 

system did not work as expected. One reason for this behavior is that the flue gas composition 

changes with a fuel change. This has two significant side effects.  

One of these side effects is that the heat intake changes for a given maximal firing 

temperature. The reason for this is that the heat capacity of the flue gas changes because of 

the different compositions. Since the flue gas of a hydrogen-fueled gas turbine has a much 

higher water mass fraction than the methane-fueled one. 

Another side effect is that this deviation in the fuel composition also influences the expansion 

of the flue gas in the turbine. A fuel gas based on hydrogen combustion tends to expand to a 

lower temperature level than a methane-based one. Since the fuel system regulates the fuel 

based on the exit temperature, the heat intake tends to be higher compared to a methane-

based one.  
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7. Conclusion 

Two conclusions can be drawn based on the interpretation of the results. The first one is that 

a fuel system that uses the turbine's exhaust temperature to regulate the heat supply will 

result in higher firing temperatures for hydrogen. This is because a flue gas based on hydrogen 

combustion expands to a lower exhaust temperature. This is also true if the inlet temperature 

of the turbine is the same. This behavior will cause the fuel system to raise the exhaust 

temperature and, therefore the firing temperature. In this case, a methane turbine would be 

perfectly fine, because this measuring intervention does not exceed the firing temperature to 

a dangerous level. This is not true for hydrogen-fired gas turbines that will exceed these limits.  

For future research, it would be reasonable to investigate the fuel control system even more. 

In this thesis, one approach was found to model the behavior of a methane-fired gas turbine 

with great accuracy. This thesis had the underlying assumption that the behavioral differences 

between methane-fueled and hydrogen-fueled turbines are neglectable for the heat supply. 

This resulted in a not ideal fuel regulation for hydrogen. The created physical model of the gas 

turbine SGT-800 (57 MW) is a good starting point for this further investigation of the fuel 

control system.  
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