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ABSTRACT 

In the past, many concepts for low-pollutant combustion have been developed for stationary and aero-gas turbines. A 
concept that uses the benefits of steam injection in the combustor of an aero-gas turbine is the "Water-Enhanced Turbofan 
(WET)" under development by MTU Aero Engines AG. In this study, the effect of high steam injection on the flow field, 
combustion, temperature and emission of pollutants of an academic premixed swirl stabilized combustor was investigated 
by numerical simulations. The purpose of this work is to study and separate the chemical and thermal effect. Therefore a 
detailed chemical mechanism for the gas 𝐶𝐻 /Air was used. An artificial species 𝑥𝐻 𝑂 has been implemented which has 
identical thermodynamic properties as the species 𝐻 𝑂. 𝑥𝐻 𝑂 is only decoupled from the chemical reaction equations, 
with the aim that the thermal effect can be considered separately. The results show that the main effect of the added steam 
is the reduction of the maximum temperature. Furthermore, the addition of steam rapidly reduces 𝑁𝑂  formation due to 
the large dependence on the temperature. It follows that the thermal effect is dominant and the chemical effect has only a 
small influence on the formation of 𝑁𝑂 . 

INTRODUCTION 
In the past, many concepts for low-pollutant combustion have been developed for stationary and aero-gas turbines. 

Various measures are taken with the aim of avoiding high peak temperatures and the associated formation of nitrogen 
oxide, while at the same time keeping the emission of carbon monoxide and unburned hydrocarbons low. For this reason, 
MTU defines various propulsion solutions in the Clean Air Engine Agenda, such as the composite cycle concept in which 
additional piston compressors and engines increase air compression. Other concepts mentioned are battery-electric and 
hybrid-electric flying, which are being investigated in close cooperation with companies and universities. The existing 
components of a gas turbine have been further developed for decades. The development of the increase in the efficiency of 
the parts no longer offers the possibility to meet the new regulations, so that the climate targets can be achieved. Therefore 
it is necessary to develop new concepts. An approach to using the existing expertise and to improve the engine is the Water-
Enhanced-Turbofan (WET). The goal is to use the known effect of steam in stationary gas turbines in an aero engine 
application. (DLR-Cologne, 2020), (Winkler, 2019) 

The WET engine is a modification of the steam cycle for stationary gas turbines, which is being developed by MTU. 
The aim is to inject steam into the gas turbine combustor to increase the turbine work and reduce the emissions of nitrogen 
oxides due to wet combustion. With the additional separation of the energy rich water from the exhaust gas, heat energy is 
added to the process again and the overall efficiency is increased. In order to explain the concept of WET for fundamental 
understanding of the principle, a detail explanation is given by Schmitz (Schmitz et al., 2020). The design of the WET is 
similar to that of a turbofan up to the high-pressure compressor shown. The steam is added to the mass flow from the high-
pressure compressor outlet at a certain temperature. With the injection of the steam, the air-water mixture enters the 
combustion chamber where it is ignited together with the fuel. Due to the increased specific heat capacity of the water and 
the associated higher specific heat capacity in the mixture, the temperature in the combustion chamber is drastically 
lowered. One of the most challenging components of the WET engine is the development of the combustion chamber. With 
the direct injection of steam into the combustion chamber system, it is massively affected by the water content. Depending 
on the amount of steam, the stability of combustion as well as temperature is strongly changed. This characterizes that the 
combustion chamber is of essential importance for the WET concept to work. The introduction of steam complicates the 
analysis of combustion. The numerical analysis is also strongly influenced by the presence of another species at the outlet. 
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The assumptions used as well as the numerical methods have to be checked and the influence has to be determined. 
However, this is only verified and not validated in this paper. Experimental results would be necessary for validation. 
Further effects on combustion are investigated in this work and chemical as well as thermal influences are characterized. 

Related to gas turbines the process of steam injection into an combustor is not new. An overview of the history is given 
from Jonsson (Jonsson, 2003), where it is mentioned that the investigation of gas turbines with steam injection in the 
combustor begun in the 1950s. Fundamental experimental investigations has been carried out from various researcher. One 
research from McCarffrey (McCaffrey, 1984) showed the impact of water spray on a diffusion flame for the control of 
flame blowouts and analyzed that the additional water reduces the flame temperature significantly. In this publication, no 
separate consideration of the chemical mechanism has been made. Nevertheless, it is emphasized that a dominant effect is 
the temperature reduction. A study that investigated the thermal and chemical effect of water addition on counterflow 
flames is from Guo et al. (Guo et al., 2008). They analyzed the thermal and chemical effect on 𝑁𝑂  formation on a 
counterflow premixed flame with lean, rich and stoichiometric equivalence ratios. As one of the most important results 
they showed that the significance of the chemical effect increases with higher water loads independent on the equivalence 
ratio. Nevertheless, in lean or rich combustion the amount of the chemical effect is significantly larger. The separation 
method from Guo et al. is slightly adapted and used in this research. It is described as artificial species 𝑥𝐻 𝑂. One previous 
research on this topic is the dissertation from Sebastian Goeke at the Technical University Berlin (Goeke, 2012). He 
described the chemical and physical effect on the species and the radicals 𝑂, 𝑂𝐻, 𝐻 and 𝐶𝐻 and their concentration. The 
mentioned physical effect is equivalent to the thermal effect of steam and the increase of the specific heat capacity, which 
has already been mentioned in other publications. One of the most important objectives in the application of steam in a gas 
turbine is ensuring a stable flame. The extinguishing of a flame is a transient process and not easily to characterize 
numerically with sufficient detail using commercial methods. The flame speed is essentially influenced by the addition of 
the species water in the inlet of the combustion chamber. With the increase of the steam content, a decrease of the flame 
speed is evident. This trend can be seen for both methane and hydrogen fuel. The laminar flame speed has a direct influence 
on the flame position and stability of the turbulent flame. The influence on the emission formation has already been 
presented in the other publications. The steam reduces the flame temperature and thus inhibits the thermal 𝑁𝑂  formation. 
The influence on the reaction kinetics leads to a change in the radical pool, this has an effect on the chemical 𝑁𝑂  formation. 
An extension has been shown by Goeke et al. (Goeke et al., 2013) in an experimental study. With a swirl-stabilized 
premixed burner, the flame is analyzed at steam-to-air-ratio up to 25 %. The flame shows in the OH*-Chemiluminescence 
image a lift-off at high steam content and the volume becomes clearly larger. For the experiment, Goeke et al. kept the 
equivalence ratio constant and increased the steam-to-air-ratio. The trend from this observation can be directly compared 
with the numerical results in this paper. Lellek and Sattelmayer (Lellek and Sattelmayer, 2015) examined in their 
publication two approaches. The first kept the equivalence ratio constant and the second kept the adiabatic flame 
temperature constant. The effect of adding water is significantly greater with a constant equivalence ratio. The leaner the 
combustion, the larger the area where OH*-Chemiluminescence can be seen. The intensity of OH*, on the other hand, 
decreases. This observation is only made with small water amounts. To identify if the same trend with higher steam loads 
occurs, the mass flow rate of water is strongly increased. 

A combustion chamber from a real aero engine would add too much complexity to the system to investigate the 
fundamental effects of steam injection on combustion processes. The side effects of a complex combustor are difficult to 
separate from the influence of the additional steam. Therefore, the objective of this paper is to investigate the combustion 
process of the WET cycle on the basis of an academic premixed swirl stabilized combustor with a reduced and simple 
chemical composition compared to a kerosene fuel. This approach allows to use a detailed chemical mechanisms where 
the necessary 𝐻 𝑂 equations are given to separate the chemical and thermal effect. Based on the results, changes are made 
to the numerical approach to analyze the influence of steam on the flame. 

NUMERCIAL MODELING APPROACH 
The numerical modeling approach is based on the Navier-Stokes equation and an equation for the species transport. 

The equations of conversation of mass, momentum, species and energy are solved with the opensource software package 
OpenFOAM (Weller et al., 1998).  

 

+ (�̅�𝑢 ) = 0 (1) 

+ =  −
̅
+ 𝜏̅ − �̅� 𝑢 𝑢  (2) 

+ = 𝑉 , 𝑌 − �̅�𝑢 𝑌 + 𝜔    (3) 

+ = 𝜆 − 𝜌 𝑢 ℎ  + 𝜔 + φ  (4) 
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To reduce the computational afford the Navier-Stokes and the species transport equation are simplified by the Reynolds 
and Favre averaging approach (Poinsot et al., 2012). In the continuity equation (Eq. 1) to the energy equation (Eq. 4) the 
Einstein notation is used (Einstein, 1916). The density is denoted by 𝜌, the time by 𝑡 and the velocity by 𝑢. In the momentum 
equation (Eq. 2) the pressure is defined as 𝑝, the viscous stress tensor by 𝜏  and the Reynolds stress tensor by �̅� 𝑢 𝑢 . For 
the closure problem the Reynolds stress tensor has to be solved with a turbulence modeling approach. In this work the 
turbulence is solved by the two equation 𝑘-𝜔-SST model by Menter (Menter, 1994) In a flow with different species it is 
necessary to transport this variables and therefore a generic transport equation is defined. In Eq.3 is 𝑌  defined as mass 
fraction for the specific species. (Poinsot et al., 2012). The laminar diffusive fluxes for species 𝑘 and the enthalpy are 
defined in the Eq. 5 and Eq. 6. 

 

𝑉 , 𝑌 = −𝜌𝒟 ≈ −�̅�𝒟 = .  (5) 

 

𝜆 ≈ 𝜆̅  =   (6) 

The source term 𝜔  describes the reaction rate of each species and the modeling of this term is explained in the 
following subsection. 

 
The species (𝑢 𝑌 ) and enthalpy fluxes (𝑢 ℎ ) are solved by a classical gradient assumption. 

�̅� 𝑢 𝑌 = −  (7) 

 

The viscous heating source term is defined as following: 

φ = 𝜏    . (8) 

In order for the equation to be complete, the heat release due to combustion is denoted as 𝜔 . 
Based on the definition from Poinsot et al. (Poinsot et al., 2012) the simplifications made are the Mach number is small 

and the Lewis number are equal to unity. As can be seen in Eq. 3, the source term for radiation has been omitted, so it is 
not modeled. Accordingly, no radiation model was used in this study. This simplification should be emphasized because 
the effect of radiation at high steam loads is not taken into account. 

Chemical Modeling 
The numerical simulations of the combustion chamber are analyzed on the basis of the transient simulations with the 

GRI-Mech 3.0 (Smith et al., 1994). For this purpose, both an unmodified GRI-Mech 3.0 and an modification of the GRI-
Mech 3.0 mechanisms with an artificial species 𝑥𝐻 𝑂 are considered. Furthermore, a One-Step mechanism of the 
hydrocarbon methane 𝐶𝐻  is investigated and described with the Eq. 9. The result from the One-Step mechanism is used 
as an initial solution and shows differences in the numerical simulation between a complex and simplified chemical 
approach. 

𝐶 𝐻 + 𝑛 + 𝑂 = 𝐻 𝑂 + 𝑛𝐶𝑂   (9) 

One of the most important emission values in the aviation industry as well as in the automotive industry are the nitrogen 
oxides. The impact on the ozone layer and the human organism, leads to strict regulation of limit values, especially in 
aviation. The nitrogen oxides 𝑁𝑂 and 𝑁𝑂  are combined to form the nitrogen oxide 𝑁𝑂 . The formation of 𝑁𝑂  is divided 
into three reaction mechanisms. The Zeldovich mechanism, the generation of NO via nitrous oxide and the Fenimore 
mechanism are the main mechanisms responsible for emitting of the nitrogen oxides 𝑁𝑂 . 

Thermal NO (Zeldovich-Mechanism) 
First, the thermal formation of 𝑁𝑂 (also known as the Zeldovich-Mechanism) is presented under consideration of the 

GRI 3.0 mechanism. From the name of the mechanism according to Zeldovich (Zeldovich, 1946) it can already be 
concluded that the formation of 𝑁𝑂 on this reaction pathway is dependent on the temperature present. Due to the 𝑁  triple 
bond, which is strongly dependent on temperature, a certain temperature is required for 𝑁𝑂 production. The driving reaction 
in this case is GRI 179. The rate of the reaction is slow in comparison to other molecules, which is why another factor is 
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the reaction time. In the area of the combustor, the primary zone velocity is often used, which is an indication of the 
formation of 𝑁𝑂 as a function of the temperature present. 

𝑁 + 𝑂  ↔ 𝑁𝑂 + 𝑂 (GRI 179) 

𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻 (GRI 180) 

𝑁 + 𝑂 ↔ 𝑁 + 𝑁𝑂 (GRI 178) 

[ ]
= 2𝑘 [𝑂][𝑁 ] (10) 

 

Essentially, the temperature-dependent formation of 𝑁𝑂 molecules depends on the rate coefficient 𝑘 . With the 
reduction of the static temperature as well as the 𝑂 and 𝑁  concentration, a reduction of the rate coefficient 𝑘  is possible 
(Zeldovich, 1946), (Hasemann-Seeger, 2020). According to Hasemann-Seeger, in the flame front region the O 
concentration at low pressures is above the equilibrium condition, so a differential approach Eq. 10 has to be solved . If the 
Zeldovich mechanism is considered in a wet combustion, it follows with 𝐻 𝑂, the static temperature is reduced by the 
higher specific isobaric heat capacity. Therefore, the 𝑁𝑂 production is inhibited (Goeke, 2012). 
 

NO generated via nitrous oxide 
𝑁𝑂 molecules emitted via nitrous oxide are predominantly produced in lean combustion, where there is an excess of 𝑂 
concentration. In the case of lean combustion, the mass fraction of the fuel is the limiting parameter. The inert impact 
partner 𝑀 is involved in the reaction of GRI 185. This is mainly present at high pressures. 

𝑁  +  𝑂(+𝑀 )  ↔  𝑁 𝑂(+𝑀 ) (GRI 185) 

For 𝑁𝑂 formation, the reaction equation GRI 182 must also be considered as a subsequent reaction. The molecule 𝑁 𝑂 
(nitrous oxide) and 𝑂 react to form 2𝑁𝑂. 

𝑁 𝑂 +  𝑂 ↔  2𝑁𝑂 (GRI 182) 

At low temperatures and with lean combustion, the importance of the GRI 182 reaction increases (Hasemann-Seeger, 
2020). 

 

Prompt NO (Fenimore mechanism). 
The last mechanism to be considered is Prompt 𝑁𝑂. It is an important indicator for 𝑁𝑂  formation in a rich combustion 

due to the higher CH fractions. In this study, a lean combustion is considered, so the GRI 240 equation is of little importance 
(Guo et al., 2008). 

𝐶𝐻 + 𝑁 ↔ 𝐻𝐶𝑁 + 𝑁 (GRI 240) 

Artificial Species xH2O 
The aim of the study is to separate the thermal and chemical effect of the additional steam loading in the system on 

combustion. The challenge is to separate the effects conclusively from each other. In an experimental setup, the separation 
of the influences is difficult and partly not possible. The numerical investigation of this issue can be solved with a certain 
numerical effort. This requires a complex chemical mechanism, such as the GRI-Mech 3.0 (Smith et al., 1994), in which 
water is present as a reaction reactant and product. The reversible and irreversible reaction equations include the species 
𝐻 𝑂 and reflect the chemical effect of steam loading. The thermal effect follows from the transport properties of water. 
The isobaric specific heat capacity of water in the gaseous state of aggregation at a pressure of 100000 Pa and a temperature 
523 K is a value of 2020 J/kgK (VDI, 2006). The value of air with the identical boundary conditions is at a value of 1004 
J/kgK. From this follows the factor two between the isobaric specific heat capacity of water and air. Accordingly, water 
has a higher capacity for heat conduction. Based on the conclusions, two sets of simulations are necessary to use the 
approach of Guo, Neil and Smallwood (Guo et al., 2008). The first simulation set corresponds to a transient simulation 
with the GRI-Mech. 3.0 mechanism. The second set of simulations is modified by integrating the artificial species 𝑥𝐻 𝑂. 
Otherwise, the boundary conditions and settings are based on the first simulation set. The artificial species 𝑥𝐻 𝑂 is given 
the same transport properties as the unmodified species 𝐻 𝑂, resulting in the same thermal properties. The NASA 
polynomials for the species 𝐻 𝑂 were accordingly also used for the artificial species 𝑥𝐻 𝑂. On the other hand, the artificial 
species 𝑥𝐻 𝑂 is from all reversible and irreversible reaction equations decoupled in comparison to 𝐻 𝑂, so that the species 
is neither an reactant or a product. From the difference of the mass fractions of the species from the GRI and the GRI-
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xH2O simulation, the chemical effect can be determined. With this method the chemical and thermal effects of the steam 
on the combustion are separated and the influences are available independently. 

 

Combustion Modeling 
The reaction and therefore the combustion process is modeled with the Partially Stirred Reactor (PaSR) model (Nordin, 

2001) (Kaerholm, 2008). The approach of the PaSR model is based on the division of the cell into a reactive and a non-
reactive percentage. The composition of these two cell areas varies by the exchange of mass fractions of species between 
these two regions. It is assumed that the reaction zone is considered perfectly mixed with the respective species, so that a 
homogeneous species distribution in the reaction zone exists. This simplification leads to an easier characterization of the 
chemical source term. The determination of the species concentration is divided into two steps: The chemical reaction and 
the turbulence interaction. The initial concentration undergoes a change through the reaction of species. The reacted mixture 
is mixed with the unreacted mixture by turbulence interactions and results in a mixed averaged species concentration. A 
definition of the two time scales is given by the Eq. 11. 

𝑘∗ =   (11) 

The chemical time scale is notated as 𝜏  and the turbulent mixing timescale by 𝜏 . The turbulent mixing timescale 
is modeled through the geometric mean of Kolomogrov timescale 𝜏  and the Taylor timescale 𝜏 . 

𝜏 = 𝐶 𝜏 𝜏 = 𝐶   (12) 

Therefore, the turbulent mixing timescale depends strongly on the turbulence model with the turbulent dynamic 
viscosity 𝜇  and the kinetic energy dissipation rate 𝜖. This ensures the coupling of the turbulence with the chemistry. To 
define the constant model parameter 𝐶  for different simulation setups and concept, a validation study was completed. 
The solver is also validated for different flames and combustion chambers from Konle and Schaeflein (Konle et al., 2017), 
(Konle et al., 2018), (Schaeflein et al., 2020). 

T 

Numerical Model of the BRS-Burner 
The Beschaufelter-Ring-Spalt (BRS) burner of the Technical University of Munich by Komarek and Prof. Polifke 

(Komarek et al., 2010) is an academic premixed swirl-stabilized burner, which is designed for the observation of 
thermoacoustics phenomena. This burner was used at MTU Aero Engines AG to investigate premixed combustion. The 
flow is guided through an inlet in the form of an annular ring. A swirl generator (swirler) is placed in this annular gap. This 
twisted flow is guided into the combustion chamber, which is bounded squarely by four walls. The exhaust chamber is not 
in the original geometry and only used for the computational simulation. 

 

a) 
 

b) 
 

Figure 1 Computational Domain a) and theoretical flow pattern b) of the BRS-Combustor 
 
Fig. 1a) shows the numerical domain, where the main components and surfaces for the boundary conditions are 

defined. The basis of numerical calculation provides the topology of the existing geometry and the discretization of the 
fluid. The mesh is resolved with 2.4 million cells tetrahedron cells. For a detailed resolution near the wall, prism cells are 
used with sufficient layers. A mesh study was carried out to guarantee that the flow in the combustor is not effect by the 
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mesh resolution. The mesh quality fulfill the MTU standards. In Fig. 1b) the theoretical flow pattern is shown with the 
primary and secondary recirculation zones. 

Due to the simplified design of the combustion chamber, it is possible to investigate detailed chemical and thermal 
effects. The use of a premixed burner reduces the numerical effort in modeling the combustion processes. In addition, 
instead of using a long-chain 𝐶 𝐻 , the significantly simpler fuel methane is used, so that results can be achieved with 
minimum numerical computational time. For the setup of the simulation is the definition of the steam mass fraction at the 
inlet of the combustions chamber important. To relate the additional steam load to the mass fraction of air, the water-gas 
ratio (WGR) is used. 

𝑊𝐺𝑅 =  (13) 

In Eq. 13 is the WGR described with the mass fraction of water 𝑌  and air 𝑌 . This parameter is used to illustrate 
the different steam loads in the simulations. In total fifteen numerical simulations with three different chemical mechanisms 
are analyzed. The setup of the simulations are summarized in Tab. 1. 

 
Table 1 Number of numerical simulations 

Chemical mechanism 
Number of WGR 

variations 
GRI 5 

GRI-xH2O 5 
Global One Step 5 

∑ 15 

 
The boundary conditions for the simulations with the BRS combustor are defined in Tab. 2. With a WGR from 0 to 

0.20 a wide range of steam loads is investigated. The constant equivalence ratio 𝜙 provides a constant thermal power, as 
only the WGR is increasing. Therefore, the amount of mass flow steam is added to the total mass flow without steam. 

 
Table 2 Boundary conditions 

WGR 𝒀𝒇𝒖𝒆𝒍  𝒀𝑶𝒙𝒚𝒈𝒆𝒏
 

𝒀𝑯𝟐𝑶, 𝒀𝒙𝑯𝟐𝑶 𝝓 

0.00 0.0464 0.2222 0.0000 0.83 
0.05 0.0442 0.2117 0.0478 0.83 
0.10 0.0420 0.2010 0.0958 0.83 
0.15 0.0397 0.1906 0.1440 0.83 
0.20 0.0375 0.1795 0.1925 0.83 

 

RESULTS AND DISCUSSION 
For a first investigation the velocity distribution of the BRS combustor with different steam loads is analyzed. Due to 

the constant boundary condition thermal power the mass flow is higher with the increase of steam in the BRS combustion 
chamber. Another important aspect is the influences of steam on the temperature distribution and heat release. Out of the 
results, the 𝑁𝑂  propagation with the chemical and thermal effect is characterized and the reaction sensitivity is defined. 

Velocity and Temperature Distribution 
In respect of the continuity equation Eq. 1, if the mass flow increases and the geometry is constant the density and the 

velocity has to change. With a higher steam load at the inlet of the combustion chamber the density of the fluid decreases, 
because of the lower density of steam compared to air. Due to the constant equivalence ratio coupled with the constant 
thermal power, the mass flow increases. This behavior does not base on the chemical mechanism. Therefore, this 
phenomena is observed for the One-Step, GRI and GRI-xH2O simulations depending on the WGR at the inlet in Fig. 2a), 
2b) and 2c). For a WGR from 0 to 0.10 the effect does not impact the primary or secondary recirculation zone significantly. 
At a WGR 0.10 the velocity in the primary recirculation zone of the One-Step simulation is reduced and a larger field of 
lower values occur. As expected the difference in the velocity distribution between the GRI and GRI-xH2O simulations 
are small. For this reason, the decoupling of the water fraction at the inlet with the artificial species 𝑥𝐻 𝑂 has no influence 
on the flow field. The time-averaged mass flow at the outlet is also identical. It is concluded that the chemical mechanism 
has an effect on the flow pattern between GRI and One-Step . 

Another important field is the temperature distribution. The time-averaged temperature distribution fields are shown 
in Fig. 2d) One-Step, 2f) GRI and 2e) GRI-xH2O. The first comparison of these three simulation sets is with the WGR 
0.00. The local temperature distribution at the outlet of the swirler in Fig. 2d) is significantly different compared to Fig. 
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2e) and Fig. 2f). With a simplified chemical mechanism, the area of lower temperature is larger compared to the detailed 
mechanisms. Based on this knowledge, different flame propagations can be expected, which will be examined in more 
detail later in this chapter. Until a WGR of 0.15, the same phenomena occur. At a WGR of 0.20, the decoupling of the 
species 𝑥𝐻 𝑂 shows its influence on the temperature distribution. For a more precise investigation of this topic, the heat 
release propagation is shown in the next part. 

a) d) 

b) e) 

c) f) 

Figure 2 a) One-Step, b) GRI and c) GRI-xH2O time-averaged axial velocity field and d) One-Step, e) 
GRI and f) GRI-xH2O time-averaged temperature distribution field 

 

Heat Release 
The flame propagation has been analyzed considering the effect of the three mechanisms on the temperature 

distribution. The volumetric heat release of the academic premixed swirl stabilized combustor is projected from a three-
dimensional field to a two-dimensional plane and is illustrated in Figs. 3a), 3b) and 3c). Fig. 3a depicts the effect of steam 
on a One-Step mechanism. With the simplified mechanism of One-Step, the flame volume is increasing significantly 
compared to the GRI mechanism. This change resulted in two effects. One effect is the higher steam load. As a result, the 
mean temperature is lower and the distribution is more homogenous. Another effect is the higher mass flow rate that is 
expressively impacting the velocity field. The GRI and GRI-xH2O mechanisms are also investigated in order to see the 
chemical and thermal effects on the flame propagation. With the introduction of steam into the system, which directly 
participates in the reaction equation in Fig. 3b), the reaction is locally inhibited and the flame spreads further. The 
observations and findings made from the temperature distribution are identical to the volumetric heat release. At low WGR 
major chances in the propagation of the flame between the two detailed chemical mechanisms are not presented. The effect 
only occurs at high steam loads with a WGR of 0.20. The heat release in the flame is affected so that the flame front is 
separated by the wall. This influences the shape of the flame and thus the local temperature in the combustion chamber. 
For a more precise view of this interaction, cutplanes of the time-averaged volumetric heat release are presented in Fig. 
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3d), 3e) and 3f). In these plots, it is shown that the intensity of heat release increases with a more detailed chemical 
mechanism, which is due to the decrease in the area of the flame. The total heat release is identical in all cases. 

Figure 3 a) One-Step, b) GRI and c) GRI-xH2O 3D visualization of the volumetric heat release and d) 
One-Step, e) GRI and f) GRI-xH2O 2D cutplane of the volumetric heat release 

 
In order to see the quantitative impact on the heat release, a plot at an axial position of 0.03 m is shown in Fig. 4. It is 

clearly visible that the normalized volumetric heat release differs when the steam does not participate in the reaction. This 
significant effect is only observed at high steam loads, as shown in Figs. 3e) and 3f). Therefore, other WGRs are not shown 
in Fig. 4. The influence of the decoupled 𝑥𝐻 𝑂 is mostly seen in the amplitudes of the graphs in Fig. 4. Between the GRI 
and GRI-xH2O with a WGR of 0.20, the value of the heat release decreases when the steam at the inlet is decoupled from 
the reaction equations. This behavior occurs at the peaks of the heat release in the plots. The general distribution of the heat 
release over this line is equivalent in both simulation setups. The only deviation is a lateral compression of the graph GRI-
xH2O compared to the GRI simulation. 

With the qualitative and quantitative observations, it is identified that the modeling of chemistry has a major impact 
on the propagation of the heat release at high steam loads. The importance and sensitivity of the reaction equations, in 
which 𝐻 𝑂 plays a role, increase with higher steam loads. This assertion is supported by the results from Goeke’s work 
(Goeke, 2012). He showed a similar behavior of steam with different water ratios. The same results are shown by Lellek 
et al. (Lellek and Sattelmayer, 2015) with a constant equivalence ratio. 

It should be mentioned that this observation is made for the simple alkane 𝐶𝐻  and cannot be directly applied to a 
complex hydrocarbon. Therefore, the presented tendency must be proved in another study for a more complex fuel. 
Nevertheless, this study gives some first ideas about the importance of the chemical effect. Furthermore, the numerical 
analysis does not take into account the thermal mechanism radiation. Radiation has a not insignificant share in the thermal 
load, which should be investigated in further works under the influence of steam. 

a) d) 

b) e) 

c) f) 

z = 0.03 m 

z = 0.03 m 
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 Figure 4 Normalized volumetric heat release at z = 0.03 m with GRI and GRI-xH2O 
 

Effect on 𝑵𝑶𝒙 Propagation 
That high steam loads have an effect on the temperature distribution and flame is presented in the previous sections. 

It is clear that the heat release will impact the emittance of molecules. An important aspect is which molecule reacts to 
which effect. This means whether the thermal effect dominates and thus the chemical effect is negligible or whether the 
chemical effect plays an important role. If the chemical effect plays an important role and the molecule is of major interest, 
a detailed chemical mechanism that represents the emittance of this molecule should be considered. As mentioned in the 
previous chapter the reduction of nitrogen oxides (𝑁𝑂 ) concentration is important for human health. Therefore, for future 
combustor concepts, the production of 𝑁𝑂  should be analyzed. Fig. 5 depicts the results of a detailed analyze and shows 
if the thermal or chemical effect is dominant. 

 
 

Figure 5 Normalized nitrogen oxides (NOx) concentration of GRI and GRI-xH2O with different steam 
loads 

 
The 𝑁𝑂  values are normalized to the initial value where no steam is present at the inlet. The dashed graph shows the 

results from the simulation with the artificial species 𝑥𝐻 𝑂 and the solid graph shows the simulation with the unmodified 
GRI mechanism. With an increase in the WGR, the production rate of 𝑁𝑂  is decreasing and therefore less 𝑁𝑂  is emitted. 
This trend continued till the highest WGR is reached that is used in this study. Subtracting these two curves shows the 
chemical effect. This is visualized by the gap between these two graphs. On the other hand, the GRI-xH2O simulations 
show the thermal effect only. At every point in Fig. 5 that is analyzed, the thermal effect is dominant and the chemical 
effect is negligible. 

In the section Chemical Modeling, the three chemical mechanisms for 𝐶𝐻  were presented and the associated reaction 
equations. Due to the fact that the amount of steam has only a small impact on the 𝑁𝑂  production, it is important to find 
out by which equation the process is driven. Therefore, a reaction sensitivity study is carried out for the equations that are 
relevant on the emission of 𝑁𝑂  in Fig. 6. The figure shows the normalized sensitivity of the reactions with a combination 
of the thermal and chemical effect, and a separated chemical effect. For a better comparison between the two mechanism, 
the dominant equation GRI 185 is not presented. From a first observation of the results in Fig. 6 the Zeldovich-Mechanism 

0.5 

0.0 0.5 1.0 

1.0 
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is the main path. The distribution of the sensitivity changes between the three presented equations if the artificial species 
𝑥𝐻 𝑂 is used. Due to this, the results show that the emitted 𝑁𝑂  is driven mainly by the temperature. This observation 
matches with the previous investigation in the numerical computational study. 

 

Figure 6 Reaction sensitivity analyzes of GRI-xH2O and GRI at WGR=0.20 

CONCLUSION 
The academic premixed swirl stabilized combustor BRS of Komarek and Prof. Polifke under the influence of high 

steam loadings is investigated in this study. For this purpose, a One-Step mechanism and a complex GRI-Mech 3.0 
mechanism are used to model the chemistry. In order to separate the thermal and chemical effect of steam loading on the 
fuel methane, an artificial species 𝑥𝐻 𝑂 is introduced, whose transport properties are identical to those of the species 𝐻 𝑂. 
For the representation of the thermal effect the species 𝑥𝐻 𝑂 is decoupled from the reaction equations in the GRI 
mechanism. The difference between the results of the GRI simulation and the GRI-xH2O simulation shows the chemical 
effect. The work is focused on the effect of steam on the molecular 𝑁𝑂  species. The flame position is determined by the 
heat release. The change in the structure of the flame shape of the One-Step mechanism compared to the GRI-Mechanism 
is mentioned. Additionally, the influence of the decoupling of the 𝑥𝐻 𝑂 species from the reaction equations is worked out. 
The flame propagates more strongly under the neglect of the species 𝑥𝐻 𝑂 as a reactant when increasing the steam loading 
at the inlet. In particular, this influence is strongly noticeable at a WGR of 0.20, where the heat release changes significantly 
and the chemical effect has an impact. In further analyzes the 𝑁𝑂  propagation is investigated and the influence of the 
chemical effect is described. As a result, the thermal effect is identified as dominant. Furthermore, a reaction sensitivity 
analyzes is carried out. The investigation demonstrates that steam influences the 𝑁𝑂  emissions. Therefore, the reduced 
temperature is impacting 𝑁𝑂  and the Zeldovich-Mechanism is the most important chemical path. 

In order to use a fuel that is more related to an application for a real aero engine combustor the results shown give an 
tendency which aspects are important. For further studies with high steam loads and a more complex hydrocarbon it is 
necessary to model the chemical effect. The heat release is changing significantly depending on the chemical mechanisms 
and impacts the temperature distribution. 
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NOMENCLATURE 
𝐶  Constant for PaSR [−] 
𝒟  Molecular diffusion of species k [𝑚  𝑠 ] 
ℎ  Sensible enthalpy per unit mass [𝑊 𝑚 ] 
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𝑘 Turbulent kinetic energy [𝑚 𝑠 ] 
𝑝 Pressure [𝑁 𝑚 ] 

𝑃𝑟 Prandtl number [−] 
𝑃𝑟  Turbulent Prandtl number [−] 
𝑆𝑐 Schmidt number [−] 
𝑆𝑐  Turbulent Schmidt number [−] 

𝑡 Time [𝑠] 
𝑇 Static temperature [𝐾] 

𝑇 𝑡𝑎𝑣𝑔 Time-averaged static temperature [𝐾] 
𝑢 Velocity [𝑚 𝑠 ] 
𝑉  Diffusion velocity [𝑚 𝑠 ] 

WGR Water-Gas-Ratio [−] 
𝑌  Mass fraction of species k [−] 
𝑥 Direction [𝑚] 
𝑧 Axial position [𝑚] 
   

𝜖 Turbulent dissipation rate [𝑚  𝑠 ] 
𝜅∗  Reactive volume fraction [−] 
𝜆 Thermal conductivity [𝑊 𝑚 𝐾 ] 
𝜇 Dynamic viscosity [𝑘𝑔 𝑚 𝑠 ] 
𝜇  Turbulent dynamic viscosity [𝑘𝑔 𝑚 𝑠 ] 
𝜑 Viscous heating source term [𝑊 𝑚 ] 
𝜙 Equivalence ratio [−] 
𝜌 Density [𝑘𝑔 𝑚 ] 
𝜏  Chemical timescale [𝑠] 
𝜏  Viscous stress tensor [𝑁 𝑚 ] 

𝜏  Turbulent timescale [𝑠] 
𝜏  Taylor timescale [𝑠] 
𝜏  Kolomogorov timescale [𝑠] 
𝜔 Specific dissipation rate [𝑠 ] 

𝜔  Mass reaction rate of species k [𝑘𝑔 𝑚 𝑠 ] 
𝜔  Heat release due to combustion [𝑊 𝑚 ] 

   
𝑓 ̅ Favre averaging for 𝑓  
𝑓 Reynolds averaging for 𝑓  

𝑓′′ Fluctuation of 𝑓  
𝑓  Einstein notation  
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