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Abstract

This article is devoted to the investigation of the characteristics of a low-emission gas turbine combustion chamber, 
which can be used in Floating Production, Storage and Offloading (FPSO) vessels and operates on a mixture of natural 
gas and hydrogen. A new approach is proposed for modelling the processes of burning out a mixture of natural gas with 
hydrogen under preliminary mixing conditions in gaseous fuel with an oxidizer in the channels of radial-axial swirlers 
of flame tubes. The proposed kinetic hydrocarbon combustion scheme is used in three-dimensional calculations for 
a cannular combustion chamber of a 25 MW gas turbine engine for two combustion models: the Finite-Rate/Eddy-
Dissipation and the Eddy Dissipation Concept. It was found that, for the investigated combustion chamber, the range 
of stable operations, without the formation of a flashback zone in the channels of radial-axial swirlers, is determined 
by the hydrogen content in the mixture, which is less than 25-30% (by volume). For the operating modes of the chamber 
without the formation of a flashback zone inside the swirler channels, the emissions of nitrogen oxide NO and carbon 
monoxide CO do not exceed the values corresponding to modern environmental requirements for emissions of toxic 
components by gas turbine engines.
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introduction

Research on the use of a mixture of natural gas and 
hydrogen, hydrogen-containing gases, and pure hydrogen in 
energy systems is relevant and promising. This is especially true 
of gas turbine technology, which is the basis of gas-transport 
networks, stationary energy systems, and marine energetics 
(its use in Floating Production, Storage and Offloading (FPSO) 
vessels in particular). The issue of converting gas turbine 
engines to alternative fuels, including a mixture of natural 
gas and hydrogen, synthesis and associated gases with high 
hydrogen content and pure hydrogen, has long been in the 
spotlight of researchers. 

Note that the role of gas turbine engines in future low-
carbon energy systems depends on achieving increased 
thermal efficiency and the ability to operate on fuels 
such as hydrogen. According to the International Energy 
Agency (IEA), the development of hydrogen-powered gas 
turbine technology could become the future carbon-neutral 
technology that supports society [1]. It should be noted that 
well-known world manufacturers of gas turbines (GE Power, 
Mitsubishi Heavy Industries, Siemens Energy, Rolls-Royce, 
Ansaldo Energia, etc.) have long been working fruitfully in this 
direction [2, 3]. In [2], Mitsubishi Heavy Industries presented 
the main stages of development of combustion chambers of 
gas turbine engines operating on hydrogen-containing gas 
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and hydrogen.  An important aspect of the operation of gas 
turbine combustion chambers is the presence of thermo-
acoustic instability during the combustion of hydrogen-
containing gases. In [3], the destabilising effect of hydrogen on 
the combustion dynamics of premixed mixtures was revealed. 
In [4] it was noted that the known combustion systems for 
gas turbine engines cannot be directly used for low-emission 
hydrogen combustion; it is recommended that special Micro-
Mix technology is used with several diffusion-type burners to 
prevent flashback. Note that flashback usually occurs when 
the flame propagates towards the fresh gases upstream, at 
a velocity higher than the incoming flow velocity. The study 
by [5] considered the current state of mutual substitution 
of natural gas with a mixture of gases, with the addition 
of hydrogen to the flow of natural gas or methane. In [6], 
a combustion chamber operating on a mixture of methane 
and hydrogen was modelled to determine the optimal 
geometric configurations and operating conditions.

Preliminary computational f luid dynamics (CFD) 
modelling in [7] showed that the basic design scheme of 
a combustion chamber cannot safely operate on hydrogen 
fuel, as the flame propagates into the premix channel, which 
is not sufficiently protected from high temperatures. A new 
fuel injection system and a new geometry of the combustion 
chamber’s front device are proposed. The study in [8] was 
devoted to the development of an analytical model for 
calculating the energy characteristics of a gas microturbine 
with power of 30 kW; a mixture of natural gas and hydrogen 
(0 to 10% by volume) was used as fuel. It was concluded 
that the use of up to 10% hydrogen in the mixture did not 
significantly change the behaviour of the gas microturbine. 
It was concluded in [9] that the low-emission combustion 
chambers (Dry Low NOx – DNL) available for natural gas 
burning in gas turbines cannot be directly applied to hydrogen 
combustion. Therefore, to significantly reduce emissions of 
nitrogen oxides (NOx), a new method for burning hydrogen 
fuel (DLN Micromix) has been proposed. This combustion 
principle is based on cross-flow mixing of air and gaseous 
hydrogen, which reacts in multiple miniaturised diffusion-
type flames. The influence of various geometrical parameters 
on the flame structure and NOx emissions, as well as the 
determination of the most important energy characteristics of 
a chamber with the Micromix device operating on hydrogen, 
was considered in [12]. Parametric studies of a burner with 
a  high energy density have shown that it is possible to 
positively influence the flame shape acting on the stabilising 
vortices. An adequate choice of the geometry of the front 
burner device allows one to adjust the flame length and the 
length of the inter shear layer, to suppress the formation of 
nitrogen oxides. 

In [11], using numerical CFD methods, the parameters of 
a combustion chamber of a small-power gas turbine operating 
on pure methane and hydrogen were determined. There were 
significant differences in operating processes when burning 
different fuels, indicating possible problems and damage 
to burning components when operating on pure hydrogen. 
A new swirl injector design was proposed, which made it 

possible to partially solve the problem of overheating of the 
combustion chamber’s elements. The CFD modelling method 
was also used in [12], to study the processes of combustion of 
a hydrogen–air mixture in a microchamber. The separation 
of the hydrogen supply along a combustion chamber made it 
possible to significantly reduce the maximum wall temperature 
and reduce the non-uniformity of the temperature field at 
the outlet. CFD modelling of the reacting flow of air and 
hydrogen inside the flame tube of a diffusion-type combustion 
chamber of a single-shaft gas turbine is presented in [13]. Of 
interest are the calculations of the wall temperatures of the 
combustion chamber elements and the unevenness of the 
temperature field at the turbine inlet, since these parameters 
affect the reliability of components originally designed to 
operate on natural gas. To confirm the numerical results, data 
from full-scale experimental tests are used. Using the Ansys 
Fluent software package, 3D calculations of a simple geometry 
combustion chamber operating on methane or hydrogen 
were carried out in [14]. It was indicated that there are no 
carbon monoxide (CO) emissions during the combustion of 
hydrogen, in contrast to the combustion of methane. Large 
temperatures and velocities were observed in the combustion 
zone when hydrogen was used as a fuel.

Therefore, although the mechanisms of hydrogen fuel 
combustion are sufficiently developed, when converting real 
gas turbine engines to hydrogen-containing fuel, there are 
several problems. These are primarily associated with the 
thermophysical properties of hydrogen, such as: an increase 
in the flame propagation velocity and the possibility of 
the formation of a flashback zone (this is especially true 
for combustion chambers with preliminary mixing of 
components), an increase in the temperature of the flame 
tube walls due to an increase in heat release, and possible 
growth in nitrogen oxide emissions due to an increase in 
the maximum combustion temperature. These problems are 
especially typical for low-emission gas turbine combustion 
chambers with preliminary mixing of fuel with an oxidizer, 
which requires a significant modification of the combustion 
chamber’s burner devices. However, especially in the early 
stages of work related to the conversion of gas turbine engines 
from natural gas to hydrogen-containing fuels and pure 
hydrogen, it is necessary to assess the possibility of the reliable 
operation of basic fuel-burning devices when operating on 
mixtures of natural gas with hydrogen, to determine the 
ecological characteristics of serial combustion chambers and 
find operating modes, ensuring stable combustion of fuel 
without flashback phenomena into the pre-mixing devices.

The scope of this article is to investigate the energy and 
ecological characteristics of a low-emission gas turbine 
combustion chamber with pre-mixing of fuel with an 
oxidizer, which can be used in FPSO vessels and operates on 
mixtures of natural gas with hydrogen. This paper also aims to 
determine the operating modes of a 25 MW gas turbine serial 
combustion chamber without flashback into the channels of 
the radial-axial swirlers of the front device.
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OBJECT OF INVESTIGATION

The low-emission combustion chamber of a 25 MW gas 
turbine engine, manufactured by the ‘Zorja-Mashpoekt’ Gas 
Turbine Research & Production Complex, has a cannular 
counterflow structure with 16 flame tubes (Fig. 1), and 
implements the principle of dry combustion of a partially 
mixed lean mixture [15]. 

Fig. 1. Low-emission combustion chamber of a 25 MW gas turbine engine: 
1, 2 – fuel collectors of the first and second channels; 3, 4 – fuel supply pipes;  

5 – compressor casing; 6 – burner device; 7 – retainer; 8 – combustion 
chamber casing; 9 – flame tube; 10 – power casing; 11 – diffuser;  

12 – inner casing

The main element of such a chamber is the burner device, 
consisting of two radial-axial swirlers of the first and second 
channels (the inner and outer swirlers, respectively), behind 
which are located annular mixing chambers. The portion of 
the air entering the inner swirler is approximately 12% of the 
total air flow through the flame tube, and the amount of air 
coming through the outer swirler is about 61% [15]. Fuel gas 
(natural gas) is supplied through a series of holes made in 
the blades of the radial-axial swirlers of the first and second 
channels. To sharply reduce the number of nitrogen oxides 
in a combustion chamber, partial preliminary mixing of fuel 
with air in the swirler channels is provided, and the resulting 
swirling fuel-air mixture is fed into the primary zone of the 
chamber. In the paraxial region of a combustion chamber, 
under the influence of swirling flows, a sufficiently extended 
recirculation zone is formed, which ensures reliable ignition 
of fresh portions of fuel and stabilisation of the lean mixture 
combustion.

The serial combustion chamber was designed for natural 
gas burning with low emissions of products of incomplete 
combustion and nitrogen oxides. It is supposed to be used for 
burning mixtures of natural (associated) gas with hydrogen 
as part of the project to create low-carbon energy systems.

MATHEMATICAL MODELLING

The modelling of physical and chemical processes in a low-
emission gas turbine combustion chamber is based on the 
solution of differential equations of mass, impulse, and energy 
conservation for the multi-component, turbulent, chemically 
reacting system. 

A mass conservation equation or the continuity equation 
for compressible and incompressible media can be represented 
as follows [16]:

��

��
+ ∇(��⃗) = ��, (1)

where ρ is flow mass density,  υ�⃗   is a local flow velocity vector, 
and Sm is a source term which defines the mass supplied to 
the flow.

T﻿he momentum conservation equation in a fixed system 
of reference may be formed as follows [16, 17]:

�

��
(ρυ�⃗ ) + ∇(ρυ�⃗ υ�⃗ ) = −∇� + ∇ ⋅ (���) + � g�⃗ + �,���⃗  (2)

where p is the static pressure, τst is the stress tensor, and 
� g�⃗   and  �⃗   and � g�⃗   and  �⃗   are the gravitational body force and external 
body forces, respectively.In a generalised form, the energy 
conservation equation is written as follows: 

sed form, the energy conservation equation is written as follows:  
�
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where E is the total energy, keff is the effective conductivity, 
�⃗�   is the diffusion flux of species j, and τ���  is the effective 
viscosity coefficient. The term Sℎ includes the heat of the 
chemical reaction.

If there is aIf there is a need to consider the equations 
for chemical substances, then it is possible to obtain the 
concentration of each component Yi by solving the equation 
for its convection-diffusion transfer. In general, this equation 
has the following form [18]:

he following form [18]: 
�
��
(ρ��) + ∇(ρυ�⃗ ��) = −∇ ⋅ �⃗� + �� + ��, (4)

where Ri is the rate of forming the i-th component as the result 
of a chemical reaction, Si is the level of additional forming of 
the i-th component from different sources, and 

he following form [18]: 
�
��
(ρ��) + ∇(ρυ�⃗ ��) = −∇ ⋅ �⃗� + �� + ��,  is mass 

diffusion of the ith component.
The net source of the i-th chemical component, which 

is obtained via the reaction , is calculated as the sum of the 
reaction sources over the NR Arrhenius reactions in which 
the component takes part [19]: 

�� = ��,� ∑ ��,�
��
��� ,  (5)

where Mw,i is the molecular weight of species i and Ri,r is the 
Arrhenius molar rate of formation/decomposition of the i-th 
component in the reaction r.

Let us consider the chemical reactions r, formed as follows:
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where N is the number of chemical species in the system;  
��,��  

i

is the stoichiometric coefficient for the i-th reactant in 
the reaction 

p

r, ��,���  - – is the stoichiometric coefficient for the 
i-th product of the reaction r, Mi is the symbol denoting the 
i-th chemical component, kf,r is the forward rate constant 
for the reaction r, and kb,r is the backward rate constant for 
the reaction r.

The molar rate of formation/decomposition of the i-th 
component in reaction r may be defined as follows [20]:
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where Cj,r is the molar concentration of each j-th reagent and 
product in the reaction r,  η�,��  

��
 is the rate exponent of the 

direct reaction for the j-th reagent and product in the reaction 
n r, η�,���   is the rate exponent of the reverse reaction for the 

j-th reagent and product in the reaction r, and Γ represents
the net effect of third bodies on the reaction rate and is defined 
as follows:

tion rate and is de

Γ = ∑ γ�,����
� ,   

f h j h

(8)

where γ�,�  is the third-body efficiency of the j-th component 
in the reaction r.

The forward rate constant for the reaction r is calculated 
using the Arrhenius expression:

ction r is calculated using

��,� = ���������/��,  

β is the temperature ex

(9)

where Ar is a pre-exponential factor, βr is the temperature 
exponent, Er is the activation energy for the reaction, and R 
is the universal gas constant.

In this investigation, two combustion models were 
implemented in the Ansys Fluent software, which is 
supposed to be used to determine the energy and ecological 
characteristics of a low-emission gas turbine combustion 
chamber: 1) the Finite-Rate/Eddy-Dissipation (FR/ED) 
model, which computes the rates of chemical reactions using 
Arrhenius expressions and compares them to the overall 
rate of reaction controlled by turbulent mixing, and 2) the 
Eddy Dissipation Concept (EDC) model, in which detailed 
Arrhenius chemical kinetics can be incorporated in turbulent 
flames.

According to the FR/ED model, the reaction rate is 
calculated considering both the Arrhenius (7) and Magnussen 
and Hjertager turbulent mixing models [21]:

ussen and Hjertager turbulent mixing models [21]: 
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the turbulence kinetic energy ε is the dissipation rate of the turbulence k

(10)

where k is the turbulence kinetic energy, ε is the dissipation 
rate of the turbulence kinetic energy, A and B are the empirical 
constants, YR is the mass fraction of a particular reactant R, 
and YP is the mass fraction of any product species P.

The reaction rate is taken to be the smaller of the expressions 
(7) and (10). This FR/ED chemistry-turbulence approach 
is used because there are regions within the combustion 
chamber where the turbulent mixing rate is faster than the 
chemical kinetics (low-temperature regions in the vicinity 
of the flame tube walls, air inlets, etc.). 

To determine the values of k and ε, the standard k-ε 
turbulence model [16] or its modification, the RNG-based 
k-ε -turbulence model [22], was used.

According to the EDC combustion model, the detailed 
Arrhenius chemical kinetics in flames is incorporated with 
turbulent fluctuations [23, 24]. The EDC model assumes that 
reaction occurs in small turbulent structures, called fine scales. 
Species react in fine structures over a timescale. Reactions 
proceed over the timescale, governed by Arrhenius rates, and 
are integrated numerically using a special algorithm. So, to 
calculate the net source of species i by the chemical reaction, 
it is necessary to find the volume fine-scale and time scale.

The molar velocity of formation/decomposition of the i-th 
component in the reaction is:

p

�� = �(�∗)�

�∗[��(�∗)�]
(� �

∗ − ��),  (11)

where e ξ∗ = �� �
��
��
�
�
�
 i

t rb lence kine

 is the size of a fine-scale reactor [23] 
which depends on the kinematic viscosity v, the turbulence 
kinetic energy k and the dissipation rate of the turbulence 
kinetic energy ε, �� = 2.1377 is the constant, τ∗ = �� �

�
�
�
�
�
 i is 

the time within which a reaction takes place, Cτ=0.4082 is 
the constant, and ��∗ 

h
 is the fine-scale mass fraction  after 

reacting over time τ∗ = �� �
�
�
�
�
�
 i. 

The proposed mechanism for the oxidation of a mixture of 
methane (replacing natural gas) with hydrogen, which makes 
it possible to predict the emission of carbon monoxide CO, 
is presented in Table 1.

The system of mass transfer equations (which includes 
convection, diffusion, formation, and decomposition of NO 
and related compounds) was used to simulate the nitrogen 
oxide emissions [25]:

�
��
(��NO) + � ⋅ (��⃗�NO) = � ⋅ (����NO) + �NO,  (12)

where YNO is the NO mass concentration, D is the diffusion 
coefficient, and SNO is the source term, depending on the NOx  formation mechanism.
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Tab. 1. Mechanism of fuel oxidation

Reaction A Е, J/kg mole β Reaction order

1 2 CH4 + 3 O2 → 2 CO + 4 H2O 4.64е+09 1.17е+08 -0.062 СН4 0.5 О2 1.066

2 2 CO + O2 → 2 CO2 3.97е+11 7.68е+07 0.215 О2 1.756 СО 1.258

3 2 CO2 → 2 CO + O2 6.02е+05 1.31е+08 -0.108 СО2 1.357

4 2 H2 + O2 → 2 H2O 9.87e+08 3.1e+07 0 H2 1.0 О2 1.0

The boundary conditions in the inlets, symmetry axes, walls, 
and outlet from a combustion chamber were set following 
the operating mode’s conditions and recommendations for 
modelling the turbulent burning processes. The method for 
the system solution, the finite difference scheme, and the 
solution stability analysis were explained in detail in [26]. 

To verify the proposed mathematical model and the kinetic 
mechanism of fuel oxidation, we calculated the formation 
of nitrogen oxides in a serial low-emission gas turbine 
combustion chamber (as shown in Fig. 1), operating on natural 
gas. The calculations were compared with the experimental 
data obtained on the single-burner section of a combustion 
chamber at a pressure of 0.15 MPa [15]. Bench tests were 
carried out to determine the temperature and environmental 
parameters of the flame tube of the low-emission combustion 
chamber. The experimental aparatus was equipped with the 
necessary heat engineering equipment; the Testo-350 gas 
analyser was used to determine the content of nitrogen oxide 
at the outlet of the single-burner compartment. The tests 
were carried out in seven operating modes, with different 
parameters of air and fuel at the inlet and the distribution of 
fuel consumption between the fuel channels of the swirler.

The comparison results for various operating modes, 
differing in the total fuel flow rate through the burner device 
Gf, are shown in Fig. 2. A satisfactory correlation is seen 
between the calculated and experimental data over a wide 
range of fuel flow rates. At a fuel flow rate of 20.9 kg/h, 
there is a fairly significant deviation of the calculated and 
experimental data. This is explained by the possibility of the 
occurrence of unstable modes of operation of the combustion 
chamber on lean mixtures, which was observed in a number of 
cases in the experiment. The instability leads to fluctuations in 
the temperature regime of the primary zone of the combustion 
chamber and an increase in emissions of nitrogen oxides.
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Fig. 2. Content of nitrogen oxides depending on natural gas flow rate

In addition, a comparison was made between the calculated 
and experimental values of the gas temperature in the outlet 
section of the flame tube (at 25 points and for seven operating 
modes), which showed the maximum error in determining 
the integral temperature at the outlet of a chamber of no 
more than 3%. These data indicate the possibility of using 
the above mathematical model to predict the characteristics 
of the combustion chamber of a gas turbine engine with 
partial preliminary mixing of gaseous fuel in the channels 
of radial-axial swirlers.

RESULTS AND DISCUSSION

To calculate the characteristics of the working process 
in a low-emission gas turbine combustion chamber with 
the preliminary formation of a fuel-air mixture in the 
channels of the radial-axial swirlers of the flame tubes, the 
corresponding three-dimensional calculations were carried 
out using the Ansys Fluent software. The initial parameters 
of the working media were: air pressure at the combustion 
chamber inlet =1.505 MPa, air flow rate through a combustion 
chamber = 52.96 kg/s, temperature = 759 K, gaseous fuel 
inlet temperature = 310 K, and flow rate when operating on 
natural gas = 3696.2 kg/h. With the addition of hydrogen, the 
flow rate changed, in proportion to the change in the lower 
calorific value of the mixture of natural gas and hydrogen.

Since the gas turbine combustion chamber consists of 
16 flame tubes, the calculations were carried out for 1/16 of 
its total parts. Natural gas and a mixture of natural gas and 
hydrogen were supplied through two separate pipelines and 
two channels of the burner installed in the flame tube’s front 
part (Fig. 3).

Furthermore, the fuel was fed through rows of small holes 
in the blades of the radial-axial swirlers (inner and outer) 
into the flow path of said swirlers, where it was mixed with 
air to form a homogeneous fuel-air mixture. This mixture 
was supplied to the primary zone of a combustion chamber, 
where it was reliably ignited due to the high temperature of 
the recirculating gases and completely burnt out before the 
dilution of the air supply cross-sections. A constant ratio 
of fuel flow rate through the inner and outer swirlers was 
maintained, equal to 0.242. This value was chosen to take 
into consideration the recommendations of the work by [15].
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Fig. 3. Flame tube of a combustion chamber: 1 – burner; 2 – inner swirler;  
3 – outer swirler; 4 – cooled shells; 5 – dilution air holes;  

6 – flame tube diffuser; 7 – flame tube outlet  

Figure 4 shows a graph of the effect of fuel mass flow rate 
through the inner Gf1 and the outer Gf2 radial-axial swirlers 
on the volume content of hydrogen in a mixture with natural 
gas, for one flame tube.
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Fig. 4. Dependences of fuel mass flow rate through the inner and outer swirlers 
on the volume content of hydrogen in the mixture

It should be noted that the decrease in the total mixture 
flow rate was calculated as a proportion of the increase in 
the lower calorific value of the mixture with a growth in the 
amount of hydrogen in the fuel mixture. The average gas 
temperature at the combustion chamber outlet was about 
1518 K (Fig. 5) and remained almost constant with a change 
in the amount of hydrogen in the gas mixture, as well as 
when using different combustion models (FR / ED or EDC). 
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Fig. 5. Dependence of gas temperature at the outlet of a combustion chamber 
on the volume content of hydrogen in the mixture: EDC - Eddy Dissipation 

Concept, FR/ED - Finite-Rate/Eddy-Dissipation 

To determine the influence of the EDC and FR/ED 
combustion models on the temperature distribution in the 
cross-sections of a low-emission combustion chamber, the 
corresponding calculations were carried out, the results of 
which are shown in Figs. 6 and 7, respectively. 

(a) (b)

(c) (d)
Fig. 6. Contours of temperature, K, inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 20% (b), 30% (c),  

and 40% (d) for the EDC combustion model
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(a) (b)

(c) (d)

Fig. 7. Contours of temperature, K, inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 10% (b), 20% (c),  
and 25% (d) for the FR/ED combustion model

It can be seen that when the EDC combustion model is 
used in the calculations, the initial combustion centres in the 
volume of the inner radial-axial swirler occur at a hydrogen 
content of 30% in the mixture. With 40% hydrogen, the 
flashback zone occupies the volumes of both swirlers with 
intense fuel burn-out in the cavity of the inner swirler. 

When using the FR/ED combustion model in the 
calculations, chemical reactions in the inner swirler already 
take place at a hydrogen content of 25% in the mixture. 
It should be noted that these phenomena (flashbacks) are 

unacceptable during the operation of a gas turbine engine 
because combustion within the burner channels leads to 
overheating of metal surfaces, melting, and warping, as well 
as mechanical damage to the turbomachine parts. These 
operating modes, of course, must be excluded from the 
turbine operation.

Significant changes in the heat release curve along the 
length of the flame tube in these cases, lead to a sharp 
change in the distribution of velocities over the sections of 
a combustion chamber (Figs. 8 and 9).

(a) (b)
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(c) (d)

Fig. 8. Contours of velocity magnitude (m/s) inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 20% (b), 30% (c), 
and 40% (d) for the EDC combustion model

(a) (b)

(c) (d)

Fig. 9. Contours of velocity magnitude (m/s) inside a combustion chamber for different volume contents of hydrogen in the mixture: 0% (a), 10% (b), 20% (c), 
and 25% (d) for the FR/ED combustion model

If there is no flashback zone, then the maximum velocities 
in the characteristic sections of a combustion chamber do 
not exceed 170 m/s (Fig. 8a-b and Fig. 9a-c). When there is 
inflammation in the radial-axial swirlers of the burner device, 
the velocities of the working fluid in the narrowest sections 
of the swirlers increase sharply and reach maximum values 
of 300–350 m/s (Fig. 9d and Fig. 8d). This fact, along with an 
increase in the temperature level of the blade material, also 
leads to an increase in total pressure losses in a combustion 
chamber and an increase in the specific fuel consumption 
of the engine.

Figure 10 shows the distribution of mass fractions of 
nitrogen oxides NO in the sections of a combustion chamber 
for various hydrogen contents in the mixture and different 

combustion models. It should be noted that the percentages of 
hydrogen (30% and 40% for the EDC model, and 20% and 25% 
for the FR/ED model) were chosen taking into consideration 
the transition from the mode without a flashback to the mode 
with a flashback in the burner’s radial-axial swirlers. The 
presence of inflammation areas inside the swirlers leads 
to the initial formation of air nitrogen oxides, according 
to the Zeldovich thermal mechanism, directly inside the 
burner (Fig. 10b and Fig. 10d). In this case, as a result of an 
increase in the residence time of the working fluid in the 
high-temperature zone, the total length of the region where 
nitrogen oxides are formed also increases, which implies an 
increase in their content at the combustion chamber outlet.



POLISH MARITIME RESEARCH, No 2/202272

(a) (b)

(c) (d)

Fig. 10. Contours of NO mass fraction inside a combustion chamber for different volume contents of hydrogen in the mixture and different combustion models: 
30%, EDC (a), 40%, EDC (b), 20%, FR/ED (c), and 25%, FR/ED (d) 

Figure 11 shows the distribution of mass fractions of 
NO in the flame tube outlet section for various hydrogen 
contents in the mixture and different combustion models. 
We note a sharp increase in the maximum concentration of 
nitrogen oxides in the combustion chamber outlet section 
in the presence of a flashback zone due to the elongated total 

length of the burning fuel. When inflammation zones appear 
inside the radial-axial swirlers (with just a slight increase in 
the hydrogen content in the mixture), the maximum mass 
fraction of nitrogen oxides in the outlet section increases by 
a factor of 2.7–4.2. This is observed at practically the same 
average temperature of the combustion products at the outlet.   

(a) (b)
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(c) (d)

Fig. 11. Contours of NO mass fraction at the flame tube outlet for different volume contents of hydrogen in the mixture and different combustion models:  
30%, EDC (a), 40%, EDC (b), 20%, FR/ED (c), and 25%, FR/ED (d) 

An additional explanation for this phenomenon is 
shown in Fig. 12. This figure shows the distribution of gas 
temperature T, velocity magnitude v, mass fraction of carbon 
monoxide CO along the flame tube length l (for the FR/ED 
combustion model), and two values of the hydrogen content 
in the mixture: 20 and 25%. It can be seen that even a slight 
excess of the critical value of 20% of the hydrogen content 
in the mixture (for a given design of a combustion chamber) 

leads to a sharp rise in temperature, flow rate, and CO content 
(red lines), in sections located at a distance of 0.05-0.06 m 
from the beginning of the front device. Furthermore, in the 
sections located behind the swirler’s outlet, the processes 
of fuel burn-up level off and, at l > 0.1 m, they change 
insignificantly with a change in the hydrogen content in 
the mixture. 
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Fig. 12. Distribution of gas temperature (a), velocity magnitude (b), and mass fraction of CO (c) along the length of the flame tube for the FR/ED  
combustion model
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Figure 13 shows the distributions of the average emissions 
of the main pollutants (CO and NO) at the combustion 
chamber outlet at various hydrogen contents in the mixture 
for different combustion models.

In all cases, an increase in the hydrogen content in the 
mixture leads to a decrease in emissions of carbon monoxide due 
to the intensification of combustion of the main fuel-air mixture 
and some increase in the maximum combustion temperature 
in the chamber volume (Fig. 6 and Fig. 7); this decrease is most 
significant when using the EDC combustion model.
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Fig. 13. Distribution of mole fractions of CO and NO at the flame tube outlet for different volume contents of hydrogen in the mixture and different combustion 
models: EDC (a), FR/ED (b)

For the investigated operation modes, in all cases, the 
calculated CO content does not exceed 16 ppm, which 
corresponds to the European requirements for emissions 
from gas turbine engines [27]. Without the presence of 
a flashback into the radial-axial swirlers, the calculated 
emissions of nitrogen oxide do not exceed 20 ppm, which 
also meets the requirements of [27]. When transferring 
to the flashback mode (when the hydrogen content in the 
mixture changes from 30% to 40% for the EDC combustion 
model and from 20% to 25% for the FR/ED combustion 
model), a sharp increase in nitrogen oxide emissions (up 
to 34-57 ppm) is observed. This is unacceptable, not only 
from the point of view of environmental requirements, but 
also from the conditions for ensuring the functionality of 
a combustion chamber itself.

It should be noted that the calculations performed 
showed that a combustion chamber with preliminary 
mixture formation in the channels of radial-axial swirlers 
is very sensitive to the hydrogen content in the mixture. The 
maximum predicted hydrogen content in the mixture, at 
which the formation of combustion centres in the swirler 
channels will not occur, does not exceed 25-30% by volume. 
This must be taken into consideration when modernising 
gas turbine engines with a combustion chamber of this type, 
when they are converted to a mixture of natural gas with 
hydrogen, hydrogen-containing gases, or pure hydrogen 
[28]. Further theoretical and experimental investigations are 
needed to expand the range of stable combustion without 
flashback, for fuel mixtures with a high hydrogen content, 
providing: a) optimisation of the geometry of radial-axial 
swirlers to increase the velocity of fuel-air mixture outflow 

CONCLUSIONS

A mathematical model has been developed to determine 
the influence of hydrogen content and its mixture with natural 
gas on the characteristics of a low-emission gas turbine 
combustion chamber with preliminary mixing of fuel and 
with an oxidizer in the channels of radial-axial swirlers. A 
simplified kinetic scheme for the combustion of a mixture of 
natural gas and hydrogen is proposed, which makes it possible 
to predict the energy and ecological characteristics of a low-
emission gas turbine combustion chamber, which can be used 
in FPSO vessels. When analysing processes in a combustion 
chamber, two models of gaseous fuel combustion were used: 
1) the Finite-Rate/Eddy-Dissipation, which computes the 
rates of chemical reactions using Arrhenius expressions and 
compares them with the overall rate of reaction controlled by 
turbulent mixing, 2) the Eddy Dissipation Concept, in which 
detailed Arrhenius chemical kinetics can be incorporated in 
turbulent flames. The nature of a parameter’s distribution 
over the sections of the combustion chamber, when using 
these two combustion models, is similar; however, the FR/ED 
model gives a narrower range of operation of a combustion 
chamber without the formation of a flashback zone into the 
radial-axial swirlers of the burner device.

It should be noted that, an increase in the hydrogen 
content in the mixture with natural gas for the investigated 
combustion chamber with premixing leads to a decrease in 
carbon monoxide emissions, due to improved combustion 
conditions of the fuel-air mixture in the combustion 
chamber’s primary zone and some increase in the maximum 

into the primary zone of the flame tube, b) redistribution 
of the amount of fuel gas supplied to the inner and outer 
swirlers, and c) studying the possibility of steam supplied 
to the burner.
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temperature of the working fluid in the chamber volume. 
For the investigated operation modes, the CO content at the 
combustion chamber outlet does not exceed 16 ppm, which 
corresponds to modern European requirements for emissions 
from gas turbine engines. The nitrogen oxide content at the 
combustion chamber outlet in operating modes, without the 
formation of a flashback zone, does not exceed 20 ppm and 
sharply increases to 34-57 ppm when combustion centres 
appear into the radial-axial swirlers of the flame tubes. 
Further investigations are required to expand the area of 
stable operation of a low-emission gas turbine combustion 
chamber of this type and to eliminate the flashback formation 
at increased hydrogen contents in the mixture with natural 
and associated gases.
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