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ABSTRACT

The study is devoted to the possibility of increasing the efficiency of the working process in dual-fuel combustion chambers 
of gas turbine engines for FPSO vessels. For the first time, it is proposed to use the advantages of plasma‒chemical 
intensification of the combustion of hydrocarbon fuels in the dual-fuel combustion chambers, which can simultaneously 
operate on gaseous and liquid fuels. A design scheme of a combustion chamber with a plasma‒chemical element is 
proposed. A continuous type mathematical model of a combustion chamber with a plasma‒chemical element has been 
developed, which is based on the solution of a system of differential equations describing the processes of chemical reactions 
in a turbulent system, taking into consideration the initiating effect of the products of plasma‒chemical reactions on the 
processes of flame propagation. A modified six-stage kinetic scheme of hydrocarbon oxidation was used to simultaneously 
predict the combustion characteristics of the gaseous and liquid fuels, taking into account the decrease in the activation 
energy of carbon monoxide oxidation reactions when the products of the plasma‒chemical element are added. The 
results reveal that the addition of plasma‒chemical products significantly reduces CO emissions in the outlet section of 
the flame tube (from 25‒28 ppm to 3.9‒4.6 ppm), while the emission of nitrogen oxides remains practically unchanged 
for the studied combustion chamber. Further research directions are proposed to enhance the working process efficiency 
of a dual-fuel combustion chamber for gas turbine engines as part of the power plant of FSPO vessels.
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INTRODUCTION

Contemporary challenges have led to increased research 
and development of marine infrastructure, particularly 
related to FPSO vessels [1‒3]. The use of gas turbine engines 
on such vessels [4‒6] has emerged as a promising approach to 
improving their technical and economic performance. Previous 
studies [7‒8] have shown that the simultaneous operation 
of gas turbine engines with fuels differing in phase state is 
possible, and the problems arising during the simultaneous 

operation of low-emission gas turbine combustion chambers on 
different fuels have been identified. To address these problems, 
the plasma‒chemical method of combustion intensification 
[9‒10] offers a promising way to improve the efficiency of using 
various hydrocarbon fuels. Several studies [11‒12] have shown 
the benefits of this approach, including an extended range of 
stable operation, increased completeness of fuel combustion, 
reduced non-uniformity of temperature fields at the outlet 
of the combustion chamber, and reduced emissions of toxic 
components [13‒14].
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The method of plasma‒chemical burning of fuels in the 
combustion chambers of heat engines [15‒17] is implemented by 
systems containing low-temperature plasma generators (plasma 
torches), power sources, devices for supplying plasma gas, fuel, 
means of regulating and controlling parameters and operating 
modes. The key elements of the systems are plasma torches, or 
plasma‒chemical elements developed on their basis, plasma‒fuel 
nozzles, plasma‒chemical generators of hydrogen-containing gas, 
and plasma igniters. Moreover, in [18], the results of research on 
plasma‒fuel nozzles are presented, showing a significant reduction 
in nitrogen oxide emissions during the combustion of a fuel‒air 
mixture in an experimental reverse-vortex combustion chamber, 
as well as the possibility of expanding the range of stable operation 
of the chamber as a result of plasma assistance.

The set of studies carried out in [19, 20] on increasing the 
efficiency of gas turbine engines made it possible to create 
systems of plasma‒chemical ignition and combustion, which 
significantly increase the reliability of starting power plants, 
increase the completeness of combustion of hydrocarbon fuels, 
and also reduce the emission of carcinogenic substances. The 
plasma‒chemical combustion intensification system is designed 
for flame stabilisation in devices for fuel burning (gaseous, liquid, 
alternative) and consists of a plasma‒chemical element and its 
energy supply source. When fuel is fed into the plasma air jet, 
thermochemical reactions occur, which determine a significant 
yield of active components (radicals, atoms, intermediate 
compounds).

The completed works on the creation of plasma‒chemical 
systems allowed us to carry out experimental and industrial 
testing of several systems of plasma‒chemical combustion 
intensification for energy equipment. It was found that similar 
systems provide a 2‒3 times expansion of the range of stable 
ignition and burning of fuel in the combustion chamber even 
when using liquid fuel, increase the stability of combustion in 
transient modes, increase the completeness of combustion during 
the start-up process, improve the flame propagation conditions, 
increase the reliability of operation, and prevent combustion 
chamber extinction during operation [10, 19].

The reactions that occur when mixing low-temperature air 
plasma with fuel in the volume of a plasma‒chemical element or 
on the surface of a swirling plasma jet under certain conditions 
lead to the formation of over-equilibrium concentrations of atoms 
and radicals (Н, СН3, О, ОН, etc.) and a large number of products 
of incomplete conversion of hydrocarbons (CO, H2). Reaction 
products from the zone of direct contact of the plasma with 
part of the fuel quickly diffuse into the zone of the main fuel‒air 
mixture and contribute to the intensification of its combustion.

The current level of development of low-current plasma 
generators of direct current (arc current less than 2 A) makes it 
possible to use their advantages (long service life of electrodes, 
no need for their water cooling, significant thermal efficiency, 
small dimensions, the possibility of working at high pressure) 
to increase the efficiency of dual-fuel combustion chambers.

An innovative approach to the implementation of reliable 
ignition of various fuels in any conditions, including starting at 
high pressures, smooth adjustment of the air excess coefficient, 
temperature, and thermal power, flameout prevention, the 

use of gaseous and liquid fuels, including with high moisture 
content, allows plasma‒chemical devices with low-current 
plasma generators to be considered as promising for dual-fuel 
combustion chambers of gas turbine engines.

Therefore, the purpose of the work is to increase the efficiency 
of a gas turbine dual-fuel combustion chamber, intended for 
operation as part of the power plant of an FPSO vessel, through 
the use of a plasma‒chemical element.

MATHEMATICAL MODELLING

In recent years, several studies have investigated various aspects 
of the modelling and thermodynamic analysis of the effects of 
low-temperature plasma on combustion processes, specifically 
for gaseous fuels [21], liquid hydrocarbons [22], and coal [23]. 
However, these studies have primarily focused on fuel-burning 
devices operating on a single fuel type. To theoretically analyse 
the combustion processes of liquid and gaseous fuels and the 
effects of air plasma on the physicochemical mechanisms in 
dual-fuel gas turbine combustion chambers, a three-dimensional 
modelling method was employed. This method considered the 
mechanisms of plasma‒chemical combustion intensification 
for hydrocarbon fuels that vary in physical state. A continuum-
type mathematical model was developed, which describes the 
laws of mass, energy, momentum, and chemical component 
conservation and transfer in a chemically reacting turbulent 
two-phase system. It is worth noting that this model enables 
numerical experiments to be conducted with virtual models of fuel 
combustion devices and provides new insights into the structure 
of turbulent flows under non-isothermal conditions, turbulent 
pulsations, plasma activation, and complex geometric shapes of 
dual-fuel combustion chambers. For modelling of the physical 
and chemical processes inside the dual-fuel combustion chamber 
with plasma assistance, a generalised method based on a numerical 
solution of the combined conservation and transport equations 
for a multi-component chemically reactive turbulent system was 
employed [9‒16]. This method provides a procedure for numerical 
integration of the differential equations, which describe the 
reacting viscous gas flows. A 3D model of the reacting flows has 
been used which enables the prediction of the plasma‒chemical 
influence and optimisation parameters taking into consideration 
mixing, turbulence, radiation, and combustion features [24‒26].

The mass conservation equation may be represented as 
follows: ∂ρ

∂t  + 

Δ

(ρυ→) = Sm ,      (1)

where ρ is the flow mass density, ρ is the local flow velocity 
vector, and Sm is the mass added to the continuous phase from 
the dispersed second phase.

The momentum conservation equation in a fixed system of 
reference may be formed as follows:

∂
∂t  (ρυ→)+ 

Δ

(ρυ→υ→) = –

Δ

p +

Δ

· (τst) + ρg→+F
→

,  (2)

where p is the static pressure, τst is the stress tensor, and ρg→ and 
F
→ are the gravitational and external body forces, respectively.
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For aerodynamic prediction, the RNG-based k-ε-turbulence 
model was used [27].

In a general form, the energy conservation equation is written 
as follows: ∂

∂t  (ρE)+ 

Δ

· (υ→ (ρE+p)) = 

 

Δ

·(keff  

Δ

T – Σj J
→

j+ (τ=eff · υ
→))+ Sh ,   (3)

where E is the total energy, keff is the effective conductivity, J
→

j is 
the diffusion flux of species j, and τ=eff is the effective viscosity 
coefficient. The term Sh includes the heat of the chemical reaction 
inside the combustion chamber, and any other volumetric heat 
sources.

For the liquid fuel burning calculations in the dual-fuel 
combustion chamber, the coupled discrete phase model (DPM) 
was used. The Lagrangian discrete phase model [22, 28, 29] 
follows the Euler‒Lagrange approach. The fluid phase is treated 
as a continuum by solving the time-averaged Navier‒Stokes 
equations, while the dispersed phase is solved by tracking a large 
number of droplets through the calculated flow field. The coupling 
between the phases and their impact on both the discrete phase 
trajectories and the continuous phase flow has been included.

This force balance equates the particle inertia with the forces 
acting on the particle and can be written (for the direction in 
Cartesian coordinates) as

dup

dt  = FD(u – up) + дx(ρp–ρ)
ρp

 + Fx ,   (4)

where Fx is the additional acceleration term, FD(u – up) is the 
drag force per unit particle mass, and

FD = 18μ CDRe
ρpd2p 24  .

Here, u is the fluid phase velocity, up is the particle velocity, 
μ is the molecular viscosity of the fluid, ρ is the fluid density, 
ρp is the density of the particle, dp is the particle diameter, and 
Re is the relative Reynolds number.

The inert heating model is applied when a particle temperature 
is less than the vaporisation temperature and after the volatile 
fraction of the particle has been consumed. This procedure 
uses a simple heat balance to relate the particle temperature to 
the convective heat transfer and the absorption/emission of 
radiation at the particle surface:

mp cp
dTp

dt  = hAp(T∞−Tp) + εp Apσ(θ4R −T4p) , (5)

where mp is the mass of the particle, cp is the heat capacity 
of the particle, Ap is the surface area of the particle, T∞ is the 
local temperature of the continuous phase h is the convective 
heat transfer coefficient, εp is the particle emissivity, σ is the 
Stefan‒Boltzmann constant, and θR is the radiation temperature.

The droplet vaporisation model is initiated when the 
temperature of the droplet reaches the vaporisation temperature 
and continues until the droplet reaches the boiling point Tbp.

Heat transfer to the particle during the vaporisation process 
includes contributions from convection, radiation, and the heat 
value consumed during vaporisation:

mp cp 
dTp

dt  = hAp(T∞−Tp)+ dmp

dt  hfд+εp Apσ(θ4R−T4p) , (6)

where hfд is the latent heat.
The mass of the droplet is reduced according to the equation

mp(t + Δt) = mp(t) – N·Mi Ap Mw,i Δt,   (7)

where is the molecular weight of species . 
The rate of vaporisation is governed by gradient diffusion 

with the flux of droplet vapour into the gas phase

N·Mi = kc(Ci,S – Ci,∞) ,     (8)

where N·Mi is the molar flux of the vapour, kc is the mass transfer 
coefficient, Ci,S is the vapour concentration at the droplet surface, 
and Ci,∞ is the vapour concentration in the bulk gas.

When the droplet temperature reaches the boiling point, 
a boiling rate equation is applied:

– d(dp)
dt  =[2k∞[1+0.23√Red]

dp
 (T∞−Tp) + εpσ(θ4R−T4p)]. (9)

The particle size distribution after injection of a liquid fuel 
is defined by fitting the size distribution data to the Rosin‒
Rammler equation. The Rosin‒Rammler distribution function 
is based on the assumption that an exponential relationship 
exists between the droplet diameter d and the mass fraction 
of droplets with diameter greater than d:

Yd = e–(d/d- )n,       (10)

where d- is the size constant and n is the size distribution 
parameter.

The boundary conditions in the combustion chamber 
inlets, symmetry axes, walls, and outlet were set in accordance 
with the conditions for carrying out physical experiments 
and recommendations for modelling the turbulent burning 
processes. The method for the system solution of Eqs. (1)‒(10), 
the finite difference scheme, and the solution stability analysis 
are explained in detail in [30].

Note that the acts of chemical transformation in the combustion 
chamber occur when molecules collide, while their kinetic energy 
turns into potential energy and is spent on breaking the bonds 
in the molecules. However, bond destruction will occur only 
when the value of the potential energy exceeds a certain limit ‒ 
the activation energy E. Not all collisions in which the energy 
exceeds the activation energy lead to a chemical reaction. For this, 
the appropriate orientation of the molecules among themselves 
is also necessary. Thus, activation involves the conversion of an 
average molecule into an active molecule. The smaller the value 
of E, the higher the reaction rate usually is [31].

The uniqueness of the chain reactions occurring within 
combustion chambers lies in their multi-step transformation 
process, leading to the production of various intermediate 
products such as atomic fragments, radicals, intermediate 
compounds, etc. It is worth noting that one of the factors of the 
plasma‒chemical impact on hydrocarbon oxidation processes 
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and production complex (Mykolaiv, Ukraine) with a modified 
front-end device and an installed plasma‒chemical element is 
shown in Fig. 2.

Fig. 2. Location of a plasma‒chemical element in the low-emission 
combustion chamber: 1 – burner device; 2 – plasma‒chemical element; 

3 – flame tube; 4 – internal radial swirler; 5 – external radial swirler

Compared with the serial combustion chamber, the following 
design changes are proposed:
1.  For more convenient installation, the plasma‒chemical element 

is installed on the outer body of the combustion chamber, and 
the products of the plasma‒chemical transformations are fed 
into the primary zone of the combustion chamber through 
the openings of the flame transfer pipes.

2.  The supply of liquid fuel to the channels of the internal and 
external swirlers of the flame tube is carried out via a total of 
30 tubes or nozzles, which are evenly distributed throughout 
the channels of the swirlers.

3.  The film cooling system of the serial flame tube is replaced by 
a convective one, which allows the relative air consumption for 
cooling the flame tube to be reduced by 1‒1.5% [16].
Table  1 presents the initial parameters of a  dual-fuel 

combustion chamber.

Tab. 1. Input parameters for calculating the combustion chamber in nominal mode

Parameter Value

1.  Airflow through the flame tube, kg/s 4.355

2.  Average pressure at the outlet of the high-pressure 
compressor, Pa 2052300

3.  Air temperature at the inlet of the chamber, K 770

4.  Temperature of the gaseous fuel at the inlet of the 
chamber, K 288

5.  Temperature of the diesel fuel at the inlet of the chamber, 313

The flow rate of plasma-forming air supplied through 
the plasma‒chemical element is 0.5‒1.0 g/s and the average 
temperature of the plasma jet is 2500‒4000 K (depending on 
the electrical power consumed). Inside the plasma‒chemical 
element, a re-enriched fuel‒air mixture is provided with air excess 
coefficients of 0.2‒0.4.

To determine the influence of a plasma‒chemical element on 
the characteristics of a dual-fuel gas turbine combustion chamber, 
calculations of the fuel combustion and emissions of the main 
pollutants (NO and CO) were carried out for three different 
modes of fuel supply (1, 2 and 3 in Table 2), which correspond 

is the formation of a large number of intermediate and unstable 
compounds in the process of plasma activation. The addition 
of plasma‒chemical products to the primary zone of the gas 
turbine combustion chamber leads to a decrease in the activation 
energy of the hydrocarbon oxidation reactions. As a result, there 
is a change in the distribution of the flow parameters inside the 
burning device [19, 20]. Based on the data presented in [19], 
a correlation was deduced to quantify the effect of the amount 
of plasma‒chemical products β (by volume) on the reduction 
of the activation energy ΔE for the resulting reaction between 
the fuel and oxidiser, as depicted in Fig. 1.

Fig. 1. Dependence of the decrease in the activation energy of the hydrocarbon 
oxidation reaction on the amount of plasma‒chemical products β (by volume)

Approximation of this graphic dependence made it possible 
to obtain the following formula for reducing the activation 
energy ΔE depending on the amount of additives (by volume) 
of plasma‒chemical products (reliability of approximation 
R2 = 0.996):

ΔE=3.87 · 105β3–3.51 · 104β2+1.17 · 103β+0.363. (11)

This dependence was used when performing three-dimensional 
calculations of the parameters of a dual-fuel combustion chamber, 
taking into consideration plasma activation.

To simulate the hydrocarbon oxidation processes in a dual-
fuel combustion chamber with plasma assistance, a six-stage 
burning scheme was used that simulates the oxidation processes 
of light distillate fuel (C16H29) and gaseous methane CH4 [7, 32].
The simplified kinetic mechanism of combustion is as follows:

2C16H29 + 16O2 −> 32CO + 29H2;
2H2 + O2 −> 2H2O; CO + O2 −> 2CO2;

2H2O −> 2H2 + O2; 2CO2 −> 2CO + O2;
2CH4 + O2 ←→ 2CO + 4H2O.

Eqs. (1)‒(10) represent a closed system that, under appropriate 
initial conditions and known characteristics of the gaseous and 
liquid phases, determines the distribution of the parameters inside 
the volume of a dual-fuel combustion chamber and the change 
in time of the transport characteristics of liquid fuel droplets.

STUDY OF THE PARAMETERS  
OF A DUAL-FUEL COMBUSTION CHAMBER 

WITH A PLASMA‒CHEMICAL ELEMENT
The design scheme of the combustion chamber of a 25 MW 

gas turbine produced by the “Zorya”-“Mashproekt” research 
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to the following distributions of the mass consumption of 
hydrocarbons: mode 1 - 50% liquid and 50% gaseous, mode 2 - 
70% liquid and 30% gaseous, mode 3 - 100% liquid. The effect 
of the plasma‒chemical products added to the primary zone of 
the combustion chamber was analysed, varying the quantity 
β: 0 (without additives), 0.005, 0.01, 0.015, and 0.02. These 
quantities correspond to a reduction in the activation energy of 
the hydrocarbon oxidation reactions by 0%, 6%, 9%, 11%, and 
12%, respectively (refer to Fig. 1).

Tab. 2. Fuel consumption through the flame tube for the investigated 
modes of fuel supply

M
od

e 
of

 
op

er
at

io
n Fuel consumption through the flame tube, kg/s

Gaseous fuel Liquid fuel

External 
swirler

Internal 
swirler

External 
swirler

Internal 
swirler

1 0.0472 0.00248 0.00314 0.000165
2 0.0283 0.00149 0.00440 0.000232
3 0 0 0.0944 0.00497

The results of numerical modelling of the processes in 
a dual-fuel low-emission combustion chamber showed that 
the addition of plasma‒chemical products positively affects the 
nature of the fuel combustion along the flame tube. The most 
rational ‒ from the point of view of the energy consumption 
for the functioning of the plasma system ‒ are the modes of 
operation at β = 0.01 and 0.015.

Figs. 2‒3 present the temperature distribution of the 
combustion products in the outlet section of the flame tube 
for two typical fuel supply modes 3 and 1, respectively. It can be 
seen that, with the addition of the plasma‒chemical products, 
the average integral temperature of the outlet gases practically 
does not change.

Fig. 2. Distribution of temperatures (K) in the outlet section for the third mode 
of fuel supply: a – the basic variant without additions of plasma‒chemical 

products; b – β = 0.005; с –β = 0.01; d – β = 0.02

Fig. 3. Distribution of temperatures (K) in the outlet section for the first mode 
of fuel supply: a – the basic variant without additions of plasma‒chemical 

products; b – β = 0.005; с –β = 0.01; d – β = 0.02

Figs. 4–5 present the distribution of the carbon monoxide 
CO concentrations in the outlet section of the flame tube for 
fuel supply modes 3 and 1, respectively. It can be seen that the 
addition of plasma‒chemical products in the amount β ≥ 0.005 
causes a significant decrease in CO emissions as a result of 
the acceleration of the carbon monoxide oxidation reactions 
and intensification of the mixture formation processes in 
the primary zone of the combustion chamber. This effect is 
especially evident when burning liquid fuel.

Fig. 4. Distribution of carbon monoxide concentrations at outlet section 
for the third mode of fuel supply: а – basic version without additions 
of plasma‒chemical products; b – β = 0.005; c –β = 0.01; d – β = 0.02

Fig. 5. Distribution of carbon monoxide concentrations at outlet section 
for the first mode of fuel supply: а – basic version without additions 

of plasma‒chemical products; b – β = 0.005; c –β = 0.01; d – β = 0.02

The following graphs show the temperature distributions 
(Fig. 6), and the volumetric concentrations of carbon monoxide 
CO (Fig. 7) and nitrogen oxides NO (Fig. 8) in the outlet cross-
section of a dual-fuel low-emission combustion chamber of 
a 25 MW gas turbine engine for different fuel supply options 
(without and with the addition of plasma‒chemical products 
into the primary zone of the chamber).

Fig. 6. Dependencies of temperatures in the outlet section of the flame tube 
on the amount of additives of plasma‒chemical products for modes 1‒3
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Fig. 7. Dependencies of volume concentrations of CO in the outlet section 
on the amount of additives of plasma‒chemical products for modes 1‒3

Fig. 8. Dependencies of volume concentrations of NO in the outlet section 
of the flame tube on the amount of additives of plasma‒chemical 

products for modes 1‒3

The analysis of the obtained data revealed that the addition 
of products of a plasma‒chemical element to the primary 
zone of a dual-fuel gas turbine combustion chamber causes 
the temperature of the gases at the exit of the flame tube 
to increase slightly (less than 1%) compared to the variant 
without the addition of plasma‒chemical products. For all 
three investigated modes of fuel supply (1‒3), a significant 
decrease in the content of carbon monoxide (from 25‒28 ppm to 
3.9‒4.6 ppm) is observed, even with a small amount of plasma‒
chemical products (β = 0.005). Further increase in the amount 
of plasma‒chemical products to β = 0.02 has practically no 
effect on the CO emissions, as they are at a minimal (practically 
zero) level. It can be seen that, with the addition of plasma‒
chemical products, the distribution of nitrogen oxides at the 
exit of the combustion chamber changes slightly. Moreover, 
when the combustion chamber operates in transient modes 
with the use of plasma‒chemical elements, an increase can 
be expected in the burning stability of lean fuel‒air mixtures, 
together with a decrease in the probability of the formation of 
pulsating combustion modes, and flame extinction.

FINAL CONCLUSION

A study of the combustion efficiency of fuels differing in 
phase state in a dual-fuel gas turbine combustion chamber with 
a plasma‒chemical element was carried out, allowing new data 
to be obtained on the distribution of the main parameters of 
the flow in the volume of the flame tube and at its outlet for 
different modes of supply of liquid and gaseous fuels, taking 
into consideration the amount of plasma‒chemical products 
supplied to the primary zone of the chamber. The intensifying 
effect of low-temperature air plasma on the environmental 
parameters of the combustion chamber with preliminary mixing 
of fuels with an oxidiser in the channels of the radial‒axial 
swirlers of the flame tubes is confirmed. It was established 
that the addition of plasma‒chemical products in the amount 
of β ≥ 0.005 (by volume) provides a significant reduction in 
carbon monoxide emissions at the outlet section of the flame 
tube: from 25‒28 ppm to 3.9‒4.6 ppm. Also, with the addition 
of plasma‒chemical products, the concentration of nitrogen 
oxides at the outlet of the combustion chamber changes slightly. 
We note a significant positive effect of the products of plasma‒
chemical reactions in expanding the range of stable operation 
of the combustion chamber. Experimental studies of the 
system of plasma‒chemical intensification for the combustion 
of hydrocarbon fuels on natural objects should be considered 
a further direction of the research.
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