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ABSTRACT

This investigation is devoted to an analysis of the working process in a dual-fuel low-emission combustion chamber for 
a floating vessel’s gas turbine. The low-emission gas turbine combustion chamber with partial pre-mixing of fuel and air 
inside the outer and inner radial-axial swirlers was chosen as the object of research. When modelling processes in a dual-
flow low-emission gas turbine combustion chamber, a generalized method is used, based on the numerical solution of 
the system of conservation and transport equations for a multi-component chemically reactive turbulent system, taking 
into consideration nitrogen oxides formation. The Eddy-Dissipation-Concept model, which incorporates Arrhenius 
chemical kinetics in a turbulent flame, and the Discrete Phase Model describing the interfacial interaction are used in 
the investigation. The obtained results confirmed the possibility of organizing efficient combustion of distillate liquid 
fuel in a low-emission gas turbine combustion chamber operating on the principle of partial preliminary formation of 
a fuel-air mixture. Comparison of four methods of liquid fuel supply to the channels of radial-axial swirlers (centrifugal, 
axial, combined, and radial) revealed the advantages of the radial supply method, which are manifested in a decrease 
in the overall temperature field non-uniformity at the outlet and a decrease in nitrogen oxides emissions. The calculated 
concentrations of nitrogen oxides and carbon monoxide at the flame tube outlet for the radial method of fuel supply are 
32 and 9.1 ppm, respectively. The results can be useful for further modification and improvement of the characteristics 
of dual-fuel gas turbine combustion chambers operating with both gaseous and liquid fuels.
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INTRODUCTION

Increased production in deep-sea and remote terrestrial 
areas has led to an increase in the number of Floating 
Production, Storage, and Offloading (FPSO) vessels. By the end 
of 2018, there were 183 FPSO vessels operating in the offshore 
fleet, with 55 more expected to be built by 2022 [1]. One of 
the main factors that ensure the efficient operation of the first 
link in the logistics chain of production (transportation – 
supply of offshore oil and gas) is indicators of power plant’s 
energy efficiency. The composition and characteristics of 
the installations of such offshore infrastructure vary widely. 
The main drive engines for power generators and process 

compressors are gas turbine engines and medium-speed 
diesel engines.

FPSO power plants that are commonly used are gas 
turbines and combined plants. So, on board the FPSO Global 
Producer III, the power plant consists of two gas turbine 
units with a  total capacity of 32 MW and a utilization 
facility that provides heat to all consumers associated with 
the technological cycle [2]. The main power plant of the 
FPSO Armada Olombendo has three gas turbine engines 
of 21 MW each [3]. The combined power plant of the FPSO 
Dhirubhai-1 has three gas turbogenerators with a capacity 
of 4 MW and two main boilers for the operation of steam 
turbogenerators with a total capacity of 17 MW [4]. Several 
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works are devoted to the improvement of power plants that 
can be used on FPSOs [5–7]. 

One of the possible ways to increase the manoeuvrability, 
flexibility, and efficiency of gas turbine power modules 
for a FPSO unit is the use of dual-fuel combustion in the 
combustion chamber. The main problem in developing 
dual-fuel combustion chambers is to ensure the minimal 
emission of nitrogen oxides when working on liquid fuel. 
Compared to gaseous fuels, the emission of nitrogen oxides 
can significantly increase due to deterioration of the fuel-
air mixture conditions, an increase in the flame emissivity, 
and increases in combustion length and the working fluid’s 
residence time in high-temperature zones. Very often, 
steam or water is supplied to the primary combustion 
chamber’s zone to suppress the formation of nitrogen oxides; 
however, this reduces the reliability of the power plant due 
to the presence of additional systems and raises the cost of 
maintenance. Therefore, the development of gas turbine 
dual-fuel combustion chambers that provide the necessary 
emissions of nitrogen oxides without steam or water injection 
is an urgent task.

The problem of improving the emission performance in 
combustion devices of gas turbine engines was considered 
in [8–10]. It should be noted that many researchers [11, 12] 
indicate that improving the quality of mixture formation, 
turbulent interaction under conditions of strongly swirling 
flows, and increasing the quality of liquid fuel atomization 
lead to the homogenization of mixtures, more active burning 
of fuels with different phase compositions, and, as a result, 
a reduction in nitrogen oxide emissions.

Despite a large amount of scientific research in the field of 
low-emission combustion chambers, the methodological and 
technical aspects of solving the problem of development of 
dual-fuel combustion chambers for an FPSO power system 
have not been sufficiently developed to date. It should be noted 
that most investigations of dual-fuel combustion chambers 
have been done exclusively by experimental methods, 
while only a small number of researchers [13–15] have used 
methods of computational fluid dynamics (CFD). In our 
opinion, research in this area will be relevant and will be able 
to significantly increase the efficiency of dual-fuel chamber 
workflow as well as expand the limits of flame propagation 
in flame tubes and the range of sustainable and ecologically 
clean operation.

To increase the efficiency of a  dual-fuel gas turbine 
combustion chamber for an FPSO, the idea of preliminary 
partial evaporation and mixing of liquid fuel with air in 
radial-axial swirlers is proposed. This will ensure the 
necessary emission characteristics of gas turbine engines 
when operating on light distillate liquid fuels without 
additional injection of steam or water. 

MATHEMATICAL MODELLING

The modelling of physical and chemical processes in 
a dual-fuel low-emission combustion chamber for an FPSO 

is based on the solution of the differential equations of mass, 
impulse, and energy conservation for the multi-component, 
turbulent, chemically reacting system [16–18]. A detailed 
description of the equations and methods of solving them in 
the case of using gaseous fuel is given in [19–22].

The main equations of the gaseous phase model are as 
follows [21, 22]:
– the continuity equation

    (1)

– the equation of momentum conservation

    (2)

– the transfer equations for the kinetic energy of turbulence 
k and the dissipation rate of turbulent energy ε for the RNG 
turbulence model [23]: 

    (3)

    (4)

– the energy conservation equation

    (5)

– the equation for the conservation of chemical components 

    (6)

In Eqs. (1)–(6), t is the time; xi and xj are the coordinates; 
ρ, u, μ, p, and g are the density, velocity, viscosity, pressure, and 
gravity acceleration; μeff is the efficient viscosity coefficient; 
αk and αε are the reverse values of the efficient Prandtl number 
for k and ε, respectively; S, S, S, and S are the sources 
for interaction of the gas and liquid phases; Gk is the source 
describing the generation of turbulent energy; C1, C2 and CS 
are the empirical constants; h0 is the stagnation enthalpy; 
hj is the component’s enthalpy; km and kt are the coefficients 
of molecular and effective thermal conductivity; cp is the 
specific heat of the mixture at constant pressure; τik is the 
shear stress tensor; Jji is the component j flow in the direction 
i; Sh is the source term from the chemical reaction; Yi is the 
mass fraction of component i; Ri is the rate of the component’s 
formation or destruction; Ji is the diffusion component’s flow; 
and бi is the Dirac delta function.
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The net source of chemical species i due to the reaction is 
computed as the sum of the Arrhenius reaction sources over 
the NR reactions in which the species participate:

    (7)

where Mw,i is the molecular weight of species i and Ri,r is the 
Arrhenius molar rate of creation/destruction of species i in 
reaction r. 

Consider the r-th reaction written in general form:

    (8)

where N is the number of chemical species in the system; 
ν í,r is the stoichiometric coefficient for reactant i in reaction r; 
ν΄́i,r is the stoichiometric coefficient for product i in reaction r; 
Mi is the symbol denoting species i; kf,r is the forward rate 
constant for reaction r; and kb,r is the backward rate constant 
for reaction r.

For a non-reversible reaction, the molar rate of creation/
destruction of species i in reaction r is given by

    (9)

where Cj,r is the molar concentration of species j in reaction r; 
ή j,r is the rate exponent for reactant species j in reaction r; 
ή j́,r is the rate exponent for product species j in reaction r; and 
Γ presents the net effect of third bodies on the reaction rate:

    (10)

where γj,r is the third-body efficiency of the j-th species in 
the reaction r.

The Eddy Dissipation Concept (EDC) combustion 
model  [24] includes detailed chemical mechanisms in 
turbulent flows and is applied in the present investigation. It 
assumes that the reaction occurs in small turbulent structures, 
called fine scales. The length fraction of the fine scales is 
modelled as

ξ✳ = Cξ(νε/k2)0.75,        (11)

where Cξ is the volume fraction constant and  is the kinematic 
viscosity.

Species are assumed to react in the fine structures over 
a time scale 

τ✳ = Cτ(ν/ε)0.5,          (12)

where Cτ = 0.4082 is the time-scale constant.
Reactions proceed over the time scale τ✳, governed by 

the Arrhenius rates, and are integrated numerically using 
the ISAT algorithm [25]. The validity of the EDC approach 
for modelling physicochemical processes is demonstrated 
for two-phase turbulent swirl liquid spray combustion in 
a complex gas turbine combustion chamber [26] and for 
a model gas turbine combustor [27].

Modelling of nitrogen oxides emissions was carried out 
using transfer equations which include convection, diffusion, 
formation, and decomposition of NO and related compounds. 
The influence of the reaction volume’s residence time on the 
mechanism of nitrogen oxide formation is considered in the 
convection terms of the defining equations written in the 
Euler reference system. For thermal and prompt nitrogen 
oxides, it is necessary to solve the NO transfer equation 
[18, 21]:

(ρYNO) +  · (ρ YNO) =  · (ρD YNO) + SNO,  (13)

where ρ is the nitrogen oxide density; YNO is the NO mass 
fraction; D is the diffusion coefficient;  is the velocity vector; 
and SNO is the source term depending on the NO formation 
mechanism.

To simulate the formation of carbon monoxide and 
molecular hydrogen in the combustion chamber, it is 
proposed to use a five-step combustion model: Eqs. (14)–(18). 
The kinetic mechanism of hydrocarbon C16H29 (equivalent to 
light distillate fuel) combustion is as follows:

2C16H29 + 16O2 –> 32CO + 29H2;    (14)

2H2 + O2 –> 2H2O;          (15)

2CO + O2–> 2CO2;          (16)

2H2O –> 2H2 + O2;          (17)

2CO2 –> 2CO + O2.          (18)

Validation of similar global chemical mechanisms for the 
conditions of a gas turbine combustion chamber was carried 
out in a number of works [18, 28, 29].

For calculations of liquid fuel combustion in a low-emission 
combustion chamber, the Discrete Phase Model (DPM), which 
calculates the trajectories of motion for individual particles, 
was selected [18, 30].

The model predicts the particle trajectories of the discrete 
phase by integrating their motion equations written in the 
Lagrange form [18, 30, 31] (given only for the x-direction):

    (19)

where Fx is the additional term that takes into consideration 
the gas flow acceleration; FD(u – up) is the drag force, which 
is per unit mass of the particle:

    (20)

In the above expressions, u is the gas phase velocity; up 
is the particle velocity; μ is the coefficient of the gas phase 
molecular viscosity; ρ is the gas phase density; ρp is the particle 
density; dp is the current particle diameter; Re is the Reynolds 
number; and CD is the particle drag coefficient.
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The turbulent dispersion of the particles over their averaged 
trajectory is calculated using statistical methods. The particle 
distribution over the averaged trajectory is represented as 
the Gaussian probability density function, whose change 
is determined by the degree of particle dispersion due to 
the action of turbulent pulsations. Turbulent dispersion is 
calculated by integrating the equations of motion of individual 
particles using instantaneous values of the gas phase velocities 
in their vicinity. 

The inert heating model is used when the droplet 
temperature is less than the evaporation temperature. To 
calculate the change in particle temperature over time 
Tp(t), the heat balance equation is used, which takes into 
consideration convective and radiative heat transfer:

    (21)

where mp is the mass of the particle; cp is the specific heat 
of the particle at constant pressure; Ap is the particle 
surface; T∞ is the local gas phase temperature; h is the heat 
transfer coefficient; εp is the particle radiation coefficient; σ 
is the Stefan-Boltzmann constant; and θR is the radiation 
temperature.

The heat transfer coefficient h is calculated using the Ranz 
and Marshall correlation:

      (22)

where k∞ is the coefficient of thermal conductivity of the gas 
phase; Red is the Reynolds number, which is determined by 
the droplet diameter and its relative velocity; and Pr is the 
Prandtl number for the gaseous phase.

The radiation temperature and the incident radiation G are: 

θR = (G/4σ)1/4            (23)

             (24)

where I is the radiation intensity; Ω is the solid angle.
The above equations are integrated over time using an 

approximately linear form, which implies that the temperature 
of the particles changes rather slowly. 

The evaporation pattern is initiated when the particle 
temperature reaches the evaporation temperature Tevap 
and is used as long as the temperature does not exceed the 
boiling point Tbp or until the volatile particle components are 
completely consumed (in the case of residual fuel combustion). 

The equation of particle heat transfer with gas phase during 
their evaporation takes into consideration the convective and 
radiative heat flows as well as the process of vaporization:

    (25)

where hfg is the latent heat of evaporation.
The mass of the particle during evaporation decreases in 

accordance with the balance equation:

mp (t + Δt) = mp(t) – Ni Ap Mw,i Δt ,      (26)

where Mw,i is the molecular weight of the particle i.
The degree of evaporation is determined by the diffusion 

flow of fuel vapour into the gas phase and is proportional to 
the gradient of vapour concentrations on the particle surface 
and in the gas environment:

Ni = kc(Ci,S – Ci,∞ ) ,          (27)

where Ni is the molar flow of evaporated substance; kc is the 
mass transfer coefficient; Ci,S is the vapour concentration on 
the droplet surface; and Ci,∞ is the vapour concentration in 
the gas environment.

When the particle temperature reaches the boiling point, 
the following equation is used to change its diameter:

    (28)

For simplicity, it is assumed that the temperature of the 
droplet does not change when boiling. The energy required 
for evaporation is taken into consideration as a source term 
in the equation for the energy conservation of the gas phase. 
Liquid evaporation is also a source of chemical component  
for the gas phase. 

EXPERIMENTAL SETUP  
AND VERIFICATION OF  

THE MATHEMATICAL MODEL
A  low-emission combustion chamber with partial 

preliminary mixing of fuel and air for a 25-MW UGT25000 
gas turbine engine produced by Zorya-Mashroekt [21, 32] 
operating on gaseous fuel was chosen as the object of 
investigation. The combustion chamber has a cannular 
counterflow structure (Fig.  1), which implements the 
principle of dry combustion of a  partially mixed lean 
mixture [21]. The main element of such a chamber is a burner 
device consisting of two radial-axial swirlers of the first 
and second channels, behind which the annular mixing 
chambers are located. The proportion of air flowing through 
the first and second swirlers’ channels is approximately 
12 and 61%, respectively, of the total air flow through the 
flame tube. The fuel gas is fed through a series of holes 
made in the blades of the radial-axial swirlers of the first 
and second channels. 

To verify the results of a three-dimensional mathematical 
model, experimental measurements of the temperature 
field at 25 points of the outlet section of the single burner 
compartment of a gas turbine combustion chamber for seven 
operating modes were performed (Table 1). The operating 
modes differed in the inlet parameters of air and fuel and in 
the distribution of gaseous fuel flow rates between the outer 
and inner swirlers’ channels [21]. Due to the features of the 
used test bench, the operating pressure in the compartment 
did not exceed 0.15 MPa in all operating modes.
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Note that operating modes 3 and 6 approximately 
correspond to the nominal mode of the gas turbine engine 
according to the gas temperature at the turbine inlet.

Figure=  2 shows a  comparison of the measured and 
calculated gas temperatures at the outlet of the low-emission 
combustion chamber [21], from which it can be concluded 
that that using three-dimensional methodology it is possible 
to reliably predict the exhaust gas temperature distribution 
for a wide range of operating modes. 

The measured and calculated values of the nitrogen oxide 
emission for the seven test modes are presented in Fig. 3. 
A good correlation of the data indicates adequacy of the 
mathematical model of the formation/decomposition of 
nitrogen oxides.

Note that the investigation of the aerodynamic flow 
structure in a low-emission gas turbine combustion chamber 
under isothermal and non-isothermal conditions confirms 
the reliability of the proposed mathematical model, its 
adequacy for physical processes, and the qualitative and 
quantitative agreement of the experimental and calculated 
data, which makes it possible to use it for predicting the 
parameters of a dual-fuel gas turbine combustion chamber 
for an FPSO.

INVESTIGATION OF CHARACTERISTICS 
OF WORKING PROCESSES IN A DUAL-FUEL 
LOW-EMISSION COMBUSTION CHAMBER

For a 1/16 part of a low-emission combustion chamber 
of a 25-MW gas turbine engine, the finite-difference mesh 
consists of 2.7 million tetrahedrons. The following initial 
conditions are accepted: an air temperature at the diffusor 
inlet of 770 K, a pressure of 20.523 MPa, an air flow rate 
of 4.355 kg/s, and a total liquid fuel consumption through 
the fuel supply pipes of 359.64 kg/h. These parameters 
correspond to the nominal operating mode of a 25-MW 
gas turbine engine. To simplify the calculations, the flame 
tube walls were taken as adiabatic. Typical root mean square 
(RSM) residuals to establish the solution convergence are 
about 1e-4. 

Four methods of supplying liquid fuel to the flame tube’s 
burner are considered: 

1) �a centrifugal method, in which 100% of the fuel is fed 
through a central centrifugal nozzle (Fig. 4a);

2) �an axial method, in which 95% of the fuel (0.09495 kg/s) 
is fed axially through 15 tubes located in the outer 
swirler and 5% of the fuel (0.00495 kg/s) is fed axially 
through 15 tubes located in the inner swirler (Fig. 4b); 

Fig. 1. Low-emission gas turbine combustion chamber: 1, 2 – collectors 
of the first and second channels; 3, 4 – delivery pipes of the first and second 

channels; 5 – compressor casing; 6 – burner; 7 – holder; 8 – combustor casing; 
9 – flame tube; 10 – load-carrying body; 11 – diffuser; 12 – inner casing

Tab. 1. Operating modes of bench experiment

Fig. 2. The distribution of the average temperature at the combustion 
chamber’s outlet:   - experiment;  - calculation

Fig. 3. Emission of nitrogen oxides depending on gaseous fuel 
mass flow rate

Mode 
number

Air flow 
through the 

compartment, 
kg/s

Inlet air 
temperature, 

K

Total fuel 
mass flow 

rate Gf, kg/h

Fuel 
temperature, 

K

1 0.395 389 4.8 286.0

2 0.313 624 18.8 287.2

3 0.318 626 22.6 287.5

4 0.315 628 25.6 287.6

5 0.315 627 25.0 287.5

6 0.316 605 20.9 287.5

7 0.327 667 27.9 288.0



POLISH MARITIME RESEARCH, No 3/202094

3) �a combined method (radial-centrifugal), in which 92% 
of the fuel (0.09193545 kg/s) is fed through the outer 
swirler radially, 4.8% of the fuel (0.0048375 kg/s) is fed 
through the inner swirler radially, and 3.2% of the fuel 
(0.003225 kg/s) is fed through the central centrifugal 
nozzle (Fig. 4c); and 

4) �a radial method, in which 95% of the fuel is fed radially 
through the outer swirler and 5% of the fuel is fed 
radially through the inner swirler (Fig. 4d). 

In most cases, the modelling uses a “single” fuel injection 
method: a  fuel stream flows through a  series of small-
diameter single tubes that are fed into the radial-axial swirlers. 
The initial diameters of the fuel droplets for the cases with the 
central centrifugal nozzle are based on the Rosin-Rammler 
distribution (from 5 to 75 μm); for all other cases (axial and 
radial supply of liquid fuel) the starting average diameter is 
taken as 50 μm. The accepted parameters of distillate fuel 
spraying are an initial droplet flow velocity of 50 m/s and a fuel 
spray angle of 70°. The computer program ANSYS Fluent is 
used for calculations.

Figure 4 shows liquid particle traces in the longitudinal 
section of the flame tube, depending on the supply method, 

taking into consideration the features of mixing the fuel 
with the oxidizer in the channels of the radial-axial swirlers. 
Centrifugal and axial methods of liquid fuel supply (1 and 2) 
are characterized by the longest track lines, and the process 
of droplet evaporation is completed only in the area of the 
third shell of the flame tube. This indicates the unsatisfactory 
quality of the processes of droplet heating, evaporation, and 
mixing of the fuel vapour with the oxidizer.

This is confirmed by the data in Fig. 5, which shows 
the temperature contours in the longitudinal section of 
the flame tube, depending on the method of fuel supply. 
When the centrifugal supply method (1) is used, the fuel 
torch extends almost to the flame tube’s outlet; the liquid 
fuel does not completely burn out, causing extremely high 
temperature-field non-uniformity at the outlet (Table 1). 
When the axial fuel supply method (2) is used, the droplets 
are concentrated in the area of the flame tube walls and 
burn down in these regions, which leads to a sharp increase 
in the temperature of the flame tube’s shells and their 
possible burnout. Methods 3 and 4 lack the aforementioned 
disadvantages, which results in significantly more efficient 
liquid fuel combustion.

Fig. 4. Liquid particle traces coloured by particle diameter (m) with different supply methods: (a) 1; (b) 2; (c) 3; (d) 4

a)

c)

b)

d)
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It should be noted that the liquid fuel supply into the 
primary zone of the low-emission combustion chamber 
with a high air-excess coefficient can lead to a deterioration 
of the conditions of f lame stabilization, pulsations, and 
even the possible extinction of the torch. To increase 
the stability of liquid fuel combustion under dual-fuel 
combustion chamber conditions, it is advisable to use 
plasma-chemical combustion intensifiers [33, 34], which, 

as shown in [16,  18], significantly extend the f lame 
propagation limits and stability under conditions of very 
lean fuel-air mixtures. 

Figure 6 shows the contours of volume concentrations 
of nitrogen oxides in the flame tube’s longitudinal section, 
which are determined by the appropriate temperature 
distribution since the main factor is the thermal mechanism 
of nitrogen oxides formation.

Fig. 5. Distribution of gas temperatures along the flame tube with different fuel supply methods: (а) 1; (b) 2; (c) 3; (d) 4

Fig. 6. Distribution of NO mole fractions with different fuel supply methods: (а) 1; (b) 2; (c) 3; (d) 4

a)

c)

b)

d)

a)

c)

b)

d)
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Liquid fuel supply methods 3 and 4 with a lower maximum 
combustion temperature are also determined by lower levels 
of nitrogen oxide emissions. 

Figure 7 shows the calculated dependencies of NO and CO 
emissions (at 15% O2, dry basis) and the overall temperature-
field non-uniformity б at the exit combustion chamber section 
on the fuel supply methods.

It should be noted that the coefficient of the overall 
temperature-field non-uniformity is determined by the 
formula 

          (29)

where Tmax, Tmin, and Tav are the maximum, minimum, and 
average gas temperature in the outlet flame tube’s section.

For the most effective radial fuel supply method, the effect 
of the liquid fuel outflow velocities on the characteristics of 
a dual-fuel combustion chamber was also analysed. There is 
a close connection between temperature distribution (Fig. 8), 
nitrogen oxides concentrations (Fig. 9), turbulence, and flow 
patterns.

The dependence of nitrogen oxides emissions on the fuel 
outflow velocity Vfout is presented in Fig. 10. Improvement 
in the conditions of mixing and better homogenization of 
the mixture of evaporated fuel and air in the outer and inner 

Fig. 9. Contours of NO mole fractions at different fuel outflow velocities: 
(a) 5 m/s; (b) 50 m/s

a)

b)

Fig. 7. Combustion chamber’s outlet parameters with different fuel supply 
methods: (a), (b) NO and CO emission at 15% O2, dry basis; 

(c) temperature-field non-uniformity

Fig. 8. Temperature contours (K) at different fuel outflow velocities: 
(a) 5 m/s; (b) 50 m/sa)

b)

c)

a)

b)
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swirlers’ channels with a decrease in the fuel outflow velocities 
lead to a decrease in the rate of nitrogen oxides formation. 
In addition, growth in the fuel outflow velocities shifts the 
high-temperature zone to the secondary air supply holes (Fig. 9) 
and causes higher concentrations of nitrogen oxides in these 
areas, which are closer to the exit section of the flame tube.

Note that with the radial liquid fuel supply, the processes 
of droplet evaporation and mixing of vapours with air occur 
quite quickly. The combustion process even begins inside 
the swirlers’ channels, which can lead to increases in the 
temperature of the metal surfaces and carbon deposition 
and decrease the reliability of the flame tube operation in 
general. To solve this problem, in the next investigations, 
it is planned to redistribute the amount of air entering the 
swirlers’ channels and the flame tube mixer and to partially 
change the design of the front device.

It is known that gas turbine engines (including combined 
cycle gas turbines) using light and middle distillates as liquid 
fuels in the European Union should be subject to emission 
limit values of 90 mg/nm3 (~44 ppm) for NOx and 100 mg/nm3  
(~80 ppm) for CO, and those using natural gas as fuel should 
be subject to emission limit values of 50 mg/nm3 (~25 ppm) 
for NOx and 100 mg/nm3 (~81 ppm) for CO [35].

The radial method of liquid fuel supply to a dual-fuel gas 
turbine combustion chamber for an FPSO energy module, in 
which 95% of the fuel is fed radially through the outer swirler 
and 5% of the fuel is fed radially through the inner swirler, 
provides calculated NOx and CO emissions (32 and 9.1 ppm) 
that satisfy international environmental requirements.

FINAL CONCLUSIONS

To implement the principle of low-emission combustion 
of liquid distillate fuel in a dual-fuel gas turbine combustion 
chamber without additional injection of water or steam, 
the idea of preliminary mixing of the evaporated fuel in 
the outer and inner channels of radial-axial swirlers is 
proposed. The performed three-dimensional calculations 
of the aerodynamic and emission parameters of the cannular 
counterflow combustion chamber allow us to draw the 
following conclusions.

1. �To increase the efficiency of the working processes 
in a dual-fuel gas turbine chamber for an FPSO it is 
proposed to use the idea of pre-mixing of liquid fuel 
with air in radial-axial swirlers.

2. �The developed three-dimensional mathematical model 
of liquid fuel burning in a dual-fuel low emission 
combustion chamber contains the following equations: 
continuity, impulse, energy conservation, and transfer 
of chemical components, taking into consideration 
dissipation of vortices, formation, and decomposition 
of nitrogen oxides in interaction with the discrete 
phase.

3. �The results of three-dimensional mathematical 
modelling confirmed the feasibility of the radial liquid 
fuel method of supply into the swirlers’ channels in 
a low-emission gas turbine combustion chamber for an 
FPSO and its advantages over the traditional centrifugal 
fuel supply method.

4. �For the radial supply method, the calculated indexes 
of nitrogen oxide NO and carbon monoxide CO 
emissions in the outlet section of the flame tube are 32 
and 9.1 ppm respectively (at 15% O2, dry basis), which 
satisfy the current emission requirements for gas turbine 
engines. The radial liquid fuel supply method has the 
minimum coefficient of the overall temperature-field 
non-uniformity in the outlet section (0.12). 

5. �Increasing the fuel outflow velocities when feeding 
liquid fuel into the channels of the inner and outer flame 
tube’s swirlers from 5 to 50 m/s increases the estimated 
nitrogen oxides emissions from 20 to 58 ppm. 
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