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Abstract: Numerical simulation is crucial the development of microturbines because it allows to
investigate the combustion process in the combustion chamber without the need of manufacturing
expensive physical prototypes at early stages of development. This paper presents a numerical
investigation of the combustion process occurring in a 3 KW microturbine combustion chamber. First,
a computational model of an existing 30 kW microturbine combustion chamber design was developed.
The results obtained were compared with experimental data to ensure the adequacy of the results
obtained. After validation, a computational model of the 3 kW microturbine combustion chamber was
developed. Three configurations of the 3 kW microturbine combustion chamber with different locations
and numbers of dilution holes were investigated. Configuration 3 of the 3 kW microturbine combustion
chamber showed the lowest standard deviation in outlet temperature (48.4 K) and velocity (29.7 m/s),
indicating a more uniform temperature and velocity profile at the outlet compared to the other two
configurations. While Configuration 3 had a higher pressure loss (1059 Pa) than the other configurations
(939 and 836 Pa), the priority at this stage of development was placed on achieving optimal uniform
temperature and velocity profiles at the combustion chamber outlet.
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1. Introduction

Microturbines have emerged as efficient and compact power generation units for a wide range
of applications, including distributed power generation, combined heat and power systems, and
remote area electrification. These small gas turbines provide a reliable and flexible source of
electricity, especially in areas with limited access to the traditional electrical grid. One of the
key advantages of microturbines is their compact size and high portability, allowing for easier
installation and transportation to different locations compared to larger gas turbine systems [1].

Microturbines typically consist of a compressor, combustion chamber, recuperator, turbine
and generator combined into a compact unit. They can operate on a variety of fuels, including
natural gas, propane, diesel and renewable fuels, providing fuel flexibility. The combustion
chamber, which is a critical component of a microturbine, is pivotal in enabling the reliable
functioning of the microturbine and the production of environmentally sustainable energy.
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An efficient combustion chamber is necessary to minimize pollutant emissions and ensure
stable and reliable operation of microturbines. Factors such as fuel and air mixing, residence
time, flame stability and heat transfer, and uniform flow exiting the combustion chamber must
be carefully considered during the design process. The combustion chamber of a microturbine
must satisfy a wide range of requirements, the relative importance of which varies depending
on the intended application. The main requirements are listed below:

1. High combustion efficiency (i.e. the fuel must burn completely so that all its chemical
energy is released as heat);

2. Reliable and smooth ignition under various operating conditions;

3. Wide limits of stability (i.e. the flame must remain burning over a wide range of
pressure and air/fuel ratio);

4. Minimal pressure loss;

o

Uniform outlet temperature and velocity profiles tailored to maximize turbine blade
life;

Low emissions of smoke and gaseous pollutants;
Independence from pressure pulsations and other instabilities caused by combustion;

Size and shape compatible with microturbine casing;

© © N o

Minimum cost and ease of manufacture;
10. Maintainability;

11. Durability;

12. Fuel flexibility.

Numerical simulation, particularly computational fluid dynamics (CFD), currently plays a
significant role in studying and optimizing the combustion process in gas turbine combustion
chambers. Several studies on the combustion chambers of gas turbines focus on exploring the
use of alternative fuels like hydrogen and biofuels [2-8], as well as optimizing the chamber
design and combustion parameters to improve efficiency and reduce emissions [9-18]. For
instance, in the work [2], the different intrinsic components between natural gas and biogas
and combustion performance of biogas in microturbine were studied. As the CO2 content in
the biogas increased, the study found that nitrogen oxide (NO) and carbon monoxide (CO)
emissions decreased, but the fuel flow rate and pressure drop within the combustion chamber
had to be increased in order to maintain a constant thermal input. In the work [5] A CFD
analysis of the reacting flow in a combustion chamber of a microturbine while using hydrogen
—natural gas as a fuel. The study examined how the selection of different models for describin
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the reacting flow within the combustor influenced the combustion process. Furthermore, in the
work [16], the effects of various methane fuel blending ratios (0.19-0.41) on the combustion
flow, emission characteristics, performance parameters, and field synergies were investigated
through numerical simulation. Results obtained showed that the optimal fuel blending ratio for
operating the SGT100 gas turbine is recommended to be in the range of 0.30 to 0.35. While in
the work [18], the effects of varying the secondary oxygen ratio and fuel ratio on the flow field,
temperature distribution, nitrogen oxide (NO) emissions, pressure loss, and field synergy
within a micro gas turbine combustor were examined. Additionally, the sensitivity of two-stage
combustion technologies on NO emissions was compared. The results showed that with the
increase of secondary oxygen ratio from 0 % to 40 %, scope of central recirculation zone
becomes smaller, outlet velocity grows, outlet temperature distribution factor becomes larger
and pressure loss rises, the average outlet NO emission decreases from 20.2 ppm to 2.28 ppm,
synergy angle of the central plane becomes larger, and the change mainly occurs in the
recirculation zone and the rear of the combustion chamber.

The aim of this work is to numerically investigate different configurations of the 3 kW
microturbine combustion chamber at an early stage of development of the microturbine. The
CFD simulations will help identify an optimal design configuration by evaluating key
performance criteria, with a focus on achieving uniform temperature and velocity profiles at
the combustion chamber outlet.

2. Numerical simulation
2.1. Governing equations

ANSYS Fluent was used in this work to simulate the combustion process in microturbine
combustor. Numerical simulations were performed using fundamental equations such as
conservation of mass, momentum and energy, and the k-& turbulence model equations.

The continuity equation describes the conservation of mass in a flow and is expressed as
follows [19,20]:
dp

E‘l'v'(pﬁ):sm (1)

where V is gradient operator, p is the density, i is the velocity vector, and S,,, is the source
(mass added to the continuous phase from the dispersed second phase and any user-defined
sources).

Conservation of momentum in an inertial (non-accelerating) reference frame is determined by
the expression:

a . -
a(pﬁHV-(pﬁﬁ)=—|7p+|7-(f)+p§+F )
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where P is the Static pressure, T is the stress tensor, pg is the gravitational body force, and F
are the external body forces.

The stress tensor is expressed by the formula:

= — — 2 —

‘E=,u[\7u+uT—§|7-ul 3
where u is the molecular viscosity, and I is the unit tensor.

Turbulent flows are characterized by complex vortex structures that cannot be accurately
described by the Navier-Stokes equations. Therefore, various turbulence models are used to
simulate turbulent flows [21,22]. The standard k-¢ model is considered the most suitable model
for simulating the combustion process in microturbine combustors with acceptable accuracy at
an early stage of development of the microturbine.

The standard k-& model is a semi-empirical model based on model transport equations for the
kinetic energy of turbulence k and its dissipation rate €. Transport equations for the standard k-
€ model:

0
a(ﬂk) + %, (pkw;) = [(# )—I + G+ Gy, —pe =Yy + 5 (4)

O (&) + - (pew;) =
ot PE T gy, PEW =

c c &2 ®)
ax] [(ﬂ jl + ClsE (Gk + CSsGb) - CZSP? + Se

where G, is the generation of turbulence kinetic energy due to the mean velocity gradients, G,
is the generation of turbulence kinetic energy due to buoyancy, Y,, is the contribution of the
fluctuating dilatation in compressible turbulence to the overall d|35|pat|on rate, Cy¢, Cye, C3. are
constants, oy, o, are the turbulent Prandtl numbers for k and &, and Sy, S, are the user-defined
source terms.

Turbulent (or eddy) viscosity u; is calculated by combining k and ¢ as follows:

k2
U = pcu? ©)

The model constants were chosen using default values in ANSYS Fluent and are the most
widely used [22].

Conservation of energy is given by [23]:
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where A.s is the effective thermal conductivity, which includes the turbulent thermal
conductivity determined by the selected turbulent model, j; is the diffusion flux of species j,
and S, is the heat of chemical reaction, and any other volumetric heat sources defined by user.

The fuel and oxidizer combustion characteristics were determined using the non-premixed
combustion model. This combustion model assumes a probability density function (PDF) to
calculate the chemical turbulence mechanism.

The basis of the non-premixed combustion model is that, under a certain set of simplifying
assumptions, the instantaneous thermochemical state of the liquid is related to a conserved
scalar quantity known as the mixture fraction f. The mixture fraction can be written in terms
of the atomic mass fraction as [24]:

Zi - Zi,ox

f=—
Zi,fuel - Zi,ox

(8)
where Z; is the elemental mass fraction for element i. The subscript ox denotes the inlet value
of the oxidizer stream, and the subscript fuel denotes the value at the inlet of the fuel stream.
2.2. Computational model and boundary conditions

First, a computational model of an existing design of a 30 kW microturbine combustion
chamber was developed as shown in Fig. 1.

Air inlet - main

Dilution holes -

Dilution holes -
group 1

Fuel inlet

Outlet

Fig. 1 Model of the 30 kW microturbine combustion chamber
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Calculations were carried out using boundary conditions based on the nominal operation of the
30 kW microturbine using methane as fuel. The boundary conditions of the model are given in
Table 1.

Table 1: Boundary conditions of the 30 kW microturbine combustion chamber model

Parameter Nominal value
Air inlet pressure, kPa 354

Air inlet temperature, K 812

Fuel inlet temperature, K 300

Fuel mass flow rate, kg/s 0.0024
Type of fuel Methane (CH4)
Gas mass flow rate at the outlet, kg/s 0.31

To validate the model of the 30 kW microturbine combustion chamber, experimental data were
used. The average temperature at the combustion chamber outlet and pressure loss were chosen
as the key parameters for validation of the developed computational model. The validation
process is highly important and serves as the basis for the subsequent development and
simulation of the 3 kW microturbine combustion chamber model, which is considered a more
compact design of the 30 kW microturbine combustion chamber.

The design of the 3 kW microturbine combustion chamber takes into account the main features
of the 30 kW microturbine combustion chamber, such as the radial arrangement of the injectors,
the flow divider inside the chamber and the location of the dilution holes (Fig. 2). The dilution
holes on both sides of the combustion chamber were also divided into two groups. It is also
worth noting that the stator section is included in the model as seen in Fig. 2. This is done to
ensure adequate results of the calculations based on the chosen boundary conditions; however,
all outlet parameters were evaluated before the stator section.
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Fig. 2 Model of the 3 kW microturbine combustion chamber
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Calculations were also carried out using boundary conditions based on the calculated
parameters of nominal operation of the 3 kW microturbine using methane as fuel. The boundary
conditions of the model are given in Table 2.

Table 2: Boundary conditions of the 3 kW microturbine combustion chamber model

Parameter Nominal value
Air inlet pressure, kPa 248

Air inlet temperature, K 943

Fuel inlet temperature, K 300

Fuel mass flow rate, kg/s 0.000394
Type of fuel Methane (CH4)
Gas mass flow rate at the outlet, kg/s 0.059

In order to investigate the operation of the combustion chamber and optimize the flow
characteristics, three configurations with different locations and numbers of dilution holes were
studied, as shown in Fig. 3.

Configuration 1 Configuration 2 Configuration 3

t
%
L&

)] P o

Fig. 3 Configurations of the 3 kW microturbine combustion chamber
with different locations and numbers of dilution holes.
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The primary function of the dilution zone is to provide an outlet stream with a uniform
temperature distribution that is suitable for the downstream turbine [1]. Uniform temperature
and velocity profiles at the outlet of the combustion chamber were considered the main
parameters to choose an optimal configuration in this work. While pressure loss was also
considered in choosing the optimal configuration, it was given a lower priority compared to
the importance of achieving uniform temperature and velocity profiles at the combustion
chamber outlet. The main design parameters of the dilution holes in the three configurations
are given in Table 3.

Table 3: Design parameters of the dilution holes in the 3 kW microturbine combustion
chamber

Configuration 1 Configuration 2 Configuration 3

First group

Number of holes 60 60 60

Diameter, mm 3 2 2
Second group

Number of holes 40 20/40 68

Diameter, mm 3 6/3 4

2.3. Mesh independence test

To determine the minimum number of elements required to obtain accurate results with
minimal computational resources, meshes of different densities were created. Combustion
chamber models with different mesh densities were simulated under the same boundary
conditions.

Three models were developed with different mesh densities: 1.7, 1 and 0.8 million elements
for the model of the 30 kW microturbine combustion chamber. The temperature profiles along
a selected line for the three different meshes developed are shown in Fig. 4. From the results,
it can be seen that a model with 1 million elements is sufficient to provide acceptable results,
since further increasing the number of elements leads to insignificant changes in the results. In
addition, the average outlet temperature for all three models showed the same results (=1130
K). Therefore, the mesh of 1 million elements was used to simulate the combustion processes
occurring in the 30 kW microturbine combustion chamber.
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Fig. 4 Mesh independence test (30 kW microturbine combustion chamber model).

For the 3 kW microturbine combustion chamber model, three models with different mesh
densities were also developed: 2.7, 1.3 and 0.8 million elements. The temperature profiles
along the selected line for the three different meshes developed are shown in Fig. 5. From the
results, it can be seen that the model with 1.3 million elements is sufficient to provide
acceptable results, since further increases in the number of elements lead to minor changes in
the results. In addition, the average outlet temperature for all three models showed the same
results (<1209 K). Therefore, the mesh of 1.3 million elements was used to simulate the
combustion processes occurring in the 3 kW microturbine combustion chamber.
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Fig. 5 Mesh independence test (3 kW microturbine combustion chamber model).
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3. Results
3.1. Validation of the 30 kW microturbine combustion chamber model

To validate the 30 kW microturbine combustion chamber, experimental data of the outlet
temperature and pressure loss were used. The mass-weighted average temperature of the gas at
the outlet of the combustion chamber, obtained as a result of calculations, was 1130 K as
shown in Fig. 6. The measured outlet temperature of the exhaust gas at the outlet from the
combustion chamber was 1113-1128 K. The deviation from the measured temperature was 1.5-
0.2%. Furthermore, the pressure loss in the combustion chamber, obtained as a result of
calculations, was 4653 Pa. The measured pressure loss in the combustion chamber was 4829-
5230. The deviation from the measured pressure loss was 3.6-11%.

01 ‘ 5%
031 |
Recuperator
et [ X ‘ ; ) -
- - A ’ 0354 | 812 0349 | 1120 ’ | 0104 ) 868
0354 | 478 g WAV (lka [ 1 T /|
, il ‘ L=t ’0308 - 1031 o4
0308 | | <= Combustion |~
' “ Chamber
CHa
300K
10.0024 kgls )
Compressor . Turbine
‘ P,MPa | T.K
01 | 294 M. kg's

0.308

Fig. 6 Schematic diagram of the 30 kW microturbine

Temperature distribution inside the 30 kW microturbine combustion chamber is shown in Fig.
7. The results show good mixing in the combustion zone at the outlet of the injectors, then the
combustion products are cooled down by flow exiting the dilution holes, leading to a uniform
temperature profile at the outlet of the chamber. The standard deviation of temperature at the
outlet was about 73 K.
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Fig. 8 Velocity distribution inside the 30 kW microturbine combustion chamber

In addition, velocity distribution inside the 30 KW microturbine combustion chamber is shown
in Fig. 8. The results show the locations of high velocity flow exiting the dilution holes which
lead to a good mixing in the combustion chamber. A uniform velocity profile was also achieved
at the outlet of the combustion chamber. The standard deviation of velocity at the outlet was
about 12 m/s.

Achieving uniform temperature and velocity profiles at the outlet of the combustion chamber
confirms the suitable locations and number of dilution holes. After validation of the develope
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model of the 30 kW microturbine combustion chamber, calculations were conducted on three
different configurations of the 3 kW microturbine combustion chamber in order to identify an
optimal design at the current stage of development of the 3 kW microturbine.

3.2. Comparison of three 3 kW microturbine combustion chamber configurations

The results of calculations performed on the three configurations of the 3 kW microturbine
combustion chamber are presented in Table 4. The lowest standard deviation of the outlet
temperature (48.4 K) and velocity (29.7 m/s) were obtained in Configuration 3, which suggests
a more uniform temperature and velocity at the outlet compared to the first two configurations.
While the pressure loss in configuration 3 (1059 Pa) was higher than the other two
configurations (939 and 836 Pa), the difference was not significant. At this stage of the 3 kW
microturbine's development, the priority was placed on achieving the optimal uniform
temperature and velocity profiles at the combustion chamber outlet, rather than minimizing the
pressure loss.

Table 4: Calculation results of the 3 kW microturbine combustion chamber

Parameter Configuration 1 ~ Configuration 2  Configuration 3
Pressure loss, Pa 939 836 1059
Average velocity at outlet, m/s 78.8 79.5 79.3
Average temperature at outlet, K 1207.4 1210.2 1211.3

Standard deviation at outlet

(Velocity), m/s 306 30.1 29.7

Standard deviation at outlet

(Temperature), K 189.1 83.6 48.4

The temperature profile at outlet of the combustion chamber for the three configurations is
shown in Fig. 9. It can be seen that the most uniform temperature profile at the outlet of the
combustion chamber was achieved in configuration 3. Maintaining a constant temperature
profile at the outlet of the combustion chamber is important for the turbine, since it ensures
optimal efficiency, protects the turbine blades from thermal damage, reduces mechanical stress
on the turbine components and allows for better control and prediction of the turbine operation.
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Configuration 1 Configuration 2 Configuration 3

Fig. 9 Temperature profile at outlet of the 3 kW microturbine combustion chamber

The velocity profile at outlet of the combustion chamber for the three configurations is shown
in Fig. 10. The exit velocity for all three configurations is almost the same (=79 m/s), which is
expected since the boundary conditions were the same. Among the three configurations
evaluated, configuration 3 exhibited a slightly better velocity profile, as indicated by a lower
standard deviation of the outlet velocity (29.7 m/s) compared to the other two configurations
(30.6 and 30.1 m/s).

The segmental nature of the velocity profile shown in Fig. 10 is attributed to the presence of
the stator section downstream of the combustion chamber (Fig. 2). The stator section was
included to ensure adequate results of the calculations based on the boundary conditions
chosen. The uniform velocity profile helps improve the aerodynamic performance of the
turbine blades, reducing the risk of flow separation and increasing overall efficiency. It also
helps minimize mechanical stress on the turbine components, preventing uneven loading and
potential structural damage.

Configuration 1 Configuration 2 Configuration 3

Fig. 10 Velocity profile at outlet of the 3 kW microturbine combustion chamber
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The temperature and velocity distribution in the primary zone of the combustion chamber is
shown in Fig. 11 and Fig.12. In all three configurations, methane burns in the primary zone of
the combustion chamber after exiting the injector, indicating good air-fuel mixing. However,
the difference in the location and size of dilution holes had an effect on the combustion
efficiency due to change of air mass flow through the injectors (Fig. 13). More air flowing
through the injectors in configuration 1 (0.020 kg/s) compared to the other configurations
(0.017 and 0.019 kg/s) lead to a better combustion in the primary zone and justifies the higher
temperature in the cross-section shown in Fig. 11.

Configuration 1 Configuration 2 Configuration 3

Fig. 11 Temperature distribution in the cross-section X=-49 mm of the
3 kW microturbine combustion chamber

Configuration 1 Configuration 2 Configuration 3

Fig. 12 Velocity distribution in the cross-section X=-49 mm of the
3 kW microturbine combustion chamber
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Fig. 13 Air mass flow rate at the inlet of the 3 kW microturbine combustion chamber

Another important effect of altering the location and size of the dilution hole groups can be
seen in the gas temperature at the exit of the combustion chamber and in another cross-section
of the chamber, as shown in Fig.14 and Fig. 15.

Analyzing Fig.14 and Fig. 15, it is evident that the increased air mass flow through the second
group of dilution holes while maintaining a high air mass flow through the injectors in
Configuration 3 had the major impact on providing a uniform temperature and velocity profiles
at the outlet of the combustion chamber with minimal deviations compared to the other two
configurations.

The first group of dilution holes in the 3 kW microturbine combustion chamber had a minimal
effect on the temperature and velocity at the outlet due to the narrow channel after the flow
divider, and the small distance to the outlet as shown in Fig.14 and Fig. 15. Unlike the case in
the 30 kW microturbine combustion chamber, the distance to the outlet and the diameter of the
channel after the flow divider are larger (Fig. 1), which allows the mixing the combustion
products with cold air even before exiting the chamber.

Configuration 1 Configuration 2 Configuration 3
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Fig. 15 Velocity profile in the cross-section Z= 0 mm of the 3 kW microturbine combustion
chamber

4. Conclusion

This paper presents a numerical investigation of the combustion process in a 3 kW microturbine
combustion chamber. A computational model of an existing 30 kW microturbine combustion
chamber was first developed and validated against experimental data. After that a model of a
3 kW microturbine combustion chamber was developed. The design of the 3 kW microturbine
combustion chamber took into account the main features of the 30 kW microturbine
combustion chamber, such as the radial arrangement of the injectors, the flow divider inside
the chamber and the location of the dilution holes. Three configurations of the 3 kW
microturbine combustion chamber with different locations and numbers of dilution holes were
investigated to achieve optimal flow through the combustion chamber and uniform temperature
and velocity profiles at the outlet of the combustion chamber. The main conclusions of this
paper can be summarized as follows:

1. The computational model of the 30 kW microturbine combustion chamber was validated
against experimental data, showing good agreement in outlet temperature (deviation of
0.2-1.5%) and pressure loss (deviation of 3.6-11%).

2. Configuration 3 of the 3 kW microturbine combustion chamber showed the lowest
standard deviation in outlet temperature (48.4 K) and velocity (29.7 m/s), indicating a
more uniform temperature and velocity profile at the outlet compared to the other two
configurations.

3. While Configuration 3 had a higher pressure loss (1059 Pa) than the other configurations
(939 and 836 Pa), the priority at this stage of development was placed on achieving
optimal uniform temperature and velocity profiles at the combustion chamber outlet.

4. The increased air mass flow through the second group of dilution holes in configuration
3, while maintaining a high air mass flow through the injectors, was the key factor in
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providing the most uniform temperature and velocity profiles at the combustion chamber
outlet.

5. The first group of dilution holes had a minimal effect on the temperature and velocity at
the outlet due to the narrow channel and small distance to the outlet, unlike the case of
the 30 KW microturbine where the larger distance and diameter allowed for better mixing
of the combustion products with cold air even before exiting the chamber.

In future work, the main focus will be on changing the size of the injectors in order to determine
the effect on air and fuel mixing in the primary zone of the combustion chamber and the
uniformity of the flow at the outlet. Additionally, the effect of the flow on the combustion
chamber wall temperature will be investigated to ensure the structural integrity of the system.
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