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Simulation of the operating conditions in a gas turbine engine combustion chamber

Abstract: The article sets out the basic principles of computer simulation of a gas turbine
engine combustion chamber, as well as their research methods. The influence of various factors was
analyzed on the mode of operation of the GTE and their accounting capabilities in the simulation.
The results of numerical simulation are given for various versions of burner devices with microflare
devices. Model matching is available with known experimental data.
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Introduction. The combustion chamber is one of the main components of a gas turbine engine
and its efficiency, reliability, toxicity and multifuel capability almost completely determine the same
engine performance.

The combustion chamber of a gas turbine engine must satisfy a wide range of requirements, its
relative importance depends on the type of engine. Common to all combustion chambers are the
following requirements|1]:

- high completeness of fuel combustion;

- wide limits of sustainable combustion;

- lack of pressure pulsations and other manifestations of instability caused by the combustion process;
- low total pressure loss;

- output field of gas temperature (i.e., the degree of temperature non-uniformity over the chamber
cross section) must satisfy the maximum durability condition of turbine rotor blades and nozzle
blades;

- low emissions of smoke, unburned fuel and gaseous pollutants;

- minimum construction cost and ease of maintenance during operation;

- the configuration and dimensions of the chamber must be compatible with the motor circuit;

- great resource;

- the ability to work on various fuels.

Only significant changes in design of the gas turbine engine front-end devices with the organization
of micro flame burning can satisfy the above requirements for a gas compressor. Microflame burning
implicates breaking a single torch in the combustion chamber into many micro flames, and it can be
organized with the expansion of combustion chamber front with the establishment of a large number
of micro atomizers. However, these atomizers should be perfect and accurate in their identities.
And we consider that it is possible to work out one micro-nozzle on a model and bring it to the
perfection. In particular, consider the formation of NO in that kind of micro modular atomizers.

Methods. According to the Zeldovich mechanism during a fuel combustion, the reaction of nitric
oxide formation has a thermal nature [2]:

Ny + O3 43 2NO — 180, 2k.J /mol (1)

This reaction proceeds according to a chain mechanism involving atomic oxygen:

O+ Ny NO+ N
N+0Oy 4+ NO+O
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The reaction rate (1), according to 2], has the form:

dCno _ 5-10' 86000 64 86000 2

g, M TR ) [CoCnpenn(==) = Cvol )

where Cop,,Cpn, and Cyo are the instantaneous concentrations of the reaction components; 7 is
the reaction period, s; T is the reaction zone temperature; R is the gas constant. The equilibrium
nitric oxide concentration time for various temperatures is presented in table 1

TABLE 1 — Equilibrium nitric oxide concentration time

¢°C [1230 | 1330 | 1430 | 1530 | 1630 | 1730
Tivols S | 8150 | 910 | 140 | 229 | 4,07 | 1

It follows from reaction (2) that the formation of NO depends on the concentration of Oz and
the temperature in reaction zone |3, 4].

But in the conditions of a gas turbine combustion chamber for determining emissions of nitrogen
oxides, it is necessary to take into account other parameters [5], which are determined from the
expressions

— 72 N paV,
N=25Dm= =Y 3
v K K1 Ga ®)
then
103W .
EINOX = Z2 /-LNOQwaSO(Dm)T (4)
SpPs

where EFINOx is nitrogen oxide emission index.

Formula (3) and (4) characterize the effect of no equilibrium composition of the combustion
products and reaction time on the final concentration of NOx . The above analytical calculations
show that the formation of NO is affected not only by the values of such parameters as temperature
T, concentration of reacting substances Z , residence time and pressure, but also their fluctuations.
For example: non-uniformity of temperature field, structure of gas flow in the high-temperature zone
and flow turbulence in the burner [5].

Based on the analysis, it is possible to determine the main criteria that should correspond to the
gas turbine engine combustion chamber:

- uniform temperature field, without local high-temperature zones;

- efficient and intensive mixing of oxidizer and fuel;

- high heat intensity in order to reduce the reaction products residence time in the high temperature
zone.

All existing methods and organizations of fuel combustion in gas turbine engines are determined
by the provision of above points. For example, there are developments by Siemens, ABB by burning
a pre-prepared mixture, which also includes DLE technology. It implies burning a “pre-mixed lean
mixture” to intensify mixing and create a uniform temperature field. But such homogeneous cham-
bers have a narrow range of stable operation and the risk of fuel supply pipes thermal destruction,
since they are in the combustion zone. There is also a combustion chamber with staged burning, in
which, due to the stepwise air supply, a uniform low temperature level in the combustion chamber
is ensured. The negative side of the stepped combustion chambers is that they increase the overall
dimensions of engine and the operating efficiency is determined with the unit loading.

Multi-burner combustion chambers have a good environmental performance. Alstom has burners
under the brand EV and AEV, NOx emissions when used do not exceed 15 ppm [6].
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18 burners were installed in ABBGT10 gas turbine engines (23 MW), and 72 burners in ABB
GT13E (> 150 MW), in the form of two circular rows.

General Electric LM6000 gas turbine burners are also known, the combustion chambers of which
are made in the form of two rings. In the outer two rings there are 60 atomizers, in the inner ring are
15. This arrangement of rings makes it easier to work under partial load. 75 nozzles are connected
by 30 stems with pre-mixing devices. LM6000-PD turbines have NOx emissions close to 25 ppm, at
a power of 50 MW.

Analysis of multi-burner combustion chambers shows that they have a good environmental and
energy performance. But micro flame devices will have even more improved environmental charac-
teristics. Micro flame burning of fuel is organized by creating a whole system of numerous small
flames in the combustion chamber [6].

Micro flame technology will be as close as possible to the requirements for the gas turbine com-
bustion chambers presented above. In them, dividing the torch into many mini torches contributes
to the formation of a uniform temperature field, as well as reducing the length of the combustion
chamber by 3 times. In micro flame devices, the yield of nitrogen oxides is reduced due to a de-
crease in local zones of elevated temperature and an increase in the thermal stress of the combustion
chamber.

It was shown above that the mixing intensity also affects the formation of NOx. Therefore, if we
organize micro flame technology with vortex intensification and burning of a pre-prepared mixture,
this will allow us to minimize harmful gas emissions, while ensuring complete combustion of fuel
and high reliability of the combustion chamber in a wide load range. Devices that operate on this
principle include micro modular air atomizers (MAA).

In MAA the following principles of microflame burning are laid:

- fuel supply is carried out in the cylinder of micro modules, which are in large numbers parallel to
the axis of gas turbine combustion chamber along the front;

- each micro module mixes fuel with air;

- and at the output of each micro module there are stabilizers that hold micro flames;

- the step between the axes of micro modules is chosen so that micro flames do not merge..

Micro modules can be of various designs. Strict specifications are imposed on their manufacture
for the accuracy and purity of surface treatment and identity (sameness), because more than a
hundred MAAs could be installed in one annular combustion chamber.

Discussion. In micro modules, the kinetic energy of the air flow is spent on crushing the gas
stream and pre-mixing. At the inlet, the air flow swirls to ensure the preliminary preparation quality
of the fuel assembly. The choice of the installation angle of the blades of input swirler affects the
combustion efficiency of this fuel. To successfully stabilize the micro flame, registers of heat-resistant
material installs at the micro module cylinder output. The combustion rate is ensured by the correct
spin choice of the fuel-air mixture. Thus, in the annular gas turbine engine combustion chamber,
micro module atomizer provides an increase in the heat stress of the combustion chamber volume,
reduces in toxicity of the combustion products and decreases in the combustion chamber length.

The development and creation of such devices requires a number of studies to determine the opti-
mal geometric parameters of the MAA, such as the step between registers, the length of preliminary
mixing chamber, the installation angle of inlet air swirl, the angle of blades of the output swirl.
They can be determined by conducting an experimental research method, by creating experimental
combustion chambers. But this method has a number of significant drawbacks: for the organization
and conduct requires large material and time resources; the impossibility of obtaining complete in-
formation at all points of the investigated object; for geometric optimization many experiments are
necessary.

Therefore, such processes are currently being investigated using CAE and CAD systems. The
advantage of research using computer simulation is that they adequately and completely describe
real processes and replace the experimental research method or precede it, thereby reducing the ma-
terial and time costs of creating a real model and give a complete description of the process under
investigation. One of the best mathematical modeling software packages is ANSYS. Computational
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packages ANSYS Fluent and CFX are widely used to simulate combustion processes and hydrody-
namics. General modeling capabilities of flow processes with chemical transformations are presented
in Figure 1.

bisersed phase model Turbulence models
+ particle/droplet dynamics * LES, DES, 5AS....
+ collisions * RANS: k-e, k-w, RSM.....

« volatiles outlet Reaction models

* Eddy Dissipation model
* Premixed model

= Non-premixed model

= Partially premixed model

* heterogeneous reactions

' Equations of motion

= continuity

* momentum + turbulence

= ENETgY —

* chemical components | Reaction models
* Laminar Flamelet model
* Laminar Finite rate model
= EDC
* Composition PDF

FIGURE 1 — Simulation Features in ANSYS Fluent and CFX

Schematically, the process of solving problems in these packages can be represented as follows:

- building geometry of an object;
- breakdown of the area into subdomains, meshing;
- setting boundary conditions and choosing a turbulence model.

The ANSYS software package has a wide variety of models for calculating turbulent flows. They
differ from each other in the solution complexity and description accuracy of the flow.

The basic idea of the models is reduced to the assumption of existence of an average flow velocity
and an average deviation from it: u = uw — «’. After simplifying the Navier-Stokes equations, in
addition to unknown average velocities, the products of the mean deviations u; appear in them.
Different models model them differently. The models listed below are used in various engineering
calculations depending on the required accuracy.

The variety of turbulence models will allow us to fairly accurately investigate hydrodynamic
processes in which complex swirling flows take place.

In recent years, many attempts have been made to create a model for calculating the combustion
process in the gas turbine unit combustion chamber, which allows predicting the characteristics
of emissions. To date, the literature describes many systems for calculating the level of NOz
emissions from the combustion chamber, which vary significantly in complexity, applicability and
rigor. Currently, programs for modeling processes in the gas turbine engine have been created, but
they are also far from perfect. So we used the ANSYS Fluent program for research. In [11,12,13]
presents the results of numerical simulation of the above options burner devices with microflame
devices. Three types of burners were considered in Fig. 2: a burner with corner stabilizers (a), in
which fuel is fed to the symmetry axis of corner, a burner with blade profiles (b) in which fuel is
fed into the space between the back of the profile and cover, and the third burner (c) operating
according to the principle of counter-swirling jets. Figure 3 shows a view of the 3D model of MAA
with an output register angle of 45°.

The simulation area consists of an input register consisting of a group of flat blades with an angle
equal to 45°, nozzles for radial supply of gaseous fuel, an output register consisting of flat blades
with different angles (.

The temperature and velocity circuits at various angles of the output register (2 are shown in
Fig. 4.

Figure 4 shows us the gradient of temperature. We can see that the torch is stretched when it is
using angle stabilizers for 30°. The high-temperature zone with a temperature of 2200K is shifted
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FicUrE 2 — Burners with stabilizers

Stabilization care

Input register

z

30 45

F1GURE 4 — Speed and temperature gradient in the combustion chamber

to the left side of the burners with profiled blades of 45°. A relatively uniform temperature level is
observed during counter-swirl stabilization with a blade angle of 60°. The velocity gradient shows
us that the uniform aerodynamic structure of the torch has a velocity of ~ 33 m/s. This is achieved
by using torches with counter-swirl stabilizers. All these data obtained on the basis of computer
simulation. They are relatively exactly consistent with previously obtained experimental values of
temperature and velocity in the CCh [11].

Conclusion. The ANSYS Fluent program allows you to conduct a preliminary analysis of pro-
ceeding processes in the MAA.

Thus, when creating fuel-burning devices, such as micromodular air atomizers, the use of computer
simulation with ANSYS software packages will help to fully investigate the processes proceeding in
the combustion chambers, and also optimize the geometric parameters of the burner devices. At the
same time, it would be wrong to talk about the complete replacement of experimental studies by
numerical calculations; the question is design approaches that should complement each other.
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I'TK >xaHy KaMepacbIHbIH, >KYMBbICTBIK, PEXKUMAEPiH MO/EeJIbAeY

Anvotamusi. Makanaga 'TK xany KamepachlH KOMIBIOTEDJIK MOIEJIEYAIH HEerisri NPpUHIMNTED], COHA-aK OJIApPIbIH,
3epTTey dJicTepi KapacThipbLIadbl. OpTypii dakropaapabis, 2KK »KyMbic pexkumine ocepi »KoHe Mojieliey Ke3iHje OJIap/IblH
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Awnnoranus. B craree paccMaTpuBaroTCsl OCHOBHbBIE IPUHIIMITBI KOMIIBIOTEPHOI'O MOJEINpOBaHus KaMepsl cropanus ', a
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JaHHBIMU.
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