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EFFECT OF AXIAL SWIRLER PARAMETERS ON A METHANE-
AIR COMBUSTION CHARACTERISTICS AND FORMATION OF
NITROGEN OXIDE

CFD simulation of none-premixed methane-air combustion is performed. The purpose of this
paper is to provide information concerning the effect of geometry of axial swirler vanes on the
exhaust gas emissions of oxides of nitrogen (NO), for a can combustor of gas turbine engine.
Effects of different swirler vane angles on NO formation, are shown. Air swirler adds sufficient
swirling to the inlet flow to generate central recirculation region (CRZ) which is necessary for flame
stability and air-fuel mixing enhancement. Therefore designing an appropriate air swirler is a challenge
to produce stable, efficient and low emission of combustion with low pressure losses. Five axial flat
vane swirlers with 20°, 30°, 45°, 55°, and 60° vane angle corresponding to swirl number of 0.28, 0.444,
0.769, 1.1 and 1.33 respectively, were used in this analysis to show vane angle effect on the internal
flow field, temperature fluctuations and formation of NO. The simulation has been performed using
the Computational Fluid Dynamics (CFD) commercial code ANSYS CFX release 16, includ-
ing laminar flamelet model, for simulating the methane combustion mixing with air .k-¢ model
was also investigated to predict the turbulent combustion reaction. A thermal and prompt NOx

Jformation is performed for predicting NO emission characteristics.
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Introduction

There are several requirements that must be
considered when designing a new gas turbine
combustion chamber especially to meet the
stringent regulation regarding emissions level from
the exhaust. These requirements include stability
limits, high combustion efficiency, high intensities
of heat release, low burner pressure drop and low
emissions production from the combustion processes
such as NO and CO [1]. One-way to achieve this,
is the use of swirling air flow. Swirling flow is used
for the stabilization and control of the flame and
to achieve a high intensity of combustion.

Radial and axial swirlers are most common
swirlers to generate central recirculation region
(CRZ) in primary zone of combustion process in a
gas turbine combustor. In this study we performed
all the numerical simulations, on the axial swirler.
The most common method of generating swirl
is, by using curved and flat vane swirlers in axial
swirlers. One advantage of flat vanes is that they
are cheap and easy to produce. Moreover, the flow
striations associated with flat-vane swirlers, which
are created by the stalled regions attached to each
vane, tend to promote a more stable flame and
reduce combustion noise. Another asset of the flat-
vane axial swirler is that its exit velocity profile is
less peaked and less biased radially outboard than
that of the corresponding curved-vane swirler [2].
In consequence, it provides better acration of the
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main soot-forming zone, which is normally located
just downstream of the fuel injector [2].0n swirling
flows shows that curved vanes are more efficient
aerodynamically than flat vanes. This is because
they allow the incoming axial flow to gradually
turn, which inhibits flow separation on the suction
side of the vane. Thus, more complete turning and
higher swirl- and radial velocity components are
generated at the swirler exit, which results in a
larger recirculation zone and a higher reverse flow
rate Most conventional combustor employs the axial
flow type swirlers.[2]

Swirling flow induces a highly turbulent
recirculation zone, which stabilizes the flame
resulting in better mixing and combustion (Gupta
et al., 1998).1It has been suggested that the large
toroidal recirculation zone plays a major role in
the flame stabilization process by acting as astore
for heat and chemically active species and, since it
constitutes awell-mixed region, it serves to transport
heat and mass to the fresh combustible mixture of
air and fuel (Judd et al., 2000).

Since the early times swirling flows have been
employed to establish arecirculation zone which
entrains the hot combustion products and creates a
low velocity zone of sufficient residence time and
turbulence levels such that the combustion process
becomes self-sustained.[3].

The presence of swirl results in arapid rate
of mixing between the incoming air and fuel
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which reduces the flame temperature and hence
lowers NOx formation. It is also well known
that coaxial air provides a significant reduction
of the NOx emission index of a simple jet
flame, since it shortens the flame length and
reduces the residence time for thermal NOx to be
produced [4,5].

1. Swirl number

The level of swirl or swirl strength can be
represented in term of swirl number which is
defined as the ratio between axial fluxof the angular
momentum to the axial momentum [2], which can
given as:

R
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where w,u,p and r are the tangential and axial

velocity components, density and radius respectively.

For aflat vane axial swirler, the swirl number is:

1-(5 /1,y
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where the inner radius is ri and outer radius is ro

and 0 is the vane angle [2].

For values of swirl number less than around 0.4,
no flow recirculation is obtained, and the swirl is
described as weak. Most swirlers of practical interest
operate under conditions of strong swirl (that is,
Sv> 0.6).

For a simple axial swirler, the minimum vane
angle required to obtain strong recirculation
(Sv> 0.6) for a typical swirler having Dnub/Dsw= 0.5
is calculated from Equation 4.36 as 38°. A simple
geometrical parametrs of axial swirler is shown in
Fig. 1 [2].
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Fig. 1. Geometrical parameters of axial swirlers with flat
vanes

2. Recirculation zone and swirler consideration

Air swirler introduces air tangentially into the
combustion chamber, consequently the air is forced
to change its path, which contributes to the formation
of swirling flow. The balance in force could be
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demonstrated by the movement of static pressure in
the combustion chamber and can be calculated by
measuring the distribution of the tangential velocity.
Low pressure in the core centre of the swirling flow
is created and as a result, swirl vortex is formed [6].
The recirculation region in free swirl flow is shown
in fig. 2.
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Fig. 2. Recirculation zone in swirling flow [7]

As the level of applied swirl increases, the
velocity of the flow along the centerline decreases,
until a level of swirl is reached at which the flow
becomes stationary. As the swirl is increased
further, a small bubble of internal recalculating
zone is formed. This, the vortex breakdown
phenomenon, heralds the formation of large-
scale recirculation zone that helps in stabilizing
the flame. It has been concluded [7,8] that the
large torroidal recirculation zone plays a major
role in the flame stabilization process by acting as a
store for heat and chemically active species and, since
it constitutes a well-mixed region, it serves to transport
heat and mass to the fresh combustible mixture of
air and fuel.

Previous researchers have studied the effect of
varying the swirler blade angle, which in turn varies
the swirl number, on combustion performance.

Drake and Hubbard [9] studied the effect of
swirl on completeness of combustion and discovered
that there was an optimum swirl blade setting.
Claypole and Syred [10] investigated the effect
of swirl strength with swirler numbers of 0.63 to
3.04, on the formation of NOx using methane as
a gas fuel. They concluded that at swirl number of
3.04, much of the NOx in the exhaust gases was
recalculated back to the flame front. The total
emissions of NOx were reduced, however, at the
expense of loss in combustion efficiency. Mestre [11]
compared the effects of swirling and non-swirling
systems on combustion characteristics. He clarified
that the existence of swirl improves combustion
efficiency, decreases pollutant gas-emissions and
increases adiabatic flame temperature. In addition
he observed that a shorter blue flame was generated
with the presence of swirl, indicating a good
mixing, while non-swirling combustion resulted in
a longer yellow flame as a result of poor mixing.
Chigier concluded in his study that swirling flow
could stabilize the combustion process and improve
the mixing of fuel and air as well; swirl flow affected
the flame length, size, density, and stability. An
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important effect of swirl on the flow field is the
generation of the recirculation zone or aerodynamic
blockage, where adverse pressure gradient
occurs in the direction of the flow [1]. This vortex
breakdown phenomenon occurs only if the strength
of swirl is large enough. For a weak swirl (Sn< 0.4), the
slope of the axial pressure due to swirling motion is
not big enough to produce an internal recirculation,
whereas for a strong swirl (Sx> 0.6), radial and axial
pressure slopes are formed downstream of the
swirler exit plane creating a recirculation zone
(Figure 3) in the axial direction [2].
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Fig. 3. Axial velocity profile and swirl inside astrong swirl

3. Governing equations, combustion and NOx
modeling

The mathematical equations describing the fuel
combustion are based on the equations of conserva-
tion of mass, momentum, and energy together with
other supplementary equations for the turbulence
and combustion. The standard k-¢ turbulence
model is used in this paper. The equations for the
turbulent kinetic energy k and the dissipation rate
of the turbulent kinetic energy ¢ are solved. For non
premixed combustion modeling. All the numerical
simulation has been performed using the Compu-
tational Fluid Dynamics (CFD) commercial code
ANSYS CFX release 16, including laminar flamelet
model for modeling non-premixed methane-air
combustion with 17 spices and 55 reactions.

In the flamelet model chemical reaction rates
are computed first (independent of the flow) and
the relevant scalar properties are stored in lookup
tables accessible by the flow solver. The instanta-
neous scalar properties ¢ (i.e., temperature, density,
compositions) are represented as a function of the
instantaneous mixture fraction Zand its variance Z"2,
and the scalar dissipation y: ¢ =¢(Z, Z"2, x). Mean
scalar properties are then computed by integrat-
ing the instantaneous ¢ over an assumed B-PDF,
and the results are stored in the lookup tables. In
the flamelet approach, transport equations for the
turbulent kinetic energy (k), its dissipation rate
(e), enthalpy, mixture fraction Z, and its vari-
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ance Z"2 (which is used to compute the scalar
dissipation) are solved for each computational
cell. These values are then used to extract mean
scalar properties from the chemistry lookup tables.
The flow field properties are updated and itera-
tions continue until convergence criteria are met.
The NOx formation model (based on thermal and
prompt mechanisms) is also included.

When modeling NOx formation in methane-
air combustion, the thermal NO and prompt NO
are taken into account. In the simulation process,
we solve the mass transport equation for the NO
species, taking into account convection, diffusion,
production and consumption of NO and related
species. This approach is completely general, be-
ing derived from the fundamental principle of
mass conservation. For thermal and prompt NOx
mechanisms, only the following NO species trans-
port equation is needed:[12]

paYNO +pu; 9YNo :i(pD 9YNo
1

ot Dok ox;

J"'SNO- (3)
1

The source term Sy is to be determined for
different NOx mechanism. YNo is mass fraction
of NO species in the gas phase and D is effective
diffusion coefficient.

5. Geometry of combustor-meshing-boundary
condition

The model of our domain of simulation, is a
can type of combustor. The geometrical sizes of the
combustor, fuel injection, air swirler and the fuel
inlet (methane) and oxidizer inlet (air) is shown in
fig. 4a. Methane and air are entered in the domain
separately.

The length of combustor is 327.19 mm and the
height is about 105 mm .The inner diameter of
the swirler is 22 mm and the outer is 46 mm. The
thickness of swirler vane is 0.75 mm. Methane is
injected from 6 holes which each of their diameter
is 2.5 mm on the surface of injection of 135 degree.
The outlet diameter of combustor is about 73.5 mm.
The 3D model of combustor and axial swirler are
shown fig. 4b and fig. 4c. The model was meshed
for simulating in a tetrahedrons meshing method,
with about total number of 1015727 nodes, and
4 068 000 total number of elements including
prismatic layers around the walls of combustor,
that are shown in fig. 5a and fig. 5b.

The different boundary conditions applied for
flow analysis of gas turbine can-type combustion
chamber in this investigation, which they are inlet
mass flow rate for both fuel and oxidizer entering
the domain , outlet average static pressure and with
no slip walls. Boundary condition information are
shown in tablel.
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Fig. 4. a) The geometrical parameter of combustor and swirler b) 3D model of whole combustor c¢) 3D model of axial

swirler

a)

layers

b)
Fig. 5. a) Tetrahedron mesh for whole combustor b) detail view of tetrahedron mesh around the fuel injector with prismatic

Table 1
Boundary condition information of combustor
Swirler vane angles (degree) 20 30 45 55 60
Swirl number 0.28 0.444 0.769 1.1 1.33
Operating pressure (atm) 4

Temperature entering in combustor [K] 450
Oxidizer mass flow rate [ kg/s] 0.2
Temperature of fuel (K) 310

Fuel mass flow rate [kg/s] 0.004

— 222 —




Teopua n padboyve NpoLLecchb

6. Results and discussion of simulation-
(Temperature distribution)

All of 5 cases of simulation was performed in
ANSYS CFX. The convergence criteria in this
simulation was at the RMS residual type with the
10-4 residual target. The physical timescale for
this combustion simulation was 0.001[s]. All the
simulation in 5 cases were converged successfully
with solving the mass and momentum (U, V, W
momentums), heat transfer (energy), turbulence
(k-¢), mass fraction of NO, mixture fraction
including mean and variance, temperature variance
for predicting oxide of Nitrogen.

In order to achieve better mixing between fuel
and air in a gas fuel combustor, turbulence flow
must be generated to promote mixing. Turbulence
energy is created from the pressure energy dissipated
downstream of the flame stabilizer. In the radial
swirler, turbulence can be generated by increasing
the aerodynamic blockage or by increasing the
pressure drop across the swirler. In fig.6 and fig. 7
all the temperature and NO mass fraction counters
and distributions are presented along the XY plane
of combustor for 5 various swirler vane angles
(207, 30°, 45°, 55°, 60°) with swirl number of (.28,
0.444, 0.769, 1.1, 1.33. In fig. 6.a- with the swirl
number of 0.28 the maximum flame temperature
is 2242 K. The recirculation zone in this case, is

weaker, compare to the other cases, which effects
on flame structure as shown and this can create
the maximum flame temperature in the center of
combustor. The maximum temperature in fig. 6 b
- with the swirl number of 0.444 is 2239 K due to
formation of recirculation zone and better air-fuel
mixing. The shape and structure of the flame in
this case in more uniform then the first case.In
fig. 6 ¢ - the swirl number is 0.769 with the vane
angle of 45 degree. In this case of our study the
maximum flame temperature is 2204 K. Due to
a high swirl number here, obviously we can see a
very stable and uniform flame structure because
of a high quality of recirculation zone in the first
zone of mixing and combustion. As we can see the
formation of maximum flame temperature is closer
to the combustor walls due to a high swirl number.
In fig. 6 d - which we can say a very high swirl
number of 1.1, the maximum flame temperature is
2172 K which is lower than the 3 cases before due
to a higher swirl number. The flame structure is
uniform but the maximum temperature is formed
close to the walls of combustor. And the last case
in fig. 6 e - which has the 2188 K maximum flame
temperature. In this case swirl number is 1.33 which
is the higher in this study and due to a very high
swirl number and recirculation zone the maximum
flame temperature has been created like a stream
closer to the walls.
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Fig. 6. Temperature distribution contours along XY plane of combustor in different axial swirler vane angles: a) 20 degree;
b) 30 degree; c) 45 degree; d) 55 degree; ) 60 degree
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Fig. 6. continue-Temperature distribution contours along XY
plane of combustor in different axial swirler vane angles:
a) 20 degree; b) 30degree; c) 45 degree; d) 55 degree;

e) 60 degree

7. Results and discussion of simulation-
(NO distribution)

NO distributions along the XY plane of combus-
tor are shown in fig. 7 in various swirl vane angles
with various swirl number. As discussed in pervious
section for temperature distribution along the com-
bustor, the minimum temperature was in fig. 6 d

and fig. 6 e due to a high swirl number and a high
recirculation zone for better fuel-air mixing and
reducing the temperature. And it was obvious that
the maximum flame temperature was in fig. 6 a-6 b
and 6 c. Actually the maximum NO mass fraction
in fig. 7 a with swirl number of 0.28 is 0.0002496 .
The formation of maximum NO is occurred at the
high temperature zone of combustion, where this
zone situated at the center of combustion zone far
from the combustion walls. Maximum NO mass
fraction in fig. 7 b is 0.0003423 when the swirl
number is 0.444. The formation of maximum of
NO in this case is started closer to the fuel injector
due to a higher swirl number comparing to the first
case. The swirl number in fig. 7 ¢ is 0.769 which has
the maximum NO of 0.0001555 for the 45 degree
swirl vane angles. Due to the extension of recircu-
lation zone along the Y plane closer to the wall of
combustor. In fig. 7 d and fig. 7 ¢ the maximum
mass fraction is 0.00004451 and 0.00003,which
is the minimum NO mass fraction is for fig. 7 e
which has the 60 degree of vane angles with swirl
number of 1.33 due to a high swirl number and
recirculation zone.
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Fig. 7. NO mass fraction distribution contours along XY plane of combustor in different axial swirler vane angles:
a) 20 degree; b) 30 dgree; c) 45 degree; d) 55 degree; e) 60 degree
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8. Outlet information table and flow stream-
lines

In Table 2. all the mass fraction and total
temperature exiting from combustor outlet and
pressure drop of various swirler vane angle are
present. In figure 8 flow streamline of central
P & » Qc, recirculation region (CRZ) along the XY plane of

§° P o m@ %D;P nf,@ P Qﬁ

S ,\»@‘ .bea o 4\ combustor are presented for all model of various
T 9 b-q' -3 \' Ny

e swirl vane angles.

NO.Mass Fraction

e)

Fig. 7. continue-NO mass fraction distribution contours along
XY plane of combustor in different axial swirler vane angles:
a) 20 degree; b) 30dgree; c) 45 degree; d) 55 degree;

e) 60 degree

Table 2.
NO mass fraction and total temperature exiting from combustor
outlet and pressure drop of various swirlers
Swir vane angle 20 30 45 55 60
(degree)
Outlet NO mass
fraction 3.47136x107 | 4.3995x107> | 2.46321x107 | 8.65701x107° | 6.0731x107°
Outlet total 1295 1293 1285 1283 1283
temperature (K)
Pressure drop % 1.0336 1.398 3.144 5.901 8.384

Fig. 8. Flow streamline of central recirculation region (CRZ) along the XY plane of combustor in different axial swirler vane
angles: a) 20 degree; b) 30 dgree; c) 45 degree; d) 55 degree; e) 60 degree
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9. The diagrams of distribution of total
temperature and NO distribution

The diagram of distribution of total temperature and
NO mass fraction along the Y plane (axial distance),are
shown in figure 9. We can say that, these diagram
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of changes are the general view of variations and
fluctuations of total temperature and concentration of
oxide of nitrogen (NO) along our domain of calculation
(can combustor).It is clear that temperature and NO
variations along the combustor are different from other
with various swirler vane angle.
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Fig. 9. a) Total temperature distribution along the Y plane of combustor, b) NO mass fraction distribution along the Y plane
of combustor

10. Conclusion

Swirling flow can increase combustor perfor-
mance by aiding the fuel-air mixing process and
by producing recirculation regions which can act
as flame holders. Therefore, to reduce emissions
and to enhance performance the proper selec-
tion of a swirler is needed. The variation in the
swirler vane angle has a significant effect on the
flow pattern inside the combustor. These can be
concluded from the overall streamline pattern, the
mean axial and tangential velocity distributions,
and turbulence intensity near the inlet. As the swirl
number increases, the length and the diameter of
the central recirculation zone increases while the
size of the corner recirculation decreases (as shown
in fig. 8). Furthermore, the turbulence strength
represented by the turbulence kinetics energy also
increases. On the other hand, the increase in the
swirl number results in more losses in the total
pressure(pressure drop) which will affect the com-
bustion performances.

The main purpose in this study is to show the
effect of the low and high swirl number on flame
stabilization, temperature fluctuation and deter-
mination of NO distribution along the combustor
especially on outlet (exit area) of our domain.
The results show that axial swirler with the vane
angle of 20 degree and 0.28 of swirl number, has
the maximum flame temperature of 2242 K and
NO mass fraction of 0.0002496, due to a low swirl
number and weak central recirculation zone(CRZ),
which cannot provide a good fuel-air mixing rate
to perform an acceptable combustion process, but
in this case the pressure drop is 1.03% which is the
minimum pressure loose in this simulation for this
type of swirler angle.
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In this study the minimum flame temperature
(2172 K and 2188 K) and NO mass fraction of
(0.00004451-0.00003) observed in swirler with vane
angle of 55 and 60 degree with the swirl number
of 1.1 and 1.33. But despite this these 2 cases have
the maximum pressure drop of 5.901% and 8.384%,
which is a very high.

As observed, the 60 vane angle swirler was able
to produce the strongest circulation and high-
est recirculated mass flow inside the combustion
chamber but on the contrary it has the disadvan-
tages of the longest recirculation zone which makes
the flame more susceptible to blow off and of the
highest losses in total pressure. In the light of this
discussion, it can be argued that, the 45° vane angle
swirler could be considered as a compromise be-
tween turbulence production and pressure losses.
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Macyn XamxkuBann. BiausiHue mapaMeTpoB OCEBBIX 3aBHXPHTENCl HA XapaKTePUCTHKH
ropeHnsl METAHOBO3IYIIHOM CMeCH M 00pPa30BaHHE OKCHAA a30Ta

Boinoaneno CFED modeauposanue memanogo30yutHol cmecu 6e3 npedsapumenbHoe0 CMeuuea-
Hus. Lleas smoti cmamou 3aKa04aemces 6 npedocmasieHul UHHOPMAUUY 0 8AUSHUU 2e0MemMPUU
JAONAMOK 0CesblX 3asuxpumenell Ha 6vlopoc okcudoe azoma (NO) das mpyouamoi Kamepul
ceopanust eazomypounnoeo dsueamens. Ilokazano eausinue pa3auyHsX yen08 yCmaHo8KU A0Na-
mok 3aeuxpumens Ha obpazosanue NO. Bozdywnuiil 3asuxpumens dobasrsem docmamouHoe
3a6uUXpeHlle NOMOKY HA 6X00e, UMoObl 2eHepUPOSamsd UCHMPANbHYIO 004ACMb PeUUpKyAAUUU
(CRZ), komopas Heobxoouma 0451 CMmaduibHOCMU NAAMEHU U NOBbIUICHUSA KA4eCmea CMeUUeanus
6030yxa u monausa. Iloamomy npoexmuposanue coomeemcmayue2o 6030YUH020 3A8UXPUMENS
A6AAMCA BANCHOU 3a0auell 045 NOAYHEeHUs CMAOUAbHO20 U IPDEeKMUBHO20 20peHUs. ¢ HU3KU-
MU nomepsamu 0A6AeHUs U HU3KUM YPOSHeM 6blopocos. B smom ananuze ucnoav3oéanst nsamo
0CesblX NAOCKUX MUN08 N0NAMOK 3asuxpumens c¢ yeiamu ycmanoexu 20°, 30°, 45°, 55°, 60°, ¢
yucaom 3asuxpenus 0.28, 0.444, 0.769, 1.1, 1.33, umobvl nokazamo eausHue yera yCmaHo8Ku
JAONAMOK HA 001acmu 6HYmMpeHHe20 NOmokKa, aykmyauyuro memnepamypot u odpaszosanue NO.
Modeauposanue 8binoaHeHO ¢ UCNOALIOBAHUEM NPOSDAMMbL GLIMUCAUMENLHOU 2UOPOOUHAMUKU
(CFD) ANSYS CFX euvinyck 16, 6 mom uucae namunaprou flamelet modeau oas umumauuu
eopenus memana u k-e modeau 0ns mypoysenmuoeo eopenusi. Popmuposanue mepmu1ecKux u
ovicmpoix NOX vinoansemcs 045 NPOSHO3UPOBAHUS XAPAKMEPUCIUKU 8blOPOCO8.

Karouesnte caosa: eviuucaumenvuas euopoounamuxa(CFD), uucao 3asuxpenus, oxcuo azoma,

amuccus, cmabuau3ayus naameHu.

Macyn XaaxiBana. BrniuB mapameTpiB O0CbOBHX 3aBUXPHUTEJIiB HA XapaKTepHCTHKH
TOpPiHHS METAHOMOBITPSHOI CyMilli Ta CTBOPEHHS OKCHIY a30TYy

Bukonano CFD modenrosanns memanonogimpsauoi cymiui 6e3 nonepeonbo2o 3miuly8auHs.
Mema uyiei cmammi noasieae 6 nHadanHi iHGopmauyii npo enaue eeomempii 10NAMOK 0CbOBUX
3aeuxpumenie Ha eukuo okcudie azomy (NO) ons mpybuacmoi Kkamepu 320psaHHs 2a30MYPOIHHOO
dsueyna. Ilokazano eénaug pisHux Kymie ycmanogKu A0namok 3asuxpumens Ha cmeoperis NO.
[logimpsnuii 3aeuxpumens dodae ocmamue 3a6UXPeHHs ROMOKY HA 6X00i, ujob eenepysamu yeH-
mpanavHy obaacme peyupkyaayii (CRZ), axa neobxiona oas cmabinvrocmi noaym's i nideuueHns
aKocmi 3miuyeanns nogimps i naiuea. Tomy npoekmyeaunHs 6i0N08i0H020 NOBIMPAHO20 3a-
BUXPUMENSL € BANCAUBUM 3A80AHHAM 0451 OMPUMAHHS CIMAOIAbHO20 MA eheKMUBHO20 20PiHHS 3
HU3BKUMU 6MPAmMamu MUcKky i HU3bKUM pieeHb eukudie. Y yvomy ananizi euxopucmawi n'smo
0CbOBUX NAOCKUX MUNI@ A0NAMOK 3aeuxpumens 3 kymom ycmanoeku 20°, 30°, 45°, 55°, 60°, 3
uucaom 3asuxpennsn 0.28, 0.444, 0.769, 1.1, 1.33, wob noxazamu eniueé Kyma A0NAMOK HA
obaacmi eHympiuiHb020 NOMokKy, aykmyayiro memnepamypu i cmeopenns NO. Modearogan-
H BUKOHAHO 3 GUKOPUCMAHHAM npoepamu obuucaosanvhoi eiopodunamixu (CFD) ANSYS
CFX eunyck 16, 6 momy uucai aaminapuoi flamelet modeni oas imimauyii eopinns memawny ma
k-¢ mooeani dns mypOynenmuoeo eopinus. Popmysanrns mepmiunux i weuoxux NOX euKoHyemocs

0151 NPOCHO3YB8AHHS XAPAKMEPUCTUKU BUKUOIE.

Karouoei caosa: oouucniosanvha eiopoounamixa (CFD), uucao 3asuxpenns, okcud azomy,

emicis, cmabinizayis noaym's.
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