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ON LOW-EMISSION ANNULAR COMBUSTOR BASED ON DESIGNING OF LINER AIR
ADMISSION HOLES

Numerical experiments was carried out to predict the total temperature characteristics and formation of nitrogen oxide emissions and pattern
factor in an annular combustor liner based on geometrical parameters and location and rows of different air admission holes, for 6 various
cases, using computational fluid dynamics (CFD) .The simulation has been performed using ANSYS CFX including finite rate chemistry and
eddy dissipation model, for simulation of liquid kerosene (Jet A) — air combustion after fuel droplet evaporation. The spray modeling was
performed, including Rosin-Rammler droplet distribution. Thermal and prompt nitrogen oxide (NO,) formation was performed to predicting
NOy emission characteristics with a k-¢ model of turbulent. In this investigation the 3D CAD model of the realistic annular combustion
chamber is presented for the simulation with double radial air swirler for the better mixing fuel with air. Beside this the characteristic and the
flame structure is presented including the contour plots of total temperature and NO concentration at the outlet of the combustor liner and in
cross section plane along the X axis from the injector center of the combustor including the chart of the velocity and NO, CO, CO,, O, and
the total temperature along the liner from the injector center. For the combustion of kerosene with air 2 step kinetic schemes are presented in
this study. The results show that the best result with the low concentration of NO is the case 5 but with a high percentage of pressure drop
and the case 3 have the maximum concentration of NO with the low percentage of pressure drop.
Keywords: Rosin-Rammler — emission-nitrogen oxide-CFD-annular combustor-pattern factorro

JI. A. IOJIMATOB, MACY/] XA/KIBAH/]
HU3bKOEMICIHA KLJIBLIEBA KAMEPA 3IOPSIHHSI, CHPOEKTOBAHA 3 PIBHUMU
BAPIAHTAMU OTBOPIB JJISI IOJIAYI HOBITPSI

IIpoBeneHO YnceNbHI eKCIEPUMEHTH JUIS IIPOTHO3YBAHHS TEMIIEPaTYPHHUX XapaKTEePHCTHK, YTBOPEHHS BHKUIIB okcuaiB a3oTy (NOy) i koe-
(ilieHTa PIBHOMIPHOCTI MOJIS TEMIIEPATypH Ha BUXO/I1 3 KUIbLIEBOI KaMEPH 3rOPSIHHS HAa OCHOBI T€OMETPUYHUX I1apaMETPiB, MICIIs PO3TallIy-
BaHH 1 KITBKOCTI PSAIB OTBOPIB JUIS IO/aYi MOBITPs B IIICTh PI3HUX BHIIAJKAX 3 BUKOPUCTaHHAM oOuncIoBanbHO rinpogunamiku (CFD). 3
BukoprctanHsM ANSYS CFX, BKIIFOUarOu XiMir0 KiHIEBUX HIBUAKOCTEH i MOJIEIb BUXPOBOI AUCHIIALIT, BAKOHAHO YUCEIBHE JOCIIIKCHHS
3TOPSIHHA pifikoro racy (Jet A) micist BUIapOBYBaHHS Kpariesib HajiuBa. [IpoBejeH0 MOJeIOBaHHS PO3MHUIICHHS, BKIIOYAal0Yl PO3MNOALT Kpa-
nenp Posina-Pammiepa. [t mporHo3yBaHHs eMICIHHHX XapaKTEPHCTUK 3 BHKOPHUCTAHHAM k—& MOJeNi TypOyJeHTHOCTI BUKOHAHO MOJEIIO-
BaHHS YTBOPEHHS TEPMIUHMX 1 IIBUIKUX OKCHIB a30TYy.

KarouoBi ciioBa: posmnozin kpamneib Po3ina-Pammiiepa, yTBOpeHHs BUKHIIB OKCH/IIB a30Ty, 00UHCIIOBAIbHA T1IpOMHAMIKA, KiJbLIEBa
Kamepa 3ropsiHHsI, KoedillieHT piBHOMIPHOCTI [OJISt TEMIIEPATypPH.

JI. A. IOIMATOB, MACY/] XA/I’KHBAH/]
HU3KOPMHUCCHUOHHAS KOJIBLIEBASI KAMEPA CTOPAHMSI, CHPOEKTUPOBAHHASI C
PA3JIMYHBIMUA BAPUAHTAMM OTBEPCTHIA U151 IOJIAYU BO3AYXA

IpoBesieHbI YKMCICHHBIE SKCIIEPUMEHTHI IS MPOTHOUPOBAHHUS TEMIICPATYPHBIX XapaKTEPHCTHK, 00pa3oBaHHs BBIOPOCOB OKCHIOB a30Ta
(NOy) 1 K03 duIeHTa PABHOMEPHOCTH MOJISI TEMIIEPATYPhI HA BBIXOZE U3 KOJIBLEBOI KaMepbl CrOpPaHHsl HA OCHOBE F€OMETPUUYECKUX Mapa-
METPOB, MECTOIIOJIOKEHHUS M KOJIMYECTBA PSOB OTBEPCTHIL IS MOAAYM BO3yXa B IIECTh PA3IMYHBIX CITy4asiX C UCIOIb30BAHHEM BBIUHCIIH-
tesbHOM runpoauHamuku (CFD). C ucnonszoBanuem ANSYS CFX, BkiIto4asi XMMHIO KOHEYHBIX CKOPOCTEH M MOJIENb BUXPEBOH JHCCHIIa-
LMY, BBINOJIHEHO YHCIICHHOE HCCIIEOBAHNUE CrOPaHUs XXKHAKOro kepocuHa (Jet A) mocne ucrnapeHus Kameib TomiuBa. I[IpoBeseHo Momenu-
pOBaHHE PaCIBUICHHS, BKJIIOYAsl pacipejeieHue Kameib PosuHa-Pammiiepa. Jl1si HPOrHO3MPOBAHHS SMHUCCHOHHBIX XapaKTEPHCTHK C HC-
MOJTB30BaHUEM k—& MOJENU TypOyIeHTHOCTH BBIIOIHEHO MOAEIUPOBAHHE 00pa30BaHUs TEPMUUECKHX H OBICTPBIX OKCHIOB a30Ta.

KiroueBnle c1oBa: pacrpezenenue kamnens Posuna-Pammiiepa, oOpa3zoBaHie BEIOPOCOB OKCHIOB a30Ta, BEMUCIUTENBHAS TUIPOIH-
HaMUKa, KOJIbLIEBAsi KaMepa CropaHusi, Ko3(G(GULNEHT paBHOMEPHOCTH T10JIS TEMIIEPATYPhI.

Introduction

The design of a gas turbine combustor is a diffi-
cult and multidisciplinary task which is based on a
large variety of design rules and empirical correla-
tions. Some of the main design targets are the
achievement of low emission levels, low pressure
losses and a satisfactory level of uniformity of the
thermodynamic properties distribution in the gas out-
flow including thermo-acoustic waves and noise and,
stability and structural integrity with a very stable
combustion process under a wide range of working
conditions. Numerical and experimental analysis must
be carried out to verify if the targets have been ful-
filled and to refine the combustor design by means of

an expensive and time consuming iterative procedure
[1]. Beside that we need to remember that numerical
simulations should be carried out with special care,
means with the deep knowledge of assumptions made
in the mathematical model and of physical aspects of
investigated phenomena.

Most of the design requirements of a combustor
are contradicting and conflicting in nature such as the
circumferential Pattern factor (CPF) which indicates
the quality of the combustor exit temperature distribu-
tion and dictates the turbine vane life can be reduced
by having a larger pressure drop across the combustor
liner resulting in an enhanced mixing and turbulence
inside the liner, whereas, the total pressure loss in a
gas turbine combustor has to be a minimum as every-
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one percentage increase in pressure loss can result in
either a half percent reduction in thrust or around a
quarter of a percent increase in specific fuel consump-
tion [2].

Ground level ozone is formed in a complex reac-
tion between NOy and reactive organic compounds.
There are many natural sources of reactive organics
but most NOy is produced mainly from combustion of
hydrocarbon fuels such as natural gas, oil, and coal.
Natural gas is the cleanest burning hydrocarbon fuel,
but all flames owing to their high temperature have
the potential to produce NOx. Most commonly nitric
oxide (NO), a fusion of the naturally occurring nitro-
gen and oxygen in air exposed to high temperature [3].

Combustion control may involve any of 3 strate-
gies such as reducing peak temperatures in the com-
bustion zone, reducing the gas residence time in the
high-temperature zone and reducing oxygen concen-
trations in the combustion zone [4]. These changes in
the combustion process can be achieved either through
process modifications or by modifying operating con-
ditions and geometrical parameters such as designing
air admission and cooling holes on combustion cham-
ber liners which are presented in this study. In other
words several technologies have been presented in
recent decades for reducing NOx emissions in aircraft
gas turbines. The most well-known are the Water-
Steam Injection, Rich burn Quick Quench-Lean Burn
(RQL), Lean Premix Pre-vaporized (LPP), and the
Lean-Direct Injection (LDI) engine.

The internal flow of an aircraft engine combustor
consists of complicated phenomena, including turbu-
lent mixing along with spraying, atomizing, and swirl-
ing of liquid fuel, as well as a huge number of chemi-
cal reaction mechanisms, reproduction through numer-
ical simulation is very difficult, and even today there
are few tools with sufficiently high prediction accura-
cy for this purpose. In recent years, Large Eddy Simu-
lation (LES), which has a small number of adjustment
parameters for modeling and can simulate unsteady
turbulent flow, has attracted a great deal of attention.
However, LES has not been established as a practical
design tool for actual combustors, because the atomi-
zation model and turbulence combustion model for the
spray combustion field of LES are still in the study
phase and the calculation load of LES is very high,
therefore, significant computer resources are required
[5]-

Accordingly, the main method used in current
practice is Reynolds-Averaged Navier-Strokes
(RANS) simulation, which obtains a steady mean field
where turbulence phenomena are averaged. RANS
simulation has lower accuracy than LES, but it can be
used sufficiently as a design tool through proper inter-
pretation of its results due to its reasonable computa-
tional costs [6].

Several researchers have used CFD effectively to
analyze and optimize gas turbine combustors such as
Koutsenko I. G. et. al. [7] have optimized a gas tur-

bine combustor to achieve a low level of nitric oxide
emissions through CFD analyses. The commercial
CFD code ‘CFX-TASC Flow’ was used for calculat-
ing the flow structure and for analyzing the nitric ox-
ide formation process inside the combustor. By suita-
bly modifying the distribution of secondary air
through alterations to the arrangement of primary and
dilution zone holes, the combustor was optimized.

Rudolph D. et al. [8], developed the Advanced
Combustion Tool (ACT) CFD process to rapidly ana-
lyze the performance of a gas turbine combustor from
a given fuel injector, CAD geometry and engine cycle
information.

Constantinescu, G. et. al., [9] have developed
and presented the main features of a three dimensional
Large Eddy Simulation (LES) two-phase flow code
using unstructured meshes to simulate non-reacting
and reacting flows through realistic combustors. The
use of this code was tested and demonstrated on real-
istic combustor geometry (Pratt & Whitney Combus-
tor). Results from these simulations showed the supe-
rior predictive capabilities of LES techniques com-
pared to RANS based flow solvers for predicting flow,
turbulent mixing and combustion phenomena in com-
bustors. Jiang Leiyong and Campbell Tan [10] have
made an attempt to analyze flow in a gas turbine com-
bustor using LES considering a few important issues
like grid size, inflow condition, wall boundary condi-
tions, physical sub-models and data sampling. James
S. et. al. [11] presented an assessment of Large Eddy
Simulation (LES) and conventional Reynolds-
Averaged Navier-Stokes methods (RANS) for predict-
ing aero-engine gas turbine combustor performance,
which as per the authors is the first systematic assess-
ment of LES versus RANS on industry-relevant aero-
engine gas turbine combustors.

Purpose of this study

The purpose of this study is to predict the total
temperature characteristics and formation of harmful
pollutant such as nitrogen oxide emissions (NO), ,CO
and CO; and pattern factor in an annular combustor
liner exit based on geometrical parameters and loca-
tion and rows of different air admission holes (prima-
ry, secondary and dilution holes), for 6 various cases,
using computational fluid dynamics (CFD). The simu-
lation has been performed using ANSYS CFX includ-
ing finite rate chemistry and eddy dissipation model,
for simulation of liquid kerosene (Jet A) — air combus-
tion after fuel droplet evaporation. The spray model-
ing was performed, including Rosin-Rammler droplet
distribution. Thermal and prompt nitrogen oxide
(NOy) formation was performed to predicting NOy
emission characteristics with a k- model of turbulent.
The simulation was performed on a 3D CAD model of
realistic aero-engine annular combustor. The contour
plots of total temperature and NO distribution at the
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exit and the axial plane of the liner are shown includ-
ing velocity distribution along the liner.

Governing equations and turbulence model

The mathematical equations describing the fuel
combustion are based on the equations of conservation
of mass, momentum, and energy together with other
supplementary equations for the turbulence and com-
bustion. In this investigation the standard k—e turbu-
lence model is used. The equations for the turbulent
kinetic energy k and the dissipation rate of the turbu-
lent kinetic energy ¢ are solved several models of tur-
bulence have been put forward by different authors.
These models differ in complexity and range of ap-
plicability; they also involve the solution of different
numbers of differential equations. The turbulence
model incorporated in this work is the high Reynolds
number k—¢ two equation model. This model requires
the solution of two differential equations, for the two
turbulence properties: the kinetic energy of turbulence
k, and its dissipation rate €. The model is moderate in
complexity. It has been extensively used by many
investigations and has proved to be adequate over a
wide range of flow situation. The governing differen-
tial equations are presented by (Launder, and Spal-
ding, 1974).

Combined EDM/Finite Rate Chemistry
combustion Model

For the combined Finite Rate Chemistry/Eddy
Dissipation Model, the reaction rates are first comput-
ed for each model separately and then the minimum of
the two is used. This procedure is applied for each
reaction step separately, so while the rate for one step
may be limited by the chemical kinetics, some other
step might be limited by turbulent mixing at the same
time and physical location. It is also possible to apply
different combustion models to each of the steps in a
multi-step scheme. Some of the predefined schemes
make use of this feature, regardless of the global mod-
el selection. The combined model is valid for a wide
range of configurations, provided the flow is turbu-
lent. In particular, the model is valid for many reac-
tions that range from low to high Damko6hler numbers
(chemistry slow/fast compared to turbulent time
scale). Use of this model is recommended if reaction
rates are limited by turbulent mixing in one area of the
domain and limited by kinetics somewhere else. The
Eddy Dissipation model can, however, be more robust
than Finite Rate Chemistry or the combined model
[12].

The Eddy-Dissipation Model
The Eddy Dissipation model is best applied to

turbulent flows when the chemical reaction rate is fast
relative to the transport processes in the flow. There is

no kinetic control of the reaction process. Thus, igni-
tion and processes where chemical kinetics may limit
reaction rate may be poorly predicted [12]. This turbu-
lence-chemistry interaction model is based on the
work of [13]. The net rate of production for species i
due to reaction r, is given by the smaller of the two
expressions below:

Y,
R, =v, My, Ap~min| — & | (1)
’ ’ ’ k VR, MR
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Where Y} is the mass fraction of a particular re-
actant R, Yp is the mass fraction of any product spe-

cies P and A4, B are empirical constants equal to 4, 0.5
respectively.

The Finite Rate Chemistry Model

The Finite Rate Chemistry model, as implement-
ed in CFX, assumes that the rate of progress of ele-
mentary reaction k& can be reversible only if a back-
ward reaction is defined. [13]. Therefore, the rate of

progress R. , is computed as:
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where N — is the number of chemical species in the
system,
V;,r
tant 7 in reaction 7;

! — is the stoichiometric coefficient for prod-

ir

— is the stoichiometric coefficient for reac-

v

uct 7 in reaction 7;
ky, —is the forward rate constant for reaction r

and k,, is the backward rate constant for reaction r;
C.

ir
reaction r;
n’/- . — 1s the rate exponent for reactant species j

— is the molar concentration of species j in

in reaction 7
n’} . — is the rate exponent for product species j

in reaction r.

The only built-in formula for the forward and
backward rate constants assumes an Arrhenius tem-
perature dependence as:

E
F, =B, = A4,T" exp| —£ |, 4
k=D = Ay p( RT] “)
where A4, — is pre-exponential factor;

B, — is the temperature exponent (dimension-
less);
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E, —is the activation energy;
T — is the absolute temperature [13].

Combustion reaction and NO mechanism

The combustion reaction of Jet A with air is
modeled by a single species surrogate. A two-step
global mechanism for Jet A (Ci;Hz;) is employed,
which consists in a first step for fuel oxidation into
CO and H;O, and a second step for CO oxidation into
COzZ

C,,H,; +11.750, -»12C0O, +11.5H,0, (R1)

CO+0.50, - CO, . (R2)

Arrhenius coefficients for this scheme can be
found in [14].

Predominant source of NOy in gas flames at tem-
peratures above 1800 K. N and O radicals abundant at
high temperatures. Dominated by two reactions
Zeldovich mechanism (1947).

0,+N, > NO+N, (R3)

N+0, >NO+O. (R4)

Two NO molecules formed if reaction 3 is com-
bined with either of reactions 4 or overall reaction:
N, +0, -5 2NO. (RS)

3D model of annular combustor, meshing
and boundary condition

Aero-engine annular combustor assembly con-
sists of many different elements and parts and small
design details, such as injecting devices, mounting
brackets and flanges or buckets on the holes.

This simulation was performed on a 20 degree
sector of a realistic aero-engine annular combustor.
The CAD 3D model of the combustor with the double
radial swirler and the fuel injector are shown in fig. 1
including air admission holes on the liner. Liquid
Kerosene (CioHa3, Jet A) and air are entered in the
domain separately.

The sector of annular combustor was meshed for
simulating in an unstructured tetrahedrons meshing
method, with about total number of 7.905.624 ele-
ments for the combustor with minimum number of
holes on the liner, and 8.288.828 for the combustor
with maximum number of holes. Including prismatic
layers around the walls of annular combustor .The
meshes are shown in 2D cross section plane fig. 2.

The air entering combustor inlet have a tempera-
ture of 860 K with the mass flow rate of 1.8 kg/s and
average static pressure of 28 atm at the outlet. The fuel
temperature was 430 K injected from the injector sur-
face with the velocity of 18 m/s and the mass flow of
0.03 kg/s. Atomization of liquid fuel with particle
droplet distribution obey Rosin-Rammler law with
average drop diameter d = 30 micron and non-uniform
exponent n = 2.5. The radius of injection plane is 3mm
with hollow cone angle of 40 degree.

Fig. 1 — 3D CAD model of combustor

Fig. 2 — 2D view of the cross-section meshes

Cases of this study

In this numerical experiment 6 cases of annular
combustor, with different geometrical parameters,
numbers, location and rows of air admission holes on
the outer and inner liner, were studied .The form of
holes are circular on the liner. The angle of holes are
90 degrees on the liner relative to the injector axis
shown in Fig. 3, except for case 5 which is 45 degrees
for the second row of holes.

The strategy of location of the holes on the outer
and the inner liner are shown in Fig. 3. The location of
inner liner holes obey the outer which is clear from the
Fig. 3, they are parallel and had the degree of
90 relative to the injector axis. The line 1 show the
location of the first row of holes for inner and outer
liner and line 2 show for the hole location for the sec-
ond row of holes. The first 4 cases are shown in Fig.
4.

The location and the geometrical parameters of
the air admission holes is clear in the case /. For the
case 2 we moved the first row of the holes closer to
the primary zone of the combustion in the liner. Ac-
cording to the case 2, for the case 3 we added the third
rows of holes closer to the dilution zone and for the
case 4, according to the case 2 we added one row
closer to the first row of the holes and another row
closer to the third row. The main thing that for the
case 5 as we said above the angle of the holes on the
liner on the second row is 45 degrees relative to the
injector axis and for the case 3 according to the case /
the geometry of the all holes is 1.25 times bigger than
the case /.
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Fig. 3 — The strategy of location: a — of the holes on inner and outer of the combustor; b — liner with holes
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d

Fig. 4 — The circular geometrical parameters of the liner holes with location and number
of the holes and rows for: a — case I; b — case 2; ¢ — case 3; d — case 4

Results and discussion-Temperature distribution

The performed numerical analysis of the flow in
the annular combustion chamber of aero engine with
the various cases of air admission holes location and
its geometrical parameters with different rows, allow
to accurately estimating the percentage of air distribu-
tion in the different zones of the liner, which was the
main objectives of this work. The temperature distri-
bution along the axial cross section of the combustor
was shown for 6 various cases in Fig. 5.

According to this simulation analysis results, the

distribution of the temperature along the axial cross
section, shows that the airflow passing through the air
holes admission into the liner strongly dependent on
the location and the number of rows of this holes on
the liner. The temperature raises to maximum
(2732.315 K) which is for case 4 who has the maxi-
mum number of holes with the maximum number of
rows, because the first 2 rows is closer to the primary
combustion zone who makes the quick mixing better
with the entered airflow. Case 4 has the highest total
temperature in the primary zone of combustion in this
investigation.
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Beside that, it was found that the maximum tem-
perature of 2716.460 K, for case 3 is closer to the
maximum temperature for case 4. For the case 2 the
maximum temperature is 2633.492 K which has a
single row of air admission holes closer to the primary
zone too. For the case /, 5, 6 we can see that they hold
the minimum total temperature along the axial cross
section because there are not air admission holes in the
area of combustion primary zone and it can be seen
that there are a poor mixing in these areas for not ade-
quate airflow.

For the outlet temperature which is shown in
Fig. 6 we can see that, the location and number of
rows of air admission holes on the combustor liner
strongly effect on the temperature uniformity at the
outlet of the liner as shown in Fig. 6.

The highest temperature is for cases /, 2, 3, 6. In
these cases the location and number of rows are dif-
ferent, this means that the temperature increased in
case 2 to 1692 K in comparison with case /, when the
first row of holes move closer to the primary zone of
combustion and this make the flame, stretching down-
stream to the outlet with a narrow high temperature of
the flame. In case / as the same case 2, but the first
row is closer to the second zone of combustion but the
temperature is lower. In case 3, added one row of
holes closer to the dilution zone but the significant
effect were not seen at the outlet of the liner but the
uniformity of temperature distribution is different. The
minimum outlet temperature of 1551 K is for case 4
which have the maximum number of rows on the liner
with different sizes. In this case the uniformity of
temperature distribution is different from the other
cases. There are two rows of holes: first rows is the
same as case 2, we added the second row closer to the
first row with more number of holes with minimum
diameter of 3 mm and the forth row closer to the third
row. Here we have the minimum temperature at the
out let because of maximum quantity of airflow enter-
ing the liner. The geometry and the number of rows of
the holes are the same as in case /, but the angel of the
holes on the liner on the second rows is 45 degrees
relative to the injector axis. Here the maximum tem-
perature is 1586 K so the air flow enters the liner un-
der a specific angel, to the liner in dilution zone re-
gion. And for the case 6 we have the geometry like the
first case but the diameter of the holes are 1.25 time
larger than the holes in case / so we have the tempera-
ture of 1665 K. This means with increasing the size of
holes diameters the temperature raises at the same
time.

NO distribution
The contour map of NO distribution and concen-

tration in ppm, in the meridional mid plane is shown
in Fig. 7. For the first case the maximum percentage

of NO is 95.6 ppm around the swirler dome. For case
2 by moving the first row of holes closer to the prima-
ry zone of combustion the NO percentage became
more, up to 1541.4 ppm because of the quick mixing
which happens in the primary zone of combustion. In
case 3 the maximum percentage of NO is 9034 ppm in
primary zone. In this investigation the case 3 has the
maximum NO in the primary zone of the combustion.

Beside that for the case 4 the maximum no is
5886 ppm with the maximum number of holes and the
NO formed in the primary region of combustion
downstream to the outlet. The maximum NO in case 5
is 26.5 ppm which is the minimum percentage of NO
in this investigation. In this case the second rows are
under the 45 degree relative to the injector axis, which
they are situated closer to the dilution zone. And for
the case 6 the maximum percentage of NO is
161.5 ppm when the diameter of holes is bigger then
the holes in case /.

In Fig. 8 it is clear that the minimum percentage
of NO at the outlet exit plane of the liner, is for case /,
5, 6. By observing the various variants of study on
designing air admission holes on the liner, we can say
that the cases who have the first rows of the holes, far
from the primary zone of the combustion ,have the
lower concentration of NO at the outlet with the sec-
ond row of holes closer to the dilution zone.by adding
holes on case 2, 3, 4 we reached the highest level of
NO. Case 2 has the 210 ppm of NO, for the case 3 by
adding one row closer to the dilution region we
reached 1260 ppm of NO. Beside that there in not a
significant difference between the case 3 and 4 for the
maximum concentration of NO but it can be seen a
significant difference about the uniformity of the out-
let NO. It is clear that the minimum concentration of
NO is for case 5, about 11 ppm of NO at outlet and
61.5 ppm for the case 6.

The velocity distribution contours
at the cross section plane of the combustor

The results show that for each case of study with
different location and rows number of air admission
holes we reached different velocity magnitude charac-
teristic along the axial cross section of combustor
which are shown in Fig 9. The CFD simulation de-
scribed earlier has been applied to the fully coupled
calculations, including both annulus and core-flow.
The contour map of velocity magnitude in the meridi-
onal mid plane is shown in Fig. 9. As expected there is
acceleration through the Venturi of the injection sys-
tem. The primary zone is created by the sudden ex-
pansion of the both swirling flows discharging into the
combustor Note also the effects of air penetration
through the dilution holes that illustrate extreme com-
plexity of such flows.
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Wall temperature of the liners

In Fig 10, as observed from a (case /) to f'case 6,
high temperatures and temperature gradient are pre-
dicted on the outer and inner liner walls. The hole
location and the number of rows in case / shows the
maximum temperature of 2077 K. These high temper-
ature region on liner can be seen around the primary
zone of the combustion which can be seen around the
first row of the liner. The wall temperature decrease
around the second rows of holes downstream to the
dilution zone region. As we moved the holes to the
primary combustion zone in case 2, we can see that
the wall temperature around the first row of the holes,
decrease and beside that we have the maximum tem-
perature of 2031 K around the second rows of holes in
the left side. In this case the flame stretched up to the
outlet exit zone and because of this we can see that the
temperature on the walls stretched too up to the liner
exit zone. For the case 3 by adding one row of holes to
the dilution zone the maximum temperature of 2354 K
can be observed around the second row on the middle
of the liner wall. The distribution wall temperature

contours on case 4 shows that we have a significant
uniformity of temperature around the dilution zone of
the combustion because of the extra hole rows on the
walls but it can be seen that for some regions on wall
we have the maximum temperature of 2042 K. When
we change the depth angle of the holes for the second
row, it can be seen that the air flow passes from these
hole under the specific angle, to the liner and has the
maximum temperature of 2011 K and a smooth tem-
perature uniformity can bee see on the walls. Beside
that the maximum temperature of 2173 K can be seen
for the case 6 by the changing the diameter of the
holes 1.25 times more than the holes on liner for the
first case.

The graph of CO, NO, COz, O2 concentration,
velocity, total temperature along
the combustor liner relative to the injector axis

All these graphs are shown in Fig. 11. These
graphs show the component characteristic, velocity
fluctuation and changing total temperature along the
axial distance liner relative to fuel injector axis. It is
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clear the flow pattern changes along the liner of com-
bustor with different geometrical parameters of the air
admission holes such as their rows number and loca-
tion on the liner. For the graph of O; it is clear that the
minimum mass fraction of O, has been observed in the
high temperature region of the combustor. CO, forms
in a high temperature region similar the formation of
NO as we can see their changing along the combustor
liner shown in fig. 10. For the temperature fluctuation
it can be seen from the graph, that the maximum tem-
perature fluctuation is for case 4 with maximum num-
bers of air admission holes on the liner, beside that the
minimum temperature fluctuations is for the case 3.
The distribution of CO concentration can be seen for
all cases and it is clear that we have the maximum
fluctuation of CO for the case 4 and the minimum
changing if for case 5. For the case 2, 3, 4 it can be
seen that the maximum fluctuations of NO formation
along the liner which is clear from the graphs.

The 3D stream line, recirculation zone,
in the combustor liner

In Fig. 12, the flow stream line and recirculation

zone and the flow vectors in the combustor liner is
shown for the case 5 of this investigation. The stream
lines are shown at the combustor inlet to outlet, the
flow fluctuations can be seen in the flow swirling re-
gions in all zone of the combustor liner and the air
flow passing through the air admission holes in to the
liner are is presented. Including the recirculation zone
these models are selected to show strategy of the flow
characteristics in 3D form of CFD simulation of the
combustion phenomena.

A shortcut for results including
the pattern factor and pressure loss

The pattern factor or the uniformity of the tem-
perature at the outlet and the pressure loss is one of
the important parameters for designing the aero-
engine combustor which has been described in [2] all
the results of this simulation are presented in table 1
such as the maximum and the average and the mini-
mum temperature and NO concentration at the outlet
of combustor liner including the maximum and the
minimum and the average wall temperature.

Table 1 — shortcut to the simulation result

case 1 2 3 4 5 6
Tmin@outlet (K) 1345.94 1346.62 1353.55 1285.75 1363.02 1296.96
Tmax@outlet(K) 1646.06 1692.23 1688.5 1552.61 1586.21 1667.52
Tavr@outlet (K) 1435.59 1435.89 1434.62 1435.14 1434.72 1433.67
NOmin@outlet (ppm) 10.3877 53.8538 276.361 264.92 5.25615 19.0275
NOmax@outlet (ppm) 27.1242 210.337 1260.97 1251.67 10.9412 61.4824
NOavr@outlet (ppm) 14.3577 96.4463 626.264 745.983 6.94215 27.5292
Twallmin (K) 865.012 865.325 865.565 865.804 864.293 865.052
Twallmax (K) 2080.06 2035.03 2354.56 2040.92 2018.27 21773
Twallavr(K) 1813.78 1540.83 1667.51 1604.26 1759.99 1829.75
Pressure drop 0.117335 | 0.116671 | 0.0782478 | 0.0595239 0.132063 0.111324
Pattern factor 0.368607 | 0.448701 0.445731 0.206131 0.26564 0.410981

Conclusion performance of the optimal combustor with a fully 3D

In this study, the effects of various cases of the
geometry and the row number of the air admission
holes, on the liner flow balance between the outer and
inner liners of the aircraft gas turbine engine combus-
tor, on NOy and temperature distribution at the outlet
exit plane of the liner were predicted using computa-
tional fluid dynamics (CFD). The results indicated that
the use of CFD allows qualitative prediction of the
flow inside the combustor and NOy performance in-
cluding the flow pattern and temperature distribution.

An integrated approach to the modification of the
aero-engine combustors has been applied for the min-
imum level. The combustor is annular type, with a
liquid fuel atomizer or spray. A final configuration
was found and refined by means of a slightly more
detailed modelization, comprehensive of the cooling
flows simulation with the design of air admission
holes on the liner. Then the evaluation of the predicted

numerical model has been carried out, which could
take into account the discrete nature of the secondary
and dilution hole rows. The result was a combustor
configuration characterized by promising values of
both Pattern Factor, about 0.206 and 0.26 for the cases
4, 5, and emissions, with expected values of average
NO concentrations less than 15 ppm for the respec-
tively at 23 % O,. Beside this the combustor pressure
drop changed directly with changing the number and
the rows air admission holes. Significant topics of the
research was the demonstration of the usefulness of
advanced optimization techniques in combustor de-
sign and the preliminary validation of the combustion-
emission model, a 2-step implementation of the
EDM/FRC one, completed with the thermal and
prompt NOy formation mechanism.
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