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Abstract: In the present study, reacting flow and emission characteristics in a can combustor is numerically
simulated and the results are compared with the data available in open literature. For reacting flow, continuity,
momentum and transport equations for mean mixture fraction (f) and mixture fraction variance (f’’) are
solved.The equations for mean mixture fraction and mixture fraction variancelink the instantaneous thermo-
chemical state of the fluid through this conserved scalar and its variance. For reacting flow simulations, the flow
patterns for different drop size distributions, effect of different domain length, fuel variation and initial high
inlet air temperature as a model for ignition have been studied. Aircraft emissions are becoming a critical
constraint for combustion chamber design because of prevailing stringent emission norms and a first order
estimate of emissions has been obtained in terms of temperature profiles.Emissions are closely related to fuel
spray drop size distribution via temperature and combustor residence time.Hence study of drop size distribution
and the related temperature pattern is essentia for gaining insight into emissions formation process.
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I ntroduction

The gas turbine combustion system design and development cycle is an exercise to get an optimum solution for
the conflicting design requirements of gaseous emissions and combustion efficiency .Space and weight are
primary constraintsin aircraft engine design and much effort is made to reduce combustion chamber volume by
using energy denseliquid fuels that have high specific energy (of the order of 45 MJKg). In addition, storage
and transport of liquid fuelsare safer and easier compared to gaseous fuels'. Hence liquid fuels are indispensable
for arcraft applications. Moreover, combustion intensity is to be maximized in order to keep the engine size
small. The heat release rate in aero-gas-turbines is of the order of 5 x 10° Watt/m®, which is about 100 times as
compared to alarge stationary power plant furnace. One reason for the difference is that the density of reactants
in aircraft gas turbine is about ten times higher than in an atmospheric-pressure furnace; another reason is the
fineness of atomization of the injected fuel and also the turbulence intensity. Additionally, stringent emission
requirement restrict the lean and rich limits for fuel air ratio. Fuel rich condition is needed for high power but it
would create higher unburnt hydrocarbons (UHC) whereas fuel lean burning will decrease NOx but CO, UHC
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will increase when compared with stoichiometriccondition or optimum temperature range. Lean burn aso
carries with it additional risk of thermo-acoustic combustion instabilities. Above factors make the combustor
design for civil or military aircraftsa challenging task.

Design process for mgority of gas turbine combustors is based on empirical correlations derived from
available experimental data. Since the experiments have inherent limitations, e.g. time consuming, expensive,
limited data, etc., Computational Fluid Dynamics (CFD) simulations have been found to be a good source of
data for complementing experiments and reducing design cycle time. Recent advances in the capability of CFD
codes have led to their application®* in complex three dimensional flows in gas turbine combustors.

An aero-engine combustor can be viewed as consisting of two parts-an outer annular supply casing and
a cylindricalcombustion chamber liner. Primary, secondary and dilution holes in the liner connect the annular
space to the combustion chamber. Traditionally®,CFD predictions for these two partshave been done separately
using a ‘weakly coupled’ approach.The flow conditions at the liner holes are derived from one-dimensional
correlations which are used as boundary conditions for a combustor flow fieldprediction. The above practice
may be deficient in at least two important aspects® ’. Firstly, the solutions are strongly dependent on the
accuracy of boundary conditions. Secondly, no information is provided on velocity profiles or turbulence
conditions at the liner hole entry locations. Therefore, the above practice is not recommended for accurate
design. For example, the effects of variation in inlet conditions on the properties of the flow entering the liner
holes and thereby altering the primary zone flow pattern inside the combustion chamber are well observed®.To
reduce the above uncertainty, modelling of the entire flow field from compressor exit to turbine inlet has been
carried out by some researchers™**.

Some researchers have resorted to atmospheric pressure ssimulations for gas turbines. This is not
relevant for in-flight aircraft engine operation. A reacting flow calculation with in-flight conditions is required
for practically useful characteristics such as stability loop and combustion efficiency. Therefore, the primary
aim of the present study is to obtain flow, temperature and emission characteristics in a can type combustor
without de-coupling the outer casing and the can flow, by using three-dimensiona geometry and actual in-flight
conditions. Pressure drops across the combustor have been reported in a previous study*?along with radial
velocity, axia velocity, temperature and turbulent kinetic energy profiles at different cross-sections. A high
atitude flight condition (Reynolds Number = 122000, at the combustor inlet and Fuel Air Ratio = 0.011) is
simulated.

Numerical Details

Three dimensional, steady and unsteady, turbulent reacting flows are simulated using ANSY S-Fluent-13".Grid
Cross-Section is shown in Figure-1 The details of computational domain, selected physica models, boundary
conditions and solution methods are described in the following sub-sections.

Computational Domain

For the purpose of investigating the flow field and combustion characteristics inside a can combustor, a three-
dimensional model of a single ‘can’ of a can-annular aircraft engine combustor'® has been modelled. An axial
cross-section (Fig. 1) shows the relative locations of primary holes, louver holes, dilution holes and swirler.
Grid-lndepz(gndence test along with mass split distributions and turbulence model has been done and presented
previously=.

Turbulence-Chemistry I nteraction

The reacting flow calculations are done with kerosene (CioHz). A non-premixed combustion mode is
appliedfor droplet combustion with kerosene. In the non-premixed modelling approach, the instantaneous
thermo-chemical state of the fluid is related to a conserved scalar quantity known as the mixture fraction, f,
which can be written in terms of the atomic mass fraction®. Species transport equations can be reduced to a
single equation in funder the assumption of equal thermal and molecular diffusivities. Conservation equations
for mean mixture fraction (fnea) and mixture fraction variance (f°) are solved*®*’. The mixture fraction variance
is used in the closure model for turbulence-chemistry interactions. A B-pdf (probability density function)®%
method is82 alpplied for the closure as it very closely represents experimentally obtained pdf’s for a wide range of
conditions™.
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Boundary Conditions

A mean mixture fraction equal to zero for oxidizer and one for C1,H,3 is applied at the fuel boundary which is
composed of points a which the droplets start to evaporate. The discrete phase trgectory for evaporating
droplets is found by a Discrete Particle Model (DPM) using a Lagrangian formulation. Mass, momentum and
energy exchanges for the droplets are calculated by integrating across control volumes while the interaction of
the droplets with the continuous phase is a so taken into account.

The droplet spray conditions used in the present study are as follows: droplet velocity = 6 m/s; half
spray cone angle equal to 73°; a Logarithmic Rosin-Rammler drop size distribution with maximum, minimum
and mean-droplet diameter’s equal to 80, 5 and 40 microns respectively®. Atomizer is modelled as a hollow
cone with a diameter of 200 microns. Turbulent dispersion of particles is modelled with a discrete random walk
model.

Results and Discussion

The effect of initial droplet distributions provided at the atomizer is shown in Figure 2. The results are reported
for section z=1.22L. Details for drop distributions for Figure 2 are tabulated and reported in Table-1. The case
c13-r-01 has lowest pattern factor for Cy,Hos with a spread parameter of 3.5. Lowering the spread parameter
(c13-04-a-rerun) or making the droplet size digtribution uniform has an effect of increase in peak temperature
and pattern factor. Diesel (CyoH>,) is used as liquid fuel in the case ¢13-03-a (Table 1) where a higher pattern
factor is noted in comparison with cases using Cy,H»3 as the fuel. Thiscan be because CioH,, has higher boiling
point than C;,H,3.This would mean that liquid fud droplets stay for a longer part of combustor length before
complete vaporization. Therefore, more evaporated fuel is available at downstream positions where some part of
combustion occurs. This means a larger peak temperature occurs downstreamand less time is available for
mixing of burnt products and attaining a desirable temperature profile.Higher Pattern Factor was also noted with
droplet diameter greater than 40 microns. This is expected as droplet evaporation time increases in direct
proportion to the square of droplet size.

In Figure 3, the effect of initia higher inlet-air temperature is shown. At the air inlet boundary
condition, a higher temperature is set for one flow time (1000 iterations). Temperature is set to its actua (lower)
value after this. This has the same effect as an ignition source which supplies energy for evaporation of fuel
droplets as well as for the reaction kinetics occurringduring and after ignition. This providesmproved
simulation results when chemical kinetics for multistep chemistry istaken into account.Low peak temperaturesat
the exit are observed with highair inlet temperature for initial part of the simulation.

In Figure 4, temperature distribution is shown at different locations between exit section (z=0) and
downstream of exit (z=1.44L/12a). Turbulent mixing results in a flatter profile at the downstream sections
where pattern factors are calcul ated.

In Figure 5, effect of increasing the length of simulation domain from z=L (case all) to z=1.44L
(case a22) on the exit (location z=L)temperatureprofile is noted. There is an increase of peak temperature and
also increase of average temperature for a22 (domain with larger length=1.44L) as compared with all (domain
with a length of z=L). Pattern factor is 0.8 % larger with extension (a22) than without it (all).Simulation
domain extension may have considerable impact on flow characteristics. Flow will be restricted in axia
direction near the exit region since constant pressure boundary condition is applied there. This is due to zero
axial pressure gradient (dp/dr=0) which can be derived from above boundary condition. Therefore vortices or
swirl are not captured near exit. Thisimplies that turbulent mixing might beunder predicted. It is possible that
convective boundary condition at exit may impact the flow field substantially and for this convective boundary
condition is to be tested with different length domains for non-reacting flow.Rest of the simulations were done
using extended length since the difference in pattern factors as mentioned aboveisinsignificant. Flow profiles at
exit of extended length domain are the ones that enter the guide vanes. The temperature profile at inlet section of
guide vanes is of particular interest as the nozzle guide vane design depends on the maximum temperature
attained at vane inlet section. There are stationary and moving vanes (blades) in turbines. The material for these
vanes must be able to withstand maximum temperature attained at the vane inlet cross-section.
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Figure 1. Axia Cross-Section of Mesh with Primary, Dilution and Louvre Holes (L1, L2, L5, L6)
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Figure 2 Effect of Fuel Variation and Droplet Distribution
on Temperature Profile at z=1.22L (section 12b)(vide. Table
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Figure 3 Effect of Initial Higher Inlet Air Temperature at
Combustor Inlet on Exit Temperature Profile.
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Figure 4 Temperature Profiles at z=L (exit), z=1.22L (12b)
and z=1.44L (12a).
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Figure 5 Temperature profiles with and without extended
length of computational domain

The pattern factor may be defined as:
T

mean, exit
mean, exit _Tinlet

Exit temperature profile has been studied in

terms of pattern factor and it has direct impact on

emissions. NOx formation is increased at higher

maximum,exit

PatternFactor =

temperature and higher fuel residence times because
itisasowly occurring reaction. Conversely CO and
UHC formation will increase at lower temperatures.
Therefore one can obtain an estimate of emissions
by having only such elementary data as temperature
profile.
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Table-1 Droplet Distributions and their effect on pattern factor.

Case Maximum Mean  Drop Minimum  drop Spread Empirical Pattern
drop diameter Diameter diameter Parameter Formula of Factor
(microns) (microns) (microns) Fuel

c13-02-a- 40 40 40 - CroHx 0.817

rerun-2

c13-04-a= 40 20 5 2.0 CiHx 0.589

rerun

c13-03-a 40 20 5 35 CioH2 0.705

cl3r-01 40 20 5 35 CoHxs 0.514

Conclusions

Reacting Flow simulations inside an aero-engine can-combustor have been carried out from the inlet to
combustor outlet. The effect of spray distributions, fuels and extended computational domain on radia
temperature profiles has been noted on temperature and emissions. Optimum droplet distributions exist for
efficient combustion. Lower spread parameter or uniform fuel drop size distribution uniform has an effect of
increase in peak temperature and pattern factor. Therefore one can expect higher NOx emissionsin such cases.

Extending thecomputational domain has a dight effect on turbulent mixing but changing the exit
boundary condition to convective type in place of constant pressure may have substantial impact on flow field
and this can be noted more clearly with extended length of domain.

At the exit, low peak temperatures are noted when high air inlet temperature for initial part of the
simulation is used. This is one of several numerical methods by which ignition can be modelled in reacting
flows. A more realistic prediction of temperaturehas beenobtained using ignition source.

Temperature profiles obtained from various test cases are a direct indicator of emissions. NOx, CO and
UHC formation are strong functions of temperature profile and combustor residence time or reaction time.

Aircraft emissions are becoming a critical constraint for combustion chamber design because of
prevailing stringent emission norms and a first order estimate of emissions is achieved in terms of
temperature.Emissions are closely related to fuel spray drop size distribution via temperature and combustor
residence time.Hence study of drop size distribution and the related temperature patternis essential for gaining
insight into emissions formation process.
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