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This work simulates unsteady characteristics in a new concept combustor for the 1700 degC class gasturbine in next gener-

ation by a large eddy simulation (LES) of turbulent combustion flow. For simulating its new concept of combustion combined

with the lean and rich fuel conditions, a 2-scalar flamelet approach developed by the author and his collaborators is applied,

where a G-equation model and a conserved scalar model express a propagation of premixed flame and a diffusion combustion

process, respectively. These LES and flame models have been conducted successfully on the unstructured FVM code

"FrontFlow". Partial premixed reactions in a high Reynolds number turbulence can be explained by the LES and 2-scalar

flamelet approach modellings. Temperature profiles in different fuel conditions agree with the measurements essentially. A

thermal NO production is also predicted by the detail chemical reaction with Zeldovich's mechanism. For improving some

remained discrepancies, a very high resolution calculation with 30 million orders of elements is to be performed.
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1. Introduction

Considering environmental issues, regulations of the emis-
sions from combustion systems, such as those of thermal
power plants, continue to be tightened, and a higher efficiency
of the systems also continue to be desired. To construct a high
performance gasturbine combustor for the next generation,
some conflicting demands have to be satisfied at high levels.
A higher temperature at a combustor outlet is thermodynami-
cally favored for the system efficiency, though a lower tem-
perature is required to reduce a local NOx generation.
Therefore, in order to design a high performance gas-turbine
combustor satisfying the both criterion, it is very important to
obtain a deeper level of understand regarding the phenomena
that occur instantaneously and locally in the combustor.

Within these decades, progresses of turbulent combustion
modelling have realised a simulation of turbulent combus-
tion flow in a practical combustor. A large-eddy simulation
(LES), which is one of the modelling methods of turbulent
phenomena, is now expected to act as a powerful tool for
more accurate prediction of the practical turbulent combus-
tion flow field. In LES, large vortexes are directly simulated
on computational grids and the turbulent effects only in a
smaller scale than the computational grids are modelled by
sub-grid scale (SGS) turbulent model. Thus, it can be
expected that the construction of an interaction model
between turbulence and combustion becomes easier and the
model effect becomes smaller than the turbulent models
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based on Reynolds-averaged Navier-Stokes equation
(RANS) method. Though the LES requires a high computa-
tional cost to simulate time series variations and to average
them statistically for getting results, rapid growth of comput-
er technology encourages the realisation of practical LES in
a gasturbine combustor geometry.

For a LES of turbulent combustion flow, some reaction
models have been coupled with the LES of turbulent flow
field. The flamelet approach (e.g. Peters 2000) based on the
laminar flamelet concept is suitable for coupling with LES
because both methods treat the multi-scale phenomena sepa-
rating into the different scales. Two typical combustion
states, which are premixed and non-premixed combustions,
are modelled in the different flamelet models for each state.
In order to treat more practical situation that includes both
combustion states, these combustion models were combined
and have been validated in simple geometries (e.g. Pitsch et
al. 2002, Hirohata et al. 2003). Recently, a few LES's in
practical combustors (e.g. Eggenspieler and Menon 2004,
Nakashima er al. 2007) have also been conducted. These
shows that the LES coupled with the flamelet approach can
be expected as a practical prediction tool to help combustor
designing in the near future.

The present study is performed for the validation of these
simulation models of turbulent combustion flows in a practi-
cal combustor system; a new concept combustor for the 1700
degC class gasturbine in next generation (Saito et.al. 2007).



2. Objective and Numerical Method

A target of this work is a new concept combustor
designed by Mitsubishi Heavy Industries for the 1700 degC
class gasturbine in next generation, which enable an opti-
mized combustion by controlling the mixture rate of a lean
premixed gas from the upstream swirl vanes and a rich one
from the side scoop nozzles. For the reacting flow simula-
tions, the LES code "FrontFlow/red ver. 3.0," which is based
on the unstructured FVM, had been modified and employed.
The two flamelet scalar G and &-equations,
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are introduced into the code and they can be solved simulta-
neously with the mass and momentum equations
(Nakashima 2007).

The computational domain is shown in Fig. 1 as a compu-
tational grid system that is constructed by about 5,942,466
hexagonal elements. The 2nd order Crank-Nicolson scheme
is applied to the time integration of the governing equations.
A convection term in the momentum equation is discretized
by a blending scheme based on a 2nd-order central scheme
blending with 10% 2nd-order up-winding scheme.
Convection terms in the scalar equations of G and & are
discretized by a 3rd order up-winding scheme with TVD-
limiter. The other terms are estimated by the 2nd-order cen-
tral scheme.

According to the experiments, the following conditions are
applied;

Static Pressure in Chamber: 104.35 [kPa]

Inlet gas temperature: 890.3[K] (617.15[°C])

Outlet gas temperature: 1700 [*C]

Fuel components: CH, 87%, CH, 8%, CH,5%

Oxidizer components: O, 13%, N,75%, CO,6%, H,0 8%.

Two typical conditions, Lean-Lean mode (L.L.) and Rich-
Lean mode (R.L.) are investigated. Developed solutions are
obtained after approaching calculation with 20,000time-
steps (L.L) and 60,000 time-steps (R.L). Time averaged pro-
files are conducted by 30,000 time-steps (0.075[sec]) for
(L.L.) and 12,000 time-steps (0.03[sec]) for (R.L.).

3. Calculation results

Instantaneous temperature profiles in the two difference
conditions are shown by the central section views in Fig. 2.
It corresponds to mixture rate profiles in a most regions

except for the inlets of vanes and side nozzles applied with
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Fig. 1 Overview of computation grid for 1700 degC class gasturbine
combustor.

an unburnt condition. At L.L.. mode almost uniform profile
is predicted, while at R.L. mode a low temperature zone is
observed in the center of the scoop nozzles. In both case,
other low temperature regions appear in the downstream of
scoop jets due to their wakes. Time averaged temperature
profiles from these calculations shown in Fig. 3 agree well
with the experimental data measured in the several sections,
except for the regions near the inlet vanes.

Next for predicting a NO concentration, a thermal NO
production by Zeldovich's mechanism is also estimated by
dynamic combination with the time-dependent temperature
fields predicted by flamelet model described above. A time-
dependent profiles of NO concentration in the case of R.L
mode are shown in Fig. 4. In the final time stage in simula-
tion (38000 time steps, 0.95sec), an overall NO profile and a
concentration level at the outlet are well simulated as that of

experimental data.

4. Conclusive remarks

This work exhibits the LES of turbulent combustion flow
for a practical combustor system. It validates the feasibility
of the 2scalar flamelet model for such a realistic design
of gasturbine combustor. The software "FlontFLow"
(ver.3.0) developed for this work can be excused by upper
than 95% vector processing ratio and super-linear (efficiency
over 1) acceleration with 32 to 80 CPUs on the earth simula-
tor system.
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Fig. 4 Time dependent profiles of NO concentration in R.L. mode.

References Flow Phenomena, Vol.3, 2003, pp.989-994.

Peters, N., Turbulent Combustion, Cambridge University Eggenspieler, G. and Menon, S., Journal of Propulsion and
Press, 2000. Power, Vol.20, No.6, 2004, pp.1076-1085.

Pitsch, H., et al., Proc. of the Combustion Institute, Vol.29, Nakashima T., et.al., Proc. Intern'l Gas-turbine Conf., 2007,
2002, pp.2001-2008. TS-123.

Hirohata, M., et al., Third Int. symp. on Turbulent and Shear Saito K., et.al., Proc. Intern'l Gas-turbine Conf., 2007, TS-051.

257



Annual Report of the Earth Simulator Center April 2008 - September 2008

Oshima N., Tominaga T., and Saito K., Large eddy simulation on Power and Energy Engineering, JSME, (2008.6.19-20

of 1700°C class gasturbine combustor, Proc. Symposium Sapporo) (in Japanese)

258



Chapter 3 Epoch-Making Simulation

Numerical Prediction of Turbulent Combustion Flows for
1700°C Class Gas Turbine Combustor

Tuv s FEEH

KRE P17 JeiEE R AR TAAFgeR BT LA
e

KRE 17 bR RS LR BEMs i L H g

AIFETIE1T00° CRRRIACA A & — ¥ Y RBERR O ELRMRBE S OB H P L LTRMBL S -V - =571 - Y32l —
v a v (LES) % B, FATL7zo ERMBERICB T 2 ML MERNO FH o720, HEHSHPHBLIZ2A N T — KENE
Ll (flamelet approach) & 7 )V & $RH L. Bl 5155 (3 JERE 3apE 11l & L7 YU AR #MT ~ 7 7 = 7 FrontFlow % # i L
720 TITTRBHAKEREPICIES &, FRAEBKEZGCHBERICLY  IEHBRBEREZREGSEORGEA N 7 —RIT &
D EnenEF ML, BLELESO AR EDIcBwTERbEhTwd , ShICE-> T E LA VRO G TR
BRBED LRI SR L e o 7o HA Y — ¥ VIRBERR O R 7 2 E S M2 B0 2 F NS E B R o AR 2 Fi %
BB LTWS, /2, Zeldovich#f 2 M 52 2 212 X 2 ENOEEFI IO ERETFT— 7 BBbh— 8T 5%
BB/ ON T Stk BRI T 00007 EHHM) Z#H L OBRS X OB &G0 M2 HHT 22 LicX
5 PR EYEE M > Twb .

F—7 =N IRRBES, B, TR -V, 57—V - 54 - v Ialb—vary, KEFEY

259



