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Abstract. Combustion flow field in an industrial gas-turbine combustor was numerically
investigated with a newly-developed turbulent combustion model. For turbulent model,
large-eddy simulation technique was introduced to simulate unsteady phenomena in detail.
The combustion model was based on a two-scalar flamelet approach coupling the two
concepts of premixed and non-premixed flames expressed by the conservative scalar of
mixture fraction and the levelset function of premixed flame surface, respectively. A fine
full tetra computational mesh of 45.5 million cells and 7.7 million nodes was used to
resolve turbulent fluctuation with high accuracy in the combustion field. The simulations
were performed for two calculation conditions reproducing diffusion-like and premixed-
like flames and for three conditions decreasing fuel inlet to investigate flame extinction
behavior. It was indicated that premixed or partial premixed turbulent flames by complex
burner system in the real scale combustor can be reasonably captured by the present
simulation model.

1 INTRODUCTION

In development of combustors such a gas turbine engine, reduction in NO, emission
for environmental problem is strongly demanded by emission regulations with high ther-
mal efficiency. Lean premixed combustion is one of most effective solutions to reduce
the NO, emission and has been used with development of a dry low emission (DLE)
combustor. On the other hand, lean premixed combustion has problems to cause flash-
back of flame, combustion oscillation, and combustion instability in a certain case. To
solve the issues, it is important to clarify detailed flow field in the combustor. Thus far,
experiments for an industrial combustion have been performed and combustion features
have been evaluated, whereas such a test with a real scale combustor generally requires
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Figure 1: Overeview of Toshiba DLE combustor.

very large cost. In recent times, remarkable progress has been made in the development
of high-performance computers and algorithms for numerical simulation. Computational
fluid dynamics (CFD) technique, in particular, large-eddy simulation (LES), has become
a powerful tool for investigating details of flow field and chemical reactions in addition to
transient behavior, e.g., flame extinction and flame holding. Moreover, to resolve flame in
combustion field, a flamelet approach is suitable to LES. This is because computational
cost of the approach becomes low compared with a detailed chemical reaction model and
LES with the apporoch can finely capture fluctuation of flow field by turbulence. Liu and
Oshima [1] have proposed a new flamelet approach by modifying a scalar transport equa-
tion in the original flamelet model. Thus, it is possible to capture more actual phenomena
in a real scale combustor with reasonable computation cost [2]. In the present study, for
validation of the newly-developled apporoch, combustion field in an industrial combustor
(DLE combustor for 158 MW class gas-turbine produced by Toshiba Corporation) shown
in Fig. 1 is numerically investigated by the LES and flamelet approaches. In addition, val-
idation and development of the present simulation model in high-performance computer
are performed.

2 FLOW-FIELD MODELLING
2.1 Governing Equations

Flow field considered herein is described by LES derived under a low Mach number
approximation. Filtered continuity equation and momentum conservation laws which
consists of the Navier-Stoke equation are respectively given by

dp  Opu;
dpu;  Opuu;  Op O u;  O0u;\  gas
s o, = 9 T o, | 8%j+ o) 0| (2)
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where ¢ means spatial filter of a variable “¢”, and % shows Favre filtering, that is, 5 =
p¢/p. The molecular viscosity, p, is evaluated by the Sutherland’s law. Sub-grid scale

(SGS) turbulent stress, 795, is represented by the standard Smagorinsky model [3]:
Ti_SjGS _ _ZMSGSS/T;’ (3)

1595 =9 (CuA)?* 4/ 53, (4)

where A is the spatial filter width. In the present simulations, the Smagorinsky constant,
Cs, is assumed to 0.15. The strain tensor, S;;, is calculated as follows:

-~ 1 (0u; Ou;

In the flamelet approach, equations of combustion field are composed of an improved
G-equation which is proposed by Liu and Oshima [1] modifying the original flamelet
approach [4,5] and a conservation of scalar (¢-equation). The scalar £ is defined by
a mixture fraction of fuel and oxidant species which can be calculated by &(z;,t) =
(Yoxi — Y(24,t)) / (Yoxi — Yiuel) Where Y represents mass fraction. A partially-premixed

flame is expressed by a combination of both the scalar functions. The scalar transport
equation of £ is expressed as follows:

B (68 b e
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where S, is the Schmidt number. Note that the second term on the right-hand side of Eq
7 is modelled by the gradient diffusion assumption for the effect of SGS fluctuation. On
the other hand, the G-equation is given by

oG

8@
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where A\, C,, p,, and Sp are the thermal conductivity, the specific heat at constant
pressure, the density of unburnt gas, and the turbulent flame speed, respectively. The
above equation actually describes propagation of flame surface. Thus, the variables G is
a level-set function and also means non-dimensional temperature. This flamelet approach
is based on an assumption that the inner structure of turbulent flame is basically the
same to that in a laminar flame. The levelset function G indicates the partially-premixed
flame between the unburnt (G = 0) and burnt (G = 1) states.
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Turbulent flame speed, S7, that is significant variable to feature flame structure in
combustion field, is obtained by Daniele’s formulation [6] which is given by

ST ( o >0.63 <LT) —0.37 ( » )0.63 (TO ) —0.63 (9)
o T max T - T T_ » Omax ¢
St St oL PR Tr

where v’ is the turbulence intensity, and

I p 066
(—T) =b (—) ,a=337.45, b=28.3, pr = 0.1 MPa, Tr =1 K.
oL Pr

It is report in Ref. [6] that the turbulence flame speed has a limit value depending on
pressure. In the present model, the limiter, ay,.y, is evaluated as the following expression:

Omax = 173.4 exp(1.3424p).

A laminar flame speed, Sy, becomes a variable dependent on the local mixture fraction,
which is estimated by the solution of the laminar premixed flame in the same manner as
for the other physical variables. The local temperature, density between the unburnt and
burnt states are given by the linear coupling of G. These variables are given by

puOmE)
G) pul&) + Cr(©)

The local laminar flame speed, the local density and the local temperature at burnt state
are determined by reference to “fHamelet data”.

T-(-G)n@+ond. - om

2.2 Numerical Implementation

The present simulations are performed with a software “Frontflow/Red ver. 3.17 [7]
for the multi-physics simulation solver developed and distributed by Hokkaido University.
The numerical scheme is discretized based on the finite volume method for unstructured
grid systems. For advection and viscous terms of the governing equations, the second-
order central difference scheme are applied. However, momentum equations of velocity
field are blended by first-order upwind scheme of 5% to suppress numerical oscillation.
Spatial gradient of flow field variables at cell center are estimated by the Gauss method.
For the time integrations, the Crank-Nicolson implicit scheme is adopted. Time step is
set to 5x 1077 s. Poisson equation to correct pressure are solved by the ICCG method.
Typical iteration number of the pressure correction equation is approximately 1,000 in
this calculation. For massive parallel computation, MPI technique with domain partition
approach is adopted. Flamelet data which determines temperature, density, laminar flame
speed in combustion field with & is evaluated by the chemical reaction analysis using
CHEMKIN [8,9] with the elemental chemical reaction GRI-MECH 3.0 [10] and NASA
physical variables.
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2.3 Computational Geometry

For the DLE combustor, we fully use tetrahedral unstructured grid which is often
applied to actual design and generally takes less human effort in the grid generation than
hexahedral and /or combined grids. The combustor geometry including the main premixed
burner, the pilot premixed burners, the pilot diffusion burners and cooling slits and holes
on the side wall is solved by fine resolutions mesh of 45,483,350 tetrahedral elements and
7,742,288 nodes. Figure 2 shows z-y plane (z = 0 mm) and z-z plane (y = 0 mm) of
the computational grids with outlines of boundaries. To resolve turbulent fluctuation
finely, grids in the combustion region is concentrated while those in the exit duct part are
relatively coarse.

Boundary groups of the analytical object are composed of inlet, outlet, and wall bound-
aries shown in Figs. 3(a) and 3(b). Moreover, the inlet boundary is categorized by the
three parts: premixed inlet (fuel and air), diffusion inlet (pure fuel or pure air), and cool-
ing air. Mass flow rate and temperature of air, fuel, and premixed gas at inlet boundaries
are given. Fuel or air inflows through the ports of pilot diffusion burners (“Fpd” and
“Apd”). Cooling air inflows through the slits and holes on the side wall. On the other
hand, premixed gas flows through the main premixed burners (“Fm” and “Am”) and
pilot premixed burner (“Fpp” and “App”). Pressure at the inlet boundary is determined
by extrapolation from an interior point (neighboring cell of the inlet boundary) in the
computational domain. At outlet, static pressure is fixed and outflow condition without
reverse flow is imposed for the velocity field. No-slip condition is imposed for the velocity
at all walls. There is no pressure gradient in the wall direction. In addition, the levelset
function (G) and mixture fraction (£) are determined by the Neumann condition at all
the walls.

2.4 Calculation Conditions

The simulations are mainly performed for two conditions so that the combustion field
tend to be similar with diffusion flame and premixed flame. Table 1 shows the calculation
conditions. Combustion fields for the case A and case B are respectively expected to
reproduce diffusion-like and premixed-like flames. Moreover, to investigate flame extinc-
tion behavior, operating cases decreasing mass flow rate at fuel inlet are also calculated.
Total fuel and air mass flow rates for the case B2, B3, and B3e are fixed to becomes same
to those of the case B. The fuel inlet conditions are summarized in Table 2 where the
boundary names are explained in Fig. 3(b). Note that the typical fuel composition used
in the DLE combustor is methane of 89.6 % (volume fraction), ethane of 5.6 %, propane
of 3.4 %, and other higher alkanes.

The present simulations are mainly performed by 256 cores on Hitachi SR16000 super-
computer system of Hokkaido University, while computation is partially conducted out
with “K” computer of RIKEN Advanced Institute for Computational Science. In typical
case of this work, 1,000 time steps of combustion flow by 7.7 million nodes is performed
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Figure 2: Computational grids (above: z-y plane, below: z-z plane).

in approximately 2.2 hours by 256 cores of Hitachi SR16000.

3 RESULTS AND DISCUSSION
3.1 Comparison with Experimental Data

Gas temperature near the exit of the DLE combustor are measured with thermocouples
for conditions of case A and B. Measurement positions are described in Fig. 4(a) and gas
temperature at five positions are compared. Comparison of measured and calculated gas
temperature profiles is shown in Fig. 4(b). Note that computed gas temperature is time-
averaging value. It is indicated that measured temperature for case B is totally higher
than that for case A. This is mainly because of discrepancy of fuel mas flow rate at inlet.
Predicted temperature profile can reproduce its tendency and shows good agreement with
the measured temperature for the case B. The simulation result for the case A qualitatively
reproduces the measured one, although underestimation of the temperature is shown.

3.2 Instantaneous Flow Properties

Combustion fields in the DLE combustor with a snapshot of flow feled properties at
a certain time are discussed in this section. Instantaneous distributions of the mixture
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Inlet (premixed)
Inlet (diffusion: air or fuel) Main premixed burner (Fr, Ax) Pilot diffusion burner (Air: Aw)
Inlet (cooling air)
W Wall
Outlet

Pilot diffusion burner
(Fuel: Fy)

Pilot premixed burner (Fi, Aw) Main premixed burner (Fn, An)

(a) Boundary group. (b) Inlet boundary names.

Figure 3: Boundary conditions.

Table 1: Calculation conditions.

Case A Case B
Inlet fuel/air ratio (kg/kg) | 0.0192  0.0281
Air temperature, K 606.9 659.1
Fuel temperature, K 300.0 300.0
Total pressure at exit, MPa | 0.9782  1.171

fraction & are shown in Figs. 5(a) and 5(b), respectively. Moreover, figures 6(a) and
6(b) show instantaneous distributions of levelset function G for case A and case B. The
premixed gas in the main premixed burners for the case B becomes richer than that for the
case A, while mixture fraction for the case A is locally high near the pilot premixed burner
and pilot diffusion burners. Needless to say, since the mass flow rate at the main premixed
burners is much high, the mixture fraction in the whole region for the case B is higher.
There appears flame holdings region located downstream of the pilot premixed burner
exits and pilot diffusion burners for both cases. For case B, the levelset function (G)
almost reaches unity in most of region. Since the gas perfectly becomes burnt at G = 1,
combustion instantaneously completes as the unburnt gas inflows into the combustor.
Moreover, it is indicated that premixed gases through all the main premixed burners are
instantaneously ignited for the case B. On the other hand, for the case A, it seems that no
ignition with flame sufficiently occurs downstream of the third duct of the main premixed
burner. This is because of low turbulent flame speed by reduction of laminar flame speed
which is caused by lean mixture fraction in the main premixed burners. Due to the local
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Table 2: Mass flow rate conditions at fuel inlet.

Fuel inlet | Case A Case B Case B2 Case B3 Case B3e
Fpd 24 % 4 % 3% 2% 1%
Fpp 40 % 25 % 25 % 25 % 25 %
Fm 36 % 1% 72 % 73 % 74 %
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Figure 4: Comparison of measured and calculated gas temperature profile at exit.

extinction of flame, it is thought that a large unburnt gas region appears downstream of
the main premixed burners for case A. Underestimation of the gas temperature at the
exit is expected to be attributed to prediction of the unburnt region.

Figures 7(a) and 7(b) show instantaneous distributions of gas temperature for case A
and case B, respectively. In addition, instantaneous distributions of flow velocity mag-
nitude for case A and case B are shown in Figs. 8(a) and 8(b). For the case A, the
flame lifts off from the pilot burners. This is because the fuel is locally much rich in
the region near the main pilot burners and diffusion pilot burners. On the other hand,
the flame at the pilots almost attaches for the case B. A large recirculation zone with
flame holding is formed by the diffusion pilot burners and pilot premixed burners, and
turbulent fluctuations of the burners are reproduced well. The flame propagation in the
recirculating region of the main pilot burners and the downstream of the main premixed
burner is reasonably captured. The SGS flame speed is kept low enough level to suppress
the flashback of flame in the main premixed burners which becomes often problem in the
flamelet approach. This is because of the effect of the G-equation model with the local
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(a) Case A. (b) Case B.

Figure 5: Distributions of instantaneous mixture fraction (§).
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(a) Case A. (b) Case B.

Figure 6: Distributions of instantaneous level set function (G).
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flame speed concept. Thus, complicated behavior in the combustor field are clarified with

the present combustion model.

3.3 Flame Extinction Behavior

To investigate flame extinction behavior, numerical simulations for the case B2, B3,
and, B3e decreasing the mass flow rate at fuel inlet are also performed. In experiments,
flame extinction is actually observed for condition same of the case B3e. Figures 9(a),
9(b), 9(c), and 9(d) show instantaneous distributions of the levelset functions (G) for the
cases of B, B2, B3, and B3e, respectively. In this simulation, obvious flame extinction is
not confirmed and is not reproduced perfectly. However, for case B3e, pilot flame region
near the pilot diffusion burners becomes small and flame near the main premixed burners
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Figure 7: Distributions of instantaneous gas temperature.

flow-velocity flow-velocity
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(a) Case A. (b) Case B.

Figure 8: Distributions of instantaneous flow velocity.

is stretched thin compared with the others. This tendency with decrease of mass flow
rate at the sub burners is expected to proceed in the simulation.

4 CONCLUSIONS

Turbulent combustion flows in a real scale industrial gas-turbine combustor were nu-
merically investigated with large-eddy simulation technique and a combustion model
which is based on a two-scalar flamelet approach by a conservative scalar of mixture
fraction and a levelset function of premixed flame surface. For accurate resolution of
the turbulent combustion field, numerical simulations are performed using a fine com-
putational mesh with massive parallel computations on a supercomputer system. The
computational gas temperature at an exit part of the combustor were compared with
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Figure 9: Distributions of instantaneous levelset function for investigation of extinction behavior.

measured temperatures. It was clarified that the turbulent flames in the complex in-
dustrial combustor can be reasonably captured with the present approach. Transient
behaviors of combustion were investigated with instantaneous flow field properties ob-
tained in detail for two cases which reproduce diffusion like and premixed like flames.
Moreover, it was indicated that the present simulation model qualitatively reproduces
flame extinction behavior in the combustor.
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