39th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit AlAA 2003-5083
20-23 July 2003, Huntsville, Alabama

@.

AlAA 2003-5083

Large-Eddy Simulation of a
Single-Cup Gas-Turbine Combustor
Flows

V. Sankaran |. Porumbel and S. Menon
School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, Georgia 30332

39th AIAA/ASME/SAE/ASEE
Joint Propulsion Conference
July 20-23, 2003 / Huntsville, Alabama

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
1801 Alexander Bell Drive, Suite 500, Reston, VA 22191-4344

Copyright © 2003 by Sankaran, Porumbel, Menon. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



Large-Eddy Simulation of a Single-Cup
Gas-Turbine Combustor Flows

V. Sankaran*l. Porumbelfand S. Menon?
School of Aerospace Engineering

Georgia Institute of Technology
Atlanta, Georgia 30332

Abstract

A generic formulation for modeling the sub-grid
combustion in compressible, high Reynolds number,
two-phase, reacting flows has been developed and val-
idated. A sub-grid mixing/combustion model called
Linear Eddy Mixing (LEM) model has been extended
to compressible flows and used inside the framework
of Large Eddy Simulation (LES) in this LES-LEM ap-
proach. In LES-LEM, all the physical processes such
as molecular diffusion, small and large scale turbulent
convection and chemical reaction are modeled sepa-
rately, but concurrently at their respective time scales.
This multi-scale phenomena is solved using a two-
scale numerical approach, wherein molecular diffusion,
small scale turbulent convection and chemical reaction
are grouped as small scale processes, and the convec-
tion at the (LES grid) resolved scales are deemed as the
large scale processes. Small-scale processes are solved
using a hybrid finite-difference Monte-Carlo type ap-
proach in a one-dimensional sub-grid domain. Large-
scale advection on the three-dimensional LES grid is
modeled in a Lagrangian manner that conserves mass.
Validation of the compressible LES-LEM approach is
conducted by simulating the flow-field in an oper-
ational General Electric Aircraft Engines combustor
(LM6000). The results predicted using the proposed
approach compares well with the experiments and a
conventional (G-equation) thin-flame model.

1 Introduction

The modeling of turbulent fluid flow in realistic en-
gineering geometries, even in the non-reacting case,
remains a major scientific challenge. It is well known
that large scale advective transport breaks down the
in-homogeneity in the scalar field into smaller scales,
and molecular diffusion dissipate the scalar fluctua-
tions at small scales by acting on the local gradients.
Chemical reaction and the associated heat release in-
troduce fine-scale density and velocity fluctuations,
which in turn couple the small scale events back to
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the larger fluid-dynamic scales. This close coupling be-
tween the various processes and the presence of wide
separation between the relevant scales makes turbu-
lent combustion modeling more complex compared to
turbulent modeling for non-reacting flows.

Complete resolution of all the length and time scales
involved in reactive flows is prohibitively expensive
and this precludes the use of Direct Numerical sim-
ulation (DNS). On the other hand, the unreliable
nature of the solution predicted by Reynolds Aver-
aged Navier Stokes (RANS) approach in complex (un-
steady, swirling) flows makes it unsuitable for com-
bustion problems that are inherently unsteady and
involve swirl and flow separation. Large-Eddy Simula-
tion (LES) is emerging to be an alternative promising
tool for studying reacting flows in complex geome-
tries. In LES, only the flow/geometry dependent,
three-dimensional large scale motion are resolved and
the sub-grid, small scales that exhibit local isotropy
are modeled.

So far, only a few studies have been attempted on
LES of reactive flows due to the following reason. Even
though the major part of the energy containing scales
are resolved using LES, a sub-grid model is still needed
to represent the larger unresolved scales. But it is well
known that the chemical reactions and heat release
occur at the smallest dissipative scales (by molecular
mixing) and not at the larger resolved scales. Hence,
sub-grid modeling techniques, which have successfully
been used in sub-grid modeling of momentum trans-
port are not as successful in modeling reactive scalar
transport.

In this study, we report the development of a more
comprehensive sub-grid combustion model for LES
that attempts to simulate the various physical pro-
cesses at their relevant length and time scales. Appli-
cation of this model to study the reacting flow-field in
an operational hardware, LM6000, Dry Low Emissions
combustor is presented.

2 Governing Equations for LES

In this section, governing equations and the model-
ing techniques used in LES are presented. The flow
variables are decomposed into the resolved (super-grid
scale) and unresolved (sub-grid scale) components by a
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spatial filtering operation, such that f = f+ f”, where
the tilde (~) denotes resolved scale and double prime
(”) denotes unresolved sub-grid scale quantities. The
Favre filtered variable is defined as f = pf/p where the
over-bar represents a spatial filtering, which is defined
as:

@t = /D pf (2, )G (s — 2, Az, (1)
Here, G is the filter kernel, D is the domain of integra-
tion and A is filter size, defined as A = (AzAyAz)'/3,
where Az, Ay and Az are the grid size in axial, trans-
verse and spanwise directions, respectively. In this
study, a box filter is employed which is appropriate
for finite volume schemes.! The filter function G (in
any direction, z) is defined as:

_A _ A
G={(1)/A <(:1: z) < 5 @)

otherw1se

Applying the filtering operator to the conservation
equations of mass momentum, energy and species
equations results in the following LES equations for

two-phase flows:

op opu; __

%+

i = = 8gs

g—z + &cj [puin +p(5ij — Tij +Tijg ] =0

2L+ 2 [(PE + p)iis + T — T + H*® +07%°] = 0

B+ oYt — pYiVir + Y71 + 6757] =
where ¥k = 1 to N, and N, is the total number of

species present in the system. §; is the heat flux vector
given by

Ng Ng
= PR, sgs
3 =- 6:3, ;h Ykm+;q

3)

The diffusion velocities are approximated using Fick-
ian diffusion as Vz,k = (=Dy/Y)(0Y}/0z;). The sub-
grid terms that require closure are:

Ty = P (4l — Uil;)
H = 7 (BEu; — Et;) + (pu; — Pil;)
o't = uiTij — UT (4)
20 = pluiYe — Y]
ngks = [m - ﬁkbkaffk/aﬂ?i]
035 = plVikYi — VirYVi]

The pressure is determined from the filtered equa-
tion of state, p = pRT + T*9°. Here, T is
the temperature-species correlation term, defined as
[V3T — Y, T]. For low heat-release, T%° can be ex-
pected to be negligible? but this may not be true for

2

high heat release. However, due to the difficulty in
modeling these terms they are generally neglected.??
The filtered total energy per unit volume is given
by pE = pé + ﬁﬂiﬂi + pk®9% where, the sub-grid
kinetic energy (to be discussed later) is defined as,
k%9° = (1/2)[ugur —Grby]. The filtered internal energy
for calorically perfect gases is given by

N,

é= leox¥iT + Vi AR ] (5)
k=1

where, AR, = ARG, — ¢, xT° and AR, is the stan-
dard heat of formation at a reference temperature T°.

2.1 Momentum Closure

Model for sub-grid stress tensor 7;7° is derived
usually by drawing an analogy between the viscous
stresses, (7;;) in the unfiltered Navier-Stokes equa-
tion and the sub-grid stresses, (7;7") in the filtered
equations. Hence, the deviatoric part of the sub-
grid stresses is assumed to be proportional to the
deviatoric part of the resolved rate of strain, S;j =
(1/2)(04;/0z; + Ouj/Ox;). If the sub-grid stress ten-
sor can be split into deviatoric and isotropic parts
sgs sgs sgs

— 598 -
Ti; = T4t Trr » then the deviatoric part 775, is

modeled as follows;

7595

Tij,d = 2Vt[SiJ' -

(6)

Noting that 77" = (2/3)k®9°d;;, the total sub-grid
stress tensor can be expressed as

1 -
gskk(sij]

598 _

—2Vt[Sij - %Skkdz,] + %ﬁks‘qsdzj (7)
Therefore, to complete the closure for the sub-grid
stresses, the sub-grid eddy viscosity v; and the sub-
grid kinetic energy, £°9° need to be modeled.

A non-equilibrium model">* using a transport equa-
tion for the sub-grid kinetic energy, £°9° is used in this

study and is given by :

opk*®9® 0 ,__ 0 vy Ok®9°
Y & .ksgs — Psgs __ 898 . -_ 4 " - 8
o Oz; (piik?*") < Oz; (pPTt Ox; ) ®)
The terms, P*9® and €®9° in the above equation

are respectively, production and dissipation of sub-
grid kinetic energy. The sub-grid dissipation, €°9°
is obtained by integrating the dissipation spectrum
(D(k) = —2vk®E(k)) over the unresolved wavenum-
bers,? to get

€595 — Ce(k395)3/2/Z (9)
where, C. = 0.916. The sub-grid production term is
modeled as P*9* = —7179°(0u;/0x;). The coefficient
Pr; is the turbulent Prandtl number and is taken to
be 0.9. The sub-grid eddy viscosity is modeled as®
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v = 0.067Vk97 A (10)
The coefficients 0.067 (in the expression for 1) and
0.916 (in the expression for €%9%) can also be obtained
as a part of the solution by using the dynamical proce-
dure, as shown earlier.® More information on dynamic
modeling can be found elsewhere.%7

2.2 Scalar Transport Closure

In addition to 7;7”, several unclosed terms appear
in the LES filtered energy and species equations given

in Eqn. (4), such as:

H® sub-grid enthalpy flux

o9 sub-grid viscous work

Y;{® — convective species flux (11)
iy sub-grid heat flux

0;%  — sub-grid species diffusive flux

The sub-grid total enthalpy flux H;?® is also modeled
using the eddy viscosity model as follows:

Htsgs — —ﬁ’/t aﬁk
v Pr; Ox;

Note that, since large-scale motion is resolved in LES,
the associated counter-gradient processes in the re-
solved scales are also resolved (even though a gradient
closure is employed for H;??). The other unclosed
terms like 079°, ¢;%" and 679, are often neglected and
there exists no model for these terms.® These terms
are the sub-grid contribution of the molecular diffusive
flux and are often neglected assuming that their con-
tributions are small in high Reynolds number flows.? 3

The sub-grid convective species flux Y;}°, given in
equation Eqn. [4] is modeled using the gradient diffu-
sion assumption as follows.

—pVs 8?]‘,
Sct 65(]1

s9s __
i,k

The coefficient Sc¢; is the turbulent Schmidt Number,
and is taken to be unity. Nevertheless, theory and
experiments? have shown that this gradient diffusion
assumption for species transport can lead to significant
errors.

Most of these assumptions for neglecting the sub-
grid terms such as ¢;%’ and 6;%’, and the gradient
diffusion modeling for Y;’}* are often not justifiable.
It will be shown that using the LES-LEM approach
(to be described in the next section), most of these
assumptions can be relaxed and can be elegantly in-
cluded in the model for sub-grid scalar transport.

2.3 Filtered Reaction Rate Closure

The final term to be modeled in the LES reacting
flow equations is the filtered reaction rate term, wy.

3

The closure for 1y, is complicated due to its highly non-
linear nature. Consider a simple global mechanism
F 4+ O — P, for which the production rate of the
product can be expressed as

wp = AT exp(=Ta/T)p*YrYo

where A, b and T4 are pre-exponential factor, tem-
perature index and the activation energy, respectively.
Also, p, Yr, Yo and Yp are density, mass fraction of
fuel, oxidizer and the products, respectively. Filtering
the reaction rate term wp gives rise to higher order cor-
relations of the form, pY, Y}, pYT”, pT"T", etc., that
cannot be ignored in a turbulent reacting flow. Hence,
proper treatment of this term is a major research issue
in LES of reacting flows. Excellent review on the vari-
ous modeling approaches used to approximate the
in the context of LES can be found elsewhere.® Tt will
be shown that, in the LES-LEM approach (to be de-
scribed in the next section) the reaction rate term can
be computed exactly without any need for a closure.

3 LEM: Sub-grid scalar closure

In Linear Eddy Mixing (LEM) model'®!? the var-
ious physical processes, such as large scale advection,
small scale mixing, molecular diffusion and chemical
reaction are resolved at their relevant length and time
scales.

In LES-LEM the governing filtered conservation
equations for mass, momentum and energy are nu-
merically integrated using a time and space accurate
numerical scheme on an appropriate three-dimensional
grid. It should be noted that the equations for mass,
momentum and energy solved on the resolved grid are
in the Eulerian form (i.e., Eulerian frame of reference).
Attention is drawn to the fact that, at this stage, no
conservation equation for species are solved on the re-
solved LES grid.

The species/scalar field evolution is tracked using a
two-scale numerical approach. In this technique, tur-
bulent convection of the scalars is split into two parts:
large scale advection and turbulent stirring at
the small (sub-grid) scales. Large scale advection is the
convection that happens above the unresolved scales.
This is modeled by using a Lagrangian scheme which
explicitly transports mass across the finite-volume cell
surfaces in a manner that is consistent with the mass
transport in the Eulerian continuity equation solved
on the resolved grid. Small-scale advection is the tur-
bulent stirring by scales smaller than the resolved grid.
Note that, turbulent convection at the sub-grid scales
only transports fluid mass over sub-grids length scales.

To describe this two-scale numerical method, con-

sider the exact (i.e., unfiltered) evolution equation for
a reactive scalar @, written in the Eulerian form:

American Institute of Aeronautics and Astronautics Paper 2003-5083



o0d od 0 0d .
Pgr t PGy, TP Degyl = e, (12)
N R
C D

where term C represents the total (large scale + small
scale) convection, term D represents the molecular dif-
fusion and term R represents the chemical reaction
source term. Now, split u; = (d; + u;) where, 4; and
u; are the contribution to the total convection from the
resolved (large) and sub-grid (small) scales. By group-
ing the molecular diffusion and the chemical reaction
as small scale processes one can split Eqn. [12] into
two equations, one corresponding to the large scale
processes and another corresponding to the small-scale
processes as follows.

> -% 0D
——
L-C
0o* 1 0®* 0 0o* ,
Por TP g P D g T e (1Y)
——
S-C

where term L-C represents the large scale convec-
tion and term S-C represents the small scale convec-
tion. Here, Aty gs is the fluid-dynamic/acoustic (LES)
time-step and ®* is the intermediate solution after the
large-scale convection process. The large-scale advec-
tion processes (governed by Eqn. [13]) and the small
scale advection (in Eqn. [14]) account for the com-
plete evolution of the scalar fields. The small scales
range from the grid resolution down to the Kolmogorov
(smallest fluid dynamic scale) or Batchelor micro-scale
(approximate size of the smallest scalar fluctuation).

In LES-LEM, the small scale processes (sub-grid
scale turbulent mixing, molecular diffusion and chem-
ical reaction) are resolved in one-dimension. This idea
relies on the following.

(1) small scale turbulence is locally homogeneous and
isotropic

(2) Effect of heat-release and the associated thermal
expansion on the flow is the same in all direction

(3) the model in its basic form, has been shown!® to
capture the correct physics of scalar mixing at small-
scales in homogeneous, isotropic turbulence.

It should be noted that, isotropic behavior required
by (1) and (2) are questionable in high Mach number
flows, since information does not propagate at equal
speeds in all directions. However, for subsonic flows
(that are of interest here) it is reasonable.

3.1 Sub-grid LEM simulation

For the purpose of solving Eqn. [14], within each
LES cell, a 1-D line segment known as the LEM do-
main is defined and discretized.

4

3.1.1 Molecular Diffusion and Chemical Reaction

The 1-D reaction-diffusion equation for the species
and the temperature written in non-conservative form
are solved numerically on the one-dimensional domain.
These equations are given below.

0Y; 0 5)¢ .
6tk + Frsir + Pas (- Dka—:) = wp W (15)
oT oYy ., 0T
FE
pcp 8t + Tstir — ;pcp,k k( 88 )(83)
8 T Mo
%("va) _;hkkak (16)

Here, T, p and p are the sub-grid temperature,
resolved pressure, and the sub-grid mass density, re-
spectively. Yy, Wi, cpr, and R, are the mass fraction,
molecular weight, specific heat at constant pressure,
and universal gas constant respectively. Density in
the sub-grid field is computed using the equation of
state for the scalar mixture p = pT Zszl YR, /W,c
and the caloric relation is given by hy = Ah%,

fTo cp(T")dT'. Also, wg, hg, Vi, and Ah$, are re-
spectively the mass reaction rate, enthalpy, diffusion
velocity and standard heat of formation (at standard
temperature, 7°) of the k-th species. &,, & and Dy, are
the mixture averaged specific heat at constant pres-
sure and thermal conductivity and mixture averaged
diffusivity of the k-th species respectively.

In Eqns. [15] and [16], s denotes the co-ordinate di-
rection on the 1-D domain. The orientation of the 1-D
domain is usually aligned in the direction of the maxi-
mum scalar gradient.!! The length of the 1-D domain
is taken to be equal to that of the local LES filter
width, A. Note, that Eqns. [15] and [16] are equiv-
alent to Eqn.[14] written in terms of sub-grid species
and temperature field. Turbulent convection at the
sub-grid scales of the form udY}/0s and udT/Os are
symbolically represented as Fjy;, and Fr ;. respec-
tively in Eqns. [15] and [16] and these are implemented
explicitly, as discussed in the next section.

Assumptions

e Sub-grid pressure (inside the 1-D LEM domain)
is assumed to be uniform and same as the re-
solved grid pressure. In the absence of strong
pressure gradient such as those in shocks, and in
highly compressible flows, it is reasonable to as-
sume that the pressure in the sub-grid remains
constant. However, pressure can vary spatially
over the LES (resolved) grid, even though it is
assumed to be uniform within the sub-grid.

e The contribution from the sub-grid viscous work
is neglected.
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Figure 1 Schematic illustration of the effect of

a eddy/vortex roll-up on a two-dimensional scalar
field.

e Calorically perfect gas model assumed. But, it
is straight-forward to extend LEM for thermally
perfect model.

e Radiation effects are neglected in this study. But
can be easily included in the model as shown else-
where.14

3.1.2  Sub-grid scale turbulent convection

The effects of the sub-grid velocity field on the
sub-grid scalar fields are modeled (numerically) using
stochastic re-arrangement events called triplet maps.'!
Each triplet map represents the action of an isotropic
turbulent eddy on the sub-grid scalar field. The in-
tuitive rationale for adopting the triplet map is illus-
trated in Fig. 1. Consider a mixing layer configuration
shown in Fig. 1(a) with a plane material surface sep-
arating species A from species B. The bold straight
line running from the top to the bottom shown in the
box (dashed line) represents the initial concentration
profile (uniform gradient). Horizontal lines (red and
blue) represents the concentration isopleths at the ini-
tial time. Fig. 1(b) shows the distortion (stretching +
compression) of the concentration isopleths due to the
action of an eddy or vortex roll-up. The initial linear
concentration profile evolves to a form, qualitatively
resembling the profile obtained by applying the triplet
map to the linear profile. The scalar field produced is
continuous and measure preserving (Note: scalar gra-
dient field is not continuous).

Three parameters are needed to implement the tur-
bulent stirring events: eddy size [, the eddy loca-
tion within the 1D domain and the stirring frequency
(mean event rate per unit length of the mapping do-
main) A. The eddy size in the range A to n (Kol-
mogorov scale) is determined from an eddy size dis-
tribution f(l), obtained using inertial range scaling in

5

three-dimensional turbulence:!!

5 1783
()= 3 (55 = A-5F) (17)

Here, 7 is determined from inertial range scaling law

A

n= N"Re—z/‘i (18)
where N, is an empirical constant and Rea is the
sub-grid Reynolds’ number based on the sub-grid tur-
bulence intensity, kinematic viscosity and the local
LES filter width, A. The constant IV, reduces the
effective range of scales between A and 1 but does not
change the turbulent diffusivity, as described in an ear-
lier study.!> The event location is randomly chosen
from a uniform distribution and the event (mapping)
rate (mean frequency per unit length) is'!

_ 54vRea [(A/n)*/? —1]
5 OB [L= (n/A)]

(19)

The time interval between events is then given as

1

At = —
tstzr AA

(20)
where A is the length of the 1-D domain, which is also
same as the local LES filter width. These mappings
are implemented as a Poisson process in time. Note,
that A is not a function of length scale, | (of stirring)
which implies that the interval between the stirring
events are the same for all the length scales. Strictly
speaking this is not true, but the following considera-
tions justify the proposition.

(1) Assumption of the local isotropy in the sub-grid,
implies that the range of the stirring length scales are
closely spaced in the wave-number space. This implies
that their time-scale (or the turn-over time) is nearly
same.

(2) The sub-grid Rea and the filter width, A are vary-
ing spatially over the LES (resolved) grid. This implies
that the the range of the stirring length scales and
hence, the frequency of the stirring events also vary
spatially over the LES (resolved) grid, even though it
is same within the sub-grid.

The above formulation has two constants: Cy and
Ny, both of which arise from the use of scaling laws.
In the earlier studies,'® 16 these parameters were de-
fined by comparing LEM predictions to experimental
datal” in the flamelet regime. Tt is argued'® that
the scalar diffusivity due to triplet maps should equal
the momentum diffusivity (by triplet maps), since in-
ertial range eddies are responsible for both the pro-
cesses. Therefore, the same value of the coefficient
C, used in the expression for eddy viscosity expres-
sion (Eqn. [10]), should be used for scalar diffusivity
Cy. This value (0.067) turns out to be close to the
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values used in the earlier studies.!®'® The present

study, uses the same constant for all the simulations
reported, even though the LDKM approach used here,
yields dynamically varying coefficients.

3.1.3 Volumetric Fxpansion

The final sub-grid process in the LEM, which needs
to be described is the volumetric expansion due to heat
release. As mentioned earlier, constant pressure is as-
sumed in the sub-grid so that the heat release will
cause volume expansion. Since the sub-grid convec-
tion terms are modeled explicitly using triplet maps,
volumetric expansion must be included explicitly as
well. Volumetric gas expansion caused by heat release
is modeled by expanding each linear-eddy cell in the
sub-grid domain by an amount equal to

pn
* _Fi
AVigm,:= —&

i

(21)

where AVrgur,; is the change in volume of LEM cell i.
pi and p? are, respectively, the density of the “i — th”
cell at the previous and the current time integration
levels in the sub-grid simulation (not at the fluid-
dynamic time-step, (Atrgs) at LES level). In the
previous studies,'® 19 the domain containing the ex-
panded cells is re-gridded so that each cell is returned
to its initial volume. In the present study, re-gridding
the cells is done after the large-scale advection process,
and not at this stage. This is explained in the Section
3.3

3.1.4 Numerical Implementation

An operator splitting method!®:2° is used to inte-

grate the stiff reaction-diffusion equations (Eqns. [15]
and [16]). This splitting combines an explicit treat-
ment of the LES resolved mass and momentum equa-
tions at the global time step with several explicit
fractional steps for diffusion, reaction and turbulent
stirring at the sub-grid scales. To solve the Eqns. [15]
and [16] numerically, all spatial derivatives are dis-
cretized using a second-order accurate central differ-
ence schemes and a zero-gradient boundary conditions
are imposed for the species and the temperature equa-
tions at sub-grid domain boundaries.

LEM-domain (1-D line segment) is initialized in ev-
ery LES cell with a fixed number of cells. The number
of one-dimensional cells is estimated as follows. To
represent an eddy using a triplet map, a minimum of
6 points are needed.?! If the sub-grid Rea is known,
then using the expression n = NnARe£3/ * an esti-
mate of the smallest length scale can be obtained.
Then the maximum number of LEM cells needed to
completely resolve all the sub-grid scales can be com-
puted using the expression,

Az’jk)

22
Nijk ( )

Npaz = min(

6

where A;;;, and 7,51 are the local LES filter width and
the Kolmogorov scale at the cell “ijk”. The length of
the linear eddy domain is set equal to the LES filter
width A.

3.2 Large-Scale Advection: Splicing

The large-scale advection process governed by
Eqn. [13] is implemented in a Lagrangian manner us-
ing a technique called splicing. It is important to
realize that splicing models the large-scale advection
process and does not directly solve Eqn. [13] using
a finite-difference of finite-volume method. Never-
theless, splicing satisfies the basic condition for the
conservation of mass.

After completing the sub-grid LEM simulations in
each LES cell, the sub-grid scalar fields are advected by
the LES-resolved velocity field, in a Lagrangian sense.
This method involves the transfer of LEM cells be-
tween the LES control volumes to account for the mass
flux across the LES cell faces.

Three quantities are needed for this procedure:

e magnitude or the amount of mass that has to be
transported across each of the LES cell faces

e direction of the mass flux (influx or outflux) on
each cell face

e ordering/priority of the advection operation for
the 3-co-ordinate directions

In a finite-volume scheme, mass flux is known on
each of the LES cell faces. In addition, the direction
of the velocity field defines the direction of the mass
flux on the cell-faces. Hence, the first two of the above
mentioned three quantities are taken care of by the
resolved grid continuity equation and the momentum
equations. The third issue is resolved using the follow-
ing approach.

In the numerical implementation of the scalar ad-
vection, the three dimensional advection operator is
approximated by a sequence of three, one-dimensional
advection operators. On a general three-dimensional
grid the mass transfer from any control volume to
any neighboring control volume is also predominantly
three-dimensional. As a result, different number of
one-dimensional cells are transported in different spa-
tial directions. So the order in which these operators
act on the scalar field can have a significant effect on
the scalar field evolution. Here, the cells going out
in the direction of largest outflux are fluxed out first
from the right end of the sub-grid domain. Similarly
the largest influx is added first to the left end of one-
dimensional domain.

Next step in the large-scale advection process is the
identification and actual transport of the linear-eddy
cells. This is implemented as follows. Since the mass
flux on each of the six control surfaces of a LES cell is
known, it can be sorted in an ascending order. Note
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Figure 2 Schematic diagram illustrating the splic-
ing process.

that, before sorting the following sign-convention is
imposed for the face mass-fluxes. Influx is given a
positive sign and the outflux is given a negative sign
along each co-ordinate directions. Thus, upon sorting,
the mass fluxes would be arranged, from the maximum
outflux (least negative number) to maximum influx
(highest positive number). Now, for each outflux, ev-
ery LES cell computes the number of one-dimensional
cells that contains the mass. Since the density and
the volume is known for each one-dimensional cell, the
cell mass is computed simply as the product of the
cell density times the cell volume. It should be noted
that, the amount of mass to be transported across a
LES cell surface can be a fraction of the linear eddy cell
mass. To transport mass smaller than the cell mass,
the following algorithm is used.

e Let the temperature and mass fraction of the
linear-eddy cell D be Tp and Yy,

e Let the density, volume and the mass of the cell
D be pp,Vp and Amp

e Let the amount of mass to be transported across
an LES cell surface be ém

e If dm < Amp, then split D into two cells, Dy and
Dpg such that,
PDy = PDr = PD
Amp, =dIm
Amp, = Amp — dm

7

(a) ulu|u|ulufu
(b) u r r r b|b
(¢ Julu|r]|r|r|r|r|r|r|r|b|b
Figure 3 Schematic diagram of the re-gridding
procedure used to model volumetric expansion of
LEM cells.

Vbor = ém/pp

Vb, =Vp —Vp,

Tp, =Tp, =Tp
Yin, = Yip, = Yip

Figure 2 shows a schematic diagram of the scalar field
before and after splicing. Fractional splicing and the
non-uniform distribution of the scalar field after splic-
ing is apparent in this schematic diagram.

3.3 Re-gridding the Linear-Eddy domain

Even though splicing conserves mass, it does not
conserve the number of linear-eddy cells, due to the
convection of fractional cells. So, the number of one-
dimensional cells in an LES cell before and after splic-
ing are not the same. Furthermore, volumetric ex-
pansion due to heat release and splicing also leads
to a non-uniform distribution of the volume of the
cells. Since the numerical scheme employed for solv-
ing the sub-grid reaction-diffusion equations assumes
an uniform grid, it is desirable to re-grid the non-
uniform 1-D line segment to an uniform grid. Also,
to avoid programming complexities in a parallel envi-
ronment (e.g. dynamic load balancing), it is desirable
to have same number of cells everywhere in the com-
putational domain. So, to equalize the volume of the
cells and to retain the same number of cells everywhere
in the computational domain, the one-dimensional do-
main is re-gridded to have cells of equal volume after
each splicing. Errors introduced due to the spurious
diffusion associated with re-gridding has not been eval-
uated yet. A schematic diagram of the procedure is
shown in Fig. 3. The letters “u”, “r” and “b” refers
to the unburnt, reacting and completely burnt linear
eddy cells, respectively. Figure 3(a) shows the ini-
tially uniform linear eddy domain. Chemical reaction
and the subsequent thermal expansion causes a non-
uniform distribution of the cell volumes, as shown in
Fig. 3(b). Re-gridding process, generates a uniform
distribution of the volume in the linear eddy cells as
shown in Fig. 3(c).
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3.4 Large scale and Small scale Coupling

To complete the LES-LEM formulation, the simu-
lated sub-grid field must be coupled to the resolved
field variables. The resolved field provides the pres-
sure and the sub-grid kinetic energy to the sub-grid
LEM simulation. After the sub-grid simulation, the
sub-grid LEM field provides the filtered species, tem-
perature and the specific heats to the resolved field.

Filtered quantities from the sub-grid simulation are
computed as follows.

e Let Y, be the sub-grid species mass fraction for
species 'k’ in a cell 1’

Let T; and p; be the sub-grid temperature and
density in a cell i’

Sub-grid averaged (filtered)species mass fraction
is computed as

Yﬂv;; = Zjv:ilrEM Pi Y"’i
I
e Sub-grid averaged (filtered) temperature is com-
puted as
ﬁ _ Zjv:;lEM piTi
M

This sub-grid averaged (filtered) temperature is re-
dundant, since the solution of the resolved grid energy
equation along with the filtered species (from LEM)
gives the actual temperature. The comparison of the
two temperatures show that they are in very good
agreement with each other. In the present study, the
temperature computed from the LES equation is used
as the resolved grid temperature. However, the sub-
grid temperature field is not altered and it is evolved
continuously.

4 Results and Discussion

LM6000 is a rectangular can type combustor with a
circular inlet from a premixer/swirler configuration. A
schematic diagram of the LM6000 combustor is shown
in Fig. 4 At the inlet a highly swirling jet (Swirl num-
ber 1of 0.56) is injected at high pressure (6 atm.) and

1Swirl number is defined as the ratio of axial flux of angular
momentum to that of axial flux of the axial momentum itself

o
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Figure 5 Regime diagram for the LES of turbulent
premixed combustion.

with a pre-heated temperature of 644 K. The dark
region at the top and bottom part of the combustor
shown in Fig. 4 are the blowing sections. These sec-
tions are provided to cool the optical window used for
measurements. In the present study, similar to the pre-
vious studies® ?2 hot products were injected through
the blowing sections.

The conditions specified at the inlet are the axial,
radial and tangential velocities and the turbulent ki-
netic energy. The inlet velocity profile determines the
Swirl number which in turn determines the key flow-
field characteristics such as the formation of the Vortex
Break-down phenomenon, location of the frontal stag-
nation point, the extent of the reverse mass flow and
the strength of the external recirculation zone. These
features in turn determine the flame location and the
heat release. Thus, the accurate specification of the
inlet conditions is a key-requirement for the correct
prediction of the flow-fields. In the present study, the
mean velocity profiles provided by the GEAE company
are used at the inlet and are same as the profiles used
in the earlier studies.5 22

The only information provided about the inflow
turbulence is the intensity of the incoming turbu-
lence, and it is set equal to 7% in the present study.
The Reynolds number based on the inlet diameter is
320,000.

Recently, a new regime diagram for premixed com-
bustion was proposed,?® which distinguishes the effects
of turbulence/chemistry interaction and the numerical
treatment of LES. The consequences of changing the
LES filter width and its effect on the physical mode of
combustion (corrugated flamelet, thin-reaction zones
broken reaction zone etc,.) are clearly shown in the di-
agram. Figure 5 shows the new regime diagram along
with the locations of the various flames investigated in
the past.!5>24

Based on the flow conditions, the present flame (in-
dicated as LM6000) is identified to be within the thin-
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reaction zones regime, as shown in Fig 5.

No-slip, adiabatic wall boundary conditions are used
for the combustor’s walls. Characteristic boundary
conditions were used for the subsonic inflow and out-
flow.?® A structured rectangular computational grid
that uses 151 x 118 x 92 points is employed in the
present study. The present finite-volume solver uses
an embedded boundary method for handling the cir-
cular inflow in a Cartesian rectangular grid.?6 The
embedded boundary method is based on setting the
values of the state vector at particular locations (in
the finite volume cells) inside the solid body in such
a way that the wall boundary conditions are satisfied.
This method offers several advantages. The main one
is its ability to manage complex geometries. In the
case of a gas turbine combustor, since the geometry is
circular in nature, a traditional approach will require
a cylindrical grid, which will yield acceptably accurate
results except for the centerline region where the gra-
dients will tend to infinity as the radius tends to zero.
An alternate method, the unstructured grid approach,
will be able to handle the centerline problem, but will
have overwhelming computational requirements, both
in terms of CPU time, and of memory. The present
method avoids this cost.

Another advantage of the method is the fact that it
allows the numerical scheme to employ a Cartesian
grid irrespective of the complexity of the geometry
involved. This allows for orthogonal cells, which di-
minishes the numerical error and improves the stability
of the numerical solution. In addition, the aspect ra-
tio of the cells is much easier to control. More details
about the embedded grid approach can be found else-
where.26

Three simulations are performed to compare and
contrast the features of the LES-LEM simulations.
The first simulation employs the dynamic-LES with
a G - equation flamelet approach. This has been stud-
ied earlier,?? and hence for the sake of brevity, details
are not given here. The second simulation employs the
LES-LEM approach described in the previous section
using a single-step, 5-species finite-rate mechanism.

The presence of high shear and turbulent strain rates
near the shear layer of the combustor inlet, suppresses
the reaction rates greatly in these regions. In such a
situation the flame lifts off from the inlet. However,
high swirling flow creates the Vortex Break-down (VB)
bubble along the axial direction, and therefore, the
lifted flame is not blown off but is stabilized upstream
of the recirculation region.

To model this lift-off effect, a third simulation us-
ing LES-LEM was carried out. Since, the single-step
global chemistry employed in the present study cannot
predict flame liftoff, an extinction criteria based on the
strain-rate is used to modify the reaction rates. It has
been reported?? that the critical value of strain-rate at
flame extinction for a 4-step methane-air mechanism

9

is 547 sec™!. To account for the presence of the swirl,
an extinction strain-rate of 400 sec! is used and in re-
gions where the strain rate exceeds this value, the local
reaction rate is forced to zero. It should be noted that,
this study is only qualitative and is used to show that
lift-off can be modeled using LES-LEM and cannot be
done easily using the G - equation approach. These
three simulations are identified as G-EQN, LES-LEM
and LES-LEM-EXT, respectively.

Before sampling the data for statistics, the flow was
evolved for approximately 2 flow through times. All
the results presented in this section are ensemble aver-
aged over 5 flow through times based on the mean
center-line axial velocity at the inlet. All the ve-
locity profiles shown are non-dimensionalized by the
center-line velocity at the inlet Up and the distance
are non-dimensionalized by the inlet diameter D.

The current simulations were carried out on a dis-
tributed memory parallel processing computers (Cray-
T3E, 1200 MHz) using the Message Passing Interface
(MPI). Typically 160 processors were employed for
present simulations. For the present simulation us-
ing ~ 1.6 million LES grid points and 12 LEM cells
per LES cell, it required 3840 single processor hours on
the Cray T3E per flow through time. The LEM resolu-
tion (ALgym = ALgps/12) used here resolves the flame
thickness, dp with 23 (= dr/ALgn) points, adequate
enough to resolve the flame-turbulence interaction. It
should also be noted that the LES-LEM without chem-
istry (scalar mixing alone) is very efficient and it is
only 10 % of the total cost. It is the stiff chemistry
integration that makes the simulation expensive. The
memory requirements is 2.4 Gigabytes.

4.1 Mean Velocity Profiles

Figure 6 shows the variation of the axial mean ve-
locity along the center-line of the combustor. The flow
evolution is very similar to that of a swirling decaying
jet. The swirl imparted to the flow at the inlet causes
the familiar Vortex Break-down phenomenon when the
ratio of the azimuthal to axial velocity exceeds certain
level (of order unity). A predominant feature of the
VB is the abrupt deceleration of the flow near the axis
leading to the formation of a stagnation point and a
recirculation bubble that stabilizes the flame.

Comparison of the center-line axial velocity varia-
tion shows that both the combustion models (LES-
LEM and G-LES) show reasonable agreement with the
experimental data. Considering the fact that these
simulations were done without any need for ad-hoc
adjustments, this level of agreement is considered rea-
sonable.

Figures 7(a),(b) and (c) shows the contours of the
axial velocity in the LM6000 combustor predicted us-
ing G-EQN, LES-LEM with and without the strain-
induced extinction. The location of the VB is marked
by the dark-blue contours around the center-line. The
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Figure 6 Center-line variation of mean axial ve-
locity

presence of the lifted flame (LES-LEM-EXT) causes
strong flame-flow interactions as can be observed from
Fig. 7(c). Even though the forward stagnation point of
the V-B (X/D = 1) predicted by LES-LEM and LES-
LEM-EXT are the same, the flow reversal occurs faster
in LES-LEM-EXT, and hence a stronger flow reversal
occurs in the presence of the lifted flame. It can also be
observed the region of break-down is asymmetric and
extends far downstream. The extent of VB predicted
in experiment was ~ 1 diameter. The axial extent
of the VB predicted by LES-LEM is 2.2 diameters,
whereas the G-LES predicts it to be 2.7 diameters.
The reason for the over-prediction of the extent of
the V-B zone may be attributed to the incorrect in-
let radial velocity profiles or to the error in the LDV
measurements in the recirculating flows. Even though
the same profiles are used in the present study, it is not
necessary that the boundary conditions (inlet velocity
profiles) that give a certain solution in RANS should
provide a similar solution in LES. RANS solutions are
inherently dissipative and its prediction are not reli-
able in the presence of swirl and stream-line curvature.
Hence, the inlet radial profiles used in RANS,?® that
gave good agreement with the experiments need not
be the correct inlet velocity profile that was observed
in the experiments.

Figure 8 shows the radial profiles of axial velocity
at X/D = 0.18 predicted using G-LES, LES-LEM and
LES-LEM-EXT. It can be observed that the LES-LEM
with extinction predicts a better shear layer spread
compared to the G-LES. The lifted flame causes a
stronger axial flow deceleration, as explained earlier,
which widens the shear layer.

Figures 9(a) and (b) show respectively, the mean
radial velocity profiles at X/D = 0.18 and 0.72. The
over-all agreement of both models are good.

Figures 10(a) and (b) show respectively, the radial
profiles of the non-dimensionalized mean tangential ve-
locity. Both G-LES and LES-LEM predict peaks at
r/D =~ + 0.38 similar to those in the experiments. Ear-
lier study?? using the G-Equation also showed similar
peaks and it was attributed to the in-adequate res-
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Figure 7 Mean axial velocity contours.
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Figure 8 Radial variation of mean axial velocity
profiles.

olution of the inlet velocity profile measurements by
GEAE. The overall prediction of the mean velocity
fields, (U,V, and W components) by LES-LEM is in
good agreement with the LDV measurements and the
G-LES approach.

4.2 RMS Velocity Profiles

Figure 11(a) shows the RMS profiles of the axial ve-
locity, u' along the center-line of the combustor. Even
though both G-LES and LES-LEM under predicts the
peak turbulence, LES-LEM shows a closer agreement

American Institute of Aeronautics and Astronautics Paper 2003-5083



1 ‘ . ‘ T : T

oo G-EQN

— LES-LEM

=—n LES-LES-EXT
® EXPERIMENT T

Vv /U,

"Tee G-EQN
— LES-LEM _
=—n LES-LEM-EXT

0.75F
i ® EXPERIMENT | 1]

05 -~ .

-0.75 -1

0 0.5 1
r/D

b) X/D = 0.72

Figure 9 Radial variation of mean radial velocity
profiles.

than the G-LES and LES-LEM-EXT. Moreover, LES-
LEM (without the extinction) predicts the rise in v’
at X/D =~ 1, as seen in the experiments. This cor-
responds to the location at which the flame crosses
the center-line of the combustor. Flow acceleration
through the flame enhances the turbulence and hence
increases the RMS of the axial velocity fluctuations.
In case of LES-LEM-EXT, the strong deceleration of
the mean axial flow in front of the lifted flame diverts
the flow around the flame towards the shear layer and
reduces the turbulence intensity near the center line.
However as noted earlier the extinction approach used
in LES-LEM-EXT is a qualitative model and cannot
be used to make any quantitative predictions.

Figure 11(b) shows the RMS profiles of the axial ve-
locity, u' at a radial location (r/D = 0.81) near the
shear layer. Again the magnitude and the trend of
LES-LEM prediction is in very good agreement with
the experiments. G-LES and LES-LEM-EXT over-
predicts the magnitude of the turbulence intensity
along the shear layer. In the case of LES-LEM-EXT,
the asymmetric nature of the lifted flame creates a
stronger turbulence levels near the shear layer.

Figures 12(a) and 13(a) show respectively, the in-
stantaneous and mean iso-surface of temperature, ob-
tained using G-LES and LES-LEM approach. Magni-
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Figure 10 Radial variation of mean tangential ve-
locity profiles.

tude of the iso-surface shown corresponds to T' = 1800
K. Intense wrinkling of the flame surface due to turbu-
lent eddies can be observed. The formation of rib-like
structure at the base of the flame (Fig. 12(b) and
13(b)) clearly shows the effect of swirl on the flame
structure. Swirl imparted to the flame, creates a wide,
but short flame that spans approximately 1/3-rd of the
length of the combustor. LES-LEM seems to predict a
more compact flame compared to G-LES in both the
mean and the instantaneous snap-shots. Figure 12(c)
and 13(c) shows the temperature contours at the mid-
plane in the spanwise direction.

Figures 14(a) and (b) show respectively, the perspec-
tive and side view obtained using the LES-LEM-EXT
(lifted flame) simulation. The flame is seen to stabi-
lize at the forward tip of the V-B encompassing the
recirculation zone. The flame base stabilizes at po-
sitions where the instantaneous strain rates are low.
Figures 15(a), (b) and (c) show respectively the instan-
taneous temperature contours obtained from G-EQN,
LES-LEM and LES-LEM-EXT at a spanwise (mid-
way) location. The lifted flame being stabilized at the
central recirculation zone is apparent in this figure.
This shows that the simple model using the extinction
strain rate criteria in LES-LEM captures some of the
the physics of the lifted flame.
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5 Conclusions

A sub-grid turbulent combustion model, LES-LEM
is used to predict reactive flow-field in a realistic com-
bustor. The results obtained from the LES-LEM
approach is compared with LDV measurements and
another combustion model, G-LES approach which
has been validated in the past.2? LES-LEM performs
reasonably well in predicting the complex high Re,
swirling, compressible, reactive flow-field encountered
in this combustor. GEAE’s operational hardware
(LM6000 DLE combustor). A simple model based
on extinction strain-rate used in LES-LEM is shown
to capture qualitatively the flame lift-off even with a
single-step chemistry. The approach presented here is
more robust and physically intuitive, and can capture
the flame turbulence interactions at all scales without
any need for ad-hoc adjustments that depend on the
regime of the combustion.
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