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A broadened-flame model has been developed for,‘iarge—eddy sfmulation (LES) of

premixed turbulent flows in the thin reaction zoné regime.

To validate the model, a

posteriori tests in a gas turbine combustor (General Electric’s lean premixed dry low
NOx LM6000) has been carried out. A flamelet model for the premixed flame is com-
bined with a dyhamic model for the subgrid kinetics energy and two different turbulent
flame speed models to simulate the propagation of the turbulent flame in this high swirl
and high Reynolds number flow fleld. The conventional thin flame approach and the
new broadened-flame approach are compared. Comparison of the computed results with
expemmental data shows that the broadened-ﬂame model can sxgmﬁcantly improve the

results

1 Introductlon
The flamelet assumption describes a reg1me in pre-
mixed combustion that is often encountered in practi-
cal combustion devices. -Within the flamelet assump-

" tion, the flame thickness § is small (i.e., thin flame)

compared to the smallest dynamic scale (i.e., the Kol-
mogorov scale 77) of turbulence and the characteristic
burning time 7. is small compared to the characteristic
flow time 7¢. As a result, the flame structure remains
laminar and propagates as a-thin front at a speed dic-
tated by the mixture properties. In this regime, the
turbulence only wrinkles and convects the flame with-
.out affecting its structure. -

‘A model equation that describes the propagatlon of

thin flames by convective transport and -normal burn-
~ ing (self propagation by Huygens” principle) is the

G-equation.l'? As discussed by Peters,® other flamelet -

models for the flame surface density can be constructed

the normal propagation at a speed Sr. In this flamelet
model, the flame structure is effectively ignored since
only the propagating surface is modeled. As a result,
the details on reaction rates and species diffusion are

" not needed, which teduces the requlred computational

starting from the G-equation. Here, we consider a con- -

servative form of G-equation which can be written as:

9pG + apu,G
"ot . Oz

=- SLIVGI

N

where G’(:z:z,t) is the progress variable, u; (z =1,2,3)is '

" the velocity, Sy, is the local unstretched lammar flame
speed, p is the mass density, ¢ is the time, and z; is
the coordinate. ‘In the flow field, the value of G is
prescribed in the range [0,1]. Here, G is assigned the
value of unity in the unburned region and zero in the
burnt region with the thin flame identified by a fixed
value of 0 € Gy < 1. Therefore; Eq. (1) describes
the kinematic balance between convection of a level
surface. (deﬁned as G = () by the fluid veloc1ty and
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effort considerably.

'The burning speed appeanng in Eq. (1) is defined
with respect to the unburned mixture. Using mass
conservation through the flame,! the term in Eq. (1) |
can be rewritten by replacing pSy with p,S7. Here, p,

.is the reference reactant density and S¢ is the undis-

turbed laminar flame speed. Note that S§ is constant

~while Sz, increases through the flame.

When a constant laminar flame speed S7 is em-
ployed, the effects-of flame stretch (which include con-
tributions from tangential strain rate in the plane of
the flame and flame curvature) are excluded. In the
past, many attempts were made to include the effects
of flame stretch induced by the mean flow* and cur-
vature effects.5 However, in the present formulation,
flame stretch is implicitly modeled when the turbulent
flame speed is determined. This approach can be justi-

fied since the major effect of flame stretch is to modify

the local burning rate through changes in the diffusive
processes.

The present study.is focussed on developing models
for large-eddy simulations' (LES). In LES, fluid mo-
tion larger than the grid are resolved by solving the
spatially. filtered governing equations. Upon filtering

- (using the spatial filter as defined in Appendix A) Eq.

(1), the followmg G-equatlon for LES is obtained:

8pG + a_uz

sgs

45393‘ - % (2)

~ The ’subgrid terfns fepresenting, respectively, the fil-

1

tered source term and the unresolved transport term
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S%9% = p, S |VG
{ PoSEIVGI 3)

G?gs = ﬁ[u,G - ’ILG]

The unresolved transport term is usually modeled us-
ing a gradient-diffusion assumption,®
J22

~ -2 VG

G =[G ~ iG] ~ — 5=

)
where Sc€ is a turbulent Schmidt number (it is usually
prescribed close to unity but can be calculated as a
part of the solutions using the dynamic procedure as
described in Appendix B). The source term for the
filtered G-equation is approximated as,

§°° = p,SEIVG] ~ poS7|VG] (5)

where St is the turbulent flame speed averaged over
a characteristic LES cell volume. This speed is not
known explicitly and, therefore, must be modeled.

Although many models for Sy have been proposed
in the past, here we consider two typical flame speed
models. The first model is the Renormalization Group
(RNG) model proposed by Yakhot:” '

Uy

Ur = exp [ i3 }
where Ur = Sr/St, Up = v//Sy and ¥/ is the tur-
bulence intensity. This model estimates the increased
flame speed due to flame wrinkling and provides an
elegant closure for the LES equation provided ' can
be determined (which is possible using the subgrid ki-
netic energy model described in Appendix A). This
model also compares well with experimental data in
the low to moderately high u'/Sy, range.® Two unique
features make this model particularly attractive from
LES standpoint. First, this model predicts the rapid
increase in Sr/Sy at low v'/Sy and then a gradual
bending at higher u’/S, consistent with data. Second,
Eg. (6) includes no adjustable parameters to fine-tune.
This feature may also be a disadvantage when the
model does not properly fit experimental data. For
example, some discrepancy between the model predic-
tion and data was noted by Ronney and Yakhot® even
at low Up.

The second model considered here is a model pro-
posed by Pocheau!® who argued that Yakhot’s model
is an approximate solution obtained by a renormal-
ization procedure applied to the Clavin-Williams rela-
tion:!!

(6)

ST u’z
5, = 1+ 5. )
which is valid only at low turbulence intensity level.
Pocheau!® derived an exact solution from a renor-
malization procedure of the Clavin-Williams relation

which is scale invariant in the following form:

Ur = (1+807)"" ®)

2

where v = 2 is chosen to conserve energy and § is an
adjustable parameter. Both these flame models have
been successfully used for various turbulent premixed
problems®12:13 primarily for thin flames in low-to-
moderate u'/Sy regimes.

However, for high +' /S when some turbulent scales
are smaller than the flame thickness, these models are
not directly applicable. The present study describes
a new model that is valid over a wide range of w'/SL
values and is particularly suited for LES. Application
of this model in LES of high Reynolds number flow is
also described in this paper.

2 Rationale for Broadened-Flame
Models

The propagation of premixed flames in turbulent
flows in the thin flame limit can be modeled using a
laminar flame model such as the G-equation model (1)
(with the laminar flame speed Sz) if all the turbulent
scales down to the Kolmogorov scale are resolved and
this Kolmogorov scale is considerably larger than the
flame thickness (i.e., # > §). When all the turbulent
scales are not resolved (as in a LES) but 1 > § then
the filtered equation (2) can be used to simulate the
turbulent flame by employing closure models such as
the ones shown in (4) and (5).

However, if turbulent scales smaller than § exist in
the flow then these scales will disturb the flame struc-
ture thereby invalidating the thin-flame assumption
used in the above noted models. A major effect of
turbulent scales smaller than § is a broadened flame®
with a characteristic thickness larger than ¢ (denoted
here as 0*). As a result of the increased transport
by turbulence within the broadened flame, the lami-
nar flame speed of the broadened flame (denoted here
as S}) will also increase from its undisturbed laminar
value of S;. Analogous to the thin flames, the broad-
ened flame will be wrinkled by turbulent fluctuations
(denoted here as w'*) corresponding to scales larger
than 6*. The characteristic broadened-flame proper-
ties such as 6*, S}, and u'™* need to be determined in
order to incorporate this effect into LES models.

The broadened flame belongs to the distributed
reaction zone regime according to the classical clas-
sification. In this regime, the turbulent scales are
smaller than the flame thickness and begin to pene-
trate into the flame structure and, therefore, strong
flame-turbulence interactions exist. Peters® recently
argued that the small scales penetrate and broaden
mostly the chemically inert preheat zone which ex-
tends into the unburned mixture but do not reach and
modify the reaction zone before dissipating. Based
on this argument, he called this regime the thin re-
action zone regime. The existence of the thin reac-
tion zone regime has also been observed in experi-
ments.!416 This regime was also called an extended
flamelet regime!” based on DNS results.

American Institute of Aeronautics and Astronautics



(€)1999 American Institute of Ae'rohautics & A'stron’autics

Regardless of its -designation and although this

regime is a flamlet-type regime, conventional flamelet

models cannot be directly used. The new-model dis-

‘cussed here to account for flame broadening attempts
to deal with both the flamelet and the thin-reaction
zone regimes under one unifying formulation.
Inclusion of the flame broadening is even more im-
portant for practical applications since it can predict

also derived a relation between u™* and Sz

T2 Cq—n2/3p.m1/2
_»_u__J:‘l n?/3Re, XUp2 (11)
St 1—n2/3Re;*/*
~ and between §* and S}j:
& Aa /SL (12)

the leveling of the constant Reynolds number curves -

at high v'/Sp in the plot of S1/Sy versus w'/Sy.
This behavior has been observed in many situations.
Although the dominating influences are not prec1sely
known, Ronney'® suggested four possible reasons: The
first is a possible subtle change in the exponent in Eq.
(6) obtained kinematic arguments. The second may be
“due to gas expansion and flame instability, which has
been shown to be important at low u'/Sy but may
play a diminishing role at higher u'/Sy.
reason may be due to high flame stretch which, in gen-
eral, reduces the local burning rate. And finally, the
. fourth reason may be due to a transition from flamelet

to distributed combustion where Sy ~ v/u'. Proper.
accounting for this experimentally observed behavior.

is critical since otherwise S7/Sr will be significantly
overestimated for high u'/Sy. e

If flame broadening effect is included con"ectly then

the turbulent flame speed will increase due to fluctu-

ations at scales smaller than the integral length but
larger than the broadened-flame thickness &*.

of scales that contribute to increasing the flame speed
decreases.

comes equal to the S} and S7/S; =1 (but note that

S7/Sr # 1). S} will also increase with increasing u'

since more turbulent scales-are involved i in increasing
the transport rates within the broadened flame. The

gated in the next two sectlons
3 A Broadened'-Flam‘e Model

Ronney and ‘Yakhot® have obtained a relation be-
tween S7 and Sz by assuming Kolmogorov turbulence:

—2X + 2)1/ 2 (9)

" where X = (6% /)3 = O205Rel/2 (6*/0)**® and it
can be obtained by solving. - . - .

28.1
% (ar)
| (10)

In the above relations, Rep = et/ 3¢4/3 ]y and n & 10.76

R61/2
Uz

The third

» When
0* increases for a fixed integral length scale, the range

_ When 8* becomes larger than the inte- -
- gral length, the effective turbulent flame speed be-

Jx3f’X2+2X—2=o. |

 bility is physically justified since for X > n~2/3Re;

~ This model is apphcable only for X < n~?/3Re,

Here, A is a constant to be determined and a* is the
turbulent thermal diffusivity. o

Typically, thin flame models provide a relat10nsh1p
between St/Sy and «'/Sy.. Thus, assuming that the
same finctional relationship holds in the thin reac-
tion Zone regime and substituting these variables with
St/S; and u'*/S}, one can obtain the flame speed
model which includes the flame broademng effects due
to Illg!l Up Any nmn name speea moael can De em-
ployed for this purpose. For example, Ronney and
Yakhot® combined Yakhot s model w1th (9) and (11)
to obtam -

w2 vz 1= n2/3Re;1/2X Uy
Ur = (X* - —2X+ 2) exp [ . —n2/,3.Re‘_1 7 \oz )|

(13)
12

When X = n~2%/ 3R61/ % (i.e., £ = §*), the exponent in

~ Eq. (13) becomes zero and, therefore, this model can-

not be used for X > n=2/ 3Rel/ 2. This limit of applica-
1/2

all turbulent scales lie inside the broadened flame and

'no turbulent energy can exist in‘scales larger than ¢

(note that £ is usually determined by the largest turbu-

.lent scale of the problem). Thus, the turbulent flame

speed cannot further increase in this regime.

- inclusion of these features within a model is mvestl- :

However, the above explanation is no longer valid

‘when LES is considered. In LES, the characteris-
-tic length scale for subgrid turbulence is the largest
unresolved scale by ‘the grid size instead of the in-

tegral length scale which is determined by physical
arguments or geometry of problems. Therefore, a
broadened-flame model for LES needs to be-defined
in terms of the the grid resolution. In this sub-
grid approach, the broadened-flame thickness can be
larger than the grid resolution and the turbulent scales
larger than the grid resolution can further increase the

~ broadened-flame speed. To take this feature into ac-

‘count within the framework of LES, a modlﬁcatlon to

the above model is needed.

4 A Broadened-Flame Model for LES

A bfoad_ened-ﬂame model consistent with LES con-
cepts implies that only information available from the
subgrid turbulence model should be used.. To date,

" most subgrid models use the eddy-viscosity assump-

~ is a constant which appears in 7/ = nRe, 8/4, They -

3

tion and are based either on the algebraic model by

American Institute of Aeronautics and Astronautics



(c)1999 American Institute of Aeronautics & Astronautics

Smagorinsky?® or the one-equation model for the sub-
grid kinetic energy by Schumann.?® For LES of non-
reacting flows using reasonable grid resolutions, the
effects of either subgrid model on the statistical quanti-
ties are usually marginal. However, for LES of reacting
flows, as discussed by Fureby?! in his recent review pa-
per, the one-equation model and its derivatives (i.e.,
dynamic versions) appear to be superior when com-
pared to the dynamic algebraic model.?? In addition,
the subgrid kinetic energy naturally provides an es-
timate for the subgrid turbulence intensity (which is
unavailable when using the algebraic model). For these
reasons, the present formulation is based on the one-
equation model. This model is briefly discussed in
Appendix A.

In the following, we extend the earlier approach dis-
cussed in the previous section and obtain relations
between §*, S}, and u'* for LES applications In the
one-equation model, the subgrid eddy viscosity is ob-

tained by
v = Cy(ksgs)1/2K

where k°9° = l[u — @2] is the subgrid kinetic en-
ergy and A is the grid width which represents the
characteristic length scale for the subgrid quantities.
The subgrid turbulence intensity is related to k®9%:
u' = 4/2k°9%/3 and the subgrid dissipation term in
the kinetic energy model is:

(14)

k598 3/2
Yo
By combining (14) and (15) we obtain:
Vtotal _ Vi +V C,
= 01/3 Res +1 (16)
where Rep; is redefined similarly but using the
subgrid quantities: Rex = (%9°)/3A In/? v =

1.51/2C2*w'A/y. For arbitrary scale §* and corre-
sponding v*, Eq. (16) can be rewritten as

v* C, §*\*/3
7 01/3R2(A) + 1.

If it is assumed that flame broadening is resulted pri-
marily due to increased rates of heat and mass trans-
port with no change in characteristic chemical reaction
times (this assumption is valid as long as the thin
reaction zone of the premixed flame remains free of tur-
bulent disturbances), then this leads to Damkdhler’s

St

hypothesis:2?
ey 1/2
- (&
Sp <0L>

where o* is the turbulent thermal diffusivity based on
scales smaller that 6* and «y is the molecular thermal
diffusivity. Using the following identity

(17)

(18)

a* v* Prp
o v Pr 19)

4

Eqs. (18) and (19) can be combined assuming
Pry /Pr*=1 (here, Pr is the Prandtl number) to ob-
tain a relation between v* and S7:

e\ 1/2
=(— .
Finally, Eq. (17) can be rewritten in terms of S} /S
using (20) resulting in a relation between ¢* and Sj:

*\ 2 N\ 4/3
(%) = C1Re, (%) +1

where C; = C,/C, 1/3.

The turbulent scales smaller than 6* contribute to
increase the laminar flame speed to S}, and to broaden
the flame. On the other hand, the turbulent scales
larger than 6* can wrinkle the broaden flame inside the
each LES cell and, therefore, will further increase the
burning speed to S7. When §* > A, all the turbulence
inside the LES cell will contribute only to broaden the
flame and, hence, the the burning speed at that loca-
tion will be S} .

To close the problem, another relation between &*
and S7 is required. By analogy with laminar flames,
the natural choice is the relation shown in (12). This
relation can be rewritten in the form

SL _ 1 6*
SL CzA

Si

3, (20)

eay)

(22)

where Cy = AU, /(PrRe;) = Av/(PrASL) and Re; =
WA /v = Rey/(1.51/2CL/®). Combining (21) and (22)
results in the following algebraic equation for S} /Sr

Sy SL)4/ 3
- 1
(SL) =Cs (SL *
where C3 = C} C’; / 3Rez. This algebraic equation can

be easily solved for known Res (i.e., u') resulting in
the following solution:

(23)

S;_ 1
Sy 27

%

G (24)

3/2
(904 + ==+ 303)

1, 1,3 1 3y1/2]%/3
where Cy = [5 + ﬁC;; + 15 (81 + 1203) ]
It remains only to determine u"*, the turbulence in-

tensity based only on scales between A and 6. This
is accomplished by subtracting (15) from itself with A

replaced by ¢*:
1/2
SL 2/3
2
[ - (ag) (25)

where C;51/S. = 6*/A and, therefore, u*/Sy > 0
(since u™* =0 if §* > A).

ul* ul

" S
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This broadened-flame model can be applied to aﬁy
turbulent flame speed model. A turbulent broadened-
flame speed model is obtained by substituting (24)
and (25) into the broadened-flame version of Yakhot’s

‘“model: ' » :

[GRGEGEGIRE

" or into the Pocheau’s model" '

() - (?j) +ﬁ(%;>“’

In (27), the first term (R1) on the right hand side
represents the increase in the burning speed due to the

flame broadening and the second term (Rp) represents
the contribution by the turbulence whose scale is larger

7(27A),

than the broadened flame thickness. It is important .

to note that in the limit.of ' — 0, both v*/u' and

S%/S1, become unity and, therefore, the original thin -

flame models are recovered.-

~ Several parameters such as Pr, Cy, Ce, §, 'y and A
. appear in the above formulations. The Prandtl num-
" ber is a property of the flow and is usually, Pr = 0.72.
(14)
.and (15). These parameters can be determined theo-
retically using the RNG method. For example, Yakhot
and Orszag?? calculated C, ~ 0.05 and C. ~ 1.68
from the RNG theory. A dynamic approach to com-
pute these coefficients locally in time and space is
also available.1%25,26
tained by fitting experimental data on turbulent flame
speed. B can be determined by a-dynamic procedure
as well. This procedure is discussed in Appendix B.
For Pocheau’s model, y = 2 based on energy conserva-
tion and the parameter A which appears in the relation
between * and S} (12) has been estimated by Ron-
ney. and Yakhot® to be ~ 6 based on comparison with
the joint-pdf computations of Pope and Anand.?” This
value is employed here without any further fine-tuning.

The parameter § can be ob-'

. -The present model can be applied in the entire
regime where the flamelet assumption including the .

- extended version (i.€., the thin reaction zone regime)

holds. Within this regime, regardless of the grid res-

olution, the broadened-flame thickness ¢* can be of
_ any size and can be .even larger than the grid res-
olution. . In that case, the subgrid-scale turbulence

contributes only to flame broadening and the flame -

. speed is determined by the first term R; on the right

‘hand side of (27) while the second term R, becomes
zero. However, at very high turbulence intensities (i.e.,
‘when turbulence starts to perietrate the thin reaction

zone), flame stretch and local quenching often leads -
Flamelet models cannot be

to global extinction.?®

used beyond this limit even if flame broadening effects
* are included. Therefore, a domain of applicability for

 the flame broadening model needs to identified as de- -

scribed in the next.section.

5 Apphcable Reglme for
Broadened-Flame Models

By rearrangmg (23), one can obtain the following
relation between u'/St and §*/A:

-
u' _“ P.rRel - =

= = ‘ (28)
5t [05R61 (%)4/3 + 1]

172

where Cs = 1.5/ 2051/ C’1 Usmg 31mple turbulence
theory o
é,_ nRe3/4 (29)
Eq. (28) can be r_ewritten using K'olmogorov length
scale n instead'of A

'»5'

. 1/4 . 8.
i. PrRe , p ‘ (30)
St nA o 5 \4/3 1/2

[,ﬁ ()" +1]

where n is a constant which can be estimated based
on the RNG theory: n = 0.123. Once 6* /7 is given for
a known Reynolds number, the correspondmg u'/SL
also can be found.

To determine the regime of appl1cab1l1ty, the struc-
ture of the flame needs to be considered. The flame is

‘believed to be composed of three subregimes. The first

subregime is a chemically inert -preheat zone'which is
followed in sequence by a thin inner Iayer and a post-
flame oxidation layer. All reaction processes occur
inside the. thin inner layer and thickness of this sub-
regime is believed to be an order of magnitude smaller
than the flame thickness. Peters® estimated this thick-
ness using the two-dimensional numerical simulation
datal” of laminar premixed flame interacting with a
vortex pair. In this simulation, the flame fronts were
shown tobe resistant to flame stretch for Karlovitz
numbers of 180 for the case without heat loss. This
value corresponds to a reaction zone thickness of 0.07

times smaller than the flame thickness.

If the Kolmogorov scale is smaller than the thick-
ness of this inner layer, the flame breaks up and the

flamelet assumption (even in extended sense) is no

longer valid. Therefore, by substituting = 0.076*
into (30), one can estimate the turbulent fluctuation
limit for the flamelet model (note that this estimation
is not dependent on the turbulent flame speed model
employed) as follows,
!
2 =2.33Rel*
L

(31)

This. flame assumption limit agrees well with the
quenching limit by Abdel-Gayed and Bradley3!:32 ob-
tained from studies of quenching in fan-stirred ex-
plosion vessels. . They observed that for Re; > 300,

American Institute of Aeronautics and Astronautics




(c)1999 American Institute of Aeronautics & Astronautics

partial quenching occurs when u'/Sp = 2Rei/ 4
total flame quenching when v'/S;, = 3Rei/ 4,

and

Quenching is not solely dependent on flame stretch
due to turbulent eddies or mean strain. Other physical
processes such as thermal processes also affect flame
quenching. However, for high intensity of turbulence,
the flame stretch due to turbulent eddies probably does
play a major role in flame quenching. Figure 1(a)
shows the comparison between the flamelet limit pre-
dicted by the present model and the quenching limit
observed in experiments.?® Clearly the present model
gives an excellent estimate of the quenching limit. This
curve also identifies the upper limit of applicability of
the present broadened-flame model.

Figure 1(b) and (c) show the turbulent flame speed
(St/SL) plots as predicted by the broadened-flame
model (27) in terms of turbulence intensity »'/S;, for
various Re;. Fig. 1(b) shows plots for Re; in the
range from 1 to 50 and Fig. 1(c) shows the flame
speed variation for Re; up to 10,000. Each curve is
plotted in the range of turbulence intensity where the
flamelet assumption is valid as determined by (31).
For Re; = 1, the turbulent flame speed is solely de-
termined by the broadened laminar flame speed (R;)
in the entire range of u'/S;. For higher Re;, the
increased flame speed due to the unresolved subgrid-
scale turbulence (Rz) is added to this broadened lam-
inar flame speed and the final turbulent flame speed
is determined based on these two contributions. The
R, contribution (which appears as a hump at lower
intensity) is estimated using Pocheau’s model with
B = 20 and v = 2. These parameters are obtained
by matching the model with the experimental data on
methane(CHy)/air and ethylene(CoHy)/air flames.34
These experiments were arbitrary chosen and differ-
ent sets of experimental data will result in different
optimal values for the parameters. Therefore, the pa-
rameters need to be calibrated for case by case which is
not elegant from computational standpoint. As an al-
ternate to this approach, a dynamic calibration of the
parameters (as a part of the simulation) is suggested
and briefly described in Appendix B.

The sharp discontinuity in each curve for Re; up to
200 indicates where 6* = A. For higher turbulence
intensity above this discontinuity, the flame speed is
again solely determined by the broadened-flame speed
(R;). For the range where the turbulent flame speed
is solely determined by R;, a higher flame speed is
observed for lower Re; at the same u’/Sp. This is
reasonable since lower Re; with the same «'/Sp im-
plies that smaller grid width is involved. Therefore,
if compared on the same grid, lower Re; case belongs
to higher turbulence intensity location (i.e., broader
flame region where the burning speed is faster). For
Re; higher than 500, the range where the turbulent
flame speed is solely determined by R; disappears.

6

6 Results and Discussion

The results of the current LES are discussed in
this section. Nine different test models are stud-
ied as summarized in Table I. The first letter in the
name of test models (for example, “P” in the test
model PBD20) indicates which turbulent flame speed
model is employed (“Y” for Yakhot’s model and “P”
for Pocheau’s model). The second letter indicates
either the broadened-flame model (“B”) or the conven-
tional thin flame model (“T”). In the broadened-flame
model, the applicability limit was applied, as discussed
in the previous section. In the conventional thin flame
model, a maximum value of u'/Sy, is prescribed to pre-
vent overestimation of turbulent flame speed at high
u'/Sp. Above this maximum u'/Sg, turbulent flame
speed is assumed to be constant. Following earlier
studies,® 13 the maximum u'/S is set to be 20 for
Yakhot’s model and 16.6 for Pocheau’s model. The
third letter indicates if the dynamic model (to deter-
mine the turbulent Schmidt number Sc@ as described
in Appendix B) is employed. If the dynamic model is
used, the letter will be “D”. Otherwise, it will be “C”
which stands for constant turbulent Schmidt number.
The number in the last place indicates the value of
the adjustable parameter 8 in Pocheau’s model and,
therefore, only appears in cases based on Pocheau’s
model. Various values of 3 (i.e., 2, 10, 20, and 30)
were tested. These values were chosen based on our
earlier study'® where 3 was calibrated using the ex-
periment3 of stabilized turbulent premixed flames by
a weak swirl or by a stagnation plate. It was observed
that B = 20 case compares well with the experiment.
Table I also shows time period where time average has
been taken. The time period is summarized in terms
of flow-through times (T'f10,0) based on the mean cen-
terline axial velocity at the inlet. The implication of
this flow-through time is discussed later.

The computational domain is the combustor down-
stream of the dual annular counter-rotating swirler
premixer. This configuration is a part of General
Electric Aircraft Engine (GEAE) company’s lean pre-
mixed dry low NOx emissions LM6000 gas turbine
combustor.?® QOnly reacting LES was conducted and
the results are compared with the experimental data
provided by GEAE. (Nonreacting LES implemented
in a similar combustor can be found elsewhere.’®) A
schematic of the LM6000 gas turbine combustor is
shown in Figure 2. (Note that scale of the com-
bustor is slightly different from the combustor we
studied earlier.®) A highly swirling jet (the maxi-
mum value of tangential velocity component is slightly
greater than the peak value of axial velocity compo-
nent) is injected from a circular inlet under high pres-
sure (P;=6.18x10° N/m?, i.e., Py ~ 6 atmospheres)
and temperature (Ty=644 K) conditions. The com-
bustor comprises of a rectangular box with two blocks
located at top and bottom surfaces from which cool-
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ing air is blown downstream. The Reynolds number
based on the inlet mean streamwise velocity and the -

inlet jet diameter Dy, is 350,000. The premixed fuel-

air mixture has a prespecified laminar flame speed

- of 0.28 m/sec (corresponding to a lean methane-air
mixture). Estimated flame temperature is around
T,=1807 K (based on gaseous emissions). The swirl

pumber § = [ puwrzdr/R I purdr is about 0.56.

The radial number R = fo puvrdr/ _];) pulrdr which
represents the»effeci_; of inlet radial velocity is 0.012.

The Reynolds number is high enough that fully de-
veloped turbulence can be assumed. Observations
suggest that the ratio u'/Sy can be locally as large
~ as 100’s in this combustor. = Using nondimensional

parameters to characterize flame-turbulence interac-
* tions, several regimes of interest can be identified.?
- Typically, Re, Da, and Ka are used for this pur-
pose.. Here, Re = u'f/v (where £ is the integral
_length scale, approximated here by the inlet jet di-

ameter Do), Da = /7. is the Damkdhler number

(which is defined as a ratio of a characteristic flow

time 7; to a characteristic chemical reaction time 7.),’

- and Ka = (61/SpA) dA/dt (where (1/A) dA/dt is the

ployed. A Timitation of the G;equat1on is that it has

_only: two pos31ble states: G = 1 denoting premixed

cold fuel and G = 0 denoting the hot products. In the
experiment, cold air is blown through the side blocks

(see Fig. 2) primarily for cooling the combustor walls.

However, all the combustion process is completed up-
stream of the air ports. To keep the net mass flow
rate in the combustor unchanged, we inject hot prod-
uct (with"G = 0) through the injection port. The
consequence of this injection on the combustion pro-
cess occurring upstream cannot be addressed using the
G-equation, however, it should not be significant.

- The initial conditions were set approximately using
turbulent jet profiles and, therefore, a period of time
was required to wash out the effect of the initial condi-

- tions before results are collected for statistics. The in-

._characteristic outflow boundary conditions

incremental change in flame surface area due to flame -

~ stretch) is the turbulent Karlovitz number which is
' defined to provide a measure of flame stretch. In the
present case, Re = 110,000, Da = 8, and Ka = 42.
According to Peters® the present problem belongs to
~ the thin reaction zone regime. This problem, therefore,

" is a'good test case to vahdate the broadened-flame -

model..

Earher, we stud1ed a s1m11ar combustor under al-
most identical flow conditions'®36 using a conven-

" tional thin flame model based on G-equatlon This

approach was justified based on arguments of the exis- -

tence of an extended flamelet regime.!” A reasonable

agreement between the experimental data and the LES
_results based on the conventional thin flame model was

' obtained. The present study, however, will demon- -

strate that the LES results are further improved in the

flame model.

The computational domain is resolved using a reso-
lution of 97 x 65 x 81 grid points along, the axial, the

radial, and the azimuthal directions, respectively. The

grid was clustered in the regions of interest (such as

racy of this type of coarse grid was investigated and it

flow conditions were specified based on the normalized
profiles provided by GEAE. The inflow turbulent field
was generated by using a specified turbulence intensity

" profile (with an intensity of 7%)-on randomly gener-

ated Gaussian velocity fields. At the combustor exit,
37 were im-
posed. To prevent reverse flow (which will adversely
affect the characteristic outflow boundary conditions)
from appearing near the outflow, a buffer region was
added and its area was linearly contracted by 25%.
For reacting . cases, the effect of the ‘contraction on
the time-averaged LES predictions was negligible as
demonstrated in our earlier study.!3

To obtain statistically stationary results for compar-
ison with the LDV data provided by GEAE, the sim-
ulations were time-averaged for 1.5-16.2 Tfjo, as sum-

‘marized in Table I. The time averaging was taken after

the-initial condition effects ‘were completely washed
out. It usually required an initial run of 5-10 flow-
through. times. Analysis showed that most of flow
properties typically reaches stationary state’ after 5
flow-through times of time averaging. To verify this,
some cases were carried out for more than three times
longer than this period of time averaging. Note that

- for YT'C time averaging was possible for only 1.5 T
thin reaction zone reg1me by adopting the broadened— . gne P y rlow

because the simulation was crashed. . And, as it is
shown below, the results of the test models PBD10 and

" PBD30 were very similar to the results from PBD20.

~the jet shear layer). In the earlier study!3 the accu-

was determined that this resolution is reasonable for

engineering level accuracy.

The numerical algorithm solves the: full unsteady, -

compressible Navier-Stokes equations (with the fil-
tered G-equation and the equation for the subgrid ki-
netic energy) using a finite-volume code that is fourth-
order accurate in space and second-order accurate in
time. The localized dynamic model®®?¢ was also em-

7

Therefore, to save computational cost, longer period
of time averaging was not carried out for these test
cases. :

The key hmltmg condltlon for such long simulations
is the availability of CPU time. The current simula-

tions were carried out on distributed memory parallel
- processing computers (in particular, Cray T3E) using
- the Message Passing Interface (MPI). The paralleliza-

tion strategy has been reported elsewhere.!3 Typically,
120 Cray T3E processors were employed primarily to

- reduce the turn-around time. . As demonstrated ear-

lier,3 the present explicit LES code does scale-up very
well on. the Cray T3E.. A typical simulation on the
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Cray T3E required about 2.2 gigabytes of memory and
about 1,000 single processor hours per flow-through
time. Using 120 processors, it was possible to get one
flow-through in about 8 (real time) hours. Thus, pro-
vided 120 processors were available a complete simula-
tion (i.e., total 10-15 flow-through times which include
5-10 flow-through times for initial run and additional 5
flow-through times for statistics) can be completed in
10000-14000 single-processor hours which in real time
is around 3-5 days. Although this appears to be quite
expensive, it is worth noting that the Cray T3E is
around 2-2.5 times slower than the SGI Origin 2000.
Also, recent timing studies on Intel Pentium II 450
MHz PC cluster suggests that it is as fast (in terms
of computational time) as the SGI Origin 2000. Thus,
the continuing increase in computational speed (ac-
companied by drastic reduction in the cost) and the
scalability of the MPI-based code used here suggest
that such simulations will be feasible in 1-2 days on
systems that may be more affordable in the near fu-
ture.

Figure 3 compares the present LES results with
available experimental data on the mean axial veloc-
ity variation along the centerline. Note that, hereafter,
all velocity components (both mean and turbulence in-
tensity) and the coordinates are nondimensionalized,
respectively, using the maximum mean axial veloc-
ity at the inlet (Up) and the inlet jet diameter (Dp).
Fig. 3(a) compares three different test models which
are based on Yakhot’s model. Fig. 3(b) compares
other three test models which are based on Pocheau’s
model. From these two comparisons, the effects of
the broadened-flame model and the dynamic deter-
mination of the turbulent Schmidt number can be
observed. Fig. 3(c) focuses on the effect of varying
Pocheau’s model parameter 5. Conventional Yakhot’s
model (YTC) predicts the axial velocity variation rea-
sonably well even though it shows some fluctuating be-
havior. This case, however, was numerically unstable
(crashed). When the broadened-flame model is incor-
porated with Yakhot’s model (both YBC and YBD),
the simulation stabilized. These test models predict
a centerline recirculation zone at 14 < z/Dy < 2.8
which was not observed in the experiment. No signif-
icant difference is found between the cases YBC and
YBD.

On the other hand, conventional Pocheau’s model
based on the thin flame model (PTC20 and PTD20)
predicts significantly higher axial velocity after the
flame location at z/Dy = 0.81. Again, no significant
difference is found between the test models PTC20 and
PTD20. Pocheau’s model which is combined with the
broadened-flame model (PBD20) predicts the mean
axial velocity variation most accurately in compari-
son with the experiment. Different values of 8 do not
significantly change this agreement as shown in Fig.
3(c). However, 8 = 20 is the only case which does not

8

result in the noticeable centerline recirculation zone
and, therfore, shows the best agreement with the ex-
perimental data.

Figure 4 shows the nondimensionalized mean radial
velocity (W) profiles in the y-direction at z/Dq
0.18. In this comparison, most of the models behave
similarly and predict the experimental data reason-
ably well except for PBD2. The test models based
on Yakhot’s model (regardless of the thin or the
broadened-flame approach) result in smoother profiles
than those based on Pocheau’s model.

Figure 5 shows the nondimensionalized mean tan-
gential (i.e., swirl) velocity (V) profiles in the z-
direction at the same downstream location (i.e.,
z/Dy 0.18). All the test models result in
more distinguished peaks than the experimental data.
Broadened-flame versions of Yakhot’s model (YBC
and YBD) and Pocheau’s model with 5 = 20 (PBD20)
both show improved prediction in the entire range in-
cluding the near wall region.

A similar agreement is obtained from the compar-
isons between the experimental data and the present
LES results at further downstream locations. One of
the comparisons is presented in Fig. 6 which shows the
y-directional variation of the nondimensionalized mean
radial velocity at /Dy = 0.72. Only the broadened-
flame versions of Pocheau’s model (all PBD’s except
for PBD2) show smooth variation of mean radial ve-
locity profiles in the range of —0.8 < y/Dp < 0.8 as is
observed in the experimental data. The other models *
show some fluctuations in this range.

Figure 7 shows the root-mean-square (RMS) profiles
of the fluctuating axial velocity components (Uprms)
along the centerline of the combustor. The discrepancy
between the experimental data and the LES results is
noticeable in this comparison. The broadened-flame
versions of Pocheau’s model (all PBD’s except for
PBD2), however, still predict the experimental data
better than the other test models. The discrepancy
is mainly due to the inlet condition where nonphys-
ical turbulence is prescribed. Realistic turbulence is
not fed into the computational domain and, thus, for
a small region turbulence has to evolve realistically.
Due to this, the turbulence intensity predicted by all
the LES initially drops near the inlet while the exper-
imental data tends to remain finite there. However,
since swirling jet flows are usually very unstable, realis-
tic turbulent flows are believed to be triggered quickly
near the inlet.

Since the discrepancy between the experimental
data and the LES results is due to the nonphysical
turbulence at the inlet, it is expected that the exper-
iment and the LES become more comparable in the
locations where inlet condition effects are not signifi-
cant. Figure 8 shows one example of such locations.
This plot presents the z-directional (i.e., streamwise
directional) variation of uppys in the corner of the
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- combustor, y/Dy = z/Dy = 0.81. (Note that the
origin of the coordinates is the centerline point at
. the inlet.
side the combustor inlet.) All the LES results shows
ani reasonable agreement with the experimental data.

Main difference between the LES results appear fur-

ther downstream locations where no experimental data

are available therefore, it is not feasible to determine

which model behaves better for this comparison.
Figure 9 shows the y-directional variation of Upms
at /Dy = 0.18. Again, the broadened-flame versions
of Pocheau’s model (all PBD’s except for PBD2) show
- better comparison than the other test models espe-
cially near centerline region (i.e., —0.4 < y/Dg < 0.4).
The other two fluctuating components show sim-
ilar agreement with the experiment at this z loca-
tion and at further downstream locations. Figure 10
shows one typical comparison of these components.
This plot presents the y-directional RMS profiles of
the fluctuating radial velocity components (wrms) at
" z/Dp = 0.72. For this comparison, all the test models
‘based on. Yakhot’s model as well as the broadened-
flame versions of Pocheau’s model (all PBD’s except
for PBD2) show reasonable comparison with the ex-
periment. Pocheau’s model based on the thin flame
assumption and the broadened-flame version model

" but using very low 8 (PBD2) shows the most differ-

ences when compared to the experimental data.

This y and 2z location,therefore, is out-

Arbitrarily chosen instantaneous velocity magnitude :

fields are shown in Figure 11. Instantaneous flame

kernels are also plotted at the same instant to visual- -

" ize the flame-flow interactions.

broadened-flame assumption result in similar shape of
flame kernel which is well correlated with the high-

' - intensity velocity magnitude structures. (these struc-

tures originate from the jet shear layer). On the other
‘hand, the thin flame version models result in flame
" kernels which are located across the high-intensity ve-
locity magnitude structures. As a result, the resulting
velocity fields are significantly different.  While most
of high-intensity velocity magnitude structures are re-

: These flame kernels -
represents the G surface where 0.45 < G < .0.55. .
Both Yakhot’s and Pocheau’s models based on the-

PBDI10, PBD2O and PBD30), show similar flame ker-
nels and velocn;y structures. :

o 7 Conclusions :
- A broadened-flame model for LES of turbulent pre-

‘mixed flames in the thin reaction zone regime has been

developed. This model also has been tested by carry-
ing out LES of high swirl and high Reynolds number
turbulent jet flows in a device that is a part of a real
combustor. The geometry and flow conditions of the

" test problem are chosen to match actual operational

condition for the General Electric’s lean premixed dry
low NOx LM6000 combustor. It has been found that
the broadened-flame model significantly improves the
predictions. For example, Yakhot’s model based on
the conventional thin flame assumption failed (actu-
ally, the simulation has been crashed) in this particular
problem. However, when the broadened-flame model
was combined with Yakhot’s model, the simulation
stabilized and the resulting statistics agreed reason-
ably well with the experimental data. Overall, the
best results were obtained using the broadened-flame
model combined with Pocheau’s model. Although the
results were somewhat sensitive to the value of the
model parameter 8, very similar results were obtained

‘when  was reasonably high (i.e.; 10 < 8 < 30). Note

that 3 can be determined dynamically. as a part of the
simulation as described in Appendix B..In this case,
LES model for premixed turbulent flows is completely
closed. No parameters require a priori calibration or
fine-tuning.
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scales. Following earlier study,®® the flow variables
are decomposed into the resolved (supergrid scale) and
unresolved (subgrid scale) components by a spatial fil-

tering operation. The Favre filtered variable is defined
as, - :

7= (32)

where the over bar represents a spatial ﬁltermg which
is deﬁned as,

ol l's,l

TEd = / @G (s, Z)d (33)
Here, ¢ is the time, 2; (i = 1,2, 3) is the coordinate,
and GY is the filter kernel and the integral is extended
over the entire domain. Applying the filtering oper-
ation (in the present study, a low-pass filter of the

- computational mesh is used, hence, the characteristic

“Velocity and Scalar Characteristics .
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-on the right side of Eq.

size of this filter is the grid width A) to the Navier-
Stokes equations, the following unclosed subgrid term

-representing the .subgrid stress tensor appears in the

filtered momentum equation: -

| T'sg = Pl“zu:l = Uyt (34)

This term can be modeled using the subgrid ki-

netic energy which is obtained by solving the following
(Prt Oz;

transport equation:3°
(35)

6ﬁksgs 0 —~~ 1,808\ . PDSgs_
5 +—a?i‘(pu,k )=P ?
where Pr; i is the turbulent Prandt! number. The terms
(35) represent, respectively,
the production, the dissipation, and the transport of
the subgrid kinetic energy.  The production term is
modeled as P9 = —Tisfs (8;/8z;) where the subgrid
shear stresses Ti7° are evaluated as,

P
sgs
+a

pyvy Ok%9°

sgs

‘='“‘2ﬁVt(Sz'j_ Skk5u) 3Pksgs5n (36)

Here, v; is the ‘subgrid eddy viscosity given by v

. ‘Cu(k‘ggs)i/z—A— and Sij' = %(6&1/69:] -+ 317]/6.'1:;) is the

resolved-scale rate-of-strain tensor.. The dissipation
term is modeled as e%9° = C.p(k*9°)3/2/A, where,
A is a characteristi¢ grid size. 'The two coefficients
appearing in the above equations, C, and C., can
determined dynamically as a part of the solutions
of the LES. The localized dynamic k-equation model
(LDKM) proposed by Kim and Menon?® is one of a

- few dynamic models whose capability has been proven

11

both for reacting and nonreacting turbulent flow sim-
ulations. A detailed description of the LDKM and its
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application to various turbulent flows can be found
elsewhere?®:26:40 and, therefore, is avoided here for
brevity.

B Dynamic Closure for G-Equation

The dynamic procedure used in the LDKM can be
extended to close the G-equation. As in other dynamic
models,?? the LDKM is also based on the assumption
of scale similarity in the inertial subrange. Provided
that enough of the inertial subrange is resolved, un-
closed terms at the cutoff (i.e., the grid size) can be
related to similarly defined terms at say twice the cut-
off (i.e., the test filter width). This then defines a scale
level where explicit filtering is required. The test-scale
field is constructed from the grid-scale field by apply-
ing a test filter which is characterized by A (typically,
A= 2A). Hereafter, the application of the test filter
on any variable ¢ is denoted by 5 and the tgs\t-scale
Favre-filtered variable is denoted by < ¢ >= 'p'd)/,%.

As shown in (3), two unclosed terms were produced
by filtering the G-equation. The model for Gi¥° in
(4) includes a turbulent Schmidt number Sc€ which
can be determined using a dynamic procedure. By
assuming the scale similarity, a similar term can be
defined at the test-filter level and this term can be
closed using the quantities defined at the same level:

(G
gt =5 [(wh) - (@) (G)] m —Cipviet ——gxi>

(37)

where C, = 1/ScC, vtest = C, (ktest)'/* A, and

kst = L ((WrUi) — (W) (W) is the resolved kinetic

energy at the test-filter level. From this equation, C;

can be directly evaluated:

_Géest o <§>

@ "

test
L

In the model for §%9° in(5), the only unknown quan-
tity is St and this quantity can be determined by
employing the turbulent flame speed models. Most
of turbulent flame speed models except for Yakhot’s
model” include an adjustable parameter. Presently,
we use the turbulent flame speed model introduced by
Pocheau.l® Similarly as 5$%9%, St can be defined at
the test-filter level and it also can be modeled using
the quantities defined at the test scale.

V()|

Here, Sy is the grid-filtered laminar flame speed and
is generally not a constant. Sy varies due to the ef-
fect of flame stretch and its expression is obtained by

———

i
Stest = 75, |V G| ~ ot (39)

12

introducing the Markstein length Ls:

~ 26 ol |VG FYel
sL=52—52£M|%§I S3Lu a‘xj l£|vlé!
% G G
%M\vléza%a%ﬁ'(

The turbulent flame speed model also can be applied
to the test-filter level (presently, Pocheau’s model is

adopted):
539“ v _ ultest Y
() =2+ ()

where /¢t = [2 (ktest + £°95) /3]'/2. Finally, by com-
bining these relations, 3 can be evaluated as a part of
LES solutions (i.e., dynamically):

SO Y
p= (u/tfst)

(41)

— ¥
pSL |v§|

Z?W@—)I -1]. (42
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‘Table I. Summary of test Iﬁédéls. '

Test Yakhot(Y) or

Broadened(B) o

—

Dynamic(D) or B

Time-Average
Period (Tflow)

~ Models - Pocheau(P)’s
YTC -

YBC
YBD
PTC20 -
PTD20
PBD20
PBD2
 PBD10

I R R R OO

Thin(T) flame

TWww 33w

Constant(C) Sc®

T NA
NA
NA
20
20
20
2
10
30

_UUUUUOUQO

1.5
6.6
16.2
14.0
7.9
6.0
3.6
2.0
3.3

PBD30
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