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ABSTRACT ARTICLE HISTORY
In this study, large eddy simulations (LES) are conducted using both Received 12 October 2019

a finite-rate chemistry (FRC) model and a flamelet/progress-variable Revised 7 April 2020
(FPV) model for a series of piloted partially premixed methane/air Accepted 8 April 2020

flames of increasing turbulence intensity (Sandia Flames D, E, and F). KEYWORDS

From Flame D to E to F, as flow velocity and strain rate increase, the Turbulent combustion; large
flame is either pushed downstream and extended radially or wea- eddy simulation; finite-rate
kened by enhanced local extinction. The two combustion models chemistry; flamelet/
produce different spatial distributions of both time-averaged quan- progress-variable;

tities and instantaneous flame field. The FPV model provides an differential diffusion
overall better prediction of the time-averaged axial and radial profiles
of Flame D, but a significantly worse prediction of Flame F, primarily
because the FPV model significantly over predicts local extinction. In
terms of the conditional statistics, in which the effects of spatial
distribution of mixture fraction and subgrid-scale (SGS) modeling
are largely “removed,” the FRC model provides better predictions
than the FPV model for all quantities at most locations and mixture
fractions in all three flames. The effect of differential diffusion on the
prediction of a species depends on the molecular diffusivity of that
species; the effect is typically smaller than the difference between the
FRC and FPV models.

Introduction

Because of the rising demand for combustion energy and its severe environmental
impacts, high-fidelity simulation of turbulent combustion has become increasingly impor-
tant. Over the past three decades, large eddy simulation (LES) has drawn significant
attention, and its prediction capability has progressively improved. Numerous LES turbu-
lent combustion models have been developed, and they can be classified into two major
categories: finite rate chemistry (FRC) models and reduced-order manifold models.
Examples of FRC models are the laminar chemistry model (Gonzalez et al. 2017; Potturi
and Edwards 2013), the perfectly-stirred reactor (PSR) model (Lysenko, Ertesvag, Rian
2014), the partially-stirred reactor (PaSR) model (Marzouk and Huckaby 2010), the linear-
eddy model (LEM) (Menon and Kerstein 2011), the Monte Carlo method for Lagrangian
filtered probability density function (FDF) transport equations (Pope 1985), and the
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thickened flame model (TFM) (Legier, Poinsot, Veynante 2000). Examples of the reduced-
order manifold models are the steady laminar flamelet model (Peters 1984), the
Lagrangian flamelet model (Pitsch and Steiner 2000a, 2000b), and the flamelet/progress-
variable (FPV) model (Pierce and Moin 2004).

An advanced reduced-order manifold model, the FPV model (Huo and Yang 2017;
Pierce and Moin 2004; Yang, Lew, Mueller 2019a) was developed to account for a low level
of local extinction, re-ignition, and unsteady mixing (Pierce and Moin 2004). It incorpo-
rates a transport equation to track a progress variable, but it cannot handle multiple-feed
streams without a third parameter or more. Using three or more parameters makes the
look-up library very difficult to handle, due to the excessive computer memory require-
ments and the enormous time required to build up the library. Furthermore, a higher-
dimensional look-up library requires more efficient data retrieval processes, and a coarser
table grid often introduces larger interpolation errors.

To overcome the above limitations, detailed FRC models are preferred. Previous studies
have shown that the accuracy of the simple laminar chemistry model is similar to that of
other classical Eulerian subgrid-scale (SGS) closure models (Gonzalez et al. 2017; Potturi
and Edwards 2013), so the laminar chemistry model is used in the present study.
Compared to reduced-order manifold models, detailed FRC models are computationally
intensive for LES application because of the large number of species transport equations
and their associated numerical stiftness. To reduce computational requirements, conven-
tional FRC-LES often uses over-simplified chemical kinetic models, but this induces
significant deviations, especially for low temperature chemistry (Ju et al. 2016; Rousso
et al. 2017; Zhang et al. 2017, Chen et al. 2019). To tackle this challenge, a regime-
independent framework of a point-implicit stiff ODE solver (ODEPIM) (Bussing and
Murman 1988; Katta and Roquemore 2008) and a correlated dynamic adaptive chemistry
package (CoDAC) (Sun et al. 2015) were developed. CoDAC generates locally reduced
chemical models for different spatial locations and time steps, and only calculates the
reaction rates of selected species and reactions. This framework (Yang 2017) has been
comprehensively evaluated in simulations of laminar plasma-assisted combustion (Yang
et al. 2016a, 2017a, 2015, 2016b), and in direct numerical simulations (DNS) of turbulent
premixed (Yang et al. 2017b) and non-premixed (Yang et al. 2017¢c) flames. The frame-
work accelerates the chemistry solver significantly (20-50 times), and this allows FRC LES
using chemical kinetic models of reasonable size in a computationally efficient manner.

In our previous study (Yang et al. 2019b), for the first time, this efficient framework for
FRC was incorporated into a preconditioning scheme (Hsieh and Yang 1997; Meng and
Yang 2003; Zong and Yang 2007) to enable an Eulerian LES in a fully compressible
computational fluid dynamics (CFD) solver, whose range of applicability is much broader
than low Mach solvers. This framework was applied to a low Mach number piloted
turbulent partially premixed flame (Sandia Flame D). In the present study, the same
framework is used to investigate Flames E and F, which have higher bulk velocity and
shear strain rate (thus turbulent intensity) than Flame D, and therefore more local
extinction and unstable events. Specifically, the Reynolds numbers of Flames D, E, and
F are 22400, 33600, and 44800, respectively. The results for Flames E and F are compared
to those of Flame D from the previous study using the same model.

Compared to Flame D, there have been significantly fewer studies of Flames E and F, and
most of them have employed low Mach number CFD solvers. The FPV reduced-order
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manifold model has been employed for Flames D and E (Thme and Pitsch 2008). Among the
FRC models, most of the reported studies employed transported FDF models, including both
Lagrangian (Flame D and E) (Raman and Pitsch 2007) and Eulerian (Flames D-F) (Jones and
Prasad 2010) FDF models.

To the best of our knowledge, direct comparisons between reduced-order manifold and
FRC models have never been made for Flames E and F. Here, therefore, the results from the
laminar chemistry FRC model are systematically compared to results from both the FPV
model and the experimental data for all Sandia flames. For self-consistency, both combustion
models are coupled with a fully compressible CFD solver using a preconditioning scheme
(Hsieh and Yang 1997; Meng and Yang 2003; Zong and Yang 2007), whose range of
applicability is much broader than low Mach number solvers. In addition, the effect of
differential diffusion is evaluated to differentiate it from the effect of chemistry modeling.

Theoretical formulation

The Favre-averaged fully compressible Navier-Stokes equations of mass, momentum, and
energy are presented as follows:
op n Opti;
ot ax,-

=0 (1)

Opit;  O(pitit + pby) _ (s - 7) )
ot Ox; B Ox;

OpE | O((PE+P)i) 0 . e e
E+8—9q_5_%(qi+u]TlJ_Qi - H¥ + ) (3)

In Eq. (2), the pressure gradient term é%? is proportional to 1/M?. In low Mach number
flows, this term becomes singular and introduces large numerical challenges, and this
requires an extremely small time step and makes the simulation computationally infea-
sible. A viable solution is to employ a preconditioning scheme (Hsieh and Yang 1997;
Meng and Yang 2003; Zong and Yang 2007) for a fully compressible solver, whose range
of applicability is much broader than low Mach number solvers. The unclosed terms in
Egs. (1-4) are the SGS terms, which are closed by algebraic Smagorinsky type models
(Moin et al. 1991; Smagorinsky 1963; Unnikrishnan et al. 2017).

In this study, two combustion models are considered: an FPV model and an FRC
model. The following sections describe in detail the formulation of both models.

Finite-Rate Chemistry (FRC) model

FRC models are preferred to handle flows that involve variable molecular Lewis numbers
for differential diffusion, extinction, ignition, emissions, and multi-mode combustion. In
this study, the detailed species transport equations are tracked in an Eulerian formulation.
The Favre-averaged fully compressible equation of the k-th species is presented as follows:
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where the effective diffusivity of the k-th species Dy o = Dy + Dy = Dy + pP}:fLef , Dy is the
molecular diffusivity of the k-th species, Dy, is the SGS turbulent diffusivity of the k-th
species, and g, is the SGS turbulent viscosity calculated from the algebraic Smagorinsky-

type model. SGS turbulent Prandtl number Pr; = 0.7 and SGS turbulent Lewis number
Le; =1 are used in this study. The unclosed term Wy, on the right-hand side in Eq. (4) is

the filtered species net mass production rate. For simplicity, wy is modeled by the laminar
chemistry model, because past investigations have shown that its accuracy is similar to
that of other, more complex, classical Eulerian SGS closure models (Gonzalez et al. 2017;
Potturi and Edwards 2013). The chemical source terms introduce a large and stifft ODE
system, rendering the detailed FRC model computationally prohibitive. In the implemen-
tation, the ODEPIM (Bussing and Murman 1988; Katta and Roquemore 2008) and
CoDAC (Sun et al. 2015; Yang et al. 2017b, 2017¢, 2016b) techniques are utilized to
accelerate the calculation.

Flamelet/Progress Variable (FPV) model

In the FPV model (Huo and Yang 2017; Pierce and Moin 2004), instead of solving the
transport equations of filtered chemical species, we solve the transport equations of the
filtered mixture fraction and progress variable:

opz OpwzZ) 9 (__ IZ

oF + “ox. o PDeffa—xi (5)
apC  opuC) d (__ IC\ -
W + axi = 8_x, pDeﬂa—xi + wc (6)

Without solving the transport equations of filtered chemical species, the FPV model

assumes a unity Lewis number for the effective diffusivity Doy (i.e., Doy = %), and the

effective thermal conductivity Az = A + i.‘?%‘, where A is the molecular thermal conductiv-
ity. Pr, = 0.7 is used in this study. The model therefore cannot directly capture the
differential diffusion effects, although it can partially capture the effects by tabulation
using flamelet solutions with differential diffusion. In regions with low turbulence inten-
sity, turbulent diffusivity becomes negligible, and differential molecular diffusion effects
could be important, leading to relatively substantial errors of the FPV model. On the other
hand, in regions with high turbulence intensity, turbulent diffusion can be very important
and even dominant, so that the effective differential diffusion approach used in the FRC
model is not necessarily better than the unity effective Lewis number approach in the FPV
model to represent the transport process.
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In the present study, the Bilger mixture fraction Z (Bilger 1993) is defined as:

0 5 X YH7YH.coﬂuw + 2 X YC7YC,coﬂnw
_ ) Wy Wc
zZ= 0.5 x Y jet— YH coftow +2x Yc jet—Yc.coftow )
: Wi We

where the ‘coflow’ subscript represents the co-flow feed, the jet’ subscript represents the
main fuel jet feed, and the other quantities are the measured samples. The progress
variable C is simply defined as:

C=Yeo+ Yco2 + YH2 + YHZO (8)

During the simulation, the filtered species mass fractions are retrieved from the library as
functions of filtered mixture fraction, its variance, and the filtered progress variable. This
could cover part of the unstable branch of the S-shaped curve of ignition and extinction,
and hence could partially account for the unsteady effects.

Results and discussion

The Sandia flames (Barlow and Frank 1998) have been fully characterized through a series
of detailed experiments on a piloted turbulent partially premixed methane/air flame
configuration. From Flame D to Flame F, the bulk velocities of both fuel jet and piloted
flame are increased (see Table 1). Full experimental data sets are available, and the flames
have been simulated many times for validation purposes (Jones and Prasad 2010; Pitsch
and Steiner 2000a; Raman and Pitsch 2007). In this study, Flames D, E, and F are
simulated using both the FRC and FPV models. To the best of our knowledge, this
work is the first attempt to employ a fully compressible solver with an Eulerian FRC
model for Flames E and F. The detailed flow conditions are presented in Table 1. Unlike
previous studies using low Mach number CFD solvers, the present work employs a fully
compressible CFD solver with a preconditioning scheme, whose range of applicability is
much broader than those of low Mach number solvers.

The computational domain is from 6 mm upstream of the inlet to 600 mm downstream
of the inlet, 36 mm in the radial direction at inlet, and 150 mm in the radial direction at
the end of the domain. We use 310 grid points in the axial direction, 130 points in the
radial direction, and 64 points in the azimuthal direction. Grid clustering is employed to
resolve the high gradient regions near both the inner and outer shear layers. The total
number of grid points is approximately 2.6 million. The experimentally specified velocity
profile and turbulence intensity are enforced at the inlet, while a fixed back pressure is set

Table 1. Flow conditions of Sandia Flames D, E, and F (Barlow and Frank 1998).

Inner diameter ~ Outer diameter ~ Bulk velocity =~ Temperature
Composition (mm) (mm) (m/s) (K)

Fuel jet 25% CH4/75% air (by volume) 7.2 7.7 D: 49.6 294
E: 744
F: 99.2

Piloted flame  Equilibrium: CH,/air mixture 7.7 18.2 D: 11.4 1880
(¢ =0.77) E: 171
F: 22.8

Coflow Air 18.9 N/A 0.9 291
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at the outlet. A methane chemical mechanism with 20 species and 84 reactions (Yang et al.
2019b) is used in both combustion models. The chemical mechanism was reduced from
GRI-Mech 3.0 (Smith et al.) using the Global Pathway Selection (GPS) algorithm (Gao,
Yang, Sun 2016) and verified in terms of homogeneous ignition delays, extinction curves
in the perfectly-stirred reactor (PSR), and laminar flame speeds. The time-averaged
statistics are calculated after three flow-through-times, to allow the flow field to reach
its statistically stationary state.

Spatial distribution of reactivity

Figure 1 shows instantaneous spatial distributions of numbers of active species and
reactions for the three flames, generated from the CoDAC method (threshold = 2%).
CoDAC generates locally reduced chemical kinetics for each spatial location and time step,
and each locally reduced chemical mechanism has small numbers of active/remaining
species and reactions (often much smaller than the full mechanism) to represent the
reactivity of the location and time step. These numbers are good indicators for the level of
reactivity. In the zone outside the expanding jet brush, only 2 species (preselected seed
species: fuel and oxidizer) and zero reactions are selected, because no chemical reactions
occur there. In the highly distributed turbulent partially premixed flame zone, most of the
species and reactions in the full mechanism are selected. Note that from Flame D to E to F,
due to increased velocity and enhanced mixing, the flame zone is enlarged radially and
extended further downstream. There is a large buffer zone (green) between the zone
outside the expanding jet brush and the highly distributed turbulent partially premixed
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20 m species Flame D i l Reactions

0 5 101520 0 20 40 60 80

10

r/d
o

-10

| ST NN YT TN S S SO S AN T T T [ YO s oo " N N SN M) N TN Y Y N TS S AT TN T B B b .

-20
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Figure 1. Instantaneous spatial distributions of numbers of active species (left) and reactions (right),
generated from the CoDAC method with the FRC-LES approach for Flames D (upper), E (middle), and
F (lower).
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flame zone, with intermediate numbers of selected species and reactions. Similar to the
flame zone with almost full mechanism, from Flame D to E to F, this buffer zone is also
enlarged radially and extended axially downstream. The reduction in numbers of species
and reactions at most spatial locations is responsible for the acceleration of the chemistry
calculation using the CoDAC method.

Figure 2 shows the time-averaged spatial distributions of temperature, calculated by
both FRC and FPV approaches. Intense combustion regions can be observed in two of the
three flames and in Flame F as predicted by FRC at approximately x/d = 40, where almost
complete mixing and combustion are achieved to reach peak temperatures. Flame F as
predicted by FPV is almost completely extinguished at that location. Because of the
increasingly high bulk velocity in Flames E and F, the flame is either pushed further
downstream (from E to F, predicted by FRC) or weakened due to the enhanced local
extinction (from D to E to F, predicted by FPV). Overall, the time-averaged spatial
distributions predicted by the two approaches are different, and the difference is between
the two approaches increases significantly from Flame D to E to F.

Unlike the time-averaged temperature distributions, the instantaneous temperature
distributions of the two models are quite different, as shown in Figure 3. The flames all
have very dynamic jet flow and flame structures, and some level of local extinction. Near
the inlet, the piloted flame shows enhanced combustion stability and minimized local
extinction. In the downstream locations, the co-flow and fuel jet interact with each other
in the high temperature shear layer, which results in more local extinction. The topological
differences between the two models are more apparent than in the time-averaged
counterpart.

For Flame E, FRC-LES predicts no flame near the axial center line from the inlet to
x/d = 60, but FPV predicts intense combustion regions across the center line, which is
consistent with the time-averaged distributions shown in Figure 2. Near the inlet,
FRC-LES predicts that the piloted flame can survive further downstream, to wrap
around the shear-layer-generated vortices, but the FPV-LES predicts that the piloted
flame is quenched much further upstream, before reaching the vortices, which agrees
with previous FPV studies (Thme and Pitsch 2008). This can be explained by low
turbulence intensity near the inlet, where the flow field is close to laminar. This fact

500 1000 1500 2000
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ﬂ
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Figure 2. Time-averaged temperature distributions for Flames D (upper), E (middle), and F (lower),
using FRC-LES (left) and FPV-LES (right).
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Figure 3. Instantaneous temperature distribution. From left to right: Flame E from FRC-LES and from
FPV-LES at the same time instance, Flame F from FRC-LES and from FPV-LES at the same time instance.

indicates that near the inlet (Han, Raman, Chen 2016; Pitsch and Steiner 2000a) the
effect of differential molecular diffusion is important, but it cannot be tracked by the
FPV model if the unity Lewis number is assumed.

For Flame F, FRC-LES predicts that the flame is pushed further downstream because
the bulk velocity is higher than in Flame E, but FPV predicts more significant local
extinction and finer structures in the same downstream region, which agrees with the
time-averaged distribution in Figure 2. This means that the local scalar dissipation rates in
that region are sufficiently high to go beyond the extinction point on the S-curve, but the
FRC-LES prediction can deviate from the S-curve to obtain lower local scalar dissipation
rates (supported by the data but not shown here), such that the flame is still not
extinguished.

In the downstream locations of both Flames E and F, the FPV model predicts relatively
smaller high temperature regions than the FRC model, and a completely different topol-
ogy (more local extinction and finer structures). Unlike for Flame D (Yang et al. 2019b),
there are large deviations between the two models in both the upstream and downstream
regions. It is not obvious which model is closer to the experiment, because a quantitative
experimental measurement of instantaneous temperature distribution is not available.
Considering the relevance to unsteady/un-stationary phenomena such as ignition, extinc-
tion/lean blow-out (Esclapez et al. 2017), and combustion instability (Li et al. 2017), the
above differences between the two models are important issues.

To better understand these differences, detailed spatial distributions of species are
presented. Figure 4 compares the instantaneous distributions of OH radical predicted by
the two models for Flames E and F. The OH profiles from both models are extended
further downstream in Flame F due to the higher bulk velocity. For Flame E, in the
upstream locations (x/d < 20), the FRC model predicts significantly higher OH concen-
tration than in its FPV counterpart, and this agrees with the early quenching of the piloted
flame predicted by the FPV model in Figure 3. In the downstream locations, the FPV
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Figure 4. Instantaneous Yoy distribution for Flames E and F with different combustion models.

model predicts much broader regions with high OH concentration for both flames. In the
same locations, however, the FPV model predicts smaller high temperature regions and
more local extinction, especially for Flame F, as shown in Figure 3. This seems to
contradict the general understanding that higher radical levels indicate stronger heat
release and higher temperature.

To explain the aforementioned observation, the instantaneous distributions of CO
mass fraction from the two models are compared in Figure 5. As for OH concentration
(Figure 4), the CO profiles from both models are extended further downstream in Flame
F than in Flame E, due to the increasing bulk velocity. For Flame E, the FPV model

100 100
L] co A co
2 L 0.06 L 0.06
0.05 0.05
80 | B || oos 0 B | oos
3 F | 003 - || 0.03
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Figure 5. Instantaneous Yo distribution. From left to right: Flame E from FRC-LES and from FPV-LES at
the same time instance, Flame F from FRC-LES from FPV-LES at the same time instance.
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predicts lower CO concentration than its FRC counterpart throughout the flow field.
Because CO+OH = CO, + H is a key heat release reaction and a rate-controlling step,
the FPV model predicts significantly smaller high temperature regions (more local
extinction and finer structures) and this also partially explains its over-prediction of
OH in the downstream locations. The FPV model also predicts a lower concentration of
combustion products (CO, and H,O) in the downstream region (not shown here, for
brevity), which further confirms the above conclusion. In contrast, for Flame F,
although the FRC model still predicts higher peak CO concentration than its FPV
counterpart in the downstream locations, the FPV model predicts a broader but broken
region of intermediate CO concentration. Considering the intense local extinction
shown in Figure 3, for the Flame F predicted by FPV-LES, it is apparent that the strong
strain rate first distributes the flame, then extinguishes it locally to create finer struc-
tures, but the CO concentration takes a much longer time to decay due to the lack of
consumption.

On the other hand, the FPV model predicts smaller regions of high CH, concentration
for both flames (Figure 6). For this reason, a good portion of the carbon must be carried
by intermediate species between CH, and CO, primarily CH,0 and HCO (Zhao et al.
2017). The conversion from HCO to CO is rapid, and thus only a very low HCO
concentration can be accumulated (up to 10> by mass fraction). In the database of the
FPV table consisting of one-dimensional steady counterflow flamelet solutions, the flame
temperature is higher than that under real unsteady conditions in turbulent combustion,
so CH,0+OH = HCO+H,O tends to dominate the conversion from CH,O to HCO. In
contrast, in Figure 3, many lower temperature (approximately 1200 K) ‘holes’ are visible in
the intense combustion regions; in these regions, CH,0+0, = HCO+HO, should dom-
inate the conversion from CH,O to HCO during the unsteady evolution. However, the
steady FPV table cannot capture the unsteady evolution history of the flame and may

| LA FRLEN B N L B N B B N B p S

TR | L1 TR |
0 - - 0 20 -20 0 20
r/d r/d r/d r/d

Figure 6. Instantaneous Yy, distribution. From left to right: Flame E from FRC-LES and from FPV-LES at
the same time instance, Flame F from FRC-LES and from FPV-LES at the same time instance.
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overlook this important reaction. Therefore, in those holes, the carbon element in FPV-
LES is partially stuck at CH,O and will tend not to further convert into HCO and CO, as
evidenced by CH,O mass fraction accumulated up to the 107 level.

The discrepancies between the two models could come from the different transport
models (by default: differential diffusion model for FRC-LES and unity Lewis number
model for FPV-LES), the FPV library, the unsteady evolution of filtered mixture fraction
and progress variable in the FPV model, or some combination of these factors. For this
reason, in the following sections, predictions from the two models will be compared with
the experimental data, based on: (1) time-averaged axial and radial distributions of
temperature and mixture fraction; and (2) time-averaged conditional statistics in the
mixture fraction space.

In addition, the effective Lewis numbers of species will approach unity under high
turbulence intensity (Wang 2016), because the dominance of turbulent diffusivity over
molecular diffusivity is strong. On the other hand, since the state of the art of SGS
modeling contains significant uncertainties (typically 100% or larger), SGS turbulent
diffusivity Dy, cannot be modeled very well in the FRC model (Dy; = /#:Let in this
study). For this reason, FRC-LES using the unity effective Lewis number assumption

(i.e., Dyoff = Doy = % with A = A + El‘-;_:‘l,t) is also conducted to evaluate the effect of
transport model choice for all three flames, such that FRC and FPV use the same transport
model. This should make clear whether, and if so how much of, the discrepancy between

the results from FRC and FPV is due to differential diffusion.

Axial profiles

Figure 7 shows the axial distributions of the time-averaged statistics for temperature and
mixture fraction. The mixture fraction profile becomes steeper from Flame D to E to F due to
the enhanced turbulence intensity, but the temperature profile is not pushed downstream
significantly. In addition, the peak temperatures are not at the stoichiometric mixture fraction
of 0.35 for all three flames. This means that the thermochemical states deviate from the steady
flamelet solutions due to the strong local dissipation rates. Both models under-predict the
peak values in the intense combustion region (x/d = 40 ~ 60), but the FRV model predicts
more accurate peak temperatures than the FRC models do for Flames D and E (which are
closer to the “flamelet” regime), and the FRC models predict a more accurate peak tempera-
ture than the FPV model for Flame F (which has higher Mach number). The profile of the
FRC model with unity Lewis number, even though it is a hybrid of the two default models, is
not always located between their profiles. For temperature, the FPV model provides a better
prediction at the upstream locations (x/d < 40), in terms of both qualitative trends and
quantitative values, while the FRC model is better at the downstream locations (x/d > 50).
For mixture fraction, the FPV model provides a better prediction at most locations for Flame
D (which is closer to the “flamelet” regime). For Flame F (which has higher Mach number),
the FRC models are significantly closer to the experimental data than the FPV model, which
erroneously predicts an overly rapid decay of mixture fraction and complete extinction. The
profile of the FRC model with unity Lewis number is close to the default FRC model for
Flames E and F, but is too high for Flame D.
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Figure 7. Axial profiles of mean temperature (upper) and mixture fraction (lower) of Flames D (left),
E (middle), and F (right), from the experiment, the FRC-LES approach, and the FPV-LES approach. Z is
the stoichiometric mixture fraction of 0.35, Le; means the differential diffusion model, Le = 1 means the
unity Lewis number model.

Radial profiles

Figure 8 shows the radial distributions of time-averaged temperature at four axial locations. At
most axial locations, the peak temperature gradually decreases from Flame D to E to F due to
the increasing strain rate, except at x/d = 45, which is in the intense combustion region for all
three flames. At the upstream locations (x/d = 7.5 and 15) both models agree well with the
experiment near the centerline, but mismatch the outer region (r/d > 0.6), especially for
Flames E and F. On the contrary, at the downstream locations (x/d = 30 and 45) both models
agree with the experimental data in the outer region (except for the FPV model for Flame F)
but under-predict near the centerline (except for the FPV model for Flame D at x/d = 30). As
in the axial distribution, the FPV model provides slightly better prediction than the FRC
models for Flame D, but significantly worse predictions for Flame F. For most locations in the
three flames, the FRC-LES with two transport models provide very similar predictions.
Figure 9 shows the radial distributions of time-averaged mixture fraction at different
axial locations. The time-averaged mixture fraction near the centerline gradually decreases
along the axial direction, indicating significant entrainment/mixing of the fuel jet with
pilot and coflow. Predictions from both FRC and FPV models are in fairly good agreement
with experimental data (except FPV model for Flame F), and are significantly better than
the temperature predictions. Near the centerline, the FRC models often over-predict the
mean mixture fraction, possibly due to their over-prediction of fuel jet entrainment and
mixing in that region. In contrast, the FPV model always under-predicts the centerline
mixture fraction. As noted with respect to temperature, the FPV model provides a better
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Figure 8. Radial profiles of time-averaged temperature of Flame D (upper), E (middle), and F (lower),
from the experiment, the FRC-LES approach, and the FPV-LES approach. Le; means the differential
diffusion model, Le = 1 means the unity Lewis number model.

prediction than the FRC models for Flame D, but a worse prediction for Flame F. Far
away from the centerline, the predictions of the two models are relatively closer to each
other. The effect of the transport model is relatively small, and the profile of the FRC
model with unity Lewis number does not always appear between the profiles of the two
default models.

In summary, the FPV model provides slightly better predictions than the FRC models for
Flame D, but significantly worse predictions for Flame F. The relatively poor performance of
the FPV for Flame F is because the FRC models more accurately capture extinction and
ignition. The predictions of FRC-LES using different transport models are often close to
each other, which suggests that the effect of transport modeling is relatively small. In
addition, the profile of the FRC model with unity Lewis number does not always reside
between the profiles of the two default models. Therefore, when the FPV model is slightly
better at predicting spatial distribution than the FRC models (e.g., Flame D), it may be
because of the lack of SGS modeling of chemical source terms in the FRC model.

Conditional statistics

The FPV model predictions differ from those of the FRC models partly due to their
different predictions of the spatial distribution of mixture fraction. To compare other
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Figure 9. Radial profiles of time-averaged mixture fraction of Flame D (upper), E (middle), and
F (lower), from the experiment, FRC-LES approach, and FPV-LES approach. Le;: differential diffusion
model, Le = 1: unity Lewis number model.

aspects of the two models, especially the chemical kinetics, we need to partially “remove”
the effects of spatial distribution and SGS modeling by investigating the conditional
statistics in the mixture fraction space. Furthermore, the conditional statistics can also
offer insight into the turbulence/chemistry interactions and illustrate the difference
between the FPV tabulation and FRC.

Figure 10 shows the conditional mean temperature at four axial locations, for which the
experimental data contains 3% systematic uncertainty. From Flame D to E to F, for most
axial locations (x/d = 7.5, 15, and 30), the peak temperature is decreasing due to the higher
strain rate. Results from the FRC models agree better with the experimental data than
their FPV counterparts for all locations and flames and almost all mixture fraction values,
especially for Flames E and F, due to the over-prediction of extinction from FPV. The
predictions of the FRC-LES approach are better in the upstream locations than in the
downstream locations. In the downstream locations (x/d = 30 and 45), both models agree
well with the experimental data on the fuel lean side, but under-predict the mean
temperature on the fuel rich side. The FRC model with unity Lewis number predicts
profiles that are similar to those of the FRC model with differential diffusion, which
confirms that the effective Lewis numbers of species responsible for heat release are close
to unity. Due to the entrainment/mixing of the fuel jet with the pilot and coflow in the
downstream locations, all profiles end up with mixture fraction values significantly smaller
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Figure 10. Conditional average of temperature for Flames D (upper), E (middle), and F (lower), from the
experiment, FRC-LES approach, and FPV-LES approach. Le;: differential diffusion model, Le = 1: unity
Lewis number model.

than unity. Of course, a given location could be lean, stoichiometric, or rich at different
time instances. In that case, the time-averaged data at a single location will include
instantaneous lean, stoichiometric, and rich data, and the trends will partially offset
each other, such that the mean data will show smaller differences than the instantaneous
data (Figures 2 and 3).

Figure 11 shows the conditional mean of Yp,o to represent major combustion
products, for which the experimental data contains 4% systematic uncertainty. The
performance of the two models is like their predictions for the time-averaged condi-
tional temperature, which indicates that most of the heat release is closely correlated
with the formation of H,O. From Flame D to E to F, for most axial locations (x/d = 7.5,
15, and 30), the peak Yy, value is decreasing due to the higher strain rate. For all three
flames, the value of Yy, o at x/d = 45 is higher than that at x/d = 15, and this is probably
attributable to re-ignition. Furthermore, the partially premixed burning (the triple-
flame structure) at x/d = 45 creates a plateau region in the Yy, profile, which does not
exist in pure diffusion flames. Results from the FRC model agree better than the FPV
model with the experimental data for all the locations and flames, especially at the
upstream locations (x/d = 7.5 and 15). In some upstream locations (x/d = 7.5 and 15 of
Flame D and F), the FRC model agrees very well with the experimental data for almost
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all mixture fraction values. Like the temperature results, both models can provide good
prediction on the fuel-lean side. Near the stoichiometric mixture fraction of Z = 0.35
and on the rich side, however, the FPV model predicts significantly smaller H,O
concentration than the FRC model. As in the temperature profiles, for Flame F, the
FRC model with unity Lewis number predicts similar profiles as the FRC model with
differential diffusion; the differences are slightly larger than for temperature, because

Mixture Fraction

Mixture Fraction

the molecular diffusivity of H,O is approximately 0.8.

Figure 12 shows the conditional mean of Yoy, representing radical species, for which the
experimental data contain 10% systematic uncertainty. At upstream locations (x/d = 7.5 and
15), the results from the default FRC model agree with the experimental data very well
(except for x/d = 15 of Flame E), while the FPV model predicts significantly lower peak values.
From Flames D to E to F, the peak value decreases. At the downstream locations (x/d = 30
and 45), both default models significantly under-predict the peak values for all the flames,
and the peak values of the three flames are similar, but the FRC model with unity Lewis
number captures the peak values of Flame D very well. On both the lean and rich sides of the
flames, the predictions from the FRC models agree better with the experimental data than
does the FPV counterpart. The differences between the unity Lewis number and differential
diffusion models are greater than in the H,O profiles, because the molecular diffusivity of OH

is approximately 0.7, which is further from unity.
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Figure 12. Conditional average of Yoy of Flame D (upper), E (middle), and F (lower), from the
experiment, FRC-LES approach, and FPV-LES approach. Le;: differential diffusion model, Le = 1: unity
Lewis number model.

Figure 13 shows the conditional mean of Yo, representing intermediate species, for which
the experiment data have 10% ~ 20% systematic uncertainty. From Flame D to E to F, the peak
CO concentration decreases, except at the furthest downstream location of x/d = 45. This
observation agrees with similar observations in temperature, H,O, and OH. For all locations
and flames, the very lean and very rich regions contain relatively smaller errors, and both
default models under-predict the peak values at the downstream locations (x/d = 30 and 45).
This partially explains the under-prediction of peak temperature (seen in Figure 10) in the
same locations. But the default FRC model results have peak values significantly closer to the
experimental data than their FPV counterparts, especially at the upstream locations (x/d = 7.5
and 15) of Flames D and F.

For the downstream locations (x/d = 30 and 45) of Flame D, the FRC model with unity
Lewis number predicts peak values significantly closer to the experimental data than either
of the default models. In contrast, some previous FRC (Jones and Prasad 2010) and FPV
(Thme and Pitsch 2008) studies, both of which employed low Mach number solvers, over-
predicted the peak values. In particular, one previous FRC study (Jones and Prasad 2010)
employed a chemical mechanism (19 species, reduced from GRI-Mech 3.0) similar to the
one used in the present study, so the opposite trend in conditional mean of Yo is
probably not due to different chemical mechanisms, but rather to the different choice of



18 (&) S.YANG ET AL.

o x/d=17.5 x/d=15 x/d=30 x/d=45
D o Expt o Expt o Expt
——FRC Lf:i —FRC Lei oabr FRC Le‘
0.06 --=-FRC Le=1 7 FRC Le=1 o <~-FRC Le=1
S - = FPVLe=1 s °e§ FPV Le=1 ¢~ FPVLe=I
> { FORS
= 0.04 p [ S
< 1 ’ ",
15} s 9
.
= Ly . N\
0.02 \ N
S p
g, 8 %
%
0 N
0.08
o Expt o Expt o Expt o Expt
—FRCLe; —FRC L, —FRCLe, || ,—FRCLe,
0.06 —-=-FRC Le=1 --=-FRC Le=1 ~-=-FRCLe=1 | | S~ FRC Le=1
S - = FPVLe=1 - = FPV Le=I o= = FPVLe=1 | | Qg FPV Le=1
> |
g e f
QO o |
= o K ‘
0./ s,
7 - t
'I/‘— - all N 1
% ~
0 %
00— |
o Expt | o Expt | o Expt |
—FRC L, —FRCLe;, | | —FRCLe; | %
0.06 --=-FRC Le=1 | --=-FRCLe=1 | | =+=-FRC Le=1 °o
S - = FPVLe=l | -=EPVLe=l | | - = FPVLe=l © %o Expt
> | o =——FROLE
= | @
g ‘ 0o o —-=FRCLe=l
s | ° - = FPV Le=l
| 0 79 s
t 0, %ﬁ% o \\

0.5 10 0.5 10 0.5 1
Mixture Fraction Mixture Fraction Mixture Fraction Mixture Fraction

Figure 13. Conditional average of Yo of Flame D (upper), E (middle), and F (lower), from the
experiment, FRC-LES approach, and FPV-LES approach. Le;: differential diffusion model, Le = 1: unity
Lewis number model.

CFD solvers. At the furthest upstream location (x/d = 7.5), the influence of the piloted
flame dominates, such that the peak value of Y¢o cannot directly represent the peak value
of temperature.

The FRC models predict better peak values and lean profiles for temperature, H,O, and
OH than their FPV counterparts at all locations of all flames. Near Z = 0.5, the FPV
model predicts significantly smaller CO concentration than the FRC model, which is
consistent with the limiting effect of CO for the FPV prediction observed in snapshots
(Figure 5). On the very fuel-rich side, the CO concentration predicted by the FPV model is
always far lower than that from the FRC model.

Figure 14 shows the conditional mean of Y¢y,. All models and the experiment show
monotonically increasing profiles, which follows the definition of mixture fraction. No
significant difference is observed among the three flames, except that the profiles for Flame
F are shorter than for Flames D and E at the downstream locations (x/d = 30 and 45). At
most locations (x/d = 7.5, 15, and 30), the predictions from the two FRC models are close
to each other and agree well with the experimental data, but the FPV model over-predicts
the profiles. At x/d = 45, both models significantly over-predict the Yy, level on the fuel
rich side. The two FRC transport models predict similar CH, profiles, because the
molecular diffusivity of CHy is also approximately unity.
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Figure 14. Conditional average of Yy, of Flame D (upper), E (middle), and F (lower), from the
experiment, FRC-LES approach, and FPV-LES approach. Le;: differential diffusion model, Le = 1: unity
Lewis number model.

Conclusions and recommendations for future work

In this study, large eddy simulations (LES) are conducted using the finite-rate chemistry
(FRC) and flamelet/progress-variable (FPV) models for a series of piloted partially pre-
mixed methane/air flames with high turbulence intensity and low levels of local extinction
and re-ignition, Sandia Flames D, E, and F. From Flame D to E to F, due to the increase in
flow velocity and strain rate, the flame zone is either pushed downstream and extended
radially or weakened by enhanced local extinction. The two models produce different
spatial distributions of both time-averaged quantities and instantaneous flame field. In
particular, the FPV model incorrectly predicts intense local extinction for Flame E and
complete extinction for Flame F, while the FRC model provides reasonably good agree-
ment with the experimental data. The time-averaged axial and radial profiles of all the
three flames show that the FPV model provides an overall better prediction than the FRC
model for Flame D, but a significantly worse prediction for Flame F, primarily due to the
over-prediction of local extinction by the FPV model. The FRC model with unity Lewis
number predicts spatial distributions similar to those of the FRC model with differential
diffusion, but its profiles are not always located between those of the two default FRC and
FPV models. The effect of differential diffusion is relatively small with respect to the
discrepancy between the FRC and FPV models, and the SGS modeling of chemical source
term might play a more important role. In the conditional statistics on the three flames, in
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which the effects of spatial distribution of mixture fraction and subgrid-scale (SGS)
modeling are partially “removed,” the FRC models provide better predictions than the
FPV model for all quantities at most locations and mixture fractions. In the mixture
fraction space, the difference in species concentration predictions between the two trans-
port models depends on how close the molecular diffusivity of a given species is to unity,
and neither of the two transport models is always better. The present results suggest that
to properly apply FRC in LES, better transport models covering a broad range of
turbulence intensity will be required. In such models, the dependence on Reynolds
number (Wang 2016) and the strain-sensitivity of chemical species (Lew, Yang, Mueller
2017) should be considered. This topic should be addressed in future work.

Nomenclature

C Favre-filtered progress variable

[ Favre-filtered heat capacity at constant pressure (J - kg=! - K1)
d jet diameter (m)

Dy molecular diffusivity of the k-th species (m?/s)

Dr o effective diffusivity of the k-th species (m?/s)

D effective diffusivity of mixture fraction and progress variable (m?/s)
Dy sub-grid scale turbulent diffusivity of the k-th species (m?/s)

E Favre-filtered total energy (J - kg™')

H® sub-grid scale energy flux in the i direction (J - m=2-s71)

l~<bi Favre-filtered backward reaction rate constant of the i reaction
l~cﬁ Favre-filtered forward reaction rate constant of the i reaction

Ly number of reactions involving the k" species
Le; sub-grid scale turbulent Lewis number

M Mach number

N; number of species involved in the i reaction
p filtered pressure (Pa)

De filtered gauge pressure (Pa)

Pr, sub-grid scale turbulent Prandtl number

Qf-gs sub-grid scale heat flux in the i" direction (J- m=2-s71)

i filtered heat flux in the i direction (J - m=2-s71)

r spatial coordinate in the radial direction ()

T Favre-filtered temperature (K)

t physical time (s)

f]kJ- Favre-filtered diffusion velocity component of Kt species in j”‘ direction (m -s™1)
u Favre-filtered velocity component in the 1 direction (m - s7!)
u; Favre-filtered velocity component in the i" direction (m - s1)
v Favre-filtered velocity component in the 2" direction (m - s71)
w Favre-filtered velocity component in the 3" direction (m - s~ 1)
Wi molecular weight of the k¥ species (kg - mol™")

x spatial coordinate in the axial direction (m)

X; spatial coordinate in the i" direction (m)

Yi Favre-filtered mass fraction of the k' species

Z Favre-filtered mixture fraction

J;j Kronecker delta function

Aer effective thermal conductivity (W - m™! - K1)
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Yy sub-grid scale turbulent viscosity (Pa - s)
v, reactant stoichiometric coefficient of the k' species in the i reaction
v;;i product stoichiometric coefficient of the k™ species in the i reaction
p filtered density (kg - m™)
ofgs sub-grid scale viscous work in the i" direction (J - m=2-s71)
T pseudo time (s)
Tjj Favre-filtered stress tensor (Pa)

ng sub-grid scale stress tensor (Pa)
(D;f; sub-grid scale species flux of the k™ species in the j" direction (kg - m=2-s7!)

equivalence ratio

Xi Favre-filtered mole fraction of the j* species
Wc filtered net mass production rate of progress variable (kg -m=> -s71)
W filtered net mass production rate of the k™ species (kg - m=> -s71)
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