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is computed using LES paradigm. The subgrid scale (SGS) combustion is modelled
using a collection of unstrained premixed flamelets including mixture stratification.
The non-premixed combustion mode is also included using a simple closure involving
the scalar dissipation rate of the mixture fraction. A close attention is paid to maintain
physical consistencies among sub-closure models for combustion and these consisten-
cies are discussed on a physical basis. The importance of non-premixed mode and SGS
mixture fraction fluctuations are investigated systematically. The results show that the
SGS mixture fraction variance plays an important role and comparisons to measure-
ments improve when contributions from the premixed and non-premixed modes are
included. These numerical results and observations are discussed on a physical basis

along with potential avenues for further improvements.
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Nomenclature

Acronyms

CFL - Courant-Friedrichs-Lewy number
CRZ - central recirculation region

CVC -  central vortex core

LES - large eddy simulation

ORZ - outer recirculation region

PDF - probability density function

RANS - Reynolds averaged Navier-Stokes

SDR - scalar dissipation rate

SGS - sub-grid scale

TKE - turbulent kinetic energy

Roman

c - scaled progress variable

Cp - specific heat capacity at constant pressure (kJ Kg=!K~1)
D - molecular diffusivity (m?s1!)

D - pre-chamber diameter (m)

h - enthalpy (sensible + formation) per unit mass (kJ Kg=1)

AR - enthalpy of formation (kJKg™)

K - resolved turbulent kinetic energy (m?s~2)

k - SGS kinetic energy (m?s™?)

P - pressure (Nm~?2)

P - probability density function

Q - k/(k+K)

r - radial coordinate (m)

s - unstrained planar laminar flame speed (ms™1)



t - time (s)

T - temperature (K)

' - rms velocity scale for turbulent fluctuations (ms=!)
U; - velocity component in direction i (ms~!)
x - axial coordinate (m)

Y, - mass fraction of species k

Da - Damkdhler number

Ka - Karlovitz number = 7./7,

Sc - Schmidt number

Greek

B. - combustion model parameter

X¢ - scalar dissipation rate of scalar ¢

d - Zeldovich flame thickness (m)

dtn, - laminar flame thermal thickness (m)

A - filter width

ex - TKE dissipation rate (m3s~3)

€, - sub-grid scale scalar dissipation rate of scalar j (s71)
n - sample variable space for £

A - turbulent integral length scale (m)

@ - dynamic viscosity (Kgm~!s™1)

w - reaction rate (Kgm™3s71)

1 - unscaled progress variable

p - density (Kgm™3)

o5 - variance of scalar j

7 - heat release parameter

7. - chemical time scale

T, - Kolmogorov time scale

£ - mixture fraction

¢ - sample space variable for ¢



Superscripts

* - normalised variable

eq - equilibrium value

Subscripts

ad - adiabatic condition

b - burnt condition

ct - mixed mode contribution

fp - premixed mode contribution
np - non-premixed mode contribution
rms - root mean square

sgs - sub-grid scale

st - stoichiometry

u - unburnt condition

Operators

P - Reynolds filtered value of ®
® - Favre filtered value of ®
(D) - time-averaged value of ¢

D/Dt - substantial derivative

I. Introduction

Fuel lean combustion is of interest for power generation as it can deliver both high efficiency and
low emissions [1], but the ignition and combustion stability of lean mixtures present challenges for its
practical use. The potential risks including flashback and structural damage due to thermoacoustics
are overcome by careful design of combustor aerodynamics and using active or passive control
strategies for fuel injection. Consequently, lean combustors involve complex swirling flow with

varying levels of fuel-air mixing. Hence, turbulent partially premixed combustion occurs in these



combustors. Thus, the ability of reacting flow CFD (Computational Fluid Dynamics) to capture

these phenomena is crucial for their use in the design of next-generation combustors [2].

Past studies have demonstrated that Large Eddy Simulation (LES) is suitable to capture aero-
dynamics of swirling flows, and the continuous increase of computing power allows application of
LES-based models to practical burners [3—7]. Combustion requires modelling as it is a subgrid phe-
nomenon in LES. Closures developed for the subgrid scale (SGS) reaction rate include: dynamic
thickened flame model [8, 9], linear eddy model [10], fractal flame-wrinkling model [11], partially-
stirred reactor model [12], and Eulerian stochastic fields [13]. Another recently developed flamelet
model for LES uses Scalar Dissipation Rate (SDR) closure [14, 15], which is shown to be successful
in RANS studies of industrial gas turbine combustors [16, 17], but this approach has not been tested

for LES of reacting flows in these combustors. This provides the motivation for this work.

Due to large costs for experiments at realistic operating conditions of gas turbines (i.e. with
optical access, high pressure, and preheated air), high quality validation data is rare [18]. One
widely studied database is the set of laser-diagnostics obtained for Siemens SGT-100 combustor at
3 bar [19]. Analyses of these measurements and past LES results suggest that the combustion has
flamelet-like properties despite the highly turbulent flow [5-7, 20, 21]. Flamelet models assume that
the combustion time scale, 7. = s1,/¢ is shorter than the smallest turbulent scales (this also applies
for length scales) implying that the flamelet structure is undisturbed by the turbulence. Thus, the
SGS reaction rate can be calculated a priori using laminar flamelets. Hence, this methodology is

also known as tabulated chemistry approach.

Turbulent eddies can penetrate the flame-front disturbing its internal structure in high Karlovitz
number, Ka = 7./7,, combustion which is also known as distributed combustion. Modelling this
regime of turbulent combustion using flamelet approach is thus an open question. However, flamelet-
like structures were observed in high Ka combustion in past studies, see for example [22-28]. It was
pointed out that this regime could be viewed as distributed flamelets combustion and the premixed
flamelet approach worked quite well as long as the physical consistencies were maintained among

various sub-closures used in LES [28]. These consistencies are discussed later.

The objective of this study is two-fold, viz., (i) to test and investigate the performance of the



flamelet approach for combustion conditions of the SGT-100 investigated experimentally in [19] and,
(ii) to identify limitations of this approach and its sensitivity to fuel-air mixing variation, signified
by mixture fraction variance. Specifically, the second objective helps to systematically understand
the contributions of non-premixed mode to partially premixed combustion in the SGT-100. A cross
comparison of the current results to those published for the SGT-100 using other SGS closures is
discussed in the Appendix. The experimental and LES setup are discussed in Sections II and III
respectively. The detail of the flamelet closure used here is discussed in Section III B along with
a discussion on the necessary physical consistencies to be maintained in the combustion modelling

framework. Results are discussed in Section IV and conclusions are drawn in the final section.

II. Test Case - TurChemi Experiments

The SGT-100 burner featuring a square-sided combustion chamber with optical access for laser
diagnostics as shown in Fig. la [19] was studied using high pressure test facility at DLR. The
combustion chamber was a modified version of the commercial dry low emission combustor of the
SGT-100 family of Siemens, with six combustors delivering a nominal shaft power of 5.7 MW. Pre-
heated air at 685 K entered the radial swirler having 12 rectangular channels each with multiple small
holes to inject natural gas at 305 K which is taken to be 100% CHy4 following earlier studies. The
inlet air mass flow rate including panel cooling air was 183.8 g/s and the fuel flow rate was 6.2 g/s
for the 3 bar test case reported in [19] as Case A. The uncertainties in the air and fuel mass flow
rates were +4% and £3% respectively [19] and these flow rates gave an overall equivalence ratio of
¢ =~ 0.6. The various dimensions for this combustor are shown in Fig. 1a along with 4 measurement
planes used in the experiments [19]. The first plane is at 18.7mm from the prechamber lip (not
shown in the figure). The second, third and fourth planes are located respectively at 20, 40 and
70mm from the first plane. The combustion conditions in these planes were noted [19] to be in
the border between the thin reaction zones and distributed reaction zones regimes of the turbulent
combustion diagram [29]. The Damkohler number, Da = (A sy, /u’d), was noted to be in the range
of 1.4 < Da < 2.5 with 77 < Ka < 230 as shown in Fig. 1b. The rms of turbulent velocity
fluctuation is u' and its integral length scale is A. Detailed interrogation [6] of the measured

OH suggested that there were flamelets embedded in an environment of distributed combustion



although the combustion conditions were in the border between thin and distributed reaction zones
regimes [19]. This supports the idea of distributed flamelets regime combustion for high Ka flames
proposed in [28]. Hence, it is of interest to assess the performance of flamelet-based modelling for
the SGT-100 combustor as it has not been attempted earlier.

There is a large database of in-flame measurements including Particle Image Velocimetry (PIV),
OH* chemiluminescence, OH Planar Laser Induced Fluorescence (PLIF), and 1D-Raman spec-
troscopy. The latter includes traverses for species concentrations and temperature at the 4 axial
locations noted above, which correspond to /D = 1.21, 1.44, 1.66 and 2.00 in the CFD coordinates,
where D = 86 mm is the pre-chamber diameter noted in Fig. 1a. The experimental error associated
with temperature is about 6% for reactant mixture and goes up to 13% for the burnt mixture [5, 19].
Errors of 6%, 5% and 4% were reported for Oz, No and CH4 mass fractions respectively in the un-
burnt mixture. The errors for CO5, Os, Ny and H>O in the products were 20%, 21%, 6% and 14%

respectively [5, 19].

IIT. LES Detail

A. Governing equations

A finite volume based unstructured CFD code [30], OpenFOAM, is used for this study. This code
solves filtered conservation equations for mass, momentum, and energy along with other equations

required for combustion modelling. The equations for mass and momentum are respectively

% . 9pUi =0, and (1)

DU, 9 (Naa) _op o7 g -

"Dt = 9 \Paz, | 0w " Bay
where [71 is the velocity in direction ¢, p is the modified filtered pressure, which is the sum of
filtered pressure and 2k/3 with k as the SGS kinetic energy [31]. The symbol u = pv is the
dynamic viscosity of the fluid. The filtered kinematic viscosity is obtained using the Sutherland’s
law, pv ~ Asﬁ/ (1 + TS/T), where A, ~ 1.67 x 10~% is a dimensional constant and T, ~ 170.7 K.

The subgrid stresses are closed using T[j = =20} Aﬁ\/E (§U — §kk/3), where TZ-TJ- is the

anisotropic part of the residual stress tensor Tf} = 75 + 2k by /3, gij is the Favre-filtered sym-

metric strain tensor, Cj ~ 0.1 and 0;; is the Kronecker delta [31]. The filter width is A, which is



typically taken as the cube root of the numerical cell volume. The SGS kinetic energy k is obtained

using [32],
Dk Q /. _\Oky =~oOrf
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where Ji; = C, ApVE is the SGS viscosity. The dissipation rate of k is modelled as €, ~ C. k3/2/A
with C. = 0.7 [31]. The SGS pressure-work term, II, is neglected based on previous LES study [33].

The partially premixed combustion modelling used for the SGT-100 combustor is described next.

B. Combustion closure

The partially premixed combustion includes premixed and non-premixed modes. If the reactant
mixture at a given point is within the flammability limits then the combustion is expected to be
in premixed mode. The non-premixed combustion typically occurs in stoichiometric regions where
diffusion processes aided by turbulence bring fuel and oxidiser together. This mixing is described
using the mixture fraction, £, and the reaction progress in premixed mode is denoted using a reaction
progress variable, c. The local thermo-chemical state of the mixture is thus described using these
two variables. The mixture fraction is defined using Bilger’s formula [34] and its filtered value is

transported using

= [+ v @

where D = pD/p =~ 1/0.7 is the filtered molecular diffusivity which is taken to be the same for all
scalars (unity Lewis number) and Sc¢; ~ 0.7 is the SGS Schmidt number.

The progress variable varying between 0 and 1 is defined as ¢ = /19, where v is defined
using either temperature or an appropriate combination of species mass fractions and °? is the
corresponding equilibrium value, which is approximated to be the flamelet burnt value. Here,
¥ = (Yooz + Ycoo) is used following earlier studies [28, 35]. Out of many possible definitions for
¢ [36], this particular definition guarantees a monotonic variation of ¢ for all values of mixture
fraction [37]. The transport equation for ¢ is

pg—fzv- [(p_D-i- SM—;)VE} +a" (5)



The filtered reaction rate & is given as [38, 39]

¢ A2 1 dged
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= Wip + Wnp + Wet, (6)

where xe¢ = xe = D(VE - V&) is the instantaneous scalar dissipation rate of the mixture fraction
and x¢ . is the cross dissipation rate. The first part, wg,, of Eq. (6) signifies premixed (with mixture
stratification) mode contribution, Enp signifies non-premixed mode contribution and wWet denotes
mixed mode contribution resulting from interactions of Ve and V&. The third contribution was
shown to be an order of magnitude smaller than the other two in previous studies [39-42] and,
it is neglected here for consistency with the joint PDF closure for Eq. (7) and for the sake of
simplicity since including we; would introduce additional modelling and uncertainties. The effects
of cross-correlations will be investigated in future, for example using copula method [41, 43].

The premixed part is estimated using

1 1
Gty = 0/ 0/ G(Cm) P(Cm) dC di, (7)

where ¢ and 7 are sample space variables for ¢ and ¢ respectively and P(¢, ) is the SGS joint PDF.
The flamelet reaction rate w(¢,n) is obtained from unstrained planar laminar premixed flames
computed over the whole range of ¢ spanning the flammability limits. This approach is different
from the flamelet /progress-variable (FPV) approach of Pierce and Moin [44] who employed diffusion
flamelets parameterised using a progress variable instead of the natural choice x¢. Furthermore,
distinguishing premixed and non-premixed combustion contributions as in Eq. (6) is not possible in
the FPV approach.

The non-premixed contribution, wyp, is estimated using [35, 41, 42, 45, 46|

Gon = 0% [ o d%eqf D piy . ®)
0

where ¢ = D (Vg . Vg) + E¢ is the Favre filtered scalar dissipation rate of the mixture fraction,
which is the sum of resolved and SGS contributions. The latter is computed using a linear relaxation
model: & = Ce(v/ A2)U§Sgs, where aésgs is the SGS variance of { which needs a closure and
vy = /P is the SGS viscosity (see Section IITA). The model parameter is C¢ = 2 following earlier

studies [3]. One can also use diffusion rather than premixed flamelets to evaluate Eq. (8). However,



the difference in &y, obtained using these two types of flamelets are observed to be small for the
conditions of this study and so premixed flamelets are preferred in order to keep consistencies with
Eq. (7). Moreover, Wy, is small compared to Wy, as will be seen later. So, the conclusions of this
work does not depend on the choice for the flamelet type used for .

The joint PDF in Eq. (7) is P(¢,n) = P(¢) P(n|¢) ~ P(¢)P(n), which assumes statistical
independence between ¢ and 7. This assumption is quite common in LES of reacting flows while
a more general approach would include SGS covariance of ¢ and £ which would require further
closures to be developed in future studies. The marginal PDFs of ¢ and £ are modelled using Beta
functions [47], for example P(n) = B(n; &, 0F ogs) for &, where the subgrid variance o7 . is obtained

from its transport equation:

— Dag,sgs
Dt
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where &¢ is modelled using the linear relaxation model noted above. The marginal PDF of £ becomes

P(n) =d6(n—¢) for agsgs = 0 because the Beta function degenerates to a delta function if the variance
is zero. This allows us to systematically investigate the effect of ag)sgs as discussed in Section IIID 1.

The Beta PDF for c requires the SGS variance o2

¢.sgs» Which is obtained using

D% G (D M)y 055, +27 2L (VE- V) +2 (co o 10
D [(P +S_ct) Uc,sgs:|_ pEct PS—Ct( c-Ve) + (CW —CW)- (10)

The reaction related term c¢@ is modelled in a manner consistent with Eq. (7). The subgrid SDR,

€., is modelled using a well tested algebraic expression [14, 28, 35, 48, 49]:

_ —0.75A SL o yen] Tl
E. = [1 exp( 5 )} [(2[(c 7Cl4) 5. + Cq k] 3, (11)

where k£ and € are the subgrid kinetic energy and its dissipation rate respectively. The thermo-
chemical parameter K. is 0.797, where 7 = (T,q — Ty,)/Ty is the heat release parameter. The
reactant and adiabatic flame temperatures are denoted using T, and 7,4 respectively. The mixture
fraction dependent flamelet quantities, sy, d:5, and 7 are obtained from flamelet calculations. The
subgrid SDR must also be proportional to dissipation time scale for k£ and this part is given by the
term involving C4 ~ 1.2y/Kan/(1 + vKan) in Eq. (11), where Kax = v/ex 0sn/s/2. The other

parameter is Cy = 1.1/(1 + Ka%?). These parameters and constants are derived using DNS data in
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past studies and they are not tuneable. The values used here are exactly the same as those used in
past studies [28, 35, 48, 49]. The only adjustable parameter f. is obtained dynamically [28, 48-50].

Other SDR models, which are predominantly empirical and for RANS, proposed in past studies
are reviewed in [51]. These models do not include the competing effects of turbulence and chemical
reactions in combustion. For example, the model proposed by Borghi and his co-workers [52—
55] excluded the heat release effects by assuming constant density and it was addressed by Kuan et
al. [56] somewhat by including p,, sr./ (pvy), where v, is the Kolmogorov velocity. This modification
was empirical based on fractal approach and this ratio was multiplied by the term involving CY in
Eq. (11) to model the SDR. More importantly, these models do not include the change in the scalar
mixing physics observed in turbulent premixed flame [57, 58], which is represented by the term
involving negative Cy in Eq. (11). More elaborate discussion on the comparison of these models
may be found in [51].

The flamelet approach described above allows tabulation of the filtered reaction rate as a func-

tion of 4 controlling variables, E, ¢, o?

c.ses and og)sgs, which are transported in the LES. The reaction

rate is retrieved from the look-up table during the LES and the construction of this table is described

in Section IIID. It is worth to note that &' — &*(c, £) for a numerical grid resolving most of the

2

csgs ~ 0 and thus the right flame propagation speed is recovered in

fluctuations to yield ag)sgs =0
regions with quasi-laminar conditions.
The filtered enthalpy (sum of sensible and formation enthalpies) of the mixture is computed
using
Dh

P h = V- (/D + S“—;)vﬂ. (12)

This allows to include sub-adiabatic streams that may be present in the system. Hence, the local
mixture temperature is calculated from has T = To + (Aﬁ — EL/?) /ép,eg, where Ty = 298.5 K
and &71/?0 is the enthalpy of formation computed as described in [41]. The temperature dependent
effective specific heat capacity of the mixture is obtained as Cp g = (T — Tp)™* fg) Cp(T*) dT*
where C), is the constant pressure specific heat capacity of the mixture [41]. The mixture density at

temperature T is computed using the ideal gas state equation. One can also use the temperature,

density and fluid properties obtained from flamelets for adiabatic systems. However, using Eq. (12)
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keep the approach general and so it is followed here. This modelling approach worked well for
various flames in a range of flow and combustion conditions [17, 28, 35, 42, 48, 49] as it maintains

physical consistencies, which are remarked next.

1. Note on physical consistencies

Typically there is no variance of ¢ at the inlet boundaries and it is produced predominantly by
combustion. Its production by turbulence can occur only if V¢ is present. This gradient can result
from the mixing of hot products (¢ = 1) with cold mixture but one must recognise that combustion
is the dominant mechanism to produce V¢ as ¢ changes from 0 to 1 in a narrow region (flame).
Thus, one must be cautious while modelling £. as noted in many earlier studies [54, 55, 59]. The
reaction related term in Eq. (10) cannot be ignored while modelling &. because it is leading order
as demonstrated in [49] for LES. Hence, a linear relaxation model is meaningful only if the variance
is produced through turbulence, ie., 251, (Vc- VE) /Se; in Eq. (10), with no chemical reaction.
This is acceptable for €¢ since g is a non-reacting scalar. The adequacy of the linear relaxation
model for a passive scalar variance has been studied in the past, for example see [60]. The model in
Eq. (11) satisfies the above requirement [49] and it reduces to the linear relaxation model outside
the flammability limit since s;, = 0 for non-flammable mixtures. Hence, it is inconsistent to ignore

the contributions of combustion to €, while including them through the reaction terms for ¢ and

2

Uc,sgs'

It is equivalent to use either normalised, ¢, or unnormalised, 1), progress variable in the com-
bustion modelling but for the presumed PDF approach one must be cautious. The presumed Beta
function requires its variable to be bounded between 0 and 1 and this is satisfied naturally by c.
One can satisfy this for ¢ by normalising it using ¢°?, ie., ¥, = /¢!, which is the same as c.
This yields 0 < ¢ or 1;; < 1 and there is no such bounds for {/)V - the filtered quantity that will
be transported in LES. One can ensure that the bounds are 0 and 1 using % = J/weq, which is

acceptable only for fully premixed systems. The equilibrium value, 1¥¢?, depends on the mixture

fraction in partially premixed systems and thus 1;; = (Y/¢eq) #£ {/;/ 14, Hence, it is better to use

¢ to ensure physical and mathematical consistencies and also it allows us to separate premixed and

12



non-premixed contributions as in Eq. (6).

C. Numerical detail

The computational domain includes swirler, air passage, pre-chamber and the combustor volume
(hot region) shown in Fig. 1a up to the end of the cylindrical section of diameter 50 mm. This domain
was discretised in previous studies [5, 6] using a block-structured grid having 8.5 M hexahedral cells
with refined grid in the flame region, pre-chamber and around the swirler walls. This numerical grid
was shown to be good for LES in [5, 6], so it is used here for a comparative evaluation.

A pressure-based implicit splitting of operators (PISO) method [61] is used for the velocity-
pressure-density coupling and a segregated solver is used for other equations. Second order central
differencing schemes are used for spatial derivatives with a Gamma limiter for the velocity field and
TVD limiters for the scalars to control numerical oscillations. Indeed, an overshoot less than 1%
and an undershoot value larger than -0.01 was observed for ¢ in various simulations reported here.
An implicit Euler scheme is used for time derivatives since second order schemes were observed
to be unstable in OpenFOAM unless a blending factor of the order of 0.3 was used [62]. The
accuracy gain in using such second order scheme is observed to be not cost effective and thus a
small time step of At = 0.5 us is used for the Euler scheme to ensure good time accuracy. This
gives a maximum CFL number of 0.07 and 0.1 for chamber and prechamber regions respectively
(an average of about 0.35 for the entire computational domain). Moreover, 5 subiterations are
performed for each time step to maintain close coupling among the various physical quantities as the
simulations evolve. This iterative loop on the PISO algorithm is referred as "Pimple" algorithm in
OpenFOAM. Additional simulations are performed using different NVD and TVD schemes available
in OpenFOAM in combination with a blended second order temporal scheme and the results do not
show significant differences. Thus, the numerical schemes, grid and At used are effective to ensure
good accuracy and to avoid unphysical numerical oscillations.

Boundary conditions specified are as follows for well-posedness of the computational model [63,
64]. The combustor walls are treated to be adiabatic and no-slip with the two-layer wall model for
the near-wall flows [65]. The vortex breakdown in swirling flows produces turbulence and thus the

influences of the wall function and inlet turbulence (none specified) on the simulation results are
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small. All the scalar variables are specified to have zero derivative in the wall normal direction.
Dirichelet Boundary conditions are used for pressure at the outlet while velocity and scalars are
updated from the solution using a zero-order extrapolation since the numerical schemes used is
not one-sided [66]. At the inlet, Dirichelet conditions are imposed for velocity (in terms of mass
flow rates) and all scalars except for the pressure, which is extrapolated from inside the domain.

Diffusion fluxes are set to zero at the boundaries to respect the viscous condition [64]. The variables

2

o,sgs are specified to be zero at the inlets and, E = 0 and 1 are specified for the air and

¢ k, O'g and o
fuel inlets respectively. The enthalpies in various streams are specified to be consistent with their
temperature and composition.

The simulations are run for about 50 ms of physical time and statistics are collected for the
last 30 ms corresponding to about 7 flow-through times. The flow-through time of about 4.5 ms is

defined based on the combustor length and bulk-mean velocity. Each simulation took about 1.5 days

using 768 Intel Ivy Bridge cores on the ARCHER, UK national facility.

D. Flamelet table

The flamelet reaction rate, w(c, §), is obtained from unstrained planar laminar premixed flames
with € spanning the entire flammability limits for the operating conditions of the SGT-100. The
CH4-air mixture is flammable for 0.018 < & < 0.15 (0.31 < ¢ < 1.9) at p = 3 bar. These
laminar flames are computed using PREMIX code [67], which solves conservation equations for
mass, momentum, energy and species mass fractions with mixture-averaged transport properties
for a freely propagating one-dimensional planar premixed laminar flame. Combustion chemistry
is modelled using GRI-Mech 3.0 kinetics mechanism. The reactant mixture temperature is set
according to its variation with the mixture fraction when the air is 685 K and the fuel is at 305 K as
in the experiment. Typical variation of w with ¢ and & is shown in Fig. 2 and the superscript + here
and in the subsequent discussions implies that the quantities are appropriately normalised using
Stn, = 0.19 mm, sy, = 0.66 m/s, and unburnt mixture density of p, = 1.15 kg/m? for the flamelet
with & = 0.034. This mixture fraction corresponds to the overall equivalence ratio of the SGT-100
test condition studied here. The normalised reaction rate has a maximum of about 6.2 around the

stoichiometry, &t = 0.055 and for ¢ ~ 0.8. This reaction rate is integrated using Eq. (7) to get Wy,
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which is then tabulated as function of ¢, of)sgs, ¢, and oésgs. The quantities ép, &71/?( and mixture
molecular weight are computed following a similar procedure and are included in the look-up table.
The filtered reaction rate is zero outside the flammability limits whereas the other quantities are
linearly interpolated to the air and fuel values [41]. In addition to these quantities, values of sr,, d;p
and 7 are also included as they are needed for Eq. (11). For the look-up table, uniformly spaced 100
and 50 points are used for 0 < ¢ < 1 and 0 < 07, < ¢(1 — ¢) spaces respectively, and 200 points

are used for 0 < E < 1. For the reasons discussed below, 15 points concentrated near 0 are used for

0< 02, <E(1-€).

Typical variation of the filtered reaction rate with ¢ and afﬁsgs is shown in Fig. 3a for £ = 0.034
and ag)sgs = 0. This variation is similar for other { values except for the magnitude of wg,. The
peak value at ¢ ~ 0.8 drops from 2.3 for o2 ., = 0 to about 50% smaller value for o7 . = 0.05. The
reaction rate variation in ¢ — E space has a peak at ¢ = 0.8, as for the flamelets shown in Fig. 2, for
all flammable mixture fraction when of)sgs = 0. This peak spreads in the ¢ space and its magnitude
reduces as o2 increases for a given value of 5 as shown in Fig. 3a.

c,sgs

1. Effect of SGS variance

The typical influence of Uésgs on Wy, is shown in Fig. 3b for g = 0.034, ¢ = 0.5 and three values

of o2

c,sgs ncreasing Ugysgs produces a sharp increase in the filtered reaction rate for Ugysgs < 0.001

2 . < 0.1 as shown in the figure

followed by a gradual decrease. This increase is amplified for o7 ;¢ <

suggesting that the effect of Uésgs is quite non-linear. The maximum total (resolved + SGS) variance
observed in the experiment [19] is about 1 x 1074 and thus the corresponding SGS variance can
be expected to be smaller than this value. Because of the non-linearity observed in Fig. 3b, one
cannot ignore this variance. Hence three different scenarios are considered for LES to investigate
this systematically as listed in Table 1. The first case assumes that Ug,sgs =0 and wWyp = 0 implying
that the combustion is stratified and each mixture burns in premixed mode, which simply means
that wg, = [W(¢, n = €) P(¢) d¢ from Eq. (7). This scenario is referred as Case A in the table and

subsequent discussion. In Case B, the non-premixed contribution is included with ag)sgs = 0. This

helps us to investigate the influence of non-premixed mode on the flow and flame statistics. Case C
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considers the mixture fraction variance through its transport equation and includes non-premixed
mode also and thus it is the case of partially premixed combustion. Results from these simulations

are presented and discussed next.

Table 1: Three scenarios considered for LES

Case Wnp Ug,sgs P(3)

A 0 0 5(n— &)

B  Eq (8) 0 5(n—€)

c v Eq. (9) B(n; & 02
IV. Results

The spatial variation of time-averaged resolved turbulent kinetic energy computed as (K),es =
0.5[(U;U;) — (U)(U;)], is shown in Fig. 4 for the mid-plane through the computational domain.
The symbol (®) is used for both Reynolds and Favre averages and this depends on whether the
quantity ® is Reynolds or Favre filtered. The large value of I along the centreline in downstream
locations is due to the central vortex core (CVC) arising from the swirling flow. The shear layer
between the CVC and the central recirculation zone (CRZ) produces considerably large K around
x ~ 120mm and y ~ 30 mm. The variation of an intermediate value of I ~ 200 shows the shape
and size of the CRZ and it is apparent that it fills the entire combustor width. A detailed analysis
of @ = k/(k+ K) showed that the SGS kinetic energy, k, is below 20% everywhere in the domain.
Thus, the numerical grid used is very good as noted in earlier LES studies employing this grid.
The 20% criterion introduced by Pope [31] was for non-reacting flows and one must be mindful of
dominant heat release effects in reacting flows with low turbulence [68]. This is not the case for
the conditions of the SGT-100 and so this criterion works quite well. Also, this grid resolves the
mixture fraction field well (see section IV C) and so the mean of the residual field is (®”) ~ 0 and
hence (®) ~ (®) [69]. Hence the tilde notation will be dropped in the following discussion for the

sake of simplicity.
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A. General flow features

Figure 5 illustrates typical flow structures using vorticity iso-surfaces (15000 s~!) coloured by
temperature and pressure iso-surface coloured by vorticity. The intense vortical structures are
concentrated in the CRZ except for the CVC. The largest vortices in the compact CRZ stabilise the
flame (see next subsection), and specifically, the inner recirculation zone attached to the burner’s
rear surface provides the strongest anchoring mechanism [21]. The hot gases accelerate in the
converging section causing the pressure iso-surface of 300.6 kPa to expand. This generates a strong
CVC extending to the outlet. The vorticity colours on the pressure iso-surface demonstrates that the
vorticity level drops significantly because of flow acceleration. The highest vorticity in the CVC in
the downstream region is about 7000 s~!. From this picture, it is quite clear that the flow structures
are complex and highly turbulent and these gross features do not vary unduly for the 3 cases listed

in the table 1.

The measured and computed CRZ structures are compared in Fig. 6 using planar velocity
magnitude and its streamlines in the mid-plane. The computational results are shown for Cases B
and C, and this result for Case A is similar to that shown for the Case B. Two large vortices
are formed on either side of the centreline confined by the expanding reactant jets exiting the pre-
chamber. The outer recirculation zone (ORZ) resulting from the sudden expansion of the prechamber
is also evident. The CRZ size and shape were noted to be influenced by its interaction with the
CVC [5] and chemical kinetics mechanism used for combustion chemistry [6]. The differences in
the streamline pattern between Cases B and C support this as the heat release is influenced by
the choice of the combustion closure, either B or C, which would affect the local density and flow.
The flow pattern of time-averaged velocities is expected to be symmetric about the centerline which
is observed for Case C. The rear stagnation point, marked using a circle, is near the centreline
for Case C, which is not so for Case B. Also, the results in Fig. 6b suggest that the reactant jet
from the prechamber spreads quickly in the radial direction in Case B resulting in reduced jet
penetration. This causes the rear stagnation point to shift upstream. The measured asymmetric
streamline pattern in Fig. 6a suggests that the stagnation point is located at about x ~ 150 and

r ~ —25. This off-centre location implies the presence of precessing CVC, also noted in [21], and
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possibly its bias on the measured statistics because the data may not have been collected for a long
enough period. This observation is supported by the measured radial velocity (V) # 0 along the
centreline (discussed below). Overall, the flow pattern and reactant jet penetration agree quite well
for Case C. However, a close scrutiny of the results in this figure suggests that the radial expansion
of the reactant jet is under estimated in Case C — compare the region with the maximum velocity
magnitude for x > 50 mm in Figs. 6a and 6¢c — which would reflect in the velocity comparisons to
be shown next.

Figures 7 and 8 compare measured (Favre-averaged) statistics of axial and radial velocities with
those computed here and the radial, r, variations are shown for 4 axial locations marked in Fig. 1.
The time-averaged radial variation is also averaged azimuthally and thus » = 0 corresponds to
y = 0 in Fig. 6. The mean velocities are predicted quite well by all the three models. However, the
computed rms values show larger deviation from the experimental data as in figures 7 and 8, which
may be due to the influence of mixture fraction fluctuations and non-premixed combustion. There
is some difference between measured and computed (U) for Loc. 3 and 4, and also the negative (U)
along the centreline is over estimated for Loc. 1 and 2. These are related to the under estimate of
the jet expansion noted earlier. The location of peak (V) is captured in the LES but there is some
under-prediction of (V) and Vi for » > 50 mm at downstream locations. It is worth to note that
(VY = 0 at r = 0 in the LES results, which is not so in the measurements for the reasons noted
above. Overall, these comparisons are similar to those observed in earlier studies as shown in the

Appendix.

B. General flame features

Figure 9a shows an instantaneous snapshot of OH-PLIF coloured using OH gradient estimated
using the PLIF image. It is quite clear that an "M’ shaped flame is established at the prechamber
exit by the toroidal vortex in the CRZ and its interaction with the reactant jet issuing from the
prechamber. The bottom half of the flame is relatively fainter because of the energy attenuation in
the laser sheet coming from the top side. The wrinkling caused by the turbulence is also evident in
this instantaneous image. If one apply LES filtering then these wrinkling will be smeared depending

on the filter size.
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The flame computed for Cases B and C at an arbitrary time is also shown in Fig. 9 . Case A is
not shown here because the spatial variation of @ is very similar to that shown for Case B. This is

because the non-premixed mode, @, contribution is relatively small as one shall observe later (in

np>
Fig. 10). Thus, the differences observed between Cases B and C are because aésgs # 0 in Case C.
This variance affects the magnitude of the reaction rate substantially and thus the flame shape. The
SGS fluctuation of the mixture fraction allows leaner and richer mixtures into the local numerical
cell and their relative amount depends on the value of E in that cell and thus the filtered reaction
rate can either increase or decrease if one includes aésgs. A careful comparison of Figs. 9b and 9c
shows this clearly and a good comparison for the flame shape and location is observed between the
measurements and Case C. The fine scale wrinkling seen in the measurements can only be captured
in LES if (direct numerical simulation) DNS-like numerical resolution is used, which is not the
objective of this study. Thus, Fig. 9a should not be compared to the LES results directly. However,
this comparison helps to understand the LES and its modelling in capturing general features such
as flame shape and position qualitatively.

Figure 10 compares the contribution of Ezp to the total normalised reaction rate @ . The
contribution of EIP is two orders of magnitude smaller than @' and it occurs only in the lip region
of the prechamber having stoichiometric mixture fraction and non-zero ¢ (see Eq. 8). A predominant
influence of this mode is seen only for the outer branches of the "M’ flame and thus combustion
in the SGT-100 occurs mostly in stratified premixed mode, which is consistent with the analysis
in [21]. However, a strong non-premixed mode is not observed in the prechamber region here unlike
in [21]. The combustion occurs in both the inner and outer shear layers. The flame is anchored by
the strong reaction rate near the prechamber lip (see Fig. 10a), and in the inner recirculation region.
The later is observed to be a stronger flame stabilisation mechanism compared to the former, which

is similar to that reported in [21].

C. Comparison of mixture fraction statistics

The computed radial variations of mean and rms of the mixture fraction are compared to
measurements in Fig. 11. The results are shown for four axial locations and for all three cases

listed in Table 1. The experimental studies [6, 19] reported Favre-averaged statistics and thus these
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values computed using their respective transport equations are compared directly. The rms value
is obtained from the total variance o7 = (€% — (£)?) + (07 ), Which is the sum of resolved and
SGS variances, since it is assumed that the average of the residual is zero, (€”) ~ 0 [69, 70]. A
good agreement between the measured and computed (£) is observed, except for an over estimate
of the peak value at Loc. 1. This over-prediction is because of under estimate of the reactant jet
penetration noted in Fig. 6 since the mixture fraction is a passive scalar and so its variation is

dictated by the flow field.

The agreement between measured and computed (£) becomes very good as one moves down-
stream and this is similar to those observed in earlier studies (see the Appendix). The measured
variation along the centreline is also captured well in the LES. The experimental data suggests that
(¢) along the centreline increases gradually from 0.029 at Loc. 1 to 0.031 at Loc. 4 and also the
fully mixed value of 0.034 corresponding to the inlet air and fuel flow rates is not observed in the
measurements. This suggests that the CRZ is leaner (lower (£)), and richer mixture fraction values
are observed for radial positions of » > 50 mm as suggested by the LES results and these positions
are not covered in the experiments. The measurements suggest that the CVC has homogeneous
mixture fraction which is also captured in the LES (see Fig. 12 also). The small difference observed
among the three cases suggests that the averaged mixture fraction value is not sensitive to Uésgs or
Wnp as this contribution was found to be small compared to wy, in Fig. 10. However, the rms of mix-
ture fraction is observed to have some small sensitivity as seen in Fig. 11. The computed o¢ agrees
quite well with the measurements and the centreline value is slightly under estimated. The peak
rms is about 1 x 1072 which is about 5% of the maximum possible value of m ~ 0.183
at r = 40 mm for the first axial location. It is worth to note that the rms values shown in the figures
include only the resolved part because Ugysgs = 0 for the Cases A and B, and so the SGS part was
excluded for the Case C to be consistent. The good agreement seen here suggests that the mixture
fraction fluctuations are resolved quite well by the numerical grid used here and the SGS rms value is
small. This is confirmed in Fig. 12 showing the spatial variations of g and aésgs in the mid-plane for
Case C. This result is shown for the same time as that for Fig. 9. The flame region is marked using

iso-lines of ¢ = 0.05 and 0.95. The CVC has mostly homogeneous mixture fraction confirming the
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earlier observation and there is mixture stratification inside the flame marked using the iso-lines.
The inner branch of the 'M’ flame has leaner mixture while the outer branch experiences richer
mixture. The burning rate in these flames are influenced by ag)sgs and thus one would expect to
see substantial difference in the statistics of reactive scalars such as temperature and scalar mass

fractions.

D. Temperature statistics

The radial variations of averaged temperature and its rms are shown in Fig. 13 for 4 axial
locations. The results are shown for the three cases along with measured values. The rms, o =
(T? — (T)?), excludes the subgrid contribution and its effect is evaluated systematically below.
The centreline variations of both (T') and or are captured well in all three cases. The results for
Cases A and B are almost the same since the non-premixed mode contribution is small and the SGS
mixture fraction fluctuation is excluded. The averaged burnt temperature near the centreline is over
estimated by about 100 K in these two cases and including Uésgs in Case C improves this estimate
as seen in the figure. However, the minimum averaged temperature computed is about 900 K for
Loc. 1 while the measured value is about 690 K at r ~ 42.5 mm. A substantial improvement
is observed for Case C compared to the other two cases and an over estimate of about 210 K is
because of the under prediction of the jet expansion and penetration resulting in over prediction
of the mixture fraction as noted in figures 6 and 11. Moreover, the fluid strain was observed to be
highly intermittent, sometimes in excess of the extinction rate for the GRI 3.0 mechanism [21] and
these excessive strain rates cause local quenching which decreases the average temperature. These
may not be fully captured in the present study and requires further studies to assess strain effects.
However, the over estimate of the minimum averaged temperature is similar to those observed in
past studies as noted in the Appendix.

The computed o agrees quite well with measurements, specifically along the centreline. Also,
the values computed using the Cases A and B compare well with measurements whereas some under
prediction is seen for the Case C in the flame region, 20 < r < 50 mm. This under prediction is
large for Loc. 1 and it improves as one moves downstream. This is because the SGS contribution,

which can be substantial in flame region, is excluded. Some understanding of this contribution can

21



be obtained by estimating it in the following manner. If one defines a normalised temperature as
T+ = (T'—T.)/(Ty—T,) then the variance of this field can be related to o and thus 07., &~ 07 ..
This is strictly valid for fully premixed system with Lewis number close to unity [64]. For partially
premixed combustion, both T, and T}, depends on mixture fraction and also the Lewis number can
vary spatially and thus the above approximation is less likely to hold. Nevertheless, one can gain
some understanding from this. The total temperature variance obtained by adding the SGS and
resolved variances is shown in Fig. 13 as dotted lines. There is a general overestimate confirming
that the above approach of getting the subgrid variance is too crude. One can also use flamelet
approximation to get the variance as 3%_%5 =[] (T(C, n) — T)Q P(¢, n) d¢ dn, where P is the
SGS pdf as in Eq. (7). The total variance obtained using 8%7Sgs (not shown here) is very close to that

calculated using 02., __ noted above. Hence, it is quite clear that U%,sgs cannot be excluded and one

;58
may have to transport U%+_Sgs in the LES. This would require further modelling, which is not the
focus of this study. However, a careful scrutiny of the temperature rms depicted in Fig. 13 shows

the sensitivity of this quantity to mixture fraction fluctuation and partially premixed combustion

modelling. A cross comparison with past studies is discussed in the Appendix.

E. Mass fraction comparison

The time-averaged species mass fractions are calculated in a post-processing step using

(V)= Y(¢n) P(Cm) dn d¢ (13)
[/

which is similar to Eq. (7), but the joint PDF in the above equation is for time-averaged values of (¢)
and <§~>, and total variances o2 and ag which include resolved and SGS variance. Hence, this is not
the SGS PDF and it is followed here based on earlier study [28]. Radial variations of species mass
fractions computed thus are compared to measurements in Figs. 14 and 15 for the 4 axial locations.
The computational results are shown for all the three cases and the small differences observed
between the Cases A and B are because the contribution of non-premixed mode combustion is small
and the absence of SGS mixture fraction fluctuation. Significant improvement is observed when

this fluctuation is included in the modelling, which is consistent with the temperature comparisons

shown earlier. However, the under estimate of CH4 and O2 are consistent with the over estimate of

22



CO2 and H20 mass fractions in the flame region and these are related to the under prediction of
the jet expansion and penetration noted earlier. The comparison between measured and computed
mass fractions improve considerably as one moves downstream for Case C. Furthermore, these

comparisons are comparable to those observed in past studies, see Appendix.

V. Concluding Remarks

The reacting flow in the SGT-100 combustor is simulated using LES involving premixed flamelets
as SGS closure for the filtered reaction rate. The flamelets ranging from lean to rich flammability
limits are used along with a simple model involving total (resolved + SGS) scalar dissipation rate of
mixture fraction, see Eq. (8), for non-premixed combustion around stoichiometric mixture fraction.
The filtered reaction rates obtained using these flamelets are tabulated with filtered progress variable,
mixture fraction and their respective SGS variances as controlling variables, which are transported
in the LES. The mixture fraction SGS dissipation rate is modelled using a linear relaxation model
whereas an algebraic model is used for progress variable dissipation rate to include contributions
from combustion and turbulence. This algebraic model maintains physical consistencies as discussed
in section IIIB1. The influences of SGS mixture fraction fluctuation and non-premixed mode
combustion on the computed statistics are evaluated systematically and these statistics are compared
to measurements.

The predicted size and shape of the CRZ compare quite well with those obtained from PIV and
this comparison is similar to those in past studies (see Appendix). Comparison of the filtered heat
release rate with OH PLIF demonstrates that the LES model used here captures the M-shaped flame
stabilised in the shear layer regions surrounding the CRZ and ORZ as observed in the experiments.
However, the outer branch of the flame is seen to have a relatively increased heat release rate
leading to under estimate of the reactant jet penetration and expansion inside the combustor. The
contribution of non-premixed combustion is observed to be small compared to the total reaction
rate in partially premixed combustion occurring inside the SGT-100. The SGS mixture fraction
variance influences the reaction rate and thus the statistics of temperature and major species mass
fractions. The agreement with the measurements improves substantially when reaction rate of

partially premixed combustion is modelled using contributions from premixed and non-premixed
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modes including the effects of SGS mixture fraction variance. The predominant effect is observed

to come from this variance. However, some over-prediction of mixture fraction is observed which

may be related to the under prediction of reactant jet penetration inside the combustor. Avenues to

improve this by including the SGS flame stretch or SGS correlation between the mixture fraction and

progress variable will be explored in future since the filter width implied by the grid suggests that

these residual effects may not be small. The strained flamelets [49] or copula [41, 43] methodology

could be used to capture these effects.
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Appendix A: Comparison with previous studies

The SGT-100 was also simulated using other combustion models in the past and it is worthwhile
to cross compare the flamelet model, Case C in Table 1, statistics to the past results. Pertinent
details of those studies are listed in Table A1l along with the corresponding symbols used for Figs. Al
to A6. The data published in earlier studies are obtained using professional digitising softwares
having pixel-level resolution. The numerical grids used here and in [5] are the same but employed
different finite volume based codes, OpenFOAM for the current study and BOFFIN in [5]. Further
detail on the Eulerian stochastic fields method used in [5] can be found there. A partially stirred
reactor model and OpenFOAM code were used in [6] with four different, 1-step, 4-step, 20-step and
25-step, chemical kinetics mechanisms and the results for 20-step and 25-step mechanisms showing
the closest agreement to the measurements [19] are chosen for comparison here. Thickened flame

model implemented in AVBP solver with a 22-step skeletal mechanism was used in [20)].

The SGT-100 configuration was analysed by Fedina et al. [21] using OpenFOAM with about
7.5 M grid cells and six different combustion models: thickened flame (TF), stochastic fields, partially
stirred reactor, eddy dissipation (ED), fractal and approximate deconvolution models. The results
in [21] for the partially stirred reactor model are the same as those for model 3 in Table A1. Results
for the stochastic field model in [21] are very similar to those shown here for model 2 of Table Al.
Also, the statistics obtained in [21] using thickened flame, stochastic field, fractal and approximate
decomposition models were found to be similar to each other. Because of this, the results for the four
model used in [21] are not shown here. The TF model used in [21] is very similar to that used in [20]
(model 5 in Table A1) with a substantially coarser mesh compared to that used in [21]. This and
the ED model are also not shown here for clarity of the plots, but are commented in the discussion.
Thus, the comparisons shown in Figs. Al to A6 include the computational results available in the
studies listed in Table Al. Although one may say that the statistics should not depend on the code
and numerical schemes used it is quite well known that the LES results can have some sensitivity

to these details and so one must be mindful of this while making cross comparisons.

The velocity statistics, mean and rms values, are compared in Figs. A1 and A2 for the axial and

radial velocities respectively. The agreement among the numerical results and with measurements
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Table Al: Summary of modelling detail

No. Model Mesh size Mechanism Reference Symbol
1 Flamelet 8M GRI 3.0 this study —
2 Eulerian stochastic fields 8M 15-step [5] X
3 Partially stirred reactor ™ 20-step (6] --
4 Partially stirred reactor ™ 25-step [6] O
5 Thickened flame 120M 22-step [20] --

are good for (U) at Loc. 1 and as one moves downstream, the difference among the numerical results
do not change much but there is some over prediction compared to measurements in the inner shear
layer region, ie., 20 < r < 40 mm. However, a close study of Fig. Al suggests that the results
of Partially stirred reactor model with 20-step kinetics and thickened flame model with 22-step
chemistry are closer to the measurements. The over prediction by other models suggests that there
is some under estimate of the reactant jet expansion and its penetration inside the combustor leading
to a narrower CRZ for the flamelet, Eulerian stochastic fields and partially stirred reactor model
with 25-step chemistry. The results for TF in [21] show that there is a strong grid dependency for
this model. The ED model in [21] was shown to yield improved results for mean axial velocity, which
are comparable to those for the model 3 listed in Table A1 above. The predicted rms values agree
quite well with measurements for Loc. 1 and for other locations all the models behave satisfactorily.
Also, this is the case for the TF and ED models considered in [21] although the latter was observed to
yield higher rms values. Overall, the axial velocity field is not strongly influenced by the combustion

model, which was also noted in [21].

The radial velocity statistics computed using flamelet model agree quite well with those for the
Eulerian stochastics field method and the measurements. Since the time-averaged flow is expected to
be symmetric about the centreline the radial velocity should be (V) = 0 at r = 0, which is captured
well by the flamelet model. The experimental data show a negative velocity which is also observed
for the Eulerian stochastic fields method used in [5]. The computed rms values compare quite well

with measurements as seen in Fig. A2. Radial velocity obtained for the other combustion models
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used in past studies of SGT-100 were not reported and thus they are not shown and discussed here.

Figure A3 shows the comparison of mixture fraction statistics. The Eulerian stochastic fields
and thickened flame model captured the measured mean mixture fraction variations quite well while
there is some over prediction of the peak value by the flamelet model. However, the former two
models under predicted o¢ while the flamelet results agree quite well with measurements. As noted
in section IV C, the fully mixed value of <§~> = 0.034 for the incoming air and fuel flow rates is not
captured within the measurement locations (see for Loc. 4) while the flamelet result suggests that

values of (£) > 0.031 can occur for r > 50 mm to give the fully mixed value. This is not seen for
the other two models. The sensitivity of the computed <§> and o¢ to the incoming air and fuel
flow rates within the measured uncertainties were assessed to be negligible for the current study.
Hence, the over prediction is related to the under estimate of the jet expansion and penetration,
and avenues to improve this will be explored in future studies. Overall, the velocities and mixture
fraction statistics computed using the flamelet model are comparable to those observed in earlier

studies. Note that the statistics obtained for other combustion models used in the past studies were

not reported and thus they are not discussed here.

The temperature and reactive scalar mass fractions are compared in Figs. A4 to A6. The
averaged temperature in the CRZ is over estimated by about 150 K in the past studies for Loc. 1
while the flamelet model value agrees well with measurements. However, the over prediction of
the averaged temperature near r ~ 40 mm is similar to those observed in [5]. The level of this
overestimate is reduced for the thickened flame model [20], however a significant overestimate was
observed for the 7.5 M grid used in [21], which is similar to the results of the flamelet model. Thus,
the improved comparison seen by Jaravel et al. [20] is because of their very fine grid (see Table A1)
which may be able to capture the strain effects with no further modelling. The 20-step mechanism
was shown to over predict the ignition delay times and under predict the extinction strain rates for
the thermo-chemical conditions of the SGT-100 compared to the GRI 3.0 mechanism [6] and this
could be a reason for the good match seen at r ~ 40 mm. This is supported by the temperature over
prediction observed for the 25-step mechanism which yielded the ignition delay times and extinction

strain rates comparable to those obtained using GRI 3 [6] and this temperature over prediction is
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similar to the flamelet value as in Fig. A4. The ED model used in [21] showed a reduced overestimate
for temperature at Loc. 1 and 2, which is comparable to that observed for the 20-step partially
stirred reactor model (see Table Al. The difference among the computed averaged temperature
reduces as one moves downstream, however there is a substantial difference for the temperature
rms. Past studies show a considerably smaller rms values compared to measurements and flamelet
values in general.

The peak averaged values of reactant species, CH4 and O2, are under predicted by the flamelet
model compared to the measurements, which is consistent with the corresponding averaged mixture
fraction value. The averaged CH4 values obtained for the flamelet and the PSR models are quite
close to each other while the Eulerian stochastic fields method gave a lower value as seen in Fig. A5.
Almost all the methane is consumed by Loc. 3 in the stochastic fields method while the measurements
and the other two models show that there are some methane present at this axial location for
40 < r < 60 mm. The other reactant species (Yo2) agrees quite well for the flamelet and Eulerian
stochastic fields models as in Fig. A6 but there is some under estimate by both the models compared
to measured values. The flamelet model values of (Ynoo) agrees well with measurements, except
for the over prediction around r = 40 mm which is consistent with the temperature, mixture
fraction and mass fractions of CH4 and O2. The Eulerian stochastic fields method seem to have
over estimated the averaged water mass fractions. The relative variations of computed (Yco2) are
consistent with the other mass fraction values.

The species statistics are not reported for the thickened flame model of Jaravel et al. [20] and
thus they are not shown here. This model used in [21] severely under predicted the reactant species
(thus over prediction of products) for Loc. 2 to 4. However, the results of the ED model in [21]
compared well with measurements. Overall, the flamelet model predictions are comparable to other

methods but incurs lower computational cost.
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Fig. 1: TurChemi (SGT-100) combustor (not to scale, after [19]) with stream wise positions for

measurements (a). The combustion condition for the SGT-100 combustor is shown by the area

indicated on the Borghi diagram in (b).
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Fig. 2: Variation of normalised flamelet reaction rate, w™ with ¢ = ¢, and n = £. The reaction rate

is normalised using unburnt gas density, d;, and sy, for the flame with ¢ = 0.6 (£ &~ 0.034) mixture.
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Fig. 3: Variation of normalised filtered reaction rate, 5};, with ¢ and o2, for € = 0.034 and

0’27sgs = 0 is shown in (a). The variation of 5}; with 0’27sgs for € = 0.034, ¢ = 0.5 and three different

values of o2 _ is shown in (b).
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Fig. 4: Variation of time-averaged resolved turbulent kinetic energy per unit mass, (K), in the

mid-plane.
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Fig. 5: Visualisation of computed flow structures using vorticity iso-surfaces (tubes) are coloured

by temperature; pressure iso-surfaces (sheet) coloured by vorticity. The result is shown for Case C.
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Fig. 6: Averaged magnitude of planar velocity (color map): (a) from PIV measurements [19] and
LES results for (b) Case B and (c) Case C in Table 1. The corresponding streamlines are also

shown. The computed rear stagnation point is marked with a circle.
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Fig. 7: Radial variations of mean and rms axial velocity: measurements (circles) and LES results

for Cases A (--), B (—) and C (---) in Table 1.
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Fig. 8: Radial variations of mean and rms radial velocity: measurements (circles) and LES results

for Cases A (--), B (—) and C (---) in Table 1.
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Fig. 9: A single snapshot OH-PLIF, coloured by OH gradient, in the mid-plane is shown in (a).
Figures (b) and (c¢) show the mid-plane spatial variation of normalised reaction rate obtained in

Case B and Case C respectively.
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Fig. 10: Mid-plane spatial variations of (a) total normalised reaction rate and (b) non-premixed

. . -—+
mode contribution, w,,, for Case C.
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Fig. 11: Variations of mean, (£), and rms, o¢, mixture fraction: measurements (circles) and LES

results for Cases A (--), B (—) and C (---).
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Fig. 12: Mid-plane contours of (a) mixture fraction and (b) its SGS variance for Case C. Two

iso-lines of ¢ = 0.05 and 0.95 are used to mark the flame region.
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Fig. 13: Variations of mean and resolved rms temperature: measurements (circles) and current

LES results for Cases A (--), B (—) and C (---). Profiles of total rms temperature,

_ /.2 2 2 2 :
OT 50t = \/ O res T O sgs» Where 07, and o7 ., are respectively the resolved and SGS

temperature variances, is also shown (...) for Case C.
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Fig. 14: Comparison of measured (circles) and computed, Cases A (--), B (—) and C (---),

mass fractions of CH; and COs.
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Fig. 15: Comparison of measured (circles) and computed, Cases A (--), B (—) and C (---),

mass fractions of Oy and HyO.
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Fig. A1l: Comparison of mean and rms of axial velocity: measurements (circles) and the legends

for the computational results are shown in Table Al.
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Fig. A2: Comparison of mean and rms of radial velocity: measurements (circles) and the legends

for the computational results are shown in Table Al.
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Fig. A3: Comparison of mean, (£), and rms, o¢, mixture fraction: measurements (circles) and the

legends for the computational results are shown in Table Al.
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Fig. A4: Variations of mean and rms temperature: measurements (circles) and the legends for the

computational results are shown in Table Al.
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Fig. A5: Radial variations of CH4 and CO2 mass fractions: measurements (circles), and the

legends for the computational results are shown in Table Al.
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Fig. A6: Comparisons of Oz and HyO mass fractions: measurements (circles), and the legends for

the computational results are shown in Table Al.
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