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ABSTRACT

Large eddy simulations with three-dimensional finite-volume Conditional Moment Closure
(CMC) model are performed for a hydrogen/nitrogen lifted flame with detailed chemical
mechanism. The emphasis is laid on the influences of mesh resolution and convection
scheme of finite-volume CMC equations on predictions of reactive scalars and unsteady
flame dynamics. The results show that the lift-off height is underestimated and the
reactive scalars are over-predicted with coarser CMC mesh. It is also found that further
refinement of the CMC mesh would not considerably improve the results. The time se-
quences of the most reactive and stoichiometric hydroxyl radical mass fractions indicate
that finer CMC mesh can capture more unsteady details than the coarser CMC mesh.
Moreover, the coarse CMC mesh has lower conditional scalar dissipation rate, which would
promote the earlier auto-ignition of the flame base. Besides, the effects of the convection
scheme for the CMC equations (i.e., upwind, central differencing and their blends) on the
lifted flame characteristics are also investigated. It is shown that different convection
schemes lead to limited differences on the time-averaged temperature, mixture fraction
and species mass fractions. Moreover, the root-mean square values of hydrogen and hy-
droxyl mass fractions show larger deviation from the measurements with hybrid upwind
and central differencing scheme, especially around the flame base. Furthermore, the dis-
tributions of the numerical fluxes on the CMC faces also show obvious distinctions be-
tween the upwind and blending schemes. The budget analysis of the individual CMC terms
shows that a sequence of CMC faces has comparable contributions with upwind scheme.
However, with the hybrid schemes, the instantaneous flux is dominantly from limited CMC
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faces. The reactivity of a CMC cell is more easily to be affected by its neighbors when the

upwind scheme is used.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Turbulent lifted flames have been extensively adopted in
practical combustion apparatus, including industrial burner
and propulsion system, since they can prevent the nozzle
from being damaged by the high-temperature zone [1-5].
Meanwhile, the fuel and oxidant can achieve a certain level of
pre-mixing through diffusion and turbulent motion ahead of
the flame base. It is generally accepted that lift-off, blow-off
and stabilization of the flame are affected by the mutual
interaction of turbulence and chemical kinetics [6]. Clear un-
derstanding of the complex mechanism behind the lifted
flame is of great importance to design and improve the in-
dustrial combustion devices.

Numerous experimental studies on turbulent lifted flames
have been performed [7—13]. For instance, Cabra et al. [7]
designed a vitiated co-flow burner to explore the features of
lifted turbulent H,/N, (hydrogen/nitrogen) jet flames, and they
measured the temperature and key species concentrations in
the lifted flame. Using the same burner as in Ref. [7], Wu et al.
[8] investigated the correlation between the lift-off height and
various flow conditions (e.g. jet/co-flow velocities and co-flow
temperature). Their results reveal that the lift-off height in-
creases with jet/co-flow velocities and decreases with co-flow
temperature. Moreover, Markides and Mastorakos [9] experi-
mentally studied the autoignition behaviors of hydrogen in a
co-flowing air, and they reported the similar correlations be-
tween the flame lift-off height and co-flow velocity/tempera-
ture to those by Wu et al. [8] In addition, Leung and Wierzba
[10] further studied the co-flow velocity effects on stability of
turbulent non-premixed jet flame and they found that the co-
flow velocity considerably influences the blowout limits of the
lifted flames.

Due to the simple flow configurations and well-defined
boundary conditions, turbulent lifted flames are widely used
for combustion model validations [14,15]. The Conditional
Moment Closure (CMC) approach has been shown to be able to
accurately predict the turbulent lifted flames [16—24]. For
instance, the Large eddy Simulation — Conditional Moment
Closure (LES-CMC) approach was used to simulate a lifted
methane flame by Navarro-Martinez et al. [22], and their re-
sults show that the flow characteristics and reactive scalars
are predicted well by the LES-CMC model. The effects of the
inflow turbulence on lift-off height were also captured satis-
factorily. They used the same model to investigate various
lifted hydrogen flames [21], i.e. Berkeley experiments [7] and
Cambridge experiments [9], which further corroborate the
prediction accuracy of the sub-grid scale CMC model. More-
over, Stankovic [20] simulated hydrogen auto-ignition in a
turbulent co-flow of heated air also with LES-CMC approach,
and various experimentally observed autoignition regimes are
reproduced by LES-CMC. With LES-CMC, Tyliszczak [23]

assessed the effects of different models of conditional scalar
dissipation rate on auto-ignition of lifted hydrogen flame, and
it is shown that the predicted lift-off height is sensitive to the
model constant for sub-grid scale scalar dissipation. Rosiak
and Tyliszczak [24] studied the flame development and
propagation of a pure hydrogen jet in a hot co-flow of oxygen
and water vapor with LES-CMC approach, and found that the
changes of the oxidizer composition can affect the flame
temperature and lift-off height.

In the above LES-CMC simulations [16—24], the CMC
equations are discretized with finite differencing method on a
different mesh from the LES one. Recently, to achieve higher
prediction accuracy of the physical transport term dis-
cretization and accommodate more realistic turbulent flame
problems (e.g. model gas turbine combustors), the LES-CMC
model based on finite volume discretization is implemented,
extended from the previous Cambridge finite-differencing
solver [25—27]. The essence of this implementation is to dis-
cretize the CMC equations (more specifically physical trans-
port terms and relevant quantities) based on the surface
fluxes through the CMC cell faces and these CMC faces are
automatically selected from the cell faces of fine LES mesh.
The improvements for the CMC simulations include: 1) Poly-
hedral CMC cells can be used, rendering it suitable for
complicated flame configurations (e.g. model burners and/or
variable inlet conditions). This is an important step for an
advanced combustion model for real applications. 2) Since the
CMC faces are selected from the LES faces, the numerical
fluxes are essentially resolved at the (fine) LES resolution,
instead of the (coarse) CMC resolutions. Therefore, the varia-
tions (e.g. fluctuations) of the surface fluxes for a CMC cell can
be accurately captured, compared to the numerical dis-
cretization done over the coarse CMC resolutions. 3) At the
inlet conditions, due to the surface flux calculations based on
LES (or CMC) faces, the inlet condition effects (e.g. inlet tur-
bulence) on the near-inlet CMC cells are accurately quantified.
It has been validated in predicting localized/global extinctions
and forced ignition in turbulent non-premixed flames
[25,28—31]. However, whether the finite volume CMC model
can accurately predict the auto-ignition of turbulent lifted
flames has not been examined yet. Clarifying this would be
helpful to extend the finite volume CMC model for more
complicated problems, e.g. turbulent lifted spray flames.

Moreover, despite the successful applications of the finite-
volume CMC model [25,26,28—31], the sensitivity to the model
implementations has not been particularly investigated. It is
known that due to distinct LES and CMC meshes, the CMC
resolution may affect the calculations of reactive scalars in
mixture fraction space and strong spatial variation of flame
structure in physical space. Stankovic et al. [19] used LES with
the finite differencing CMC to investigate the Cabra lifted Hy/
N, flame [7], and they found that the refinement of CMC mesh
may move the flame base further downstream. Navarro-
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Martinez and Kronenburg also analyzed various CMC resolu-
tions in their LES of different lifted flames with one- and two-
dimensional CMC models [21], and observed that the coarser
CMC mesh would produce an unrealistically flat temperature
profile at the flame base. Therefore, whether the conclusions
from the above work [19,21] can be straightforwardly
extended to the three-dimensional finite volume CMC model
is uncertain. Besides, the interactions between the neigh-
boring CMC cells (characterized by the convection and sub-
grid scale diffusion of the conditional reactive scalars) have
significant effects on capturing highly unsteady and localized
flame dynamics (e.g. localized extinction, blow-off and re-
ignition) [21,28]. In Refs. [25,26,28—31], the upwind scheme is
used for the convection term in the CMC equations. With it,
the transport direction of conditional reactive scalars in
physical space is dominantly controlled by the local mass or
volume flux. Whether the dissipative nature of this scheme
affects the predictions of instantaneous and/or local flame
dynamics needs to be assessed. It is worth mentioning that
both the numerical schemes and the ratios of CMC and LES
filter sizes are numerical parameters that may influence the
prediction accuracies of the LES-CMC model.

In this work, the effects of CMC resolution and numerical
scheme will be studied. The lifted H,/N, flame [7] is selected as
the target flame. The reasons include: 1), The uncertainties of
hydrogen chemical mechanism are relatively small; 2), There
are plenty of experimental data measured for model valida-
tions; 3), The richness of unsteady flame dynamics, such as
flame autoignition and stabilization as well as turbulence-
chemistry interaction, is helpful for examining the predic-
tion ability of the LES-CMC model. In this work, three CMC
meshes are adopted to investigate the CMC resolution sensi-
tivity in the framework of finite volume discretization. It is
worth mentioning that the finest CMC mesh studied in this
work is identical to the LES mesh, which is helpful to assess
the accuracies of the data exchange between the LES and CMC
meshes. Furthermore, three convection schemes, including
upwind scheme, hybrid upwind and central differencing
schemes with different blending factors, are employed to
explore the discretization scheme effects.

The rest of the manuscript is structured as below. Section
Governing equation presents the governing equations for LES
and CMC modelling. The flame information and numerical
implementation are introduced in Section Flame information
and numerical implementation, followed by the results and
discussion in Section Results and discussion. The main con-
clusions are summarized in Section Conclusion.

Governing equation
Large eddy simulation

In LES, the large-scale eddies are resolved, while the effects of
the unresolved small-scale eddies on the resolved flow field
are modelled. Their governing equations can be derived
through low-pass filtering the respective instantaneous
equations. In this work, the resolved continuity and mo-
mentum equations are solved [32].
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where t is time, x is spatial coordinate, p is resolved density, p
is resolved pressure and U is resolved velocity.
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T = “(o_xj % 5 005 | 1S resolved stress tensor with ¢; being

Kronecker delta function. u is dynamic viscosity, which is
estimated based on Sutherland's law. 73° = p(witj —till;) is the
sub-grid scale stress tensor, closed by the constant Smagor-
insky model [33].

For modelling turbulent non-premixed flames, the
resolved mixture fraction £ is solved from
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where D refers to the molecular mass diffusion coefficient.
With the unity Lewis number assumption, D is calculated
through the thermal conductivity as D = k/pC,. For turbulent
flames, generally, the molecular diffusion is less important
due to the strong turbulent transport. Therefore, the Lewis
number was assumed to be unity in this work, which is one
of the intrinsic assumptions of the CMC model. The
assumption has been relaxed in some previous CMC studies
[34,35], and it has been shown that the results with and
without this assumption are similar. Here k is the thermal
conductivity, calculated using the Eucken approximation
[26], i.e. k = uCy(1.32+1.37R /C,). Here C, is the heat capacity
at constant volume and derived from C, = C,— R. Here
Cp = szlYme_m is the heat capacity at constant pressure,
and C,, is estimated from JANAF polynomials [27]. A
gradient-type model is adopted to estimate the sub-grid
scalar flux in Eq. (3), i.e.

5w —Ei) = — 5D, =
p(w U; EL{]) PDtan7 4

Here D; = u,/pSc; is sub-grid scale diffusivity with y, being
sub-grid scale dynamic viscosity. The Sc; is turbulent Schmidt
number and is assumed as 0.7 [36].

The sub-grid mixture fraction variance 5;2 is calculated by
an algebraic model [37]
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A is the LES filter width and is taken as the cube root of the LES
cell volume, i.e., A = Vﬁég Vies is the volume of a LES cell. The
constant ¢, in Eq. (5) is assumed to be 0.1 [37]. Moreover, the
scalar dissipation rate N includes the contributions from the
resolved mixture fraction field (i.e. Nm) and the sub-grid one
(i-e. Nygs) [38]
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The sub-grid scale scalar dissipation rate ngs is modelled
based on the assumption that a characteristic velocity time-
scale is proportional to a characteristic mixing time scale
[38—40], which is parameterized by the model constant cy in
Eq. (6). This constant characterizes the contribution of scalar
dissipation from the sub-grid field on the total one, i.e. N.
Tyliszczak [23] performed a systematic analysis on the
sensitivity of CMC modelling of the Cabra flame to this con-
stant [7] and the results suggested that the lift-off height can
be accurately reproduced when cy = 120, which is followed in
our LES — CMC simulations.

Conditional moment closure model

The governing equation for the conditionally filtered species
mass fraction can be written as [40—42]
Q. 0Q Q.

W*‘ru |7]7 N‘n 2 +wa‘n

= o [p [P (1) (W Yo7 — w0 Qu)], (7)

p[nP(n) axk
where Q,=Y|n is the conditional filtered mass fraction of a-th
species. 7 is the sample space variable for mixture fraction,
whereas the operator “(-|n)” means conditioning on mixture

fraction. m, ﬁl:l and um are the conditional filtered ve-
locity, scalar dissipation rate and reaction rate of a-th spe-
cies, respectively. The filtered density function P(y) is
assumed to be B-shaped and calculated with the filtered

mixture fraction £ and its variance £”. p|n is conditionally
filtered density. Note that the CMC equation is practically
solved on a different grid resolution Acumc from the LES one
Arps and normally the former is coarser than the latter
[42—44]. Therefore, the LES and CMC equations are filtered
with various filter sizes.

The second term on the LHS can be divided into two terms

auk\n
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The last term on the RHS of Eq. (7) can be modelled with a
gradient-type model [44]
0Q,

Ul:?;"’l - urk\|JTIQa = - Dtg (9)

Neglecting ;;\7;15(17) and substituting Egs. (8) and (9) into Eq.

(7), one can obtain the following governing equation for Q,
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The product of conditional density and filtered density
function in the last term (sub-grid diffusion) in the RHS of Eq.
(7) is moved out of the spatial derivative and therefore
cancelled out, resulting in its form in Eq. (10). This simplifi-
cation is based on the following reasons: (1) when the value

of P(n) equals zero, the last term in Eq. (7) numerically tends

to be infinity, and this may increase the calculation un-
certainties; (2) the diffusion flux through one CMC cell is
actually summed from all the LES faces constituting that
CMC cell in our implementation (see Section Finite volume
discretization of CMC equations), and the LES mesh resolu-
tion is sufficiently small to make sense of neglecting the

gradient of 1%15(?7) across these faces. This has been used in
our previous work [25,30,31] and reasonable predictions of
the reactive statistics in mixture fraction space and physical
space are achieved.

Integrating the above governing equation within a control
volume QM€ yields

0Q, 0Q, _ auk\n
LCMC 2 a0 +[ i Q,)de 7LC Q. i de
To T, T,
S5 0°Q — 0Q,
N de «|ndQ de,
+‘|‘QCMC |77 azn +'[Qcmcw ‘77 + L)cMcan< an>
T, Tag Ts

(11)

where Q™€ represents the CMC cell. The first term in the LHS,
To, is unsteady term, whilst the terms T; and T, denote con-
ditional convection and dilatation, respectively. T; represents
micro-mixing, T, chemical reaction, and Ts sub-grid scale
conditional scalar flux. In our work, the conditionally filtered

total enthalpy QhEth is solved from
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which is similar to Eq. (11) without chemical reaction term
T4.
The Amplitude Mapping Closure (AMC) model [45] is

employed to model ITIE in the LES resolution, i.e.,

NJy=NoG(n), (13)
No :N/J: P(n)G(n)dn, (14)
G(n):exp( [erf (2n-1) ] ) (15)

Here G(n) is a shape function and calculated from the in-
verse error function erf~*(x). The conditionally filtered scalar
dissipation rate in CMC cells (denoted with superscript “CMC”)

and they are calculated by integrating RIF; over all the LES cells
within one CMC cell [40]

5P(n)N[ndQ
——CMC ‘ p
Ny e (16)
PP(n)dQ
QCMC
The mixture fraction and its variance on a CMC cell, §CMC
~ CMC

and ¢’ ,are given as [40].
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First-order CMC model is used in this work and hence the

(18)

conditionally filtered reaction rate can be modelled as w:‘,n:
w4(Qa,...Qn,Qr). Here n represents the total number of species,

and QTEﬂvn is the conditionally filtered temperature. Finally,
the unconditionally filtered variables f (e.g., p, T and Y,) are

obtained by integrating the conditional value m in mixture
fraction space

f= Lflvnﬁ(n)dn, (19)

in whichﬂ:, is the conditionally filtered scalars (e.g., 1/ m, Qr
and Q,).

Finite volume discretization of CMC equations

For the current LES — CMC formulations, the mesh for CMC
equation discretization, Q°MC, is reconstructed from the LES
cells, which is shown in Fig. 1. The CMC nodes (red dots in
Fig. 1) are generated within the same domain as that for LES.
Then the centroids of the LES cells (i.e. blue dots) search for

giseeas= e
SRR TN T RRCEE

-: = CMC faces
-t CMC cells -
® CMC nodes ®

LES faces
LES cells
LES nodes

Fig. 1 — Schematic of CMC cell reconstruction from LES
mesh. The arrows indicate the directions of convective
fluxes of Q, or Q;,. Each LES cell and CMC cell has individual
nodes.

the host CMC node based on the minimal distance algorithms,
i.e. the distance between the centroid of the LES cell and its
host CMC node is the smallest. With this, the LES cells have,
and only have, unique CMC nodes. Furthermore, the CMC
faces (dashed lines in Fig. 1) are selected from the LES faces
such that the host CMC nodes of the LES cells sharing them are
different. The individual CMC nodes can be enclosed by a
sequence of CMC faces. The polyhedral CMC control volumes
are therefore generated, and the CMC governing equations,
Egs. (11) and (12), are discretized over them. The finite volume
discretization of the individual terms in Eq. (11) are detailed as
below.

e Term T, (unsteadiness)

0Q, 0 CMCaQa
JQCMC ot do= atJ_QCMCQad =V ot’ (20)
where VEMC ig the volume of a CMC cell.
e Term T; (convection)
a —_
[,y (wnQ)A2=§  (TnQ.) ns. @)
CMC QCMC

AQMC refers to the faces of a CMC cell.

FCMC

ﬁgm (a7 Q) - ndS = Zi&

+Uy \nQany + U, ‘anxnz)mAva (22)

FCMC  ——

(Uel1Qu - WAS =" " (ufnQun,

in which F™C stands for the number of LES faces surrounding
the CMC node. The quantities, n,, ny and n,, are the Cartesian

components of the CMC face normal vectors. bfx\vn, uy|n and b?|17

are the Cartesian components of uTn The convection fluxes

Shear Layer

Lifted
~__JetFlame

\ Coflow
Potentral Core

Vltlated Coflow
('1(2200 flames)
I

\
L

Coflow Jet

Fig. 2 — Schematic of the Berkeley H,/N, flame [7].
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are expected to influence the physical transport between the
neighboring CMC cells, indicated by the arrows as showed in
Fig. 1. One can see from Egs. (21) and (22) that the species flux
from one CMC cell would be gained by the neighboring one
and therefore it is conserved.

As mentioned before, @7 is modelled as 1, [42], Eq. (22) can
be re-written as

FeMC . . FCMC
Z (ux‘nQanx + uy{"]Qany + uz‘”’]Qanz)mASm = Z (ﬁXQﬂnx + ayQany
m=1 m=1

+1,Qun,), ASy (23)

The effects of numerical schemes for convection term T;
will be studied in this work, including Upwind (UD) scheme
and blended UD/CD (Central Differencing) schemes [46].

The blended scheme of CD and UD is implemented with a
blending factor y

O = 'Y((pm)CD + (1 - 7)(¢m)UD= (24)

where ¢,, is a generic variable ¢ (e.g. lmQa) at the m-th face.
(¢m)cp and (¢n)yp are the numerical fluxes predicted with CD
and UD schemes, respectively. v is a tuneable parameter, and
v = 1 denotes CD scheme, whereas y = 0 denotes UD scheme.

e Term T, (dilatation)

oueln ;o oualn , —
JQCMCQu 0Xp dQ_QAJ\QCMca—Xde_Q“§ cmcuk‘n nds, (25)

0Q

where we assumed that Q, is constant within a CMC cell

[40,42]. Since 1@7 is modelled as ux [42], Eq. (25) can be re-
written as

FCMC

igcmukm -ndS = ﬁgcmuk . ndSzZm:1 (T + Tyhy + UzN;) | ASp,
(26)
where uy, U, and u, are the Cartesian components of filtered

velocity u at the m-th LES faces, respectively.

e Term T3 (micro-mixing)

N o aZQ,, CMC N, aZQxx
LCMC Nl = Ve Nz 2 (27)

Here both Nw|n and G;TQ; are assumed to be constant in one
CMC cell.

e Term T, (chemistry)

wa|ndQ2 = VMo, [n. (28)
QCMC

It is assumed that the reaction rate w,|n does not change
within one CMC cell and therefore can be moved out of the
integration over the CMC cell.

e Term Ts (sub-grid scale diffusion)

0

_4 s=S"p, (0, 9
LCMCa(DtVQﬂ)dmﬁW (DiVQ,)-nS=Y _  Din ( et oy
+%nz) ASm, (29)

where Dy, is the sub-grid diffusivity at the m-th CMC face. The
derivatives, 8Q,/dx, and dQ,/dy, are the Cartesian components
of the gradient of 8Q,/dz. The discretization of the individual
CMC terms in Eq. (12) are the same and therefore not repeated
here.

Flame information and numerical
implementation

Berkeley H,/N, flame

The lifted Hy/N, flame in a vitiated co-flowing jet measured by
Cabra et al. [7] is simulated in this work. The schematic of this
burner is shown in Fig. 4. The central jet of H, and N, is
injected from a burner with a diameter of D; = 4.57 mm. A
vitiated co-flow of the combustion products from a lean pre-
mixed Hy/air flame is provided to ignite the central fuel jet.
The conditions of the central jet and surrounding co-flow are
listed in Table 1. The central jet consists of 25% H, and 75Q,%
N, (by volume), while the vitiated co-flow is 14.74% O, (oxy-
gen), 75.34% N, and 9.89% H,O (water). The temperatures of
the fuel and co-flow are 305 K and 1045 K, respectively. The
bulk velocity of the fuel jet is U; = 107 m/s, while the co-flow
velocity is 3.5 m/s. Their Reynold numbers are 23,600 and
18,600, respectively. Furthermore, the stoichiometric mixture
fraction & is 0.474, calculated based on Bilger's formulation
[47]. There exists a most reactive mixture fraction around
which autoignition occurs first due to optimal thermo-
chemical conditions [48] and it is about 0.054 for this flame.
The measured lift-off height of this flame is about 10D; [7].

Numerical implementation

A cylindrical domain is used for LES and CMC simulations. It
starts from the burner exit plane, and the domain size in the
axial, radial and azimuthal directions are 30D; x 10D; x 2,
respectively. The coordinate origin lies at the center of the H,/
N, fuel jet. Different CMC resolutions will be studied in this
work, which will be detailed in Section Simulation case.

Table 1 — Boundary conditions at fuel jet and co-flow.

Parameters Fuel jet Co-flow
Diameter 4.57 mm (D;) 210 mm
Temperature 305K 1045 K
Velocity 107 m/s (Uj) 3.5m/s
Mole fraction of H, 0.25 0

Mole fraction of O, 0 0.1474
Mole fraction of N, 0.75 0.7534
Mole fraction of H,O 0 0.0989
Reynold number 23,600 18,600
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Besides, mixture fraction space is discretized by 51 nodes with
two boundaries at n = 0 (co-flow) and 5 = 1 (fuel jet), respec-
tively, and the nodes are clustered around the stoichiometric
and most reactive mixture fractions.

In the LES, for the fuel jet, one-seventh power law is
applied for the mean axial velocity of the fuel jet, consistent
with the experiments [7]. The synthetic eddy method [49] is
used to reproduce the turbulence and the Reynolds stress
components are estimated following Masri et al. [50] Top-hat
profile is given for the co-flow mean velocity. The mixture
fraction is unity at the jet, while zero at the co-flow. Zero-
gradient condition is enforced for all the quantities at the
lateral and outlet boundaries.

For the CMC boundaries in the physical space, mixing so-
lutions of Q, and Q, are specified at both fuel jet and co-flow.
The thermo-chemical compositions at the two boundaries, i.e.
n =0 and n = 1, follow the conditions of fuel jet and co-flow
tabulated in Table 1. Zero-gradient condition for Q, and Qy is
applied at the lateral and outlet boundaries. The CMC cells in
the interior domain are initialized by the mixing solutions.

The LES governing equations, i.e. Egs. (1)—(3), are solved
with OpenFOAM®, whilst the CMC equations (Egs. (11) and
(12)) are solved by an in-house CMC solver developed at Uni-
versity of Cambridge [25,26,29,31]. The two solvers are inter-
faced through on-the-fly data exchange (e.g. filtered density
and temperature) at each time step, following the strategies
detailed in Refs. [25,26,29,31]. The PIMPLE algorithm' is adop-
ted for the coupling between velocity and pressure in LES, and
first-order implicit Euler scheme is used for time discretiza-
tion. Both convection and diffusion terms in the LES equations
are discretized by central differencing scheme. For the CMC
equations, the second-order central differencing is used for
sub-grid diffusion term, whereas the linear interpolation is
applied for dilatation term. The micro-mixing term in Egs. (11)
and (12) is calculated with TDMA (Tridiagonal Matrix Algo-
rithm) method, and the ODE solver VODPK [51] is used for the

chemical reaction terms (&]ﬁ. Different schemes for convec-
tion term in the CMC equations will be studied, and the
detailed information is presented in Section Simulation case.
A chemical mechanism of 10 species and 23 reactions is used
for hydrogen oxidation [52], which is also used in Refs. [53,54]
for modelling the same flame. The time step for both LES and
CMC solvers is 10° s. 48 bi-processors 2.60 GHz cores are used
from ASPIRE 1 Cluster from National Supercomputing Center
in Singapore. The Flow-Through Time (FTT) of this flame is
T; = Ly/U;j=1.3 ms, where Ly is the streamwise length of the
computational domain. The statistical results in Section
Results and discussion are collected over 10 FTT after the
initial field effects are purged (over 10 FTT).

Simulation case

In this work, the LES mesh is 134 x 54 x 42 hexahedral cells
and its sufficiency in resolving the flow kinetic energy and
conserved scalar mixing can be confirmed by a mesh sensi-
tivity and turbulence length scale estimations in Appendices

T In OpenFOAM®, PIMPLE algorithm is a combination of PISO
(Pressure Implicit with Splitting of Operator) and SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations) methods.

A—C. To explore the CMC resolution effects, three CMC
meshes are studied in Cases 1 — 3, respectively. Their detailed
information is summarized in Table 2. The base (intermediate)
CMC mesh in Case 1 contains 94 x 36 x 24 cells, whilst the fine
CMC mesh in Case 2 has 134 x 54 x 42 and the coarse one in
Case 3 consists of 54 x 36 x 24 cells. They are differentiated
with CMC resolutions in the flame region, i.e. 10D; x 1.5D; x 2.
The approximated ratios of the LES cells to CMC cells in Cases
1-3 are 4, 1 and 8, respectively. Note that in Case 2 the CMC
mesh is the same as that of the LES mesh. Meanwhile, three
convection schemes are considered, including UD and
blended UD/CD schemes. These are compared through Cases
1, 4 and 5, as tabulated in Table 2.

Results and discussion
Basic flame structure

Fig. 3 shows the resolved profiles of temperature and OH
(hydroxyl) mass fraction of Case 1 when the flame stabilizes. It
is found that when x/D; < 10, there is no obvious increase of
temperature and OH mass fraction, indicating chemical re-
actions are week there. Nevertheless, when x/D; > 10, high
temperature and OH mass fractions are observable. This im-
plies that the flame has ignited and been lifted beyond a
critical height. Based on Fig. 3, the instantaneous lift-off
height is around 10D;. This is determined from the minimal
axial distance where the OH mass fraction reaches 2 x 107*
[55,56]. Almost the same lift-off heights are obtained if other
criteria (e.g. T> 1800 K) are used. Our results indicate that the
flame base fluctuates between 8.7D; and 11.5Dj, similar to the
experimental observations [57]. Similar fluctuations (3 — 4D))
of the lift-off height are also reported by the previous LES —
CMC simulations [21]. A closer inspection of Fig. 3 reveals that
the OH radical is largely presented closer to the isolines of &,
at the base. This indicates that the flame is stabilized with
local auto-ignition around 10D;.

The time-averaged temperature and OH mass fraction
from Case 1 are plotted in Fig. 4. Itis seen that the mean lift-off
height is about 10D;, which is consistent with the measure-
ment in the experiment [7]. Note that this height is predicted
without tuning the co-flow temperature or velocity, consid-
ering their possible uncertainties [7,8]. In the previous LES of
the same flame with finite-differencing CMC model, the pro-
nounced deviations (with the errors of +5D;) are observed for
the lift-off height [20,21]. The mean temperature rises near the

Table 2 — Information on the simulation cases.

Case Numerical scheme CMC mesh  LES cell

number
per

CMC cell

1 (base) Blended scheme (y =0.7) 94 x 36 x 24 4

2 Blended scheme (y =0.7) 134 x 54 x 42 1

3 Blended scheme (y = 0.7) 54 x 36 x 24 8

4 Blended scheme (y =0.5) 94 x 36 x 24 4

5 Upwind scheme 94 x 36 x 24 4

Please cite this article as: Li G et al., Large eddy simulation and finite-volume conditional moment closure modelling of a turbulent lifted
H,/N, flame, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2021.09.209
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Fig. 3 — Resolved (a) temperature and (b) OH mass fraction. The inner isolines correspond to the stoichiometric mixture

fraction (¢5; = 0.474), while the outer isolines the most reactive

mixture fraction (¢,,, = 0.054).

fuel-lean mixture conditions, which is also seen from the
resolved temperature in Fig. 3a. The mean OH mass fraction
increases since the lift-off height. It peaks between 12D; and
17D; and at the fuel-lean side of the stoichiometric mixture
fraction isolines.

Effects of CMC resolution

Three CMC meshes (i.e. Cases 1—-3) are used to study the CMC
resolution effects. Cases 1-3 respectively correspond to

I
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intermediate (base), fine and coarse resolutions, as listed in
Table 2. Fig. 5 shows the radial profiles of mean temperature at
six locations in Cases 1, 2 and 3. At x/D; = 1, 14 and 26, the
radial profiles of the mean temperature in Cases 1, 2 and 3 are
in good accordance with the experimental data. However, the
mean temperature from coarse CMC mesh, i.e. Case 3, are
evidently over-predicted at the axial locations x/D;j = 8, 10 and
11. For instance, the mean temperature between r/D; < 2 at x/
Dj = 10 is higher than the experimental data, indicating that
the auto-ignition phenomena have occurred there. This
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%% 5

Fig. 4 — Time-averaged (a) temperature and (b) OH mass fraction. Legend for iso-lines same as in Fig. 2. Probe coordinate:

x = 11Dj, y = 1.4Dj, z = 0.
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Fig. 5 — Radial profiles of time-averaged temperature at six axial locations. Experimental data from Ref. [7].

implies that the flame base stabilizes more upstream when
the coarse CMC mesh is used, which results in lower lift-off
height (about 7.7D;) in Case 3. Additionally, the radial profiles
of the mean temperatures predicted with medium and fine
CMC meshes (i.e. Cases 1 and 2) almost have no differences at
x/D; = 8, 10 and 11. This corroborates the accuracy in pre-
dicting the unsteady flame dynamics when non-consistent
LES and CMC resolutions are used [40,42].

Fig. 6 shows the radial distributions of the temperature
Root-Mean-Square (RMS) value at four locations, i.e. x/
D; = 8, 10, 11 and 14. Here the RMS values are calculated
based on the resolved temperature. It is seen that the
trends of the radial profiles of the temperature RMS at
four axial locations are well captured with in Cases 1-3.
The predictions of the coarse CMC mesh in Case 3 show
largest deviations from the measurements than the other
two at x/D; = 8 and 10. However, at x/D; = 11 and 14, the
differences of the temperature RMS are relatively small,
although the computed temperature RMS slightly deviates
from the measured data.

The radial profiles of the statistics of H, and OH mass
fractions at four axial locations are presented in Figs. 7 and 8,
respectively. In Fig. 7, the mean H, mass fractions in Cases 1
and 2 are basically consistent with the measurements, while
hydrogen consumption in Case 3 is slightly overestimated at
x/D;j = 10, which is associated with the lower lift-off height
predicted with the coarse mesh. The radial distributions of the
RMS values of H, mass fraction show some deviations from
the measurements, particularly at x/D; = 10 and 11. The OH
radical is an important indicator for the beginning of the
hydrogen auto-ignition [9]. The predictions with the coarse
CMC mesh suggest that the flame is initiated at around 7.7D;.
Furthermore, the predicted mean and RMS of the OH mass
fractions from the coarse CMC mesh are noticeably larger

than the measurements at x/D; = 8, 10 and 11. Differences of
the mean OH mass fractions between the measurements and
Cases 1 and 2 are small compared with those in the coarse
mesh.

Multiple Mapping Conditioning (MMC) is a theoretically
rigorous combination of Probability Density Functions (PDF)
[58] and CMC models incorporating a generalisation of map-
ping closure [59,60]. The concepts of generalised MMC and
sparse-Lagrangian LES are combined to form the sparse-
Lagrangian LES-MMC model by Sundaram et al. [61]. For the

500 ———r—p— 500 r—r—T
® Exp. data
Case 1 )
< = = Case 2 2 "
§250 =+.=<Case 3 - §250 S } L
-

Fig. 6 — Radial profiles of temperature RMS at four axial
locations. Experimental data from Ref. [7].
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Fig. 7 — Radial profiles of mean (first row) and RMS (second row) of H, mass fraction at four axial locations. Experimental

data from Ref. [7].

LES-MMC model, the fields of velocity, pressure and reference
mixture fraction are obtained with an Eulerian LES, and the
reactive composition field is obtained with a Lagrangian
formulation of the Filtered Density Function (FDF) and the
MMC method. The comparison between the axial profiles of
temperature statistics predicted from LES-MMC [61] and this
work (Case 1) are illustrated in Fig. 9. It can be found that the
current LES-CMC model has the comparable accuracies with
the LES-MMC model. The computational cost of the current
LES-CMC simulation is slightly more expensive than that with
the sparse-Lagrangian MMC method [61] (private communi-
cation, M. Cleary), but good parallelization efficiency of our
CMC solver significantly reduces the computational cost,
which makes the LES simulations affordable. It has to

x1073
2.0 r

acknowledge that there are many additional effects influ-
encing the computational costs besides the combustion
model, including numerical solver, mesh and computational
infrastructure.

The influences of CMC mesh resolution on conditionally
filtered mass fraction are shown in Fig. 10. Here conditionally
filtered OH mass fractions at stoichiometry (Y(;P;Tést) is
selected, as OH is an important indicator of auto-ignition
event. Demonstration of You|és in the LES mesh is equiva-
lent to visualizing that in the CMC resolution, since each LES
cellin its host CMC cell has the same solutions. It can be found

from Fig. 10 that the instantaneous distributions of YO:.IT;'H
around the flame base look similar in Cases 1 and 2, while that
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Fig. 8 — Radial profiles of mean (first row) and RMS (second row) of OH mass fraction at four axial locations. Experimental

data from Ref. [7].
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statistics predicted with LES-MMC [55] and LES-CMC
models.

from Case 3 is obviously different. Specifically, the flame base
in Case 3 is lower than those in the other two, and meanwhile

the gradient of Y&Tgst at the flame base is smaller than those
in Cases 1 and 2.

To quantitatively analyze the effects of the CMC mesh
resolution on the conditional flame structures, the scatter
data from the experiments [7] and the conditional mean
temperature at three axial locations (x/D; = 8, 10 and 14) are
illustrated in Fig. 11. The scatter data, including temperature
and OH mass fraction, are collected from r/D; = 0.066 to 1.88
along the radial direction at the abovementioned axial loca-
tions, and the simulation results are also extracted from the
same locations. At x/D; = 8, the conditional mean temperature
in Cases 1 and 2 shows good accordance with the measure-
ments, while those in Case 3 are over-predicted. At x/D; = 10,
near the flame base, differences between the measured and
calculated conditional mean temperature in Cases 1 and 2 are
small. The temperature scatters at x/D; = 10 show that the
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30 r 30
r N St_OHcmc
25 25F 25F
g : H 0.0024
20 F 20F 20F 0.00196
s - a5l ’5 0.00152
X Y/ 0.00108
10 107 10 &{ 0.00064
s5F s5F s5F 0.0002
0 t 1 0 t 1 0 L 1
0 5 10 0 5 10 "0 10

r/D;

r/D;

5
r/D;

Fig. 10 — Contours of instantaneous conditionally filtered
OH mass fractions at stoichiometry from different CMC

meshes.

Mixture fraction

Fig. 11 — Scatter and conditional mean of temperature at
three axial locations. Experimental data from Ref. [7].

mixing solutions are dominant at this location, although there
are some points away from the mixing line. The latter corre-
sponds to the possible instantaneous localized extinction and
re-ignition near the flame base. Over-predictions of the con-
ditional mean temperature in Case 3 at the three locations
indicate that higher reactivity (earlier autoignition) at these
locations due to the coarse CMC mesh used.

Fig. 12 shows the temperature fluctuations with respect to
the conditional mean values in Cases 1—-3 at the same axial
locations as in Fig. 11. It can be found that the predicted
temperature fluctuations of Case 2 are consistent with the
measured values. This may be because the same LES and CMC
mesh is used, which removes the need for data transfer be-
tween two meshes and leads to high resolution for conditional
reactive scalars (e.g. temperature). Moreover, the results from
Case 1 are closer to the experimental data than those from
Case 3 at the three locations. Generally, increasing CMC mesh
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Fig. 12 — Conditional temperature fluctuation at three axial
locations. Experimental data from Ref. [7].
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Fig. 13 — Conditional mean OH mass fraction at three axial
locations. Experimental data from Ref. [7].

resolution enhances the accuracy of the LES — CMC model in
capturing the unsteady temperature evolutions.

The conditional means and fluctuations of OH mass
fraction at the same three locations are demonstrated in
Figs. 13 and 14, respectively. It is apparent from Figs. 13 and
14 that the conditional mean OH mass fractions are sensitive
to the CMC mesh resolution. The deviations of the OH mass
fractions between the measurements and the predictions of
Cases 1 and 2 are small compared with those of Case 3,
similar to the tendency in Fig. 11. This is consistent with the
comparison of the unconditional OH mass fraction in Fig. 8.
Similar to the temperature fluctuations in Fig. 12, the fluc-
tuations of conditionally mean OH mass fraction of Case 2
show better agreements with the measurements comparing
with Cases 1 and 3.
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Fig. 14 — Conditional fluctuation of OH mass fraction at
three axial locations. Experimental data from Ref. [7].
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Fig. 15 — Time history of the most reactive and the
stoichiometric OH mass fraction. Results from the probe (x/
D; = 11, y/D; = 1.4, z/D;j = 0) shown in Fig. 2(a).

Fig. 15 shows the time evolutions of OH mass fractions at
most reactive (£,,) and stoichiometric (¢£5;) mixture fractions.
They are extracted from the probed CMC cell (x/D; = 11, y/
D; = 1.4, z/D; = 0, marked in Fig. 4a) in Cases 1-3. It can be
found that this cell in Case 3 first achieves fully burning state
at around 0.0058 s, while in Cases 1 and 2 ignition in the same
location is initiated around 0.0085 s and 0.008 s, respectively.
The phenomenon is in accordance with the flame solution in
physical space as shown in Fig. 8, attributed to the fact that the
flame lift-off height calculated from the coarse CMC mesh
(Case 3) is lower than that from the refiner meshes (Cases 1
and 2). Meanwhile, more remarkable fluctuations of OH mass
fractions at both mixture fractions are captured in Cases 1 and
2 compared with Case 3, as the finer CMC mesh can capture
more details of turbulence. It is also seen from Cases 1 and 2
that the variations of the most reactive OH mass fraction are
basically consistent with the variations of the stoichiometric
OH mass fraction. However, this tendency is not clear in Case
3, although some small variations are also present.
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Fig. 16 — Mean and RMS of conditional scalar dissipation

——CMC
rate (N|n ) in mixture fraction space. Results from the

probe (x/D; = 11, y/D; = 1.4, z/D; = 0) shown in Fig. 2(a).
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Fig. 17 — Radial profiles of mean temperature with various convection schemes. Experimental data from Ref. [7].

The distributions of the mean and RMS conditional scalar
dissipation rate in mixture fraction space at the same probe
for Cases 1— 3 are showed in Fig. 16. They are collected from

the CMC resolution (i.e. W;CMC) and correspond to Eq. (16). The
data were averaged from t = 0.005 s—0.012 s. Obviously, the
mean and RMS of scalar dissipation rate (KIECMC) in the whole
mixture fraction range are the largest in Case 1, while they are
the smallest in Case 3. The reader should be reminded that in
Case 2 the identical LES and CMC meshes are used, and hence
the data averaging from LES to CMC mesh (i.e. Eq. (16)) is
actually not enforced. Nevertheless, the coarse CMC mesh

leads to the deviations of KI\T]CMC relative to that from Case 2.
Relatively low or intermediate scalar dissipation rate indicates
a high propensity for the mixture to be ignited, as discussed by
Mastorakos [48]. This trend has also been demonstrated in
Fig. 15.1Itis also found due to the various mesh resolutions, the
differences in N|neqn are smaller than differences in N|n,ps,
and the difference in mean values from the Cases 1, 2 and 3 is
less obvious. Besides, the finest mesh does not lead to a

smallest conditionally averaged dissipation rate (ﬂ), and the

reason could be attributed to the calculations of N\Ty As
described in Sections Large eddy simulation and Conditional

moment closure model, the ﬁ\?} in one CMC cell is integrated
from its host LES cells. However, the numbers of LES cells in
one CMC cell among the three cases are not the same. More-
over, since the probe is close to the flame base, strong un-
steadiness and spatial variations of the conditional quantities
may exist.

Effects of numerical scheme for CMC equations

Fig. 17 shows the radial profiles of the mean temperature at
different axial locations. Cases 1, 4 and 5 respectively

correspond to three various convection schemes for the
CMC equations, i.e. blended UD/CD schemes with blending
factor y = 0.7 and 0.5, as well as UD scheme. In general,
there are limited differences between the measured and the
simulated mean temperature with three convection
schemes. An in-depth observation on Fig. 17 shows that the
mean temperatures predicted with blend UD/CD schemes
are smaller than those calculated with UD scheme at x/
D; = 26. This is because the UD scheme is more dissipative
than the blend ones, especially at further downstream lo-
cations (e.g. x/D; = 26) where the mesh size is larger. The
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Fig. 18 — Radial profiles of temperature RMS with different
convection schemes. Experimental data from Ref. [7].
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from Ref. [7].

radial distributions of temperature RMS values at four lo-
cations are presented in Fig. 18. The variations of the tem-
perature RMS values are all reproduced satisfactorily with
the three schemes, except a slight overestimation at x/
Dj = 11 near the flame base.

The mean and RMS of H, mass fraction computed with
three convection schemes in Cases 1, 4 and 5 are in good
agreement with the experimental data, as showed in Fig. 19.
The predictions of the RMS of H, mass fraction show slight
difference for the three cases, especially at x/D; = 10 and 11
where the flame base locates. The fluctuations of H, mass
fraction in Case 1 have the largest deviation from the mea-
surements. Fig. 20 shows that the deviations of OH mass
fraction between the simulations and measurements

x1073

gradually increase from x/D; = 10 and then decrease at the
downstream of the flow (x/D; = 14). This can be ascribed to
the slightly overestimated lift-off heights calculated in Case
1, 4 and 5. Similar to the predictions of H, mass fraction, the
fluctuations of OH mass fraction also show a larger deviation
from the measurements in Case 1 compared with Cases 4
and 5.

The interactions between the CMC cells may considerably
affect the predictions of the flame dynamics [21,28]. As re-
ported in Refs. [21,23], flame autoignition mechanism can be
clarified by the instantaneous magnitudes of different terms
in the CMC equations. The analysis of the highly unsteady and
localized auto-ignition process near the flame base is based on
the instantaneous ones. Therefore, the budgets of CMC terms

20 ——r—————F——T7—

1.5

YOHmean

@ Exp. data |
— Case 1
=+ =Case 4
== oCase5

Fig. 20 — Radial profiles of mean and RMS of OH mass fraction in Cases 1, 4 and 5 at four axial locations. Experimental data

from Ref. [7].
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Fig. 21 — Budgets of the CMC terms for OH mass fraction equation at the probe (x/D; = 11, y/D; = 1.4, z/D; = 0) for Case 1.

(T4, T2, T3, T4 and Ts) in mixture fraction space will be analyzed
in one CMC cell (x/D; = 11, y/D; = 1.4, z/D; = 0, marked in Fig. 4a)
near the flame base. We select six time instants during the
auto-ignition process with the time interval of 0.00005 s, and
the first instant is termed as t, as shown in Figs. 21-23. The
contributions of the CMC terms on the conditionally filtered

OH mass fraction (Y&(\n) in Case 1 (blend factor y = 0.7) are
shown in Fig. 21, where t; corresponds to the time of 0.0099s. It
is observed that the dilatation, micro-mixing and chemistry

. o a2
terms, i.e. T, = Qaa(f,‘j;l”, Ty = N\naaz%u and T, =, are close to zero

at t = to, while the convection (T; = uLTn) and sub-grid diffu-

sion terms (Ts = %) have similar magnitudes at t,. Since

the T; and Ts are respectively at the left and right sides of Eq.
(11), production of OH radical is negligible at t,. The contri-
bution of the chemistry term  merges from

t=to+50:% <DtaQ"> (Fig. 21b), and progressively increases

[ N
with time until the flame becomes stable after 200At. The
micro-mixing term exhibits its contribution after 100At, and
shows an opposite effect on At compared with the chemistry

term (Ty), particularly at t = to +250Y8Hv|n. The above phe-
nomenon is also reported in Ref. [18]. Both the sub-grid scale
diffusion and convection terms have finite effects in
Fig. 21(a)(d). The convection and diffusion in physical space
contribute to the interactions between fresh CMC cell and
burning one. However, these contributions are not compara-
ble with that of chemistry term when the maximum tem-
perature in mixture fraction space arrives 1200 K as showed in
Fig. 21(c) and (d).

Fig. 22 shows the balance between different CMC terms
for Case 4, where the blended UD/CD scheme with the
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Fig. 22 — Budgets of the CMC terms for OH mass fraction equation at the probe (x/D; = 11, y/D; = 1.4, z/D; = 0) for Case 4.

blending factor of 0.5 is used. The time 0.0134 s is selected as
the initial time to. The contributions of chemistry and micro-
mixing terms are similar to that in Case 1 (shown in Fig. 21).
The dilatation and sub-grid scale diffusion terms are rela-
tively small, which are basically similar to the counterparts
in Case 1. However, the convection — term is different from
that in Case 1 where the blending factor is 0.7. It is seen that
the contributions of the convection term are always negative
during the whole ignition process, and the effects of con-
vection showed in Fig. 21(c)—(f) become more evident than
those in Fig. 21(c)—(f). This indicates that the convection
schemes with different blending factors influence the con-
tributions of the convective transport. Additionally, the
maximum magnitudes of the contribution of the convection
term is about 13 observed in Fig. 22(c), which is larger than
that in Case 1.

Likewise, the budget analysis is also conducted for Case 5
in Fig. 23, in which the upwind scheme is used. The initial
time is to = 0.00995 s. Similar to the budget analysis for Cases
4 and 5, the effects of dilatation and sub-grid scale diffusion

terms in Case 5 are small during the auto-ignition process,
while the chemistry term plays an important role on the
flame development. The contributions of the micro-mixing
term in Fig. 23 are small and not sufficient to compete with
the chemistry term, which is different from Cases 1 and 4. In
Cases 1 and 4, the micro-mixing term has almost the same
magnitude with the chemistry term when the fully burning
state is reached. For the convection term, the absolute value
of the maximum contribution of the convection term is
about 20 observed in Fig. 23(e), the largest one among those
in Cases 1,4 and 5.

As mentioned in Section Finite volume discretization of
CMC equations, one CMC cell contains numerous CMC faces,
through which the numerical flux enters or leaves the
enclosed CMC cell. This would considerably affect the local
flame structures and may induce strong unsteadiness of
conditional flame structure. The instantaneous convective
flux of stoichiometric OH mass fraction from individual CMC
faces are illustrated in Fig. 24. Results are extracted from the
same probed CMC cell at t = to+50At in Figs. 21(b), 22(b) and
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Fig. 23 — Budgets of the CMC terms for OH mass fraction equation at the probe (x/D; = 11, y/D; = 1.4, z/D; = 0) for Case 5.

23(b). The negative sign in Fig. 24 means influx of the nu-
merical flux for the CMC cell, while the positive one means the
outflux. This CMC cell has 21 CMC faces, and each face is
shared by two neighboring CMC cells. The convective flux of
blended scheme (Cases 1 and 4) at the CMC faces have a
similar trend: the convective flux at most CMC faces are small,
and only one face plays a dominant role in convection trans-
port between the neighboring cells. While for the UD scheme
(Case 5), most convective fluxes are negative, and there are
about half of the CMC faces showing finite and comparable
contributions. This further indicates that the reactivity of a
CMC cell is more easily to be affected by its neighbors when
UD scheme is used.

Besides, OH mass fractions at the stoichiometric mixture

fraction (Y(;Jist) for the neighboring CMC cells (which share
one CMC face with the current one) are also showed as the
numbers near the bars in Fig. 24. For Case 5, the stoichio-

metric mass fraction Y(;;Est of the current CMC cell is

1.1 x 107% while YOAHTE“ at its neighbor CMC cells are
4.1 x 107* for face 11, 2.0 x 10~* for face 4 and 9.1 x 10> for

face 1, respectively. These finite values of Y;I\JE“ mean that
the neighboring CMC cells are under burning state. There-
fore, the gross convective fluxes may make the current CMC
cell have the propensity to be ignited. For Case 1, Y(;;\Jist of
the current CMC cell is 1.4 x 107>, while the largest Y<;|Est at
its neighbor CMC cell is 2.1 x 1072 for face 11. Hence the
convective fluxes would not instantaneously facilitate the
ignition of the current cell. Similar to Case 1, the instanta-
neous fluxes in Case 4 also make negative contributions to

autoignition in the current cell, as the Y&;T&st is 4.5 x 107> at
this cell, while Yop|ts: at its neighbor CMC cell is 3.4 x 10~* for
face 10. However, in Case 1 and 4, this CMC cell still proceeds
towards fully burning conditions due to the continuous in-
teractions between the various flame structures in physical
space, as illustrated in Figs. 21 and 22.
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Conclusion

The LES — CMC simulations are performed for a lifted Hy/N,
jet in turbulent vitiated co-flow with detailed chemical
mechanism. The effects of mesh resolution and numerical
scheme of the finite volume CMC model on predictions of
reactive scalars and unsteady flame behaviors are analyzed
in this work.

The comparisons between the measured and predicted
radial distributions of temperature, mixture fraction and
species mass fractions at different locations show that the
LES — CMC approach has a better performance with the finer
CMC mesh. Besides, the lift-off height is underestimated if the
CMC mesh resolution is large. However, excessive refinement
of the CMC mesh is unable to further improve the prediction
accuracy. The time sequences of the most reactive and stoi-
chiometric OH mass fractions in different CMC meshes illus-
trates that the finer CMC mesh is capable of capturing more
unsteady details than the coarser CMC mesh. The coarser
CMC mesh has lower conditional scalar dissipation rate,
which promotes the ignition of the lifted flame.

Furthermore, the effects of convection schemes for the
finite volume CMC equations on the reactive scalar profiles

in physical and mixture fraction space are also investi-
gated. Comparisons against the experimental data indicate
that the influences of various convection schemes on the
time-averaged temperature, mixture fraction and species
mass fraction are negligible. The fluctuations of H, and OH
mass fractions show larger deviations from the measure-
ments with hybrid upwind and central differencing
scheme, especially around the flame base. The budget
analysis illustrates the magnitudes of the individual CMC
terms (i.e. T;-Ts in Eq. (11)) at various instants. The results
suggest that the contributions of the convection term in-
crease with the blending factor, and the absolute value of
the maximum contributions of convection term is ob-
tained with the upwind scheme. It is also shown that the
instantaneous convective flux of stoichiometric OH mass
fraction from individual CMC faces is considerably affected
by the convection scheme. The reactivity of a CMC cell is
more easily to be affected by its neighbors with upwind
scheme.

Based on our results, the recommended ratio of the
CFD cells to the CMC cells is 3.7 to 1 which is estimated
from the base case (Case 1), to have a correct prediction of
the reactive scalars in physical and mixture fraction space
for the turbulent lifted hydrogen flame. The reasonable
refinement of CMC mesh near the flame base is expected
to improve the prediction, and the desirable size of the
CMC cells is identical with the CFD cells in the region so
that the errors caused by the integration of reactive sca-
lars between the two meshes can be minimized. Moreover,
to obtain a better prediction of the fluctuations of H, and
OH mass fraction for the lifted hydrogen flame, especially
around the flame base, the upwind convection scheme is
recommended, while the blend UD/CD scheme is shown to
get a better prediction of the mean temperatures in the
downstream of the flame.
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Appendix A. Sensitivity of reactive scalar
statistics to LES mesh resolution

Fig. A1 shows the radial distributions of the time-averaged
temperature predicted with two LES meshes (i.e.
260 x 90 x 72 and 134 x 54 x 42) at six axial locations. Note
that the second mesh is used in the above analysis and for
brevity they are termed as M1 and M2, respectively. Here the
CMC mesh consists of 94 x 36 x 24 cells. It is found that the
mean temperature from two meshes have good agreements
with the measurements at all the locations, although the
time-averaged temperature is slightly over-predicted by the
fine LES mesh (i.e. M1) in the jet centerline at x/D; = 14. The
temperature RMS from the two meshes are compared
against the measurements at four positions in Fig. A2. The
two results are in good accordance with the experimental
data at x/D; = 8 and 10, while the temperature RMS at x/
D; = 11 and 14 are overestimated in both M1 and M2. In
general, the results from two LES meshes have negligible
differences regarding the temperature statistics. Similar
tendencies can also be found from the species mass fraction
statistics.

500

T 500 ¢
® Exp. data
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Case M2

Trms(k)
N
3

x/D=8

Fig. A2 — Radial profiles of the temperature RMS from two
LES meshes.
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Fig. A1 — Radial profiles of the time-averaged temperatures from two LES meshes.
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Fig. A3 shows the mean and RMS of mixture fraction at x/
D; = 8, 10, 11, and 14 from two LES meshes. The distributions
of the mean mixture fraction are predicted generally well in
both LES meshes at all the locations. Furthermore, the
mixture fractions along the centerline at x/D; = 14 are
underestimated with M1. This may be related to the over-
prediction of mean temperature at the same location in
Fig. Al. Moreover, the RMS of mixture fraction at all the
shown locations are well reproduced by the two meshes, in
spite of a slight overestimation at x/D; = 11. One can therefore
conclude from Figs. A1-A3 that the results from both LES
meshes have good agreements with the experimental data,
and the mesh (i.e. M2) used in the foregoing studies are
sufficient.

Appendix B. LES mesh resolution compared with
turbulent length scales

The integral length scale (L) and Kolmogorov scale (n;) can be
estimated as [62]:

Li=Dj(1+B-x) (B1)

N, =LiRe, 3/ (B2)

where D; is the diameter of a round jet, B=0.09 is the expan-
sion rate of the jet [56] and x is the axial coordinate. Re; = u'L;/u
is the local turbulent Reynolds number [63] obtained using the
RMS field of velocity u’ from the resolved field and the kine-
matic viscosity v.
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Fig. A3 — Radial profiles of mean (top) and RMS (bottom) of mixture fraction from two LES meshes.
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Based on Egs. (B1) and (B2), we compare the nominal LES
cell size A with the integral length scale L; and Kolmogorov
scale 7, from Case 1 (see Table 2), which are shown in Fig. B1. It
is observed that for x < 20D;, the grid size represents less than
8% of the integral length scale and about 10—20 times greater
than the Kolmogorov length scale. Since other cases in Table 2
use the same LES resolution, and hence all our simulations are
supposed to be sufficient to capture the turbulence scales of

large eddies.

0.10 T T T T T T T T T T T 100
—
----- A/n, 80
0.08 |
160
0.06 :
N T
0.04 R !
; " .. H20
ool Ly
0 5 10 15 20 25 30

x/D,
J

Fig. B1 — Nominal LES mesh size (A) compared to the
integral scale (L) and the Kolmogorov scale ( 7;) on the jet
axis.

Appendix C. Fraction of unresolved turbulent
kinetic energy

According to Pope [64], at least 80% of the total turbulent ki-
netic energy should be resolved in an LES. The fraction of
unresolved kinetic energy is estimated from

ksgs (Cl)

Me=—"-—,
kRES + ksgs'

where kg5 is the sub-grid turbulent kinetic energy and kggs is
the resolved turbulent kinetic energy.

Fig. C1 shows the distribution of Me in different LES
meshes, using the data with hydrogen mass fraction Yo >
0.001. The coarse and fine meshes have 260 x 90 x 72 and
134 x 54 x 42 cells, respectively. The same CMC mesh is used,
which consists of 94 x 36 x 24 cells. It can be found that the
probability density distributions with Me < 0.2 are about 0.86
and 0.96 from the coarse and fine meshes, respectively. The
results in Fig. C1 further confirm the sufficiency of the LES
mesh resolution used in this study.

10 T T T T T T T T T
L Il Coarse mesh |
08 - I Fine mesh
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-
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Me
Fig. C1 — Probability density function of Me with different
LES meshes.
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