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This paper presents the results of large eddy simulation/conditional moment
closure (LES-CMC) computations of a turbulent flame in oxy-combustion regimes
complemented by 0D-CMC analysis. The fuel is pure hydrogen and it issues into
a hot oxidiser stream which is a mixture of oxygen and water vapour. The flame
is initiated by a spark, then it spreads and propagates through the domain and
eventually stabilises as a lifted or attached one. The present problem offers new
challenges to combustion modelling as the observed combustion process is strongly
unsteady. In cases of large content of oxygen in the oxidiser stream the flame has
very high temperature (≈ 3000 K) and large temperature/density variations. Never-
theless, it is shown that LES-CMC simulations are stable in such conditions and can
be successfully applied to oxy-combustion studies. We analyse the dependence of the
flame temperatures and lift-off height of the flames LH on the oxidiser composition
and chemical kinetics. It is shown that both these factors may affect the flame be-
haviour. We identified the conditions in which LH exhibits a linear dependence on
the oxidiser composition independently of applied chemical kinetics, and the regimes
where the LH changes in a non-linear manner and strongly depends on the chemical
kinetics.
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1. Introduction

Oxy-combustion technology was proposed independently by Horn

and Steinberg [1] and Abraham et al. [2] in the 1980s as a tool reducing
pollutant emission of greenhouse gases. In oxy-combustion processes an oxidiser
stream is modified in such a way that the nitrogen present in the air is replaced
by recycled (or inert) gas and thus the NOx formation can be reduced. This
technology is currently in the developing stage and many questions related to
combustion characteristics, ignition, flame stability or optimal oxidiser composi-
tion remain unanswered. Although, in principle, the oxy-combustion technology
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can be applied to every type of fuel, the majority of research in this field con-
centrates mainly on oxy-coal and oxy-natural gas combustion [3] as they are the
most abundant fuels. However, the use of these fuels does not eliminate the emis-
sion of CO2 to the atmosphere, which taking into account current discussions
on global warming, is of the same importance as the NOx emission. A possible
solution to this problem is to use the hydrogen fuel, which in a combination with
an oxidiser not containing compounds leading to CO2 and NOx formation would
result in clean combustion products. The present study is focused on numerical
modelling of non-premixed combustion of pure hydrogen and as a model problem
we consider a jet issuing into a co-flowing stream being a mixture of the oxygen
and water vapour at various proportions. With such a fuel/oxidiser composi-
tion, assuming that the combustion process is complete, the only combustion
products are the water vapour and residues of oxygen. Thus, we may say that
we achieve a perfectly clean combustion free of any pollutants. The approach
presented in the present work is of a pioneering character, which besides the
application of a complex numerical method for the analysis of strongly unsteady
phenomena (ignition, flame propagation) in oxy-combustion regimes, also shows
that existing configurations can be successfully adapted for such study. We anal-
yse the well-known configuration of Cabra et al. [4] in which we modified the
fuel and oxidiser composition by replacing the nitrogen with the water vapour.
Hence, in addition to a huge interest in the field of oxy-combustion technology,
the present work may turn out worthwhile considering a possibility of future use
of old set-ups for new research.

Experimental and numerical studies on the influence of addition of the water
vapour to a fuel/oxidiser mixture on ignition and extinction phenomena in pre-
mixed and non-premixed systems (counterflow configuration) were performed by
Seiser and Seshadri [5]. They showed that addition of the water vapour with
the mass fraction YH2O ≤ 0.2 made the flames harder to ignite and easier to
extinguish. Similarly, in the recent research devoted to auto-ignition of hydrogen
jet in O2/H2O atmosphere [6] it was found that the auto-ignition had occurred
when YH2O ≤ 0.5 in the oxidiser stream. Additionally, an interesting finding
was that the flame lift-off height appeared only slightly sensitive to the oxidiser
temperature. Such a flame behaviour was attributed to the fact that in those
studies the excess of O2 related to H2 was kept constant and this assumption
required changing the oxidiser velocity. It seems that these modifications re-
strained the importance of the oxidiser composition and its temperature. These
observation became the motivation for the present study in which we assume
a constant oxidiser velocity and we focus on dependence of the flame position
and its temperature on the oxidiser composition and method of modelling of
chemical reactions. We compare the results obtained using two chemical kinet-
ics, which were previously proven to work well for the hydrogen combustion
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in the air, i.e., we consider the chemical mechanisms formulated by Mueller

et al. [7] and Li et al. [8]. The present research has an exploratory character as
there is no experiment available for oxy-combustion of pure hydrogen jet and to
the best knowledge of the authors no numerical study of such a configuration
has been performed before.

We use one of the most advanced and accurate numerical combustion models,
i.e., conditional moment closure (CMC) combined with large eddy simulation
(LES) method. In oxy-combustion studies, the LES method in connection with
the EDC model was used recently by Warzecha and Boguslawski [9, 10] for
the analysis of pulverised coal combustion. Pedel et al. [11] also used the LES
method for the analysis of an auto-ignition mechanism, stability and flame lift-
off in a co-axial jet (pulverized coal/O2/CO2) while studying the experimental
configuration used in [12]. In combination with the CMC approach the LES
was used by Garmory and Mastorakos [13] for modelling a combustion of
CH4/H2 in O2/CO2 atmosphere and it turned out to be able to predict extinction
and flame lift-off phenomena.

2. Modelling

LES-CMC method is increasingly being used for challenging combustion phe-
nomena, including modelling of lifted flames [14], local extinctions [15], auto-
ignition [16, 17] or forced ignition [18]. In present study we use a LES-CMC
code thoroughly validated in both non-reacting flows as well as in combustion
problems including Sandia flames, the Cabra flame and flame/flow control is-
sues, see [19–21] and papers cited there. Though there are not exemplary data
available for verification purposes it is believed that the applied code will provide
the results as accurate as in the previous studies. To ensure that, in this work we
adapt an already studied configuration of well known Cabra flame [4] in which
we modified the composition of fuel and oxidiser (see Sec. 3).

2.1. LES model

In LES the flow scales are divided into large scales, directly solved on a given
numerical mesh, and small scales (the so-called sub-grid or sub-filter scales)
which require modelling. The scale separation is obtained by a spatial filtering de-
fined as [22, 23]: f̄(~x, t) =

∫

Ω G(~x − ~x′, ∆)f(~x′, t)d~x′, where f stands for arbitrary
variable and G(x,∆) is filter function. Its filter width is equal to ∆ = V ol1/3,
where V ol stands for a local mesh volume. In the variable density flows the
Favre filtering is applied with the filtered variables expressed as ˜f(~x, t) = ρf/ρ,
where ρ is the density. Applying the filtering procedure to the continuity and
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the Navier–Stokes equations gives:

∂ρ̄

∂t
+

∂ρ̄ũj

∂xj
= 0,(2.1)

∂ρ̄ũi

∂t
+

∂ρ̄ũiũj

∂xj
= − ∂p̄

∂xi
+

∂τij

∂xj
+

∂τ sgs
ij

∂xj
,(2.2)

where ui are the velocity components, p is the pressure, τij and τ sgs
ij are the

stress tensors of the resolved and unresolved (sub-grid) velocity field. The first
one is defined as τij = µ

[

2Sij − 2
3δij∂ũk/∂xk

]

, and the latter is modelled by
an eddy viscosity type model [23] as: τ sgs

ij = 2µtSij − τkkδij/3, where Sij =
1
2(∂ũi/∂xj + ∂ũj/∂xi). The variable µt is the sub-grid viscosity which in the
present work is computed according to the model proposed by Vreman [24].

2.2. LES-CMC formulation

The CMC model has been formulated in the 1990s by Klimenko and Bilger

[25], it belongs to the family of the mixture fraction-based models [26]. The
mixture fraction ξ is the variable which represents the local fuel/oxidiser ratio.
It varies in the range 0 ≤ ξ ≤ 1, i.e., ξ = 0 denotes oxidiser stream and ξ = 1
corresponds to the fuel stream. The mixture fraction is a conserved quantity
and it obeys the classical convection-diffusion transport equation, which in the
framework of LES is defined as

(2.3)
∂ρ̄˜ξ

∂t
+

∂ρ̄ũi
˜ξ

∂xi
=

∂

∂xi

(

ρ̄(D + Dt)
∂˜ξ

∂xi

)

,

where D = µ/ρ̄Sc and Dt = µt/ρ̄Sct are the molecular and sub-grid diffusiv-
ities, and Sc = Sct = 0.7 are the Schmidt numbers [27]. The CMC model, in
the context of LES, has been developed in [28] based on the density-weighted
conditional filtering operation applied to the transport equations for the species
mass fraction (Yk) and total enthalpy (h). The conditionally filtered species mass

fractions will be denoted as: Qk = ˜Yk|η, where k = 1, . . . , n, is the index of n

reacting species, and Qh = ˜h|η will stand for the conditionally filtered enthalpy.

The variable η is the sample space for ξ and the operator (˜·|η) is the conditional
filtering operator with conditioning being done on ξ [27, 28]. The conditionally
filtered variables are related to the filtered variables by the integration over the
η space as:

(2.4) ˜f(~x, t) =

1
∫

0

˜f |η ˜P (~x, t, η) dη,
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where ˜P is a filtered probability density function assumed here as a beta-function
PDF defined as [29]

(2.5) P (η) = ηa−1(1 − η)b−1 Γ(a + b)

Γ(a)Γ(b)
,

parametrized by ˜ξ and its variance ˜ξ′′2 through the variables:

a = ˜ξ(˜ξ(1 − ˜ξ)/ ˜ξ′′2 − 1) and b = a(1 − ˜ξ)/˜ξ.

The variance ˜ξ′′2 is modelled as ˜ξ′′2 = CV ∆2 ∂eξ
∂xj

∂eξ
∂xj

with the constant CV = 0.1,

as suggested in [30]. The symbol Γ(x) in Eq. (2.5) is the gamma function. Ap-
plying the conditional filtering procedure to the transport equations for species
mass fraction and enthalpy leads to the CMC equations given as [27, 28]:

∂Qk

∂t
+ ˜ui|η

∂Qk

∂xi
= ˜N |η∂2Qk

∂η2
+ ˜ω̇k|η + eY ,(2.6)

∂Qh

∂t
+ ˜ui|η

∂Qh

∂xi
= ˜N |η∂2Qh

∂η2
+ eh.(2.7)

The first terms on the right-hand side of Eqs. (2.6) and (2.7) represent the
diffusion in mixture fraction space. The last terms on the right hand side, i.e.,
eY , eh, represent the sub-grid interactions and they are usually expressed as [14,
16, 27]:

eY =
∂

∂xi

(

˜Dt|η
∂Qk

∂xi

)

, eh =
∂

∂xi

(

˜Dt|η
∂Qh

∂xi

)

,

where ˜Dt|η is the conditionally filtered subgrid diffusivity assumed to be uniform

in η-space and modelled as ˜Dt|η ≈ Dt [27]. The same assumptions are made con-

cerning the conditionally filtered velocity, i.e., ˜uj |η ≈ ũj [27]. The conditionally
filtered reaction rate is evaluated with the first order closure [25] where the sub-

grid conditional fluctuations are neglected, i.e., ˜ω̇k|η = ω̇k(Q1, Q2, . . . , Qn, Qh).

The conditional scalar dissipation rate ˜N |η is modelled applying the amplitude
mapping closure (AMC) model [31, 32] defined as:

˜N |η = N0G(η),

G(η) = exp(−2[erf−1(2η − 1)]2),(2.8)

N0 =
˜N

∫ 1
0 G(η) ˜P (η) dη

,

where erf (x) is the error function. The filtered scalar dissipation rate ˜N is com-
puted as the sum of the resolved and subgrid part [27, 28]:
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(2.9) ˜N = D
[

∂˜ξ

∂xi

∂˜ξ

∂xi

]

︸ ︷︷ ︸

resolved

+
1

2
CN

νt

∆2
˜ξ′′2

︸ ︷︷ ︸

subgrid

,

where the model constant CN in Eq. (2.9) is set CN = 42 following the analysis
presented in [15], based on the calibration for Sandia F flame, and in [33] based
on the computations for two-phase flows.

As the CMC model is defined in the four-dimensional space (physical space
~x and η-space) its application is very expensive computationally. A typical ap-
proach reducing the computational costs is based on the use of two separate
meshes in physical space, i.e., one for the flow field (called CFD mesh), and the
second, much coarser, for the CMC equations (called CMC mesh). Various pos-

sibilities to transfer the variables (˜N |η, ˜u|η, ˜Dt|η) from the CFD to CMC mesh
have been discussed in [27]. One of the analysed approaches, adapted in the
present work, was to compute the conditional variables on the CMC mesh (de-

noted generally as ˜f |η
∗

) as the mass weighted volume integral within the CMC

cells (VCMC). This is defined as: ˜f |η
∗

=
∫

VCMC
ρ̄ ˜P (η) ˜f |η dV ′/

∫

VCMC
ρ̄ ˜P (η) dV ′.

Thus, the conditionally filtered variable ˜f |η
∗

corresponding to the CMC cell is
common for a group of the CFD nodes embedded in that CMC cell. The so-
lution of CMC equations provides Q∗

k and Q∗

h on the CMC mesh. Then, the

resolved variables are computed as ˜Yk(~x, t) =
∫ 1
0 Q∗

k
˜P (~x, t, η)dη and ˜h(~x, t) =

∫ 1
0 Q∗

h
˜P (~x, t, η)dη.

2.3. Numerical methods

The computations are performed using an in-house high-order LES solver
based on the low Mach number approach. The spatial discretisation is per-
formed on half-staggered meshes [34, 35] by the sixth-order compact method for
the Navier–Stokes and continuity equations and with fifth-order WENO scheme
for the mixture fraction. The time integration is performed with a predictor-
corrector approach with the second-order Adams–Bashforth and Adams-Moulton
methods.

The CMC equations are solved by applying the operator splitting approach
where the transport in physical space, transport in mixture fraction space and
chemistry are solved separately. Time integration in physical space is performed
with the first-order explicit Euler method. The CMC terms in physical space are
discretised with second-order methods. The convective terms were discretised
using second-order TVD method with van Leer’s limiters. In mixture fraction
space the CMC equations are stiff due to the reaction rate terms. In this case, the
time integration had to be performed applying the VODPK package (a variable-
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coefficient ordinary differential equation solver with the preconditioned Krylov
method GMRES for the solution of linear systems) [36–38]. The CMC terms
in mixture fraction space are discretised using the second-order finite difference
method. The reaction rates are computed using a CHEMKIN interpreter. In
the chemical mechanism proposed by Mueller et al. [7] there are 9 species/21
reactions and in that proposed by Li et al. [8] we have 13 species/25 reactions.

3. Simulation details

3.1. Problem description

As there are no experimental data available for combustion of pure H2 jet in
the mixture of O2/H2O in the present work we adapted a configuration used by
Cabra et al. [4] for the auto-ignition studies of turbulent H2/N2 jet in a co-flow
of hot combustion products of lean H2/air flame. This choice is motivated by the
fact that for this test case the LES-CMC results obtained by many researchers
(including the authors [17]) were in good agreement with the experimental find-
ings. In the present case, the fuel is replaced by the pure hydrogen and the co-flow
is the mixture of oxygen and water vapour. The computational configuration is
shown schematically in Fig. 1. The fuel jet is injected through a nozzle with the
internal diameter D = 0.00457 m at the ambient pressure. The fuel temperature
and bulk velocity are equal to TF = 305 K and UF = 107 m/s, respectively. The
velocity across the pipe is assumed as a fully developed flow and calculated using
the 1/7 law. We consider various oxidiser compositions with the mass fraction
of water vapour varying in the range of YH2O = 0.2 − 0.9. Assuming that the
oxygen mass fraction is computed as YO2

= 1−YH2O in the following discussions
we will refer to YH2O only. Preliminary results [6] obtained with two co-flow
temperatures TCF = 1030 K, TCF = 1045 K performed for a 30% excess of mass
flow rate of O2 relative to H2 showed that in comparision to the co-flow temper-
atures the velocity of the co-flow has much more impact on the results. In the
present study we assume the co-flow temperature TCF = 1045 K and velocity
UCF = 16.48 m/s, which in [6] has led to a large lift-off height (LH in Fig. 1). We
analyse how LH changes with the oxidiser composition and chemical kinetics.

Table 1. Stoichiometric mixture fraction and the most reactive mixture fraction

computed using the chemical kinetics of Mueller et al. [7] and Li et al. [8].

Mixt. fract./YH2O → 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.85 0.9

ξST 0.0916 0.0811 0.0703 0.0593 0.0480 0.0364 0.0246 0.0185 0.0124
ξMR × 10−3 [7] 1.40 2.30 2.90 3.30 3.76 4.31 4.70 5.11 5.46
ξMR × 10−3 [8] 1.10 2.00 2.60 3.00 3.51 3.88 4.32 4.58 4.97
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Fig. 1. Schematic view of the analysed configuration.

3.2. Computational domain

The computational domain is a rectangular box with dimensions Lx×Ly×Lz

= 14D × 30D × 14D, where the y coordinates the stream axis. The four dimen-
sional (x, y, z, η) solution space assumed in the LES-CMC approach implies very
large computational costs related to the need of solutions of the CMC equations
in mixture fraction space in every physical grid node. As mentioned in Sec. 2.2,
a common simplifying approach relies on the application of two separate meshes,
i.e., one for the solution of the flow field and second (much coarser) for the CMC
equations. In this work, the CFD mesh consists of 128×160×128 nodes stretched
radially and axially towards the jet region and the CMC mesh is uniform and
composed of 15×80×15 nodes. The mesh in mixture fraction space consisted of
51 nodes compacted near the stoichiometric value. Influence of the mesh density
was examined in preliminary computations and also in a previous study related
to the original Cabra flame configuration [17]. It was found that minor differences
did not change the main features of the flames.

4. Results

4.1. 0D-CMC analysis in mixture fraction space

LES-CMC simulations are preceded by the so-called 0D-CMC calculations
performed using the 0D-CMC model, which corresponds to Eqs. (2.6)–(2.7)
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without the transport terms in physical space. In such simulations the values
of ˜N |η are obtained for an á priori assumed maximum scalar dissipation rate
N0 = 1, 10, 100, 1000 s−1 used in the AMC model (see Eq. (2.8)).

Although the obtained 0D solutions concern mixture fraction space only, they
give insight on how the oxidiser parameters affect the maximum flame temper-
ature (T |ηmax), auto-ignition time (tign) or species composition. Table 1 reports
dependence of the stoichiometric mixture fraction (ξST) and the so-called the
most reactive mixture fraction (ξMR) on oxidiser compositions for both chemical
mechanisms. The values of ξST decrease almost linearly with an increasing YH2O,
while ξMR shows the opposite trend. The ξMR depends on chemistry only slightly
but it is worth noting that in the whole range of YH2O the ξMR is smaller in the
chemical mechanism of Li et al. [8].
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Fig. 2. Dependence of (a) T |ηmax and (b) tign on YH2O for 0D-CMC.

Dependence of the maximum temperature and auto-ignition time on YH2O

and N0 is shown in Fig. 2. As tign we consider the time moment in which the
temperature rises 1% over the TCF or when YOH reaches 2×10−4. The evolution
of T |ηmax was obtained from the computations performed such that starting
from the “burning solution” for N0 = 1s−1 the value of N0 was successively
increased and the calculations continued until the difference between T |ηmax in
two successive time steps was smaller than 10−4K. As N0 changes the strengths
of diffusion in mixture fraction space and YH2O affects the boundary conditions
and determines the amount of water vapour and oxygen in the oxidiser stream
(i.e., at η = 0), it can be seen in Fig. 2a that T |ηmax largely depends on both
these parameters and decreases as they increase. Differences between T |ηmax

obtained with two chemical mechanisms for N0 = 1 s−1 and N0 = 10 s−1 are
not large. For N0 = 102 s−1 and N0 = 103 s−1 the differences are much more
pronounced, but it should be noted that they decrease for large YH2O.
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Analysis of the auto-ignition process consisted in the simulations which be-
gun from assumed inert solutions and were continued until the auto-ignition
has occurred and the steady state has been reached. As the successful auto-
ignition we understand the case in which after a rise of temperature the solution
converges to the same state as if it was initialized with a “burning solution”.
For N0 = 1 s−1, 10 s−1 this happens for the entire range of YH2O, and for
N0 = 102 s−1 only for YH2O = 0.2, while for N0 = 103 s−1 the auto-ignition
does not occur at all. In these cases the temperature rises very little and does
not increase. As can be seen in Fig. 2b, for the oxidiser compositions rich in the
oxygen (i.e., for YH2O ≤ 0.3) tign is very short and virtually independent of N0.
Substantial differences appear when YH2O increases and for YH2O = 0.9 they
reach ∆tign = 3 × 10−2 s.

It can be seen in Fig. 2b that the auto-ignition criterion Tign = 1.01TCF pre-
dicts tign to be slightly shorter than when using the condition YOH = 2 × 10−4,
however, the trends of tign are similar in both the cases. The same can be said con-
cerning tign calculated using different chemical kinetics. In this case the observed
differences are of the same order as in the case of using different auto-ignition
criterion. It can be seen that the chemical mechanism of Li et al. [8] shows tign
shorter by ∆tign = 5−8×10−3 s. Although this might seem small it may turn out
important regarding the lift-off height of the flame. One could intuitively assume
that a fuel/oxidiser interface “travels” axially with a mean convection velocity
estimated as Um ∝ (UF + UCF). The chemical reactions hold and the chemical
source terms compete with the diffusion and convection transport terms. When
the former exceed the latter the ignition occurs and the chemical and transport
forces equalise at LH. Assuming that the duration of the above “travelling pro-
cess” is proportional to tign one can roughly estimate that LH ∝ Umtign, which
would mean that a shorter tign leads to a smaller LH.

4.2. LES-CMC unsteady results

The LES-CMC simulations started from the quiescent conditions in the whole
domain. The fuel and co-flow air are injected impulsively and flow through the
domain. After a while, when the jet fully develops the flame is initiated by
a “numerical spark” which in mixture fraction space corresponded to the so-
lution obtained in 0D-CMC simulation. Such a spark was imposed for a time
tspark = 1 ms in the CMC cells belonging to a volume Vspark with the diameter
of 5 mm. In this paper, we are not interested in analysis of success or failure of
the ignition events and therefore we placed the spark in the region of very high
ignition probability, i.e., in the shear layer [39]. The process of ignition, flame
development and stabilisation for the case with YH2O = 0.6 computed by using
the mechanism of Mueller et al. [7] is presented in the Fig. 3 showing contours
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Fig. 3. Evolution of normalised temperature eT/T |ηmax during the spark ignition and flame
development phases for YH2O = 0.6. The white and blue lines denote ξST = 4.8 × 10−2 and

ξMR = 3.76 × 10−3.

of the temperature normalised by T |ηmax obtained for YH2O = 0.6. The white
and blue lines denote localisation of ξST = 4.8×10−2 and ξMR = 3.76×10−3, re-
spectively. In the contour plots we use the normalised values of the temperature
as those obtained directly from the LES-CMC solutions differ very significantly
depending on YH2O. They would not be readable when shown in a common scale
covering whole range. It can be seen in Fig. 3 that after the spark has been
switched-off the flame propagates very quickly and achieves the fully developed
state in approximately 10−2 s. A qualitatively similar spark-ignition scenario can
be observed for the case with YH2O = 0.85 presented in Fig. 4, though, in this
case the flame stabilises in a lifted position. Analysis of the temperature field re-
veals that compared to the case with YH2O = 0.6 in the present situation with the
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Fig. 4. Evolution of normalised temperature eT/T |ηmax during the spark ignition and flame
development phases for YH2O = 0.85. The white and blue lines denote ξST = 1.85 × 10−2 and

ξMR = 5.11 × 10−3.



Numerical study of a turbulent hydrogen flame. . . 169

larger amount of the water vapour in the oxidiser the ignition process is inhibited
and the propagation phase is slowed down (cf. Fig. 3). It can be noticed that
at the similar time instances of the ignition the flames obtained for YH2O = 0.6
and YH2O = 0.8 are anchored at different positions from the inlet, their sizes are
significantly different and eventually they stabilise as attached or lifted.

The processes of flame initiation and propagation are always regarded as
strongly unsteady, and as such, very difficult to predict in numerical simulations.
Nevertheless, it seems that in the present case they are well captured by the
LES-CMC, at least qualitatively. It is seen that the flame propagates first along
the ξST line and then radially. It spreads faster towards the downstream region,
where the fuel/oxidiser mixing intensity is high and the scalar dissipation rate
is low, than towards the upstream part. This behaviour is typically observed
in jet type flames. The propagation of the flame in physical space is connected
with its development in mixture fraction space as “burning CMC” cells affect
neighbouring “cold CMC” cells through the convection and diffusion mechanisms.
Figure 5 shows the time evolution of T |η in the CMC cells A, B and C shown in
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Fig. 3. The black dotted lines correspond to the time instances when the flame is
far from the particular cells. The intermediate state when the flame approaches
and passes through the CMC cells is represented by the thin grey lines, each
representing the solution every 4.52 × 10−5 s. The solid black lines correspond
to the fully developed conditions. Although this state differs depending on the
spatial location its time variation is very small. Similar analysis performed for
different CMC cells, for different YH2O and also for the species (e.g., YOH|η,
YHO2

|η) exhibits very similar behaviour meaning that in the analysed flames the
solutions in mixture fraction space are almost stationary. This is illustrated in
Fig. 6 showing the time variations of T |η = ξST in the cells A, B and C. Sudden
temperature rises are related to passing the flame front through the CMC cells. It
can be seen that after that moment the temperature oscillations are very small.

4.3. LES-CMC time-averaged results

Time-averaging procedure started from the fully developed flames and lasted
for 3.57 × 10−2 s, which based on the co-flow velocity is equivalent to approx-
imately 4.6 flows through time. Sample results showing the contours of time-
averaged temperature are shown in Fig. 7, where it can be seen that LH strongly
depends on YH2O. A close inspection of the regions near the points in which the
flames are stabilised, shows that at these locations the iso-lines ξST and ξMR,
which are initially (i.e., for y/D < LH) nearly parallel and close to each other,
start to diverge. It can be seen that the radial distance between ξST and ξMR

increases with y/D distance, but it decreases as YH2O increases.
Figure 8 shows a dependence of LH on YH2O, the chemical kinetics and the

criterion of determining of LH. It is seen that the last parameter, unlike in
the 0D-CMC analysis of the auto-ignition, practically plays no role and tiny
differences are noticed only for large LH. The chemical kinetics seems much
more important in this figure. For YH2O ≤ 0.6 the LH is virtually the same
for both schemes and exhibits a linear behaviour. For YH2O > 0.6 it grows
in a strongly non-linear manner and differences between the applied chemistry
become readily apparent. For YH2O = 0.85 the chemical mechanism of Li et

al. [8] predicts LH to be twice longer. This is in contradiction to the discussion
in the last paragraph in Sec. 4.1 according to which the shorter auto-ignition
time determined by 0D-CMC in the mechanism of Li et al. [8] should lead to a
shorter LH. The LES-CMC revealed the opposite behaviour and suggested that
the assumptions concerning importance of tign were exaggerated and needed
rethinking. Indeed, a close analysis of the flow fields showed that the velocity in
the region upstream of the ignition point (flame stabilisation point) in the case
of the simulations performed using the mechanism of Li et al. [8] is, depending
on YH2O, approximately 1.0–1.5 m/s larger compared to the solutions obtained
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Fig. 7. Contours of the normalised time-averaged temperature 〈eT 〉/T |ηmax obtained with
the chemical mechanism of Mueller et al. [7].
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with the mechanism of Mueller et al. [7]. The larger velocity results from
a slightly different (smaller) density of the mixture upstream the of ignition
point, which is caused by different chemistry condition. In effect, the larger jet
velocity shifts the ignition point further downstream from the inlet and this
behaviour is consistent with the literature [40].
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The axial distribution of temperature and the mass fraction of the so-called
pre-ignition species HO2 are shown in Fig. 9. It can be seen that for YH2O = 0.85
differences between the particular schemes are very significant, whereas for YH2O

larger and smaller than 0.85 (not shown) the solutions become similar. This
suggests that the analysed case is sensitive to chemical kinetics only in some
range of YH2O, but this statement requires further studies for different co-flow
temperature and velocity.

5. Conclusions

The LES-CMC approach was applied to the combustion modelling of hy-
drogen jet issuing into a co-flow of hot O2/H2O mixture. To the best authors’
knowledge this research constitutes one of the first attempts of perfectly clean
combustion in the field of LES-CMC modelling. The LES-CMC modelling proved
to be very useful in such studies and enabled analysis of complete combustion
process from ignition to flame stabilisation. The obtained results showed very
large impact of the co-flow composition on the maximum flame temperatures
and lift-off heights. It was shown that they can be effectively controlled in a very
wide range ( ˜Tmax ≈ 1700 K → 3000 K, LH/D = 0 → 13) by changing the
amount of H2O in the oxidiser. An important and somewhat surprising finding
of this study is the fact that for some range of H2O in the oxidiser LH signifi-
cantly depended on the chemical kinetics. Furthermore, the observed dependence
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showed an opposite trend than expected from the 0D-CMC simulations. Such
a behaviour of the flame in the 3D LES-CMC simulations has been attributed to
the occurrence of small differences in the velocity and density fields upstream of
the ignition points. Hence, one may conclude that in the analysed configuration
there is a range of oxidiser compositions for which the differences in the flow field
affect the flame more than one could presume based on the simplified analyses.
Certainly, this aspect requires further parametric studies involving additional
chemical mechanisms and/or more advanced combustion modelling, e.g., taking
into account a possible influence of differential diffusion, which in the present
studies was completely neglected.
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