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Abstract

The correlation between the distributions of OH* and heat release rate (HRR) is numerically investigated for lam-
inar and turbulent hydrogen-air flames. First, laminar premixed one-dimensional flames are considered, observing
a peak shift between OH* and HRR regardless of the equivalence ratio or OH* sub-mechanism. Nevertheless,
OH* and HRR well correlate for methane-hydrogen fuel mixtures, suggesting that the reasons for such peak shift
are to be searched in the hydrogen flame intrinsic properties. In particular, the H-radical is pivotal, given its
different role in the main OH* formation and HRR reaction pathways. The chain-branching nature of hydrogen
oxidation enhances the formation of H-radical pool, leading to higher OH* production in the post-flame region,
while HRR peaks upstream, being linked to the consumption of HO, generated by the recombination reactions
of back-diffused H-radicals. Methane oxidation, instead, is chain-terminating, hence H-consuming, releasing heat
and preventing the radical pool formation in the post-flame zone. Similar analyses are then performed for strained
counterflow diffusion hydrogen-air flames, where the OH* distribution shows to be, at least for strain levels not
close to extinction, an adequate HRR marker. Indeed, differently from premixed flames, HRR is here found to
be dominated by H direct consumption on the fuel side. The observations made for laminar one-dimensional
flames are confirmed by Large Eddy Simulations (LES) of three-dimensional turbulent hydrogen-air diffusion and
partially premixed flames, stabilized in the HYLON injector at IMFT laboratory. When compared with the exper-
imental OH* field, LES-computed HRR correctly retrieves OH* position in the diffusion flame, while a mismatch
in the axial direction is observed between the two distributions for the lifted partially premixed flame. An overall
good match, instead, is observed between measured and LES-computed OH* fields, emphasizing the impor-
tance of including OH* kinetics to accurately compare simulations and experiments of multi-regime hydrogen-air
flames.
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1. Introduction

The distribution of heat release rate (HRR) is cru-
cial to analyzing and predicting flame structure and
its dynamics [1, 2]. Being difficult to simultaneously
measure several species and temperature, HRR di-
rect measurements are impractical. The correlation
of other measurable quantities with HRR has there-
fore been the topic of many investigations [3-5] and
chemiluminescence, i.e., the spontaneous light emis-
sion from excited chemical species in flames, is often
used as a tracer of HRR [3, 6].

A good correlation between CH*, OH* and CO,*
chemiluminescent intensities and HRR is generally
observed in steady hydrocarbon flames [2]. For pure
methane (CH,) flames, the peak-to-peak distance be-
tween OH™ intensity and HRR profiles is smaller than
the spatial resolution of most optical chemilumines-
cence measurement devices [7]. Hu et al. [8], adopt-
ing the methodology described in [4], investigated
the quantitative relation between HRR and chemilu-
minescence and found a strong linear correlation of
HRR with OH* at fixed equivalence ratio, making
light radiation of this radical well appropriate to de-
tect the flame front [6]. A correspondence between
OH* intensity and HRR distributions has been found
also for methane-hydrogen blends of various compo-
sitions [9]. For hydrogen (H;)-air flames, instead,
the OH* emission is weaker than for hydrocarbon fu-
els [10]. Moreover, the distance between the peaks
of OH* and HRR is rather wide [11], raising doubts
on the adequacy of OH* chemiluminescence as HRR
marker when pure H, is burnt and leading to the study
of alternative HRR markers [5]. Despite these previ-
ous works, to the best of our knowledge, a systematic
investigation of the mechanisms leading to the pro-
duction of OH* both in H, and CH4-H, flames and its
relation with HRR is still lacking.

Numerical simulations complement experiments to
gain an understanding. Several kinetic mechanisms
have been developed to describe OH* formation and
consumption both for hydrocarbon [7] and hydro-
gen [12, 13] flames. Still, given the diverse kinetic
descriptions provided by each scheme, their compar-
ison is required to understand the impact of the dif-
ferent OH* chemical pathways on the main charac-

Table 1: OH* sub-scheme for Hy-air combustion, based on
Kathrotia et al. [12].
No. Reaction A n E,
(A1) H+O+M —OH* +M 1.50E+13 0.0 5975
With M = [Hy] + 6.5[H,0] + 0.4[02] + 0.4[N;]
(A2) OH* — OH + hy 1.45E+06 0.0 0
(A3a) OH* + O, == OH + O, 2.10E+12 0.5 -483
(A3b) OH* + H,O0 == OH + H,0 5.93E+12 0.5 -863
(A3c) OH* + H; == OH + H, 2.95E+12 0.5 -445
(A3d) OH* + OH == OH + OH 6.01E+120.5 -762
(A3e) OH* +H=OH+H 1.31E+12 0.5 -167
(A3f) OH* + N, == OH + N, 1.08E+11 0.5 -1240

teristics of the OH* distribution and to assess their
applicability in numerical flow simulations.

Aiming to fill these gaps, the first part of this work
investigates laminar premixed H,-air flames for dif-
ferent equivalence ratios, examining pathways lead-
ing to OH* and HRR peaks to understand their in-
trications. Results obtained with OH* sub-schemes
by Kathrotia et al. [12] and Konnov [13] are com-
pared. Differences between H, and CH,4 flames are
also investigated. Furthermore, simulations of lam-
inar counterflow diffusion flames are performed to
evaluate the differences with premixed flames and
assess the impact of flame stretch on the OH* and
HRR distributions. Finally, measurements in turbu-
lent three-dimensional H,-air flames, stabilized above
a coaxial dual-swirl injector [14], are compared with
results of Large Eddy Simulations (LES) including
OH* kinetics. Thus, the capability of numerical OH*
to correlate better with experiments than numerical
HRR is investigated.

2. Description of OH* Kinetics

In hydrogen flames, the OH* formation and con-
sumption relies on three elementary reactions [15]:

H+O+M==OH" +M (R1)
OH* —— OH + hv (R2)
OH' +M = OH + M (R3)

where hv is the energy of the emitted photon. Below
2800 K, chemical excitation dominates thermal exci-
tation and the three-body recombination reaction (R1)
is considered to be the main OH* formation path [16].
The other two represent the channels for unstable
OH* to transfer the excess energy and return to the
ground state, either by emitting light in the radiative
decay reaction (R2) or by the non-reactive collisional
quenching reaction (R3) [12]. The former is at the
basis of OH* chemiluminescence, whose intensity is
recorded experimentally. This study adopts the mech-
anism reported in Table 1, proposed by Kathrotia et

Table 2: OH* sub-scheme for Hj-air combustion, based on
Konnov [13].
No. Reaction A n E,
(Bl) H+O+M == OH*+M 1.50E+13 0.0 5970
With M = [H;] + 6.5[H,0] + 0.4[02] + 0.4[N3]
(B2) OH* — OH + hv 1.40E+06 0.0 0
(B3a) OH* + O == OH + O, 8.40E+110.5 -482
(B3b) OH* + HO == OH + H,0 2.96E+12 0.5 -861
(B3c) OH* + H, == OH + H;, 3.54E+110.5 -444
(B3d) OH* + OH == OH + OH 1.50E+12 0.5 0
(B3e) OH* + H==OH +H 1.50E+12 0.5 0
(B3f) OH* + N; = OH + N, 1.08E+11 0.5 -1238
(B3g) OH* + 0 = OH + O 1.50E+12 0.5 0
(B4) OH* +H; =—H,O+H 2.60E+120.5 -444
(B5) OH* + O == HO,; +0O 1.01E+12 0.5 -482
(B6) OH* + H,O = H,0, + H 2.96E+12 0.5 -861

k = AT" exp(—E,/RT), units are cm> mol s cal K.

k = AT" exp(—E,/RT), units are cm® mol s cal K.
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Fig. 1: HRR and OH* molar concentration (normalized by the maximum value) for lean (a), stoichiometric (b) and rich (c) Hp-
air flames at 7), = 300 K and p = 1 atm. Comparison between Kathrotia (Table 1) and Konnov (Table 2) OH* sub-mechanisms.

al. [12] and widely used [15]. To assess the impact
of the chosen sub-mechanism on the predicted OH*
distribution, results obtained with the Kathrotia sub-
scheme are compared with those from the sub-scheme
by Konnov [13], reported in Table 2. Both OH* sub-
schemes are based on the three reactions (R1) to (R3).
The main differences are the rate constants’ coeffi-
cients for reaction (R3) and the disregard in [12] of
O as collision partner for reaction (B3g), as was pro-
posed instead by Hidaka et al. [16]. Furthermore,
Konnov [13] includes reactive quenching reactions
(B4), (BS) and (B6), considering them to substantially
contribute to the overall OH* collisional quenching.
When CHy is involved, OH* kinetics still relies on
reactions (R1) to (R3), with CO,, CO and CHy as ad-
ditional collision partners. The main OH* formation
path, however, is given by the following reaction [11]:

CH+ O, == OH" + CO (R4)

The rate coeflicients reported in [17] are used in this
work in reaction (R3), for the non-reactive quenching
involving CO,, CO and CHy4, and in reaction (R4).
Collision efficiencies from [18] are added in reac-
tion (R1) for CO, (1.5), CO (0.75) and CH,4 (3.0).

In all cases, the OH* sub-mechanism is simply
added to the main reaction scheme describing fuel ox-
idation, since the relative change in the concentration
of ground species due to its addition is negligible [19].

3. Laminar one-dimensional flames

Steady, one-dimensional, laminar H,-air flames are
computed with Cantera [20] to investigate the relation
between the spatial distributions of OH* and HRR.
These are compared with CH4-H,-air flames at vari-
able H, content ranging from 10% to 90% by vol-
ume, and with pure CHy-air flames taken as refer-
ence. One-dimensional flame simulations are per-
formed with the multi-component transport model
[21], including Soret effect, relevant for H, flames in
low-velocity zones with temperature gradients [22].
Two detailed mechanisms, namely the San Diego
(UCSD) [23] and the CRECK [24], are used to
describe ground species oxidation. The former is
adopted for studies of pure H,-air flames, while the
latter, involving hydrocarbons, is used when compar-
ing H,-air, CHy-H;-air and CHy-air flames. The two
schemes are compared for H-air flames in the Sup-
plementary Material, showing negligible differences

in the results. First, the impact of the sub-mechanism
chosen for OH* kinetics is discussed to assess the ro-
bustness of the results and the conclusions presented
in this study. Secondly, the reaction pathways lead-
ing to OH* and HRR distributions are investigated.
Finally, H,-air laminar diffusion flames are consid-
ered, to investigate the impact of stretch on OH* and
HRR peak-to-peak distance. The analysis is further
expanded by comparing the OH*-HRR relation in the
different cases from a quantitative perspective.

3.1. Unstrained premixed flames

Unstrained premixed flames at an unburned mix-
ture temperature 7, = 300 K and a pressure p = 1 atm
are here considered. The impact of the different OH*
sub-mechanisms on the spatial distributions of OH*
is assessed in Fig. 1 for lean (a, ¢ = 0.6), stoichiomet-
ric (b, ¢ = 1.0), and rich (c, ¢ = 4.0) H,-air mixtures.
The different descriptions of collisional quenching in-
duce only slight differences between the two sub-
mechanisms in the OH* profiles. A consistent peak
shift between OH* and HRR distributions, previously
observed in [5] for lean flames, is confirmed also for
stoichiometric and rich ones. This suggests that the
reasons for the observed peak shift are not to be found
in the OH* kinetics as such, but rather in the inherent
properties of H, flames. The Kathrotia scheme is thus
chosen in the following.

Pure H,-air and CHy-air flames are compared in
Fig. 2. CHy4-H, blends with various H, contents are
also considered, to investigate the different behaviors
when modifying the fuel blend composition. The ade-
quacy of OH* as HRR marker for the different cases is
first characterized by considering the peak shift 6.
between the two distributions (cross-marked black
line), here normalized by the thermal flame thickness
80 = (T — T,)/ max(dT /dx), where T} is the tem-
perature of the burned mixture. When CHy is present,
the peak shift 6., remains almost constant and lower
than 10% of 6(2, sustaining the adequacy of OH* as
HRR marker for carbon-based fuels. For pure Hj,
however, 6.4 suddenly rises to a value of about 50%
of 69.

To explain this behavior, the most important reac-
tions responsible for the position of OH* and HRR
peaks are studied. For OH*, the reaction rates of the
two main formation paths, namely reactions (R1) and
(R4), are considered. For HRR, the heat released by
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Fig. 2: Peak distances, normalized by &Y, between OH* and
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actions (R4) and (R1) (RR*/RR1), and of HRR of reactions
(R6) and (R5) (HRRRS/HRR®Y) (right axis), versus H, vol-
ume fraction in the CH4+Hj; fuel mixture. Results obtained
for¢g=1,7, =300K and p = 1 atm.

the following reactions is instead taken into account:

H+O,+M == HO, + M, (R5)
OH + CH,0 == HCO + H,0. (R6)

In H,-air flames, reaction (R5) describes the heat re-
leased by recombination and production of the hy-
droperoxyl radical (HO,) [25, 26]. For CHy-air
flames, the exothermic reaction (R6) has a strong lin-
ear correlation with HRR and, therefore, the formyl
radical (HCO) can be used as a marker [7, 8]. Fig-
ure 2 reports the ratios RR*/RR! between peak values
of rates of reactions (R4) and (R1) (diamond-marked
green dashed line), and HRRRS/HRR®S between heat
released by reactions (R6) and (R5) (diamond-marked
green dotted line) as a function of the H, content in
the fuel mixture. Both ratios decrease almost linearly
with increasing H, content, highlighting the growing
importance of the H,-related OH* and HRR pathways
(i.e., reactions (R1) and (RS), respectively) compared
to the CH, flames.

To outline the relation of these reactions with the
peak location of either OH* or HRR, four charac-
teristic distances are introduced: 53}_[* and oR*, are
evaluated as the distances between the peak of OH*
and the peaks of the rates of reactions (R1) and (R4),
while 683, and 6R%. measure the distances between
the peak of HRR and the peaks of heat released by
reactions (R5) and (R6), respectively. The evolution
versus H, content of these distances, normalized by
8%, is also shown in Fig. 2. Differently from the ra-
tios RR*/RR! and HRRRS/HRR®®, when CHj is present
in the fuel mixture, 65, and ofo, (circle-marked

red dashed and dotted lines, respectively) are rela-
tively low (~ 0.056%) and remain approximately con-
stant, regardless of the relative concentration of H,
and CH,. Analogous curves for H,-related reactions
(R1), 68L. (square-marked dashed blue line), and
(R5), 683, (square-marked dotted blue line), show
that these peak distances increase at first, reaching a
maximum for the 30% CH; + 70% H, (by volume)
fuel blend, then decrease becoming almost zero for
pure hydrogen. Therefore, these trends suggest that
the H, content in the fuel mixture has a limited im-
pact on the CH-driven OH* formation pathway of re-
action (R4) and on the correlation between HCO and
HRR via reaction (R6), while reactions (R1) and (R5),
driven by the H-radical, are representative of the OH*
and HRR peaks, respectively, only for pure H,-air
flames. This is coherent with the trend of 6. ver-
sus H, content, and with the analysis in Section 3.3.

To investigate the underlying reasons for these dif-
ferent behaviors, the flame structures for CHy-air,
CHy-Hs-air (30% CH4 + 70% H, fuel by volume)
and Hy-air flames are compared in Fig. 3. From the
asymptotic analysis standpoint, the structure of a pre-
mixed flame, apart from the upstream transport re-
gion, can be considered as two-layered, with a thin
fuel consumption layer and a thicker downstream re-
gion where chemical equilibrium is approached [27].
In CH, flames (Fig. 3a), the threshold between the
two layers is marked by the H-radical profile: in
the downstream layer, H is produced (green-shaded
zone) and supplied through back-diffusion to the fuel
consumption layer (red-shaded zone). Observing the
H-radical profile (dashed red line), this is also a H-
consumption region, where CH, is depleted with H-
radicals according to the following chain-terminating
reaction [28]:

CH; +2H+H,O == CO+4H, (R7)

limiting the H-radical upstream diffusion and pool
generation. The so-produced secondary fuels H, and
CO are then consumed in the downstream oxidation
layer to obtain the final products H,O and CO, [28].
For H, flames (Fig. 3c), instead, the asymptotic
analysis is more difficult, given the chain-branching
nature of the global fuel consumption reaction [29]:

0,+3H, =—=2H,0+2H (R8)

Nevertheless, H maintains a pivotal role, and down-
stream H-production (green-shaded zone) as well as
upstream H-consumption (red-shaded zone) layers
can still be identified [25]. The H-consumption layer
corresponds to an upstream radical recombination re-
gion [26], coinciding with the maximum of the HO,
profile (dash-dotted blue line), coherently with reac-
tion (RS). Heat is mostly released in this zone, despite
the moderate temperatures [25, 28]. Downstream,
equilibrium is reached in a second, thicker radical re-
combination region, with the transition between the
two occurring in a thin radical branching layer, near
the H-profile peak [26].
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Figure 3 shows that, as observed in [19], the two-
layered structure of the host flame is kept with OH*,
which is produced in the fuel consumption layer,
where it reaches the peak value, and then slowly de-
cays to the equilibrium value in the downstream re-
gion. In the pure CH, flame (Fig. 3a), given the low
availability of H, rapidly consumed via reaction (R7),
the main production pathway of OH*, namely reac-
tion (R4) (cross-marked dotted green line), peaks at
the front of the inner layer, following its precursor
CH (cross-marked dotted red line) together with HCO
(cross-marked dashed red line), HRR position marker
via reaction (R6), thus explaining why no significant
peak shift is observed in this case. For the pure H,
flame (Fig. 3c), instead, the OH* concentration pro-
file (cross-marked solid blue line) follows those of
the rate of reaction (R1) (dotted black line) and of
the product of the concentrations of its reactants H
and O (dotted red line), peaking at the back of the
active reaction zone. On the other hand, HRR (dash-
dotted black line) peaks at the front, given the strong

exothermicity of reaction (RS) (solid black line) and
the fast back-diffusion of H (dashed red line), lead-
ing to the observed peak shift. For the CHy-H, fuel
mixture (Fig. 3b), although the reduced CH,4 content
facilitates the H-radical pool generation, the path pro-
vided by reaction (R4) remains by far the most im-
portant for OH* production. The highest HRR still
occurs in the back high-temperature region of the ac-
tive reaction zone, keeping the peak shift negligible.

3.2. Strained counterflow diffusion flames

Strained counterflow diffusion H,-air flames are
considered for varying global strain rate a = (Jug| +
luol)/d, with ur and up being the inlet velocities of
fuel and oxidizer jets, respectively, and d the distance
between the two injectors. The objective is to inves-
tigate the effect of strain rate on the OH* and HRR
distributions.

Figure 4 shows that HRR exhibits a bimodal distri-
bution for all strain rates. The two peaks are here re-
ferred to as HRRE , on the fuel side, and HRR?, , on

max *
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the oxidizer side. A similar behavior has been found
for methane inverse diffusion flames [30]. Differently
from the premixed configuration, in Hy-air diffusion
flames HRR is dominated, on the fuel side, by the fol-
lowing reaction:

H+OH+M <=—=H,0+M (R9)

which needs the production of H-radicals on the hy-
drogen fuel side. Reaction (RS5), discussed for pre-
mixed flames in Section 3.1, requires instead O, and,
therefore, peaks on the oxidizer side [28].

At low and moderate strain rates (Figs. 4a-b) reac-
tion (R9) (dash-dotted green line) prevails on reaction
(RS) (solid black line). Since reaction (R1) (dotted
black line) requires the H-radical, its reaction rate and
so the OH* concentration (cross-marked solid blue
line) well correlate with reaction (R9). Therefore,
OH* well behaves as HRR global peak tracer, differ-
ently than in premixed flames.

Marshall and Pitz [5] studied lean premixed cel-
lular tubular flames at two different stretch rates and
found that increasing stretch slightly improves the
OH*-HRR correlation. In contrast with [5], increas-
ing the strain rate here appears to weaken the OH*-
HRR correlation. Indeed, for higher strain rates (Fig.
4c) the heat released by reaction (RS) increases, and
so does the magnitude of HRRY, , which eventually
overtakes HRRE . Since OH* does not follow the
bimodal nature of HRR and, as in premixed flames,
does not correlate well with (R5), a shift between
OH* peak and the HRR global maximum appears.
Still, as these regimes are close to extinction (the ex-
tinction strain rate being ~ 1.8x10* s7!), they are not

of interest for practical applications.
3.3. Quantitative analysis

The differences between premixed and diffusion
flames when switching from CH,4 to CH4-H, blends
and, finally, to pure H, have been characterized qual-
itatively. To allow for a direct comparison between
different cases, it is of interest to define a numerical
parameter to quantify the OH*-HRR correlation.

Nikolau and Swaminathan [4] proposed an error
estimator method to determine the reliability of HRR
markers for premixed combustion of carbon-based fu-
els. This method is based on the evaluation of an
error measure {(v) for a variable v, where a lower
value of £(v) indicates a better correlation of v with
HRR. The definition of {(v) proposed in [4], how-
ever, is well posed for unstrained premixed flames
only and strongly depends on the overall dimension
of the computational domain, hindering the compar-
ison of different flame configurations. Therefore, a
modified definition is adopted here:

- 1
((V) = E (lHRR(x)lnurm - |v(x)|narm)2 dx (1)

r Jreac

The error measure Z(v) is the mean of £(v) over the re-
active region of size L,, here defined by the condition
[HRR(x)| > 0.01 max(|[HRR(x)|). As in [4], |HRR(x)|
and |v(x)| are normalized by their respective maxima.

Table 3 reports the values of Z computed for OH*
in the premixed and diffusion flames shown in Figs.
3 and 4, respectively. The products of the concen-
trations of O, and H, which react in reaction (R5),



Table 3: Error measure  computed for different variables in premixed and diffusion flames.

Molar concentrations

Chemical rates Heat release rates

Case OH*  O,xH OHxH, HCO R1 R4 R5 R6 R9
Premixed Flames (¢ = 1)
CH4 (Fig. 3a) 1.45E-02 1.06E-01 4.46E-01 1.43E-03 2.62E-01 1.50E-02 9.81E-02 4.69E-03 2.84E-01
CHy4 + H, (Fig. 3b) 1.22E-02 4.49E-02 3.62E-01 3.11E-03 2.16E-01 1.32E-02 3.79E-02 5.32E-03 2.17E-0l1
H, (Fig. 3¢) 5.89E-02 1.07E-02 2.78E-02 - 5.50E-02 - 1.85E-02 - 3.53E-02
Diffusion Flames

a =5.0E+03 (Fig. 4a) 1.11E-01 8.71E-02 1.36E-01 - 1.12E-01 - 1.20E-01 - 5.99E-02
a = 1.0E+04 (Fig. 4b) 1.45E-01 8.77E-02 1.35E-01 - 1.46E-01 - 1.13E-01 - 6.68E-02
a = 1.5E+04 (Fig. 4c) 1.73E-01 8.10E-02 1.20E-01 - 1.74E-01 - 9.65E-02 - 6.43E-02

and of OH and H,, identified as the most adequate
HRR marker for H,-air flames in [5], are also consid-
ered, together with HCO for CH, and CH4-H, flames.
The chemical rates of reactions (R1) and (R4), and
the heat release rates of reactions (R5), (R6) and (R9)
are included too. The premixed cases show that for
CH, and CHy4-H, flames, as expected, the lowest val-
ues of the error measure are obtained for HCO and
for the reaction (R6) by which it is produced. For
these flames, the value of Z(OH") is close to the one
of Z(R4) and lower than Z(R1) by one order of magni-
tude. This confirms that, when CHy is present, H, has
a limited impact on the OH* chemical pathway via re-
action (R4), as discussed in Section 3.1. For pure H,
flames, the value of Z(OH") is the largest, confirm-
ing a worse correlation between OH* and HRR for
these flames. Here, the lowest values are obtained for
the O, x H product and for reaction (RS), coherently
with the analysis of the flame structures in Fig. 3c.
The product of OH and H, concentrations shows also
a low value, in agreement with [5]. Overall, no vari-
able reaches a value of Z as low as Z(HCO) in CH, and
CH,-H, flames, indicating that a reliable HRR marker
is harder to define for pure H,-air flames. As for H,-
air diffusion flames, the values of £ are higher than in
the premixed case and the variability among different
quantities is less pronounced. Indeed, the bimodal na-
ture of the HRR distribution introduces a bias in the
evaluation of Z because none of the variables can re-
produce it. The OH* and the reaction (R1) by which
it is produced, as well as reaction (R9) and the prod-
uct OH X H,, peak on the fuel side, while reaction
(RS5) and the product of its reactants O, and H peak
on the oxidizer side. Coherently with Section 3.2, the
value of Z(OH") increases with the strain rate, sug-
gesting a worse correlation of OH* with HRR. Nev-
ertheless, the dependency of £ on strain rate is quite
limited for all variables, since the normalization of the
integrands in Eq. (1) cancels out the variation of the
relative magnitude of variables shown in Fig. 4. The
sole error measure is thus insufficient to assess the ad-
equacy of a HRR marker for these flames.

4. Turbulent three-dimensional flames
Large Eddy Simulations (LES) predictions of the

OH* field in turbulent hydrogen-air flames are here
discussed to assess the conclusions for premixed

and diffusion one-dimensional flames in a turbulent
swirling flow configuration and validate them against
experimental data. The reference configuration is the
HYLON injector from IMFT (Fig. 5a), which consists
of two swirling coaxial ducts to separately inject hy-
drogen and oxidizer [14]. At the outlet section of the
injector, turbulent mixing competes with the chemical
times of H,-air flames, leading to the stabilization of
either an anchored diffusion flame (denoted as Flame
A in Fig. 5b) or of a lifted partially premixed flame
(Flame L in Fig. 5c¢). The global equivalence ratio is
kept constant to ¢, = 0.45 for both flames.

The same numerical methodology and computa-
tional mesh described in [14] are employed. Only
key features are recalled hereafter. Simulations are
performed with the compressible LES solver AVBP
(www.cerfacs.fr/avbp7x). Flame-turbulence interac-
tion for premixed flames is addressed with the DT-
FLES model, while a sufficient mesh refinement is
imposed to avoid flame thickening in zones of stabi-
lized diffusion flames. Inlet and outlet boundary con-
ditions are treated with the NSCBC formalism and
a thermal resistance is imposed to account for wall
heat losses. Solutions are time-averaged over a whole
flow-through time, corresponding to approximately
55 ms for Flame A and 25 ms for Flame L.

In addition to the results in [14], the Kathrotia
OH* sub-mechanism [12] is here included in the
San Diego skeletal scheme [26]. Thus, Fig. 6 com-
pares the experimental images of the mean normal-
ized OH; ., chemiluminescence signal with LES nor-
malized time-averaged OH} ., fields. Contours at
90%, 50% and 20% of OH;,.,, (white lines) and
HRR,o;m (red lines) are superimposed to the latter.
Being controlled by diffusion reaction, the attached
flame (Fig. 6a) shows a good match between numeri-
cal OH;,,,, and HRR,o;, fields. This is in agreement
with the laminar counterflow flame simulations for
moderate strain rates. For the lifted flame (Fig. 6b),
instead, albeit the flame shape is globally well pre-
dicted, slight differences on the axial extension of the
experimental OH? . and numerical HRRomm, fields
are observed (as noted also in Fig. 13 in [14]). A bet-
ter match is achieved when the experimental and LES
time-averaged OH}, . fields are directly compared, as
highlighted by horizontal dashed lines. The Flame L,
burning in the partially premixed regime, features a
shift between HRR,: and OHj | peaks, as observed
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«|r»

H, swirler b)

Flame L

Air swirler
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Fig. 5: HYLON injector main components (a), and line-of-
sight integrated images of attached (b, Flame A) and lifted
(c, Flame L) flames [14].

in Section 3.1 for canonical premixed flames.
5. Conclusion

In this work, the OH* distribution and its rela-
tion with HRR in laminar and turbulent hydrogen-air
flames have been studied. First, in laminar premixed
one-dimensional hydrogen-air flames, OH* has been
found not to adequately mark the position of maxi-
mum HRR. A shift between the two peaks has been
observed irrespective of the equivalence ratio or OH*
kinetics sub-mechanism. For fuel mixtures contain-
ing methane, instead, a good correlation between
OH* and HRR has been retrieved. To understand the
mechanisms at the origin of these differences, flame
structures have been analyzed, emphasizing the piv-
otal role of the H-radical and, in particular, of its
part in the main reaction pathways leading to OH*
formation and HRR. The chain-branching nature of
hydrogen-air flames has been found to enhance the H-
radical pool in the post-flame region leading to OH*
formation. HRR has been found to peak further up-
stream than OH*, being linked to the HO,-radical
generated by the recombination reactions of back-
diffused H-radical. A chain-terminating behavior has
been observed, instead, for methane and methane-
hydrogen flames, where methane consumes H, gener-
ating HRR and preventing the radical pool formation
in the post-flame zone, thus leading to different OH*
formation pathways linked to CH.

A different behavior has been observed for lami-
nar strained counterflow diffusion flames, where OH*
has been shown to be a more adequate HRR marker
at strain rates far from extinction. Indeed, differently
from premixed flames, HRR is in this case dominated
by the direct consumption of the H-radical on the fuel
side. At higher strains, reactions based on the HO,-
radical have been observed to become more impor-
tant, leading to a shift in the HRR global maximum
not followed by OH*. Still, being close to the extinc-
tion strain rate, this has limited practical interest.

Finally, the capabilities of OH* numerical predic-

0.00 OH*/OH*,,. 1.00
‘ d

Fig. 6: Experimental normalized mean OH*,o, Abel-
deconvoluted chemiluminescence signal (left) and LES nor-
malized time-averaged OHj ... mass fraction (right) for

Flame A (a) and Flame L (b), with iso-lines at 90%, 50%
and 20% of OH}, .. (white lines) and HRRporm (red lines).

tions to well represent experimental findings have
been investigated via LES of attached and lifted tur-
bulent hydrogen-air flames stabilized through the HY-
LON injector. In agreement with the observations
made for laminar one-dimensional flames, a good
match has been observed for the diffusion flame
branch between the LES-computed time-averaged
HRR;,;m and the experimental mean OH} , Abel-
deconvoluted chemiluminescence signals. For the
lifted partially premixed flame branch, instead, LES
has shown a slight downward axial shift. In this case,
a better agreement has been found between experi-
mental and numerical OH; = fields, highlighting the
importance of adding a OH* sub-scheme to directly
compare LES of non-diffusion hydrogen-air flames
with experiments. In future work, the same method-
ology could be extended to investigate turbulent ultra-
lean hydrogen-air flames at high pressure and temper-
ature operating conditions.
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