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Abstract

The correlation between the distributions of OH* concentration and heat release rate
(HRR) in laminar hydrogen-air flames is investigated, highlighting the differences
observed between premixed and diffusion flames and the impact of the operating
conditions. First, one-dimensional premixed hydrogen-air flames are considered,
showing a characteristic peak shift between OH* and HRR, which is less pronounced
or inexistent when considering diffusion hydrogen-air flames. The impact of
unburned gas temperature and pressure is studied, showing that an increase of either
of the two quantities corresponds to a reduction in the peak shift. Subsequently, the
impact of different flame regime is analyzed by considering high-fidelity numerical
simulations of a two-dimensional hydrogen-air triple flame, for which diffusion and
premixed branches coexist, confirming the observations made for one-dimensional
calculations.

Introduction

The distribution of Heat Release Rate (HRR) is fundamental to analyze and predict
the structure and dynamics of flames. Nevertheless, HRR direct measurements are
impractical, and chemiluminescence (i.e., the spontaneous light emission from
excited chemical species in flames) is used as a tracer [1].

A good correlation between CH*, OH* and CO,* chemiluminescent emissions and
HRR is generally observed for steady hydrocarbon flames [1]. For pure methane
(CH4) flames, the peak-to-peak distance between OH* intensity and HRR
distributions is smaller than the spatial resolution of most measurements, making
OH* an adequate heat release tracer [2]. A correspondence between OH* emission
and HRR distributions has been found also for methane-hydrogen blends [3]. For
hydrogen (H»)-air flames, instead, a rather wide distance between the OH* and HRR
peaks has been observed, and the correlation between the two quantities has been
shown to fail in lean premixed cellular tubular flames [4]. As observed in [5], the
fundamental reason leading to these observed differences lies in the interplay
between the H-radical pool, the OH* main formation pathways, which are related to
the fuel composition, and the heat release process.

In this work, the impact of operating conditions, in terms of unburned gas
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temperature, pressure, flame regime and stretch, on such physical-chemical
mechanisms and, consequently, on the HRR-OH* correlation is investigated. To this
scope, firstly laminar premixed unstrained one-dimensional (1D) H;-air flames are
computed and compared with strained counterflow premixed and diffusion H,-air
flames under various conditions of unburned gas temperature and pressure.
Subsequently, the impact of flame regime is further highlighted by considering a H-
air two-dimensional (2D) triple flame, for which diffusion and premixed branches
coexist, to confirm the observations made for 1D flames.

Methodology

One-dimensional flame calculations are performed with Cantera (www.cantera.org),
implementing the multi-component transport model and considering the Soret effect,
while 2D numerical simulations are carried out with the compressible solver AVBP
(www.cerfacs.fr/avbp7x) developed at CERFACS (Toulouse, France). The San
Diego (UCSD) [6] scheme is adopted to describe the combustion process.

The OH* formation and consumption process in hydrogen flames relies on the
following three elementary reactions [7]:

H+O+M < OH* + M, (1)
OH* — OH + Ay, (2)
OH*+M < OH + M, 3)

with Av being the energy of the emitted photon. At temperatures below 2800 K, OH*
is mainly formed by the recombination reaction (1), while it transfers its excess
energy, returning to the ground state, either by emitting light in the radiative decay
reaction (2) or by the non-reactive collisional quenching reaction (3) [7].

The sub-scheme by Kathrotia et al. [7] is here adopted to describe OH* formation
and consumption. In all cases, the OH* sub-mechanism is simply added to the main
reaction scheme as its impact on the ground species’ concentrations is negligible [8].

One-dimensional flames

Firstly, freely-propagating, unstretched 1D premixed Hj-air flames at variable
unburned mixture temperature 7, pressure p and equivalence ratio ¢ are compared.
The correlation between OH* and HRR distributions is assessed by considering two
parameters: the normalized peak-to-peak distance ¢ and the error estimator Zon=. The
first one is computed as the distance between the peaks of OH* and HRR
distributions, divided by the laminar flame thickness 6.’ = (T — T,)/max(dT/dx),
where T} is the burned mixture temperature. The second one, instead, quantifies the
global quality of the OH*-HRR correlation and has been defined in [9] as:
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where con+ 1s the OH* molar concentration.

As can be observed in Fig. 1, the worst correlation between the two distributions is
obtained for stoichiometric values, for which the value of Zon- is higher. Moreover,
this is positively impacted by an increase of pressure, and negatively impacted by an
increase of unburned gas temperature. Still, as indicated by the isolines of ¢ in Fig.
la, the largest normalized peak-to-peak distance is obtained for lower temperatures.
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Figure 1. Error estimator Zou+ as a function of ¢, p and 7., for 7, = 600 K (a) and
p =1 atm (b). The isolines indicate the corresponding values of 0.

These different trends can be explained by the distributions of OH* concentration
and HRR shown in Fig. 2 for stoichiometric flames at three operating points: 73, =
300 K and p =1 atm (a), 7, = 600 K and p = 1 atm (b), 7, = 600 K and p = 10 atm
(c). The computed values of Z are, respectively, 3.53x104, 1.26x10 and 1.25x107,

(a) (b) ()

1.0 4 - L
= ' f\ 0 | 0 I F 0
3 (.8 1 6, =330 um | - 8 =438 um |~ © 0, =259 um
& s §-0490 [ ] =021 [ ] §=028 HRR
3 0.
2 [ I
= 04 - - Con
g .
c (0.2 1 i
& Iy

O»O = M I N 1 ! N 1 ' 1 ' = - I ' 1

0 [ 2 30 1 2 300 01 02 03

Distance [mm] Distance [mm] Distance [mm]
Figure 2. Normalized distributions of HRR and OH* concentration for unstrained
premixed flames at ¢ = 1 and 7, =300 K and p = 1 atm (a), 7, = 600 K and p = 1
atm (b), 7, = 600 K and p = 10 atm (c¢).

Even though case (a) presents the largest value of J, the value of Zon+ is the lowest
(see Fig. 1a), since the two distributions have the two most similar shapes, mostly
due to the reduced equilibrium OH* concentration when compared to the peak one.
On the other hand, when increasing 7, and p, the equilibrium OH* concentration
increases. Indeed, as the flame temperature increases, OH* production is favored in
the post-flame region. The combination of these effects causes a reduction in the
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likelihood of the two distributions, with a consequent increase of the value of Zon+,
even though the value of ¢ is lower, being the two peaks closer. Consequently, the
sole Zon+ 1s not sufficient to characterize the correlation between OH* and HRR for
H;-air flames, as it gives a global evaluation of the quality of the correlation, but not
an insight into the actual shape and position of the two distributions. As for the
impact of operating conditions, it can be observed that, at atmospheric pressure, the
peak shift is more accentuated, and is comparable between cases (a) and (b) in terms
of physical distance. The different values of J are in this case due to the increase of
flame thickness for higher values of 7. On the other hand, when pressure increases,
the actual physical distance between the peaks is significantly smaller, even though
it is more impacting in terms of ¢ with respect to case (b) due to the reduction of
flame thickness given by the pressure increase.

To investigate the impact of flame stretch and regime on the peak shift, 1D
stoichiometric twin premixed counterflow flames, for which two jets of premixed
fresh gases are opposed to each other, and 1D counterflow diffusion flames, for
which a jet of fuel is opposed to a jet of oxidizer, are considered. Flame strain is
evaluated as a = (|u;| + |uz|)/d, where u; and u, are the inlet velocities of the jets, and
d 1s their distance. The distributions of normalized OH* and HRR are shown, with
the corresponding values of J, in Fig. 3 for a = 1.0x10* s, a value of strain
sufficiently high to highlight stretch effects and, at the same time, not too close to
the extinction strain rate, which is approximately 1.8x10%s™! for case (a) [5].
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Figure 3. Normalized distributions of HRR and OH* concentration for premixed
(top) and diffusion (bottom) counterflow flames at a = 1.0x10* s and T, = 300 K
and p = 1 atm (a), 7,= 600 K and p =1 atm (b), 7, = 600 K and p = 10 atm (c).
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For the premixed cases, stretch has a limited impact on the peak shift, which remains
of the same order of magnitude as in the unstrained case.

On the other hand, the diffusion flames, at least for cases (a) and (b) at atmospheric
pressure, show a sensible reduction of the peak shift. Due to the significantly smaller
size of the flame front, no appreciable reduction in the peak shift can be found in
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case (¢). Nevertheless, an agreement in the shape of the distributions, which lacks in
the corresponding premixed case, can be observed, sustaining the adequacy of OH*
concentration as HRR marker in diffusion H»-air flames.

Triple flame

The impact of flame regime on the OH*-HRR correlation is further analyzed by
considering a 2D triple flame at 7,, = 300 K and p = 1 atm, for which three zones can
be identified: a lean premixed branch, a rich premixed branch, and a diffusion
branch. The HRR fields are shown in Fig. 4 for the premixed (a) and diffusion (b)
zones, together with isolines (white) of OH* concentration and the stoichiometric
line (black). A sensible axial shift can be observed between the HRR and OH* peaks,
with the former being located further down, in the rich premixed zone, while the
latter is above, close to the stoichiometric line and in proximity of the triple point.
On the other hand, the OH* distribution shows to be better correlated to the HRR
one, with the two peaks located in the same region and the OH* field able to capture
with sufficient adequacy the HRR variation in the whole zone.
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Figure 4. HRR distributions for a triple flame at 7, = 300 K and p = 1 atm in the
premixed (a) and diffusion (b) zones, isolines (white) at 90%, 50%, 20%, 10% and
5% of maximum OH* concentration in each zone, and stoichiometric line (black).

Conclusion

In this work, the correlation between heat release rate (HRR) and OH* concentration
in hydrogen-air flames has been investigated, focusing on the impact of operating
conditions, in terms of unburned gas temperature, pressure, flame regime and stretch.
By performing 1D calculations, it has been observed that OH* poorly correlates with
HRR for premixed flames, with a sensible shift between the peaks of the two
distributions, especially for low pressures, at all equivalence ratios. A similar
behavior has been observed also for stretched premixed flames, while a significant
improvement in terms of peak shift reduction has been found for diffusion flames.
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This behavior has been confirmed also in a 2D triple flame, sustaining the adequacy
of OH* as HRR marker for hydrogen-air diffusion flames only, while an error is to
be considered for premixed cases. This is especially true for low-pressure cases,
which are typical of OH* chemiluminescence experimental measurements.
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