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HIGHLIGHTS

CH,0-OH confirms as robust HRR marker across a wide range of conditions including variations in oxidizer content, equivalence ratio, preheat temperature,
pressure, and strain.

For CH,-air flames, the highest correlation between CH,0-OH and HRR occurs at slightly rich mixtures (® =~ 1.5), while in CH,/0O, flames, the strongest correlation
shifts to ultra-rich conditions (® ~ 3.0).

Elevated pressure generally improves the correlation at leaner mixtures but narrows the range of high correlation, whereas preheating shifts the optimal equivalence
ratio to richer conditions and broadens the applicability range.

Even under high strain rates (up to 10,000 s/, relevant for turbulent flames), CH,0-OH maintains a strong correlation (R ~ 0.9) with HRR, highlighting its suitability
for turbulent combustion diagnostics.

The results of this study are intended to support and guide experimental diagnostics by identifying reliable marker regimes.

ARTICLE INFO ABSTRACT

Keywords: This work presents a numerical investigation of the applicability of the product of formaldehyde (CH,0) and hy-
Heat release rate droxyl radicals (OH), denoted as CH,O - OH, as a marker for the local heat release rate (HRR) in CH, flames over
CH,0 - OH a broad range of boundary conditions. Both laminar freely propagating one-dimensional and premixed counter-
Formaldehyde

: flow CH, flames were simulated using several detailed reaction mechanisms. The analysis systematically varied

Hydr',)xyl radical the oxidizer composition (from air to pure oxy-fuel), equivalence ratio (®), inlet temperature, pressure, and strain

Premixed flames ’ ’ ’ ?

Oxy-fuel rate. The correlation between the CH,O - OH profiles and the HRR was quantified using the Pearson correlation
coefficient. Overall, the study confirms CH,O - OH as a practical and reliable HRR marker in CH, flames, particu-
larly under high-temperature and high-pressure oxy-fuel conditions. The results show that in slightly rich CH,-air
flames (about @ = 1.5), CH,O - OH provides an accurate estimate of the HRR. In oxygen-enriched and pure oxy-
fuel flames, the strongest correlation shifts to ultra-rich conditions (about ® ~ 3.0). Increasing pressure enhances
the correlation at lower equivalence ratios, whereas preheating weakens the correlation locally but expands the
overall range of validity. Although increasing strain rate generally degrades the correlation, CH,O - OH remains a
robust marker under technically relevant turbulent conditions (strain rates below 10,000 s~!), maintaining Pearson
correlation coefficients of approximately R =~ 0.9 even close to extinction. This demonstrates the strong feasibility
of using CH,O - OH for HRR estimation in highly turbulent flames. The demonstrated robustness of CH,O - OH
highlights its suitability as an HRR marker, providing valuable insights for experimental diagnostics.

1. Introduction chemical time scale in combustion processes. Since HRR cannot be mea-
sured directly, significant efforts have been devoted in previous studies

The local heat release rate (HRR) is a key factor in determining the to identifying experimentally accessible surrogate markers.

flame structure and dynamics, and it provides important insights into the
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Najm et al. [1] investigated several potential species as markers for
measuring the flame burning rate. They found that CH, OH*, C,*, and
CH* are not reliable indicators for premixed methane-air V-flames, as
these species are not directly involved in the primary carbon breakdown
pathway, which proceeds as CH; — CH3 — CH,0 — HCO — CO — CO,.
In contrast, the formyl radical (HCO) was identified as a highly suit-
able marker, exhibiting a strong correlation with the local HRR across
a wide range of flame curvatures and strain rates. Nevertheless, be-
cause the main contribution to heat release in hydrocarbon flames arises
from the formation of H,0 and CO,, HCO primarily reflects the forward
conversion toward these final products rather than the total HRR.

The direct experimental measurement of HCO using planar laser-
induced fluorescence (PLIF) was first demonstrated by Najm et al. [1],
achieving a signal-to-noise ratio (SNR) of approximately 2:1 in frame-
averaged images over 100 frames. Similarly, Jeffries et al. [2] reported
an SNR of around 3:1 in CH4/0, flames at an equivalence ratio (® =
1.03) and low pressure (5.8 torr). Kiefer et al. [3] obtained single-shot
PLIF images with SNRs ranging from 6:1 to 12:1 in lean CH4/0O, flames.
They later extended their study to turbulent premixed CH,-air flames,
proposing effective strategies for HCO detection [4]. Moreover, they
recommended restricting HCO PLIF detection to lean or stoichiomet-
ric conditions, since larger hydrocarbons can significantly interfere with
the inherently weak HCO signal. Additionally, they cautioned that ex-
cessively high laser pulse energies can induce artificial HCO formation
via photolysis of CH,0, limiting the benefit of simply increasing laser
energy to enhance the signal.

To overcome these experimental challenges, Paul and Najm [5] in-
troduced an alternative approach for HRR estimation in stoichiometric
dimethyl ether/air flames. This method approximates the local HRR
based on the simultaneous measurement of formaldehyde (CH,0) and
hydroxyl radical (OH), forming their scalar product. This product has
been shown to correlate strongly with the HCO concentration, and thus
with the local HRR. The experimental implementation of this technique
has gained widespread use, as simultaneous detection of CH,O and OH
is feasible even in turbulent flames using laser-induced fluorescence
(LIF) [6-9], including high-speed imaging modes [10,11]. Moreover,
this approach has been successfully extended to flames involving higher
hydrocarbons beyond CH,, producing promising results [12,13], and has
even been applied in dense spray flames [14]. Only a few studies have
explored boundary cases in combustion. Kosaka et al. [15] applied the
CH,O - OH product technique to investigate flame-wall interactions in
CH,—air flames. Fan et al. [16] applied this approach to lean CH,;/H,
swirling wall-impinging flames. In this study, in addition to clearly de-
fined HRR zones along the flame front, a highly fragmented structure
was observed near the wall, accompanied by a diffuse CH,O cloud, in-
dicating local quenching and incomplete oxidation. Shimizu et al. [17]
examined weak flame behavior in micro-flow reactors with controlled
temperature profiles. Mulla et al. [18] showed that for nearly stoichio-
metric flames, both the CH,0 - OH and CH,O - H closely approximate
the HRR, with CH,O - OH providing a practical advantage due to more
accessible detection of OH. Zhou et al. [19] employed machine learn-
ing methods to identify and construct an HRR indicator for premixed
CH,/air flames under lean-to-stoichiometric conditions. They found that
the CH,O - OH model is strongly influenced by the equivalence ratio
and achieves high prediction accuracy near stoichiometric conditions.
Chi et al. [20] performed laminar and turbulent DNS calculations for
CH,/air flames with equivalence ratios ranging from 0.6 < ® < 1.4,
and determined correction exponents for the investigated boundary con-
ditions. They proposed the indicator CH,0"!7. OH'"7. Yin et al. [21]
demonstrated that this approach is also applicable to the combustion of
higher hydrocarbons, and showed that the CH,O - OH model exhibits
a good linear correlation with the HRR in turbulent spray n-heptane
flames. However, numerical and experimental data across a broad range
of boundary conditions, such as O, content in the oxidizer, preheat tem-
perature, pressure, strain rate, and fuel-rich combustion, remain limited,
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highlighting a notable gap in current research. The present study aims
to evaluate the validity of the CH,O - OH product as a marker for HRR
under these conditions. To this end, a comprehensive parametric study
was carried out, spanning air to oxy-fuel combustion and systematically
varying equivalence ratio, preheat temperature, pressure, and strain us-
ing multiple chemical kinetic mechanisms. The results of this study are
intended to support and guide experimental diagnostics by identifying
reliable marker regimes.

2. Numerical approach

In the present study, numerical calculations were carried out
using the CKReactorFreelyPropagatingFlame solver of the ANSYS
Chemkin Pro 17.0 package [22]. This program is an advanced imple-
mentation of the original PREMIX code developed by Kee et al. [23],
and solves the 1d steady-state species and energy conservation equations
governing laminar premixed planar flame. An implicit finite difference
method is employed, combined with a coarse-to-fine grid refinement
strategy to ensure optimal mesh distribution. The influence of strain on
HRR was evaluated using the CKReactorOpposedFlowFlame solver, apply-
ing identical inlet conditions and fuel/oxidizer mixtures on both sides
to create a symmetric twin-flame configuration. Extinction points were
determined through successive approximation, following the procedure
described in detail by Habisreuther et al. [24]. Typically, calculations
start with an initial grid of about 10-50 points, with grid independence
generally achieved between a number of 300-600 points, depending on
the complexity of the chemical mechanism. Grid convergence is assessed
using normalized criteria based on the maximum relative changes in
species values and gradients between adjacent points, with thresholds
set to 0.05 and 0.07, respectively.

In the present work, particular attention was given to the evolution of
species profiles that closely resemble the spatial distribution of the HRR.
As a reference, the relatively simple GRI 3.0 mechanism [25], consist-
ing of 53 species and 325 reactions, was employed. To more accurately
capture the chemistry relevant to fuel-rich flames, particularly the de-
tailed C,-pathways, four additional reaction mechanisms were selected:
ABF [26], DLR [27], USC/II [28], and Caltech 2.3 [29,30]. These mech-
anisms incorporate more comprehensive higher hydrocarbon chemistry
and provide improved resolution of species dynamics under fuel-rich
conditions.

The study focuses on CH,/N,-O,-flames, with the O,-content in the
oxidizer systematically varied from air to pure oxy-fuel conditions. To
evaluate the performance of the HRR markers under diverse flame con-
ditions, the equivalence ratio was varied over a wide range, 0.5 < ® <
3.3. The inlet temperature of the fuel-oxidizer mixture was set to 300K,
473K, and 573 K, while the operating pressure was varied among 1 bar,
2bar, and 5 bar. These parameters were applied to each selected chem-
ical kinetic mechanisms, resulting in approximately 4500 computed 1d
laminar freely propagating flame cases. Additionally, the influence of
strain on HRR was investigated for both air and oxy-fuel flames by
varying the equivalence ratio under standard inlet conditions, yielding
roughly 1000 twin-flame simulations.

3. Determination of the correlation coefficient

To evaluate the strength of the association between a species-based
marker and the HRR, it is essential to quantify how closely the spatial
distribution of the marker reproduces the HRR profile over the entire re-
action progress or an equivalent ordinate variable. The evaluation must
account not only for the relative position of the HRR peak but also for the
overall shape of the alignment of the profiles. The association strength
between species marker and the HRR is quantified using the Pearson
correlation coefficient, calculated from the spatially resolved profiles of
both quantities at corresponding positions that can be experimentally
obtained. Formally, the Pearson coefficient R between HRR values and
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the values of an arbitrary marker M is defined as
Y (HRR, — HRR)(M; — M)

VL, (HRR, ~HRR) -\ X1, (M, - M)

R (€9)

where H RR; and M; denote the ith value of the HRR and the correspond-
ing marker quantity respectively; HRR and M represent the arithmetic
mean values of their respective data series, and » is the total number of
samples in each series.

To ensure that the correlation coefficient R provides a meaningful
measure of the quality of the marker, a consistent and comparable or-
dinate basis for the profiles (e.g., the spatial flame coordinate) must
be used, with sufficient resolution to weight all flame regions equally.
The 1d laminar premixed flame simulations are performed on an adap-
tive grid, which yields a much finer, but problem-dependent, resolution
in the main reaction zone. As a result, directly correlating the raw
computed data would introduce bias, as the correlation would be dispro-
portionately influenced by local variations in grid density. To mitigate
this effect, the profiles were resampled at 500 equidistant points within
the region relevant to heat release, defined as the spatial interval where
the HRR exceeds 10% of its maximum value.

As an illustrative example, Fig. 1 demonstrates this resampling proce-
dure for an atmospheric CHy-air flame at an equivalence ratio ® = 1.67,
preheat temperature 300K and 1 bar. For clarity, only every 10th sam-
pling point of the HRR and of the CH,O - OH marker profile is shown.
The comparison confirms that the described resampling procedure yields
excellent agreement with the solution obtained from the adaptively
refined grid in the flame calculations.

4. Preliminary investigations

Species commonly detected by optical diagnostics and used in the
literature as markers for the HRR, either individually or in combina-
tion, include OH, CH,O and HCO. Therefore, normalized profiles of OH,
CH,0, the product CH,O - OH, HCO, and the HRR are shown in Fig. 2 for
a stoichiometric CHy-air flame at standard inlet conditions, calculated
using the CalTech 2.3 chemical mechanism. Among the species consid-
ered, CH,O is formed earliest, with the onset of OH formation occurring
near the CH,O concentration peak. The product of CH,O - OH exhibits
a strong correlation with the HCO concentration, and both correspond
well to the HRR profile. Nevertheless, a slight spatial offset between HRR
and either HCO or CH,O - OH is observed.

p =1 bar; T, =300 K; ® = 1.67, every tenth point
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Fig. 1. Resampled profiles of heat release rate and the product of the mole
fractions of CH,O and OH as a marker.
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Fig. 2. Selected species and HRR of a calculated one-dimensional CH,/air flame
at ® = 1.0 (CalTech 2.3, 1 bar, 300 K).
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Fig. 3. Correlation between HRR and CH,O - OH, each normalized with
their peak-value for CH,/air and pure CH,/0O, at selected equivalence ratios
(CalTech 2.3, 1 bar, 300K).

Previous studies have largely focused on hydrocarbon/air flames
near stoichiometric and standard conditions. To provide an initial in-
sight into the relation between HRR and CH,O - OH under oxy-fuel
conditions, Fig. 3 presents a comparison of premixed CH,/air and
CH,4/0, flames at various equivalence ratios at standard inlet condi-
tions. Examining the details, an almost linear correlation is observed for
slightly rich CH,-air flames at an equivalence ratio of ® = 1.5. However,
the correlation quality decreases as conditions approach stoichiometric
or become richer, as evidenced by the increasing scatter of the profiles.
In contrast, for pure CH,/0O, flames, the strongest correlation occurs
at ultra-rich conditions (® = 2.9) with a gradual deterioration toward
leaner mixtures. Nevertheless, in all cases, the peak of the HRR aligns
closely with the peak of the CH,O - OH marker.

5. Results and discussion

The following section first discusses the influence of O,-content and
equivalence ratio on the correlation between CH,O - OH and HRR.
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Fig. 4. CH,0 - OH and HRR in spatial domain for selected cases of CH,/air- and CH,/O,-flames (CalTech 2.3, 1 bar, 300K).

This is followed by an analysis of the effects of preheating and pres-
sure, along with a comparison of results obtained using different re-
action mechanisms. Finally, the impact of varying strain rates on the
correlation is presented.

5.1. Influence of O,-content and equivalence ratio

The normalized spatial distributions of the CH,O - OH product and
HRR are presented for selected cases in Fig. 4. The top row shows results
for air combustion at standard inlet conditions, while the bottom row
presents profiles for oxy-fuel combustion. For both flame types, increas-
ing the equivalence ratio from left (® = 1.0) to right (® = 2.86) shifts
the relative peak positions of CH,O - OH and HRR. In the stoichiometric
CHy-air flame, the HRR peak precedes that of CH,O - OH, whereas at
@ = 1.5, the peaks nearly coincide, yielding the highest correlation co-
efficient R. Further enrichment reverses this trend, with the CH,0 - OH
peak appearing before the HRR peak and a corresponding decline in cor-
relation. A similar behavior is observed in oxy-fuel flames, although the
best overlap, and hence the strongest correlation, occurs at higher equiv-
alence ratios (® = 2.9). To complement the initial visual assessment, the
Pearson correlation coefficient R is presented in Fig. 5. Across the entire
range of conditions examined, high correlation values (R > 0.9) are ob-
served, demonstrating the generally strong performance of CH,O - OH
as a marker for HRR. A comparison between Figs. 4 and 5 indicates that
only in cases where R > 0.98 does CH,O - OH accurately reproduce both
the shape and the peak position of the HRR profile without any notice-
able spatial shifts. For CH,—air combustion, such high correlations are
limited to narrow ranges around ® = 0.5 and ® = 1.5. In contrast, oxy-
fuel flames show the lowest correlation at lean conditions (® = 0.65),
while R increases steadily with richer mixtures, reaching a maximum at
@ = 3.0. It should be mentioned that in fuel-rich (oxy-fuel) flames, two
distinct HRR zones can be identified: a primary positive zone, which
drives a strong temperature rise, followed by a negative zone after the
temperature peak. The latter reflects endothermic reactions and the for-
mation of syngas (H, and CO). Nevertheless, the major exothermic heat
release is locally decoupled from these slower endothermic processes
(especially in the case of oxy-fuel), leading to so-called super-adiabatic
flame temperatures. Near-stoichiometric conditions are characterized
by elevated radical pool concentrations, particularly of H, O, and OH,

1.00

0.98

0.96

0.94

correlation coefficient R

0.92

——— CH,/air
—e— CH,/O,

0.90

Lo b N
0.5 1.0 1.5 2.0 25 3.0 3.5

equivalence ratio ®

Fig. 5. Pearson correlation coefficient of CH,O - OH vs. HRR for CH,/air and
CH,/0,) varying equivalence ratio (CalTech 2.3, 1 bar, 300 K).

resulting from enhanced thermal dissociation at flame temperatures
approaching 3000 K [31], which may influence the correlation.

5.2. Influence of preheating and pressure

Preheating and elevated pressure significantly influence reaction
pathways and can affect the validity of CH,O - OH as an HRR marker.
Fig. 6 presents the Pearson correlation coefficient R as a function of
equivalence ratio for both air and oxy-fuel flames under these con-
ditions. Overall, the general shape of the correlation profiles remains
consistent across different thermodynamic states. For air combustion,
high correlation coefficients are observed in two distinct equivalence
ratio ranges around ® = 0.5 and ® = 1.5, with a reduction near stoichio-
metric conditions. In oxy-fuel flames, the strongest correlation occurs
in the ultra-rich regime near ® = 3.0, decreasing toward lean and sto-
ichiometric mixtures. Preheating shifts the correlation profiles toward
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Fig. 6. Pearson correlation coefficient of HRR vs. CH,O - OH for CH,/air and

CH,/0, varying equivalence ratio (CalTech 2.3, 1 bar, 300 K).
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Fig. 7. Pearson correlation coefficient (coloured legend) depending on equiva-
lence ratio and O,-content (CalTech 2.3, varying inlet conditions).

higher equivalence ratios, while elevated pressure shifts them toward
lower equivalence ratios. Notably, near-stoichiometric oxy-fuel flames
exhibit a decrease in R under elevated pressure, contrasting with the
trends in air flames. The full set of simulated flame cases is summa-
rized in Fig. 7 as a color map of R, with overlaid lines indicating the
lean-side maxima and rich-side minima of the correlation coefficient for
each thermodynamic condition. These results highlight how thermody-
namic effects modulate the reliability of CH,O - OH as an HRR marker
across different flame regimes.

5.3. Reaction mechanisms

Fig. 8 shows the correlation coefficient map obtained using the
USC/II mechanism. Overall trends are similar to those obtained with
the CalTech 2.3 mechanism (Fig. 7), with maximum correlation coef-
ficients occurring at higher equivalence ratios, while minima remain
near stoichiometric conditions. The equivalence ratio corresponding to
the highest correlation depends on the O, content in the oxidizer and is
summarized in Fig. 9 for various chemical mechanisms under standard
conditions. GRI 3.0 and CalTech 2.3 predict an increase from ® = 1.5
in air flames to ® = 2.9 in pure oxy-fuel flames, with nearly identical
results, whereas ABF and USC/II show a shift to higher equivalence ra-
tios (® = 1.7 to 3.3). The DLR mechanism exhibits particularly strong
correlation in oxygen-enriched, fuel-rich flames. For a comprehensive
comparison, Fig. 10 presents R as a function of equivalence ratio for all
mechanisms, covering both air and oxy-fuel combustion. Preheating and
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Fig. 8. Pearson correlation coefficient (coloured legend) depending on equiva-
lence ratio and O,-content (USC/II, varying inlet conditions).
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Fig. 10. Comparison of the quantity of the correlation coefficient for different
mechanism (1 bar, 300 K).

elevated pressure shift the correlation profiles consistently across mech-
anisms, following the trends described previously. In addition to trends,
the absolute values of R vary with the reaction mechanism. This effect is
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Fig. 11. Pearson correlation coefficient depending on the strain rate for CH,/air
and CH,/0, varying equivalence ratio (CalTech 2.3, 1 bar, 300 K).

particularly pronounced in oxy-fuel flames, where ABF and USC/1I yield
the lowest correlation near stoichiometric conditions (R ~ 0.73), while
CalTech 2.3 provides the highest values. All mechanisms predict a maxi-
mum correlation R,, at ® = 3.0 for oxy-fuel flames. For CH,—air flames,
all mechanisms display two local maxima at approximately ® = 0.5 and
@ = 1.5, respectively.

5.4. Influence of strain

Resistance to extinction under stretch is a key characteristic of
flames, particularly under turbulent conditions [32]. To evaluate the
behavior of CH,O - OH under such conditions, selected cases were
simulated in an opposed-flow configuration, with the strain rate incre-
mentally increased until flame extinction. Fig. 11 shows the resulting
Pearson correlation coefficient as a function of strain rate for pre-
mixed CH,/air and CH,/0, flames, calculated using the CalTech 2.3
mechanism, with strain rate defined by the maximum velocity gradient
upstream of the flame front. The results indicate that CH,O - OH remains
a robust marker for HRR at strain rates relevant to technical applications
(<10,000 s~1). Near stoichiometric conditions (0.84 < ® < 1.25), corre-
lation values are similar for both air and oxy-fuel flames. For CH,/air,
R slightly increases as extinction is approached, while CH,;/0, flames
show a noticeable decrease. Overall, these findings confirm the applica-
bility of CH,O - OH as an HRR marker even under high-strain conditions
typical of turbulent combustion.

5.5. Conclusion

The results demonstrate that high-temperature HRR can be accu-
rately captured using the marker CH,O - OH. For CH,-air flames, the
highest correlation occurs under slightly rich conditions at ® = 1.5,
with a secondary maximum around @ = 0.5 in the lean regime. For rich
CH,/0, flames, the strongest correlation is observed between 2.5 < ® <
3.0, while near-stoichiometric conditions consistently show lower corre-
lation. Preheating broadens the range of equivalence ratios over which
CH,O - OH is a reliable marker, whereas elevated pressure shifts the
optimal range toward leaner mixtures and narrows the domain of high
correlation. Although increasing strain reduces R, it remains approxi-
mately 0.9 near extinction, confirming the robustness of CH,O - OH even
under highly turbulent conditions. Beyond these numerical findings, the
results are intended to support and guide experimental diagnostics by
identifying reliable marker regimes.
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