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ABSTRACT

As a carbon-free carrier for renewable energies, hydrogen has the potential to contribute to the success of
the energy transition. In addition to electrochemical applications, thermochemical applications will con-
tinue to play an important role in high-performance energy conversion such as advanced low-emission
combustion systems. However, the combustion of hydrogen poses challenges due to its special thermo-
physical and reaction kinetic properties. Lean combustion is required to minimize primary nitrogen oxide
(NO,) formation. This can lead to thermodiffusive instabilities that affect the internal structures of the
reaction zone, the fuel consumption rate, the local equivalence ratios, and the local gas temperatures,
thereby affecting primary NO, formation. The thermodiffusive instabilities have long been known and
have been extensively described, primarily through theoretical studies and numerical simulations for
simple combustion systems. However, their interaction with turbulence in practical combustion environ-
ments remains relatively unexplored, particularly in the context of complex, real-world technical appli-
cations. There are few experimental data quantifying the influence of thermodiffusive instabilities on the
internal flame structure with respect to the turbulence level. Therefore, the aim of this review is to sum-
marize recent experiments to quantitatively describe the interaction between thermodiffusive instabili-
ties and turbulence. Combustion systems of increasing complexity are considered using laser-optical
measurement techniques for elucidating local flame properties. While Raman/Rayleigh spectroscopy is
used to quantitatively resolve internal flame structures for unconfined combustion systems, this is not
easily possible for enclosed systems under pressure. Instead, the extent to which the reaction zone is
affected by thermodiffusive instabilities in interaction with the turbulent flow field is quantitatively
assessed using information from laser-induced fluorescence measurements. Consistent with all configu-
rations presented here, the ratio of diffusive to convective time scales plays a critical role in the signifi-

cance of thermodiffusive instabilities.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

industrial burners. Since most combustion technologies are
designed and optimized for fossil fuels, they require substantial

In the course of energy system transformation, chemical energy
storage has become increasingly important to compensate for the
intermittency and geographical dispersion of renewable energy.
Hydrogen (H;) is widely regarded as one of the most promising—
perhaps the most important—chemical energy carrier for storing
energy generated from renewable sources. Green hydrogen, pro-
duced via electrolyzers powered by renewable electricity, can be
utilized in a wide range of applications, including stationary gas
turbines, aero engines, internal combustion (IC) engines, and
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adaptation for operation with hydrogen. Lean hydrogen combus-
tion, in particular, offers significant advantages, such as reduced
emissions (carbon-free combustion with low NO,), high thermal
efficiency (due to low heat transfer as of low flame temperatures),
and improved flame stability (owing to hydrogen’s high reactivity).
Nevertheless, key challenges remain, including thermodiffusive
instability (TDI), hydrodynamic instability, and flashback
hazards—all due to hydrogen’s high diffusivity and reactivity.
Experimental investigations bridging the scales from generic to
close to reality combustion systems and employing multi-
parameter laser diagnostics provide unique in situ insights into
flame structure and dynamics, which are crucial for overcoming
these challenges.
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A key aspect of lean premixed hydrogen combustion is the TDI.
TDI arises when the Lewis number (Le) is less than unity, leading to
unbalanced molecular and thermal diffusion. This instability dis-
torts the reaction zone, creating flame curvature: positively curved
regions (troughs) experience mass and heat focusing, resulting in
higher equivalence ratio (¢), temperature (T), and local burning
speed (Sg), while negatively curved regions (cusps) exhibit mass
and heat defocusing, reducing ¢, T, and Sg, further intensifying cur-
vature. These dynamics destabilize flame fronts and enhance flame
surface area, causing irregular propagation compared to fuels with
unity Le, superadiabatic flame temperatures (elevating NO, emis-
sions), and hard-to-predict flame speeds, which strongly depend
on Le and strain rate.

Practical combustors operate with turbulent flows to increase
fuel consumption rates by increasing the flame surface area,
according to Damkdohler’s first hypothesis. Turbulence spans a wide
range of kinetic energy scales, each of which interacts differently
with molecular diffusion. Even at high turbulence levels, direct
numerical simulation (DNS) studies [1,2] indicate that TDI effects
influence local flame structures but interact strongly with the
underlying turbulence field. This complexity makes TDI challeng-
ing to model and predict, yet essential for optimizing combustion
systems.

Previous experimental efforts using laser diagnostics to under-
stand the flame-turbulence interactions were reviewed in Refs.
[3-7]. Selected examples with high levels of turbulence are briefly
discussed in the following. The Lund University piloted jet (LUPJ)
burner has been extensively used to study turbulent lean and sto-
ichiometric CHy/air flames under high Karlovitz (Ka) conditions.
Zhou et al. [8-10] employed multi-species laser-induced fluores-
cence (LIF) of CH, CH,0, HCO, and OH radicals, complemented by
Rayleigh scattering and laser Doppler velocimetry (LDV), to ana-
lyze flame structure dynamics. Their findings revealed reaction
zone broadening and near-homogeneous temperature distribu-
tions due to turbulence-flame interactions, though distributed
combustion was only observed at the flame tip where turbulence
was fully developed. Similar distributed flame front structures
were later reported in lean premixed CHy/air low-swirl flames
[9]. Recent extensions of this work include H, and NH3 combustion
studies in piloted jet configurations [11,12].

The Sydney premixed piloted jet burner (PP]JB) [13-15] has pro-
vided critical insights into lean CHy/air flame structures under tur-
bulence. Using 1D simultaneous Raman/Rayleigh scattering, CO-
LIF, and OH-LIF measurements, Dunn et al. [13-15] demonstrated
that reaction zone thickness scales with turbulence intensity, high-
lighting enhanced turbulence-chemistry interactions at higher
turbulent kinetic energy. These results align with the LUPJ observa-
tions of reaction zone broadening but further quantify the depen-
dence of flame structure on local turbulence properties.

The Michigan high-pilot burner has been instrumental in
studying turbulent lean CHy/air flames in the broken reaction
regime, as classified by the Borghi-Peters diagram [16]. Wabel
et al. [17,18] and Temme et al. [19] employed simultaneous
OH/CH,0 LIF and LDV to characterize spatial flame structures
under high turbulence. Their key finding revealed that while the
preheat zone thickens significantly compared to laminar flames,
the reaction zone remains largely unaffected—a distinctive feature
of the broken reaction regime. This behavior was linked to an
increased integral length scale within the preheat layer, as later
confirmed through combined particle image velocimetry (PIV)
and CH,O-LIF measurements [20]. Building on these results, Skiba
et al. [21] proposed a revised regime diagram that narrows the
broken reaction zone boundaries, refining predictions for turbu-
lent flame stabilization.

Recent studies have employed advanced multi-scalar diagnos-
tics to elucidate the complex behavior of NHs/H, turbulent
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premixed jet flames piloted by the McKenna burner. Li et al. [22]
and Wang et al. [23] demonstrated multi-scalar measurements
using simultaneous NH3/NH/OH-LIF and Rayleigh scattering,
revealing significant discrepancies in turbulent-to-laminar flame
speed ratios (St/S.) that underscore differential diffusion effects
across preheat and reaction zones. Following this work, Wang
et al. [24] demonstrated how both turbulence intensity and hydro-
gen content alter the spatial alignment of intermediate species iso-
contours, highlighting Le-dependent flame front distortions.
Schultheis et al. [25] provided further insights through single-
shot 1D Raman/Rayleigh spectroscopy in lean-to-rich NHs/H;/N;
flames. The measurements uncovered two key phenomena: D
local oxygen concentration critically governs the NH3/H, molecular
ratio across temperature gradients, and @ under rich conditions,
NH; depletion precedes H, consumption, likely due to radical pool
effects (H/NH;) generated during ammonia decomposition.
Recently, Li et al. [26] and Chaib et al. [27] demonstrated that
the OH-LIF intensity gradient serves as an effective marker for
TDI. which were applied to both lean H, Bunsen flames [27] and
lean NHs/H,/N, flames under extreme turbulence (Ka < 2140)
[26]. These findings collectively advance our understanding of
nitrogen chemistry interactions in hydrogen-enriched combustion.

In the context of premixed hydrogen/air flames, lab-scale
experiments that resolve internal flame structures to investigate
flame-turbulence interactions in atmospheric and pressurized
burner flames remain relatively scarce. Chaib et al. [27] reported
a correlation between OH-LIF intensity gradients and local flame
front curvature in Hy-enriched Bunsen flames. Differential diffu-
sion influences the curvature statistics of the flame surface in lam-
inar and low-turbulence Bunsen flames [28,29]. Global flame
consumption speed measurements using techniques such as Mie
scattering, OH-LIF, and Schlieren imaging have been comprehen-
sively reviewed by Hochgreb [30], covering both Bunsen-type
and spherical flame configurations. The present study focuses
specifically on TDI-turbulence interactions in burner stabilized
flames; hence, spherical flame experiments are not discussed in
detail, although we acknowledge the extensive body of flame
imaging literature in this area.

In engine applications, high-speed Schlieren imaging has
revealed convection and stretching of H, flames due to the under-
lying turbulent flow field [31]. High-speed chemiluminescence
measurements have been used to determine global flame growth
rates [32,33]. Leite et al. [33] revealed a strong correlation between
overall engine cycle performance and early flame development as
evaluated from the evolution of an equivalent flame radius. To
resolve local flame wrinkling features OH-LIF was employed by
Akleiferis and Rosati [32]. Another work employing SO,-LIF instead
of OH [34] implied that turbulence and volume confinement may
counteract TDI effects.

Although theoretical and numerical studies (for example
Lipatnikov and Chomiak [3], Aspden et al. [1], Berger et al. [35],
Law and Sung [7]) predict the suppression of TDI with increasing
turbulence intensity, experimental confirmation remains absents.
Resolving this issue requires advanced quantitative diagnostics
such as Raman/Rayleigh spectroscopy to probe local thermochem-
ical states. However, conducting controlled hydrogen combustion
experiments presents significant challenges, including stringent
safety requirements. Furthermore, the turbulence intensities
needed to fully mitigate differential diffusion effects, as demon-
strated numerically by Aspden et al. [1], are often beyond practical
experimental feasibility. This review focuses on resolving this gap
by summarizing recent experimental evidence for TDI-turbulence
interactions, particularly in lean premixed H/air combustion. Our
objective is to address three critical aspects:

e How can the effects of TDI on the thermochemical states within
the reaction zone be measured quantitatively?
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e How do increasing TDI and turbulence properties (canonical
shear layer versus anisotropic in-cylinder turbulence) affect
TDI?

e How can the interaction between turbulence and TDI be quan-
tified at high pressures where the access for optical diagnostics
is very limited?

To address these research questions, we employ a systematic
experimental approach that progresses through three combustion
configurations: (D laminar flames as a baseline reference; @ atmo-
spheric turbulent jet flames; and @ expanding turbulent flames at
high pressures. This sequence is implemented through three dis-
tinct experimental configurations: a laminar Bunsen burner for
fundamental studies of polyhedral flames, a turbulent free-jet bur-
ner for varying degrees of turbulence over a wide range of Ka num-
bers, and IC engine (ICE) flames for high-pressure conditions of
practical relevance. Our investigations particularly focus on how
turbulence modifies TDI effects, revealing that TDI dominates in
low Ka number flames but becomes progressively less significant
as Ka increases. This transition occurs when the convective trans-
port timescales reduce comparable to or even lower than the char-
acteristic reaction timescales, fundamentally altering the flame
dynamics.

This review is presented in the following sections: First, we dis-
cuss TDI and the existing evidence for turbulence-mediated sup-
pression in Section 2. Then, we detail the three experimental
configurations and their respective operating conditions in Sec-
tion 3. In Section 4, we describe the advanced multi-scalar laser
diagnostics used. Finally, we present and discuss key findings from
each configuration in Section 5, culminating in a unified conclusion
about TDI-turbulence interactions across different combustion
environments in Section 6.

2. Thermodiffusive instabilities

Understanding the behavior of lean hydrogen/air flames in tur-
bulent conditions requires a clear grasp of several fundamental
physical concepts. These include preferential diffusion, differential
diffusion, TDI, as well as the influence of Lewis and Karlovitz num-
bers. Some of the terminologies were ambiguously interpreted in
the literature and should be first clarified.

Preferential diffusion refers to the unequal rates at which differ-
ent species within a reacting mixture diffuse [7,36]. In H/air
flames, H,—being the lightest molecule—diffuses much faster than
0O, or other mixture components. Closely related to this, differen-
tial diffusion more generally refers to the differences in diffusion
rates among all chemical species and heat [36]. Unlike in CHy/air
flames, where mass and thermal diffusivities are comparable, the
high diffusivity of H, introduces strong differential diffusion
effects. These can cause spatial separation of mass and heat, lead-
ing to non-uniform flame structures. To quantify the differential
diffusion, the Lewis number (Le) is commonly used. Le is defined
as the ratio of thermal diffusivity to mass diffusivity of the limiting
reactant (typically fuel):

o

5 (1)
where o is the thermal diffusivity and D is the mass diffusivity. In
lean hydrogen combustion, Le is below unity, indicating that mass
diffusion dominates over thermal diffusion. Depending on the mag-
nitude of the Le number, this enhances TDI, increases flame surface
area, and modifies flame stretch response.

The TDI is an intrinsic phenomenon in lean hydrogen/air
flames with Le <« 1, reported in previous reviews by Law and
Song [7], Lipatnikov and Chomiak, [3,37], Steinberg et al. [4],
and Driscoll et al. [6]. Fig. 1 illustrates a schematic of a TDI flame

Le
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Fig. 1. A schematic showing a flame front color-marked by its local curvature and
the molecular and thermal diffusion with Le < 1.

front (color coded by its local curvature), separating burned and
unburned gas mixtures. When a small perturbation is introduced,
the flame surface develops wrinkles, forming regions of positive
(reddish, trough region) and negative (bluish, cusp region) curva-
ture. In areas of positive curvature, H,—owing to its high diffusiv-
ity—diffuses rapidly from the unburned to the burned side
(shown by red arrows). Simultaneously, thermal diffusion, which
is slower, carries heat in the opposite direction (black arrows).
This differential diffusion of fuel and heat results in a local
enrichment of H, and an increase in temperature near the curved
flame tip. The combined effect leads to localized fuel and heat
focusing, creating pockets with higher equivalence ratios and
post-flame superadiabatic temperatures relative to the globally
lean conditions. These regions burn more intensely and propagate
further into the unburned mixture, amplifying the local positive
curvature. Conversely, in negatively curved regions, H, and heat
are defocused. The result is a local reduction in reactivity, slower
burning, and further deepening of the negative curvature. This
feedback loop reinforces the curvature asymmetry and promotes
continuous amplification of flame surface perturbations. Overall,
the interplay of differential diffusion and flame front curvature
leads to an inherently unstable flame structure, characterized by
significant variability in local thermochemical states and surface
topology.

For a given lean H,/air mixture, the significance of TDI depends
critically on the relative magnitudes of two competing time scales:
the chemical reaction time and the turbulent time scales governing
the transport of mass and heat. This interaction between turbu-
lence and chemistry—often referred to as turbulence-chemistry
interaction (TCI)—plays a central role in determining flame struc-
ture, stability, and propagation characteristics. To systematically
classify these interactions, premixed flames subject to turbulent
flows are commonly mapped onto different regimes using the
Borghi-Peters regime diagram [16], as illustrated in Fig. 2. This
diagram organizes flame behavior based on key non-dimensional
parameters, primarily the turbulent Reynolds number (Rer) and
the Karlovitz number (Ka), which together characterize the scale
and intensity of turbulence relative to flame structure. In particu-
lar, Ka is used to quantify the interaction between the smallest
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Fig. 2. The Borghi-Peters regime diagram of premixed turbulent combustion.

turbulent eddies and the flame front. It is defined as the ratio of the
chemical time scale to the Kolmogorov time scale of turbulence,
expressed as [16]:

=) = (5) (1)
Tn S]_ l
where ¢ and 7, indicate the flame time scale and the Kolmogorov
length scale of turbulence, respectively. U’ is the root-mean-square
(rms) turbulent velocity, [ is the integral length scale of turbulence,
and [ is the laminar flame thickness. A high Karlovitz number
implies that small-scale turbulence can penetrate and disturb the
internal flame structure, potentially altering local burning rates
and promoting phenomena such as local extinction, flame stretch,
or reignition [16].
The turbulent Reynolds number is defined as:

U' Ik

Sl

Following Peters [16], turbulent combustion is represented by
Rer > 1 in Fig. 2. For Ka < 1, the Kolmogorov scale # is larger than
the thermal flame thickness Iz, meaning that the smallest turbulent
eddies are unable to penetrate the flame’s internal structure. In this
regime, the flame front remains thin and coherent, merely wrin-
kled or corrugated by turbulence, while retaining its laminar sub-
structure, which is commonly referred to as the flamelet regime. As
the Karlovitz number increases to the range 1 < Ka < 100, the
Kolmogorov scale becomes smaller than the thermal flame thick-
ness but is still larger than the thickness of the inner reaction zone
(approximately 0.1lg). Under these conditions, the preheat zone
becomes increasingly influenced by turbulence, resulting in a
broadened thermal structure, while the main reaction zone
remains relatively intact. This regime is often referred to as the
thin reaction zones regime. At sufficiently high turbulence intensi-
ties, where Ka > 100, the smallest eddies become capable of pene-
trating even the inner reaction zone. This leads to the regime of
broken reaction zones (turbulence intensity is high enough to dis-
rupt the coherent flame front structure [16]), and under extreme
turbulence, to distributed combustion regime (turbulence becomes
so intense that mixing timescales dominate over reaction time-
scales [2]).

Using numerical simulations, effects of turbulence on TDI in
lean H,/air flames has been previously reported, such as in Refs.
[1,2,35,38-42]. Aspden et al. [38] investigated TCI in lean premixed
H,/air flames using DNS, spanning a range of Karlovitz numbers Ka

(2)

Rer =

3)
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from 1 to 36 within the thin reaction zone regime, and extending
up to Ka = 1562 in the distributed burning regime [1]. As Ka
increased from 1 to 36, their results revealed increasingly intense
local burning, particularly in regions of positive curvature, where
both superadiabatic temperatures and elevated fuel consumption
rates were observed. This behavior was attributed to the combined
effects of enhanced mixing and TDI, which tend to focus fuel and
heat in positively curved flame segments. Further supporting this
trend, Howarth et al. [42] reported a clear correlation between
increased local flame speed and positive curvature over the same
Ka range, highlighting the influence of curvature-turbulence cou-
pling in intensifying local reaction rates. A transition to distributed
burning was observed when Ka was increased to 1562, where the
flame structure no longer retained a distinct reaction zone. This
regime was characterized by a nearly linear H, consumption pro-
file and a flattened distribution of local equivalence ratio versus
temperature, indicating that turbulent transport had overwhelmed
molecular diffusion in the scalar mixing processes. In this regime,
traditional flamelet assumptions break down, and combustion
occurs in a highly mixed, volume-filling manner where chemical
reactions are distributed throughout the flow field. However,
reaching the distributed combustion regime requires extremely
high turbulence or Ka number, which is difficult to achieve exper-
imentally [1].

3. Combustion devices

Three combustion devices were employed to investigate TDI in
lean premixed hydrogen/air flames. Fig. 3 highlights the key fea-
tures of each configuration; additional details can be found in
our previous publications. The simplest configuration, a laminar
Bunsen jet burner (LBJB), serves as an ideal platform for quantify-
ing TDI in laminar flows, which produces characteristic cellular
flame structures in lean hydrogen/air flames [28,45]. For turbulent
conditions, a piloted turbulent jet burner (PTJB) enables stabiliza-
tion of lean premixed hydrogen/air flames at high Karlovitz num-
bers, extending into the distributed combustion regime [43,44].
To examine realistic conditions under pressure, an optical engine
configuration allows observation of premixed flame structures
developing under varying engine speeds [34,46]. Two operating
conditions were selected for each configuration, with parametric
variations designed to emphasize turbulent effects on TDI manifes-
tation. These cases are summarized in Table 1 and described in the
following.

(1) LBJB. A laminar Bunsen free-jet burner was used to study
polyhedral flames, as shown schematically in Fig. 3(a). The burner
consisted of a 16 mm diameter central jet nozzle. The wall thick-
ness was 0.5 mm to minimize heat losses to the tube associated
with a recirculating flow at the exit. The jet flow was concentrically
surrounded by a coflow of nitrogen with a diameter of 67 mm. As
detailed in Table 1, premixed H,/CH4/air mixtures with an equiva-
lence ratio of 0.53 and an H, content of 79 vol% exited the jet. For
this mixture, an effective Lewis number Le¢ of 0.58 was obtained
according to the volume fraction weighted average formulation
following Bouvet et al. [47]. For otherwise constant inflow bound-
ary conditions, residence times were varied with two bulk veloci-
ties of 1.65 and 2.50 m-s~! using electronic mass flow controllers.
The nomenclature of the flames is defined as HBPyUs, where g rep-
resents the H, percentage in the fuel, y denotes the global equiva-
lence ratio of the inflow (¢gobal), and € represents the bulk velocity
(Up). Two flame cases HO79P053U165 and HO79P053U250 with
different Uy are discussed in this study.

The properties of an unstretched planar laminar flame such as
thermal flame thickness I and laminar flame speed S; were calcu-
lated by Cantera 2.5, using the mechanism of Mei et al. [48] and a
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Fig. 3. Schematics of the combustion facilities and underlying processes of interest. (a) Laminar Bunsen jet burner (LBJB), (b) piloted turbulent jet burner (PTJB), and (c)

optical ICE.
Table 1
Operating conditions of laminar polyhedral flames, turbulent jet flames, and ICE flames under pressure.
Case Up (m-s™) Engine speed (rpm) Pglobal Leess Taa (K) Sp(ms7h) Iy (mm)
Laminar polyhedral flames
HO079P053U165 1.65 - 0.53 0.580 1610 0.22 0.63
HO079P053U250 2.50 — 0.53 0.580 1610 0.22 0.63
Turbulent jet flames
H100P040U050 50 — 0.40 0.372 1427 0.24 0.60
H100P040U200 200 - 0.40 0.372 1427 0.24 0.60
ICE flames
H100P040R400 — 400 0.40 0.390 1427 0.24 0.60
H100P040R800 — 800 0.40 0.400 1427 0.24 0.60

multi-component transport model including the Soret effect. The
adiabatic flame temperature T,q was derived from the equilibrium
temperature of the H,/air mixture using a hydrogen-oxygen sub-
mechanism from GRI-Mech 3.0.

(2) PTJB. Premixed turbulent flame were investigated in a PTJB,
as schematically shown in Fig. 3(b). The burner consists of a central
tube with an inner diameter of D;,,e = 4.5 mm providing a fully
developed turbulent jet, surrounded by a water-cooled concentric
porous sintered stainless steel pilot plate and an outer porous sin-
tered bronze coflow ring. Electronic mass flow controllers were
used to vary the gas supply to the jet, pilot, and coflow.

This study focuses on two lean premixed H,/air turbulent
flames, as listed in Table 1. For a fixed global equivalence ratio of
0.4 at the inflow of the jet and pilot flame, the jet bulk velocity
U, was increased from 50 to 200 m-s~!. Following the nomencla-
ture introduced above, these two cases are named as
H100P040U050 and H100P040U200. The pilot flame was operated
at a constant inlet velocity (2.5 m-s~') to produce a slightly lifted
flat flame with minimal heat loss to the porous pilot burner. The
globally constant equivalence ratio (¢gopa1) guaranteed a fully pre-
mixed flame in the region of interest. To minimize secondary air
entrainment, the coflow was operated with N, at a constant flow
velocity of 1 m-s~!. Other cases are discussed in Refs. [43,44].

(3) Optically accessible ICE. Flame dynamics and flame struc-
ture evolution in the early phase of combustion were investigated
in a single-cylinder four-stroke engine equipped with a pent roof
cylinder head [46,49,50]. A sketch is shown in Fig. 3(c). The cylin-
der head was heated to 60 °C. The geometric compression ratio was
8.7. Optical access to the combustion chamber was provided
through the piston and a fused silica liner. The engine was oper-
ated with port fuel injection [34]. The hydrogen was mixed with
the air in the intake manifold 540 mm upstream of the intake
valves at a pressure of 0.95 bar. A homogeneous mixture with an
equivalence ratio of ¢gopa1 = 0.4 was used. The engine speed was

varied from 400 to 800 revolutions per minute (rpm). To obtain
the same peak cylinder pressure of 20.5 bar, the ignition timing
was set at 25.6° crank angle (CA) before top dead center (TDC) at
400 rpm and 16.6° CA before TDC at 800 rpm. Consequently, the
cylinder pressure at the instant of ignition was different. This
resulted in slightly different effective Lewis numbers Le¢ of 0.39
for 400 rpm and 0.4 for 800 rpm. The measured cylinder pressure
curves and the gas properties were derived from Cantera
calculations.

4. Laser diagnostics and data evaluation

Several laser diagnostics were used to measure TDI in different
hydrogen combustion devices, including 1D Raman/Rayleigh spec-
troscopy, 2D Rayleigh thermometry, OH-planar LIF (PLIF), and
high-speed SO,-PLIF. Based on the instantaneous in situ multi-
scalar data, TDI markers are quantitatively determined, allowing
for assessment of the turbulence effect on the significance of TDI.

4.1. Quantitative 1D Raman/Rayleigh spectroscopy

Simultaneous 1D Raman/Rayleigh spectroscopy was used to
quantify the thermochemical states in the polyhedral and turbu-
lent jet flames by measuring the temperature and mole fractions
of the major species (H,, H,0, O;, N»; for the H,/CH,4 fueled polyhe-
dral flame in addition CO,, CO, and H,0) with high spatial resolu-
tion. The local flame structure was determined quasi-
simultaneously by 2D Rayleigh scattering. As detailed in Ref.
[51], the excitation lasers consisted of four frequency-doubled
Q-switched Nd:YAG lasers. The four individual pulses were tempo-
rally stretched to about 500 ns by three optical delay lines and
focused into the probe volume by a planoconvex lens
(f = 600 mm). The focused beam had a waist diameter of 190 um
(1/e?) along the 6 mm probe volume and an energy of about
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1.8 ] per pulse. The Raman/Rayleigh scattered light was collected
by a custom-built spectrometer, as shown in Fig. 4 [44]. The spatial
resolution of the achromatic lens was about 60 pum. The Rayleigh
scattered signal was spectrally separated from the Raman scat-
tered signal by a dichroic long pass filter and recorded by a
thermo-electrically cooled front-illuminated charge-coupled
device (CCD) camera. The s-polarized part of the Raman signal,
transmitted through a polarization filter and a long-pass filter,
was diffracted by a transmission grating before being recorded
by a thermoelectrically cooled back-illuminated CCD camera. A
customized rotating mechanical shutter was used to reduce back-
ground noise, resulting in gating times of 3.4 and 361 ps for Raman
and Rayleigh imaging. On-chip spatial binning was applied to the
Raman (by four pixels) and Rayleigh (by two pixels) cameras,
resulting in projected spatial resolutions of 50 and 20 pm super-
pixel, respectively.

In the data analysis, 1D Raman data were denoised using a
wavelet denoising algorithm. Then the 1D Raman/Rayleigh data
were processed by the hybrid matrix inversion method [52]. The
temperature dependence of the Raman cross section and cross talk,
the normalization of the non-uniform throughput of the 1D Raman
signal, and the calibration factors of the Raman responses and
cross-talks are taken from Ref. [28]. Exemplified here for the H,
fueled turbulent jet flame, based on the fuel/oxygen balance of
the three major species derived from the 1D Raman/Rayleigh mea-
surements, the local equivalence ratio, ¢joca;, Shown for both exper-
iments and simulations was calculated as follows [53]:

Xu, + Xn,0

ocal =3y |, v __ 4
¢l 1 ZXOZ +XH20 ( )

where X; is the mole fraction of specie i (i = H,, O,, or H,0). For the
H,/CH,4 fueled polyhedral flame a similar procedure was followed,
outlined in Refs. [28,43].

Representative values for the precision and accuracy of the
measurements are listed in Table 2. The precision of single-shot
data is represented by the standard deviation divided by the
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Table 2
Estimated precision and accuracy in temperature and mole fractions at representative
flame conditions.

Scalar Precision (%) Accuracy (%) Equivalence ratio ¢
T 1.3 2.0 1.0
¢ 7.4 2.6 1.0
Xu, 9.6 8.4 13
Xh,0 3.0 2.0 1.0
XN, 3.0 1.0 1.0

2

estimated mean of 100 samples in the product gas of a H/air
Hencken-type calibration flame at the listed equivalence ratio.
The accuracy is based on the repeatability of the calibrations and
the deviations of the Hencken-type flame measurements from
the corresponding numerical laminar flame simulations.

4.2. Quantitative 2D Rayleigh thermometry

The quantitative 1D Raman/Rayleigh measurements were com-
bined with 2D Rayleigh scattering to visualize the 2D flame struc-
ture and to quantify the temperature field around the 1D Raman/
Rayleigh probe volume. One microsecond prior to the 1D Raman/
Rayleigh measurement, instantaneous flame topologies were visu-
alized by 2D Rayleigh scattering using two laser cavities of a
frequency-tripled, Q-switched Nd:YAG laser delivering a total
pulse energy of approximately 300 mJ at 355 nm. The laser inter-
sected the 1D Raman/Rayleigh probe volume as a thin sheet with
a height of 4.5 mm and a thickness of approximately 400 pm (1/
e?). The planar laser beam was tilted by 8°, allowing individual
beam paths for 2D Rayleigh and 1D Raman/Rayleigh excitation
lasers. The 2D Rayleigh scattered light was collected using a com-
plementary metal-oxide-semiconductor (CMOS) camera coupled
to an image intensifier, an ultraviolet (UV) lens (f = 105 mm,
f/2.8), and a bandpass filter (355 £ 10 nm). The field of view
(FOV) of the 2D Rayleigh camera was (24 x 20) mm? with a pixel
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Fig. 4. Schematics of the optical systems for simultaneous 1D Raman/Rayleigh and 2D Rayleigh scattering measurements [44].
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resolution of 20 pum. The 1D Raman, 1D Rayleigh, and 2D Rayleigh
signals were mapped to each other in the data analysis.

To calculate the temperature (T) from the measured 2D
Rayleigh signal intensity (Sgay), the thermochemical states of the
premixed Hy/air flames with inlet ¢ ranging from 0.3 to 0.8 were
simulated by Cantera with a freely propagating flame model, and
used to calculate the corresponding effective Rayleigh scattering
cross-section (Oray.eff = Z’;X,»a,-) of the gas mixtures, in which X;
is the mole fraction of the specie i, and ¢; is the Rayleigh scattering
cross-section of specie i. The derived ogayerr Normalized by the
unburnt gas mixture (ORray,reactant) OVEr temperature is shown in
Fig. 5(a) by the solid lines. The ratio Gray.ef/ORray.reactant iNCreases
slightly with temperature as ¢ increases from 0.3 to 0.8, as the
ORay.eff iS dominated by the majority component of N, in the mix-
ture. The simulated o,y err and temperature can be used to deduce
the Sgay as follows:

_ Treactant O-RayAeff

SRay

(5)

SRay‘reactant TURay,reactant

The corresponding Sg.y normalized by the Rayleigh signal inten-
sity in the unburnt gas mixture (Sray,reactant) OVET temperature are
shown in Fig. 5(a) by the dashed lines. The curves overlap with
each other, indicating the insensitivity to the local mixture compo-
sition, which facilitates the temperature derivation from the
Rayleigh scattering signal. In turbulent flames, strain and curvature
affect the correlation between the temperature and the normalized
Sray- The ORay.efr and Sgay was simulated with strain rates ranging
from 1000 to 6000 s~! at a constant ¢ of 0.4, as shown in
Fig. 5(b). The results indicate that the 2D Ray thermometry is
insensitive against strain variation.

4.3. Qualitative LIF imaging

Single-shot imaging of hydroxyl radicals (OH) by PLIF (OH-PLIF)
was used to visualize the intrinsic instabilities of H,/CHy4/air poly-
hedral flames to quantify the local curvatures of the positively and
negatively curved sections of the reaction zones, and to quantify
the cell number along the circumferential direction. The OH radical
was electronically excited at its A-X (0-1) transition using a 10 Hz
Nd:YAG laser-pumped frequency-doubled dye laser operating at
approximately 283 nm. The laser beam was formed into a horizon-
tally aligned light sheet (110 pm thick) intersecting the polyhedral
flame 5 mm above the burner. Synchronized to the laser pulse, the
red-shifted fluorescence was recorded from above using an image
intensified CMOS camera equipped with a UV lens (CERCO,
f=100 mm, f/2.8) and a bandpass filter (315 + 15 nm). The spatial
resolution was 125 pum, determined by a sector star and using a

10 e
—¢=03
0.8} . ¢=04 108 §
Solid liN€s—0Rray e/ Oray reactant $=0.5 3

ORay 6/ ORay reactant
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cut-off of 14%. Since the polyhedral flames burned stationary,
300 single images were averaged. A similar OH-PLIF setup, but
with a vertically aligned laser light sheet intersecting the flame
at its central axis, was used to visualize the reaction zone structure
and to measure the flame surface curvature in the turbulent H,
fueled jet flames, while more detailed descriptions are given in
the previous work [45].

High-speed imaging of sulfur oxide (SO,) by PLIF [34,54] was
used to visualize the flame front and determine the local flame cur-
vature in the H, fueled ICE. For this purpose, 1.1 vol% SO, was
added to the combustion air in the intake manifold. When excited
at 266 nm, the SO, fluorescence intensity follows the local gas tem-
perature, as has been studied in detail for CH, flames [54]. The
advantage over the OH-PLIF method is that a frequency-
quadrupled Nd:YAG laser can be used directly instead of a tunable
dye laser, which greatly simplifies the experimental setup.

A diode-pumped, frequency-quadrupled Nd:YAG laser (Edge-
wave) was used as the excitation laser for SO, with a pulse repeti-
tion rate of 6 kHz (400 rpm) and 8 kHz (800 rpm) to follow the
flame evolution with a resolution of 0.4° and 0.6° CA, respectively.
The pulse energy was about 600 ] and the laser light sheet had a
width of 5 mm and a beam waist of 160 um in the region of inter-
est. The laser light sheet was introduced into the cylinder from
below through the piston window, which is shown in Fig. 3(c).

Red-shifted fluorescence was recorded through a long-pass fil-
ter (276 nm) using a high-speed UV camera (without image inten-
sifier for higher spatial resolutions) and a UV lens (CERCO,
f =100 mm, f/2.8). Astigmatism caused by the curved liner glass
was reduced using a +2000 mm cylindrical lens, improving the
optical resolution [55]. Spacer rings were used between the camera
and the lens, resulting in a magnification of 1.17 for a region of
interest of (5 x 15) mm?2. Using a sector star, an optical resolution
of about 75 pm (full width at half maximum of the point spread
function) was achieved. According to Refs. [40,41], this is sufficient
for pressures of 20 bar and 700 K to observe cellular structures as a
result of TDI for ICE conditions.

The SO,-PLIF images were smoothed using a wavelet-based
denoiser that preserves edges and gradients in the image while
taking into account the camera characteristics. The pixels were
then transformed into physical space dimensions using high-
resolution target images with a third-order polynomial. Regions
with high scattered radiation intensities were masked (spark plug,
piston) and the individual images were normalized to the mean
laser beam profile. After normalization to the maximum value,
the images were binarized using a thresholding method [56].
Closed structures and flame fronts shorter than 30 pixels were
removed. Based on the first guess of the flame front identified by
the thresholding algorithm, a +15 pixel wide mask was defined

N _—K=1000s""

10 —K=3000s"{1.0
. K=6000 s~! :
£ 08F\_ " _ 10.8
- Solid lines—0ray e/ Oray reactant 3
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Fig. 5. Normalized Rayleigh scattering cross-section gay,eff/Gray,reactanc and Rayleigh signal intensity Sgay/Sgay,reactanc OVer temperature T in lean premixed Hs/air flames

(a) with varying equivalence ratios from 0.3 to 0.8 (lines largely overlap) and (b) with varying strain rates from 1000 to 6000 s

constant equivalence ratio of 0.4.
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and convolved with the filtered intensity image. Using this portion
of the original image, the final determination of the flame front was
based on the intensity gradient using the Canny algorithm as
detailed in Ref. [27]. Along the flame front the local curvature
was determined according to Ref. [57]. Intensity gradient and cur-
vature were correlated to serve as TDI markers (Section 5.3).

5. Results and discussions
5.1. Laminar polyhedral flames

Fig. 6 shows time-averaged chemiluminescence images from
the side Fig. 6(a) and from above Fig. 6(b), and horizontally aligned
2D OHPLIF images at a height of 5 mm above the burner Fig. 6(c).
Due to the effective Lewis number of 0.58, positively curved
troughs and negatively curved cusps were formed. Trough regions
are characterized by elevated OH-PLIF intensities, whereas cusps
regions show low signal intensities. For the operating conditions
considered here, in the lower part of the flame 17 cells were
observed with a mean cell size of 2.28 mm (at Uy = 1.65 m-s™!)
and 2.52 mm (at Uy = 2.50 m-s~!), which is due to the different
mean flame radius resulting from the different flow velocities
and a constant laminar flame speed of 0.22 m-s~! (Table 1). Simi-
larly, the mean curvature of the troughs and cusps decreases with
increasing flow velocity because of the enhanced velocity-induced
strain and decreased residence time.

HO79P053U25

HO79P053U165

(c)

Fig. 6. (a) Side-view and (b) top-view flame images; and (c) OH-LIF image of
laminar cases HO079P053U165 (U, = 1.65 m-s~!) and HO079P053U250
(Up = 2.50 m-s™") [28].
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In the positively (troughs) and negatively (cusps) curved flame
zones, the increased preferential diffusion of H, and the effective
Lewis number of 0.58 lead to a local change in the flame structure.
To quantify these changes, 1D Raman/Rayleigh spectroscopy was
used to measure scalar profiles perpendicular to the flame front
in the center of both the trough and the cusp regions. Due to the
6 mm long measurement volume and the stationary flames, the
molar fractions of the main species (Hp, O,, CO, CO,, H,0, CHy,
and N,), the temperature, and the equivalence ratio were quanti-
fied with a resolution of about 60 pm perpendicular to the flame
front (Fig. 7). The zero point of the abscissa in the spatial profiles
shown in Fig. 7 marks the point of the maximum CO mole fraction
as a reference for comparing the two flames with the results of a
1D unstretched laminar flat flame simulation.

The measured scalar profiles in the cusp and trough region of
the respective flames differ significantly from each other and from
the 1D flame simulation. The strongest differences were found for
the equivalence ratio and the hydrogen mole fraction. In the cusp
region of flame HO79P053U165 (Up = 1.65 m-s~'), the mixture
upstream of the flame front becomes leaner and reaches a mini-
mum value of ¢ = 0.4, which is about 20 % below the global equiv-
alence ratio of 0.53. Downstream of the flame front, the
equivalence ratio slowly increases and reaches the global value
2.0 mm behind the flame front. This is different from the trough
region where the minimum ahead of the flame front is only ¢
= 0.45 and aligns approximately with the steepest temperature
gradient. Downstream the flame front, in the trough region, the
increase in the equivalence ratio is more pronounced than in the
cusp region, reaching a maximum of ¢ = 0.58 before decreasing
towards ¢ = 0.53. Compared to the cusp regions, the gradients of
the profiles in the troughs are steeper. This indicates faster trans-
port, especially of Hj, and locally higher reaction rates.

When the bulk velocity is increased to 2.50 m-s~}, the differ-
ences in the scalar profiles between the trough and cusp regions
slightly decrease, in particular seen in the equivalence ratio pro-
files. This is consistent with the reduced curvature (Fig. 6), which
weakens the focusing or defocusing of H, in positively or nega-
tively curved regions. In agreement with Lulic et al. [58] and Weng
et al. [59], the convergence of the scalar profiles for the cusp and
trough regions with increasing bulk velocity is explained by the
decreasing ratio of the convection timescale to the instability time-
scale, resulting from the inverse maximum of the growth rate.

5.2. Turbulent jet flames

The region of interest of the simultaneous OH-PLIF and PIV
measurements was located between an axial position x/D = 6-8,
centered around the 1D Raman/Rayleigh measurements at
x/D = 7 (x = 31.5 mm). Following Peters [16], the turbulence-
chemistry interaction was parameterized by the Karlovitz number
Ka and the turbulent Reynolds number Rer, calculated as using Eqgs.
(2) and (3). The turbulent rms velocity U’ was obtained from the
PIV measurements. Following Ref. [8], the integral length scales I
was estimated by the half width at half maximum of the radial pro-
files of the mean axial velocities at an axial position of x/D = 7. For
bulk velocities of 50 and 200 m-s~!, the integral length scales
decrease from 4.37 to 3.51 mm. As of the intense shear layer, U’
increases with radius and peaks approximately at r/D = 0.75. This
position coincides with the mean position of the flame front. The
Karlovitz numbers Kac and Kag are calculated using U’ from either
the centerline position or its maximum position to estimate the
range of Ka range numbers accessed by the jet flames at different
bulk velocities. As bulk velocities increase from 50 to 200 m-s™!,
Kag increases from 50 to 730.

Although qualitative in nature, OH-PLIF was used to visualize
instantaneous flame structures showing the effect of turbulence
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Fig. 7. Mole fractions, temperature, and equivalence ratio conditioned on the flame front for the laminar cases (a) HO79P053U165 (Up = 1.65 m-s~') and (b) HO79P053U250

(Up = 2.50 m-s~1) [45].

interacting with TDIs in the trough and cusp regions. Fig. 8 shows
individual snapshots of the flames with increasing bulk velocities.
The maximum gradient of OH-PLIF intensities was used to detect
the flame contour. An increasing OH gradient correlates with a
higher local gas temperature. The flame contour was used to quan-
tify the local flame surface mean curvature x,, [60], color-coded in
Fig. 8. For the lower bulk velocity case of Uy = 50 m-s~!, similar to
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Fig. 8. Instantaneous flame images via OH-LIF of lean premixed hydrogen/air flame
at bulk velocities of (a) 50 m-s~' (case H100P040U050) and (b) 200 m-s~' (case
H100P040U200) [43].

the polyhedral flames, cellular flame structures with locally
intense burning regions characterized by high OH signals are often
observed (indicated by the arrows in Fig. 8). In particular, intensely
burning regions with positive flame surface curvature (troughs)
tend to have higher OH intensities because the highly diffusive
H, is focused toward the burned side. Conversely, for flames with
negative curvature (cusps), the highly diffusive H, is defocused.

Increasing the bulk velocity to Uy = 200 m-s~! results in more
wrinkled flame surfaces associated with increasing curvature,
while decreasing the size of cellular structures. This results in more
homogeneous OH-PLIF signals along the reaction zone, indicating
less spatial variation of the equivalence ratio, which is qualitatively
similar to the polyhedral flame with higher bulk velocity
(HO79P053U250). In the highly turbulent case (U = 200 m-s™')
with Kagr = 730, there is no evidence of local fuel enrichment due
to preferential diffusion when inspecting the OH-PLIF images,
although the flame surface is strongly curved. At these high veloc-
ities, the time scales for turbulent mixing are too short for H, to be
focused (or defocused) by preferential diffusion across the curved
flame surface. This is further analyzed in the following sections.

While OH-PLIF is used here for a qualitative visualization of the
interplay between TDI and turbulence, 1D Raman/Rayleigh spec-
troscopy is used to quantify the influence of molecular diffusion
and turbulent transport by measuring the local thermochemical
state. Fig. 9 [43] shows the instantaneous internal flame structures
for the two different bulk velocities. Fig. 9(a) shows the inverted
2D Rayleigh temperature fields with detected flame fronts using
a temperature isoline and colored by the local mean curvature val-
ues. The temperature rise in the main reaction zone is clearly vis-
ible. The green dashed line marks the position of the 6 mm long 1D
Raman/Rayleigh probe volume. The molar fractions measured by
1D Raman/Rayleigh spectroscopy for H, and H,O are shown in
Fig. 9(b). Values before (H,) and after complete reaction (H,O)
for an unstretched planar flame are included as dashed green
and blue lines, respectively. The temperature and equivalence
ratios are shown in Fig. 9(c), where the dashed black and red lines
mark the adiabatic flame temperature of 1427 K and the global
equivalence ratio of ¢gjopal = 0.4.

For a bulk velocity of 50 m-s~!, superadiabatic temperatures are
observed in the trough zones of high positive curvature. For the
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Fig. 9. Instantaneous (a) 2D Rayleigh temperature field with local flame front curvatures k., (b) major reactant (reac.) and product (prod.) mole fractions, and (c) flame
temperature and equivalence ratio of lean premixed hydrogen/air flames at bulk velocities of 50 m-s~! (case H100P040U050) and 200 m-s~! (case H100P040U200) [43].

snapshot shown, the flame front is strongly curved for radial posi-
tions r/D between 0.3 and 0.7. The local H, mole fraction in this
region shows steep gradients, indicating thin reaction zones. The
local equivalence ratio is strongly increased with values above
0.65 and is approximately 60% above the global value of 0.4, which
supports findings from Refs. [61,62]. Correspondingly, superadia-
batic temperatures with peaks of about 1800 K and local H,O mole
fractions of more than 0.2 are observed, which is significantly
higher than the value of about 0.15 for a corresponding planar lam-
inar flame. The trough regions with superadiabatic flame tempera-
tures are due to effective Lewis numbers (Leess) below 1, since in
these zones the heat is transported out slower than the H; is trans-
ported in. Comparing these local enhancements with those
observed in the laminar polyhedral flames, synergistic interactions
between TDI and turbulence are evident for this low Ka number
flame.
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As the bulk velocity is increased to 200 m-s~!, the curvature of
the flame fronts increases, as shown in the example image in Fig.
9(a) at the right hand side. On the one hand, the 1D scalar profiles
show how the spatial distribution of the equivalence ratio becomes
increasingly homogeneous (Fig. 9(c)). Accordingly, the probability
of observing locally superadiabatic temperatures decreases. On
the other hand, the reaction zone becomes increasingly distributed
over larger volumes. This can be seen from the lower gradients (e.g.
in the H, mole fraction), and non-monotonic scalar profiles are
observed more frequently (Fig. 9(b)). This is since the turbulent
time scales shorten with increasing Kag, while the molecular diffu-
sion time scales decrease due to shallower gradients. At the fixed
height of x/D = 7 above the burner considered here, the mean res-
idence time is shortened with increasing bulk velocity to such an
extent that there is no time for significant preferential diffusion
of H, and thus for local fuel enrichment in the positively curved
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flame sections. Therefore, at a Kar number of about 730, the profile
of the equivalence ratio shown in Fig. 9(c) is approximately con-
stant in space. This is clear experimental evidence that at highly
turbulent H, flames, turbulent transport dominates over molecular
transport.

The data presented so far is based on single events. The next
step is to validate the observations statistically. For this purpose,
3000 individual laser shots are evaluated for each flame configura-
tion at a measurement height of x/D = 7, which together comprise
approximately 177 000 measurement points. Fig. 10 [43] shows
the thermochemical states as a function of temperature using the
conditional mean and standard deviation of the H, molar fraction
(Fig. 10(a)), the H>0 molar fraction (Fig. 10(b)), and the equivalence
ratio (Fig. 10 (c)). The adiabatic flame temperature is marked as a
vertical dashed black line. Conditional means are shown as open
squares, and the fluctuations (1¢) are shown as fluctuation bars.
The results of the 1D laminar flame simulations for multicompo-
nent transport and the assumption of a unity Lewis number are
shown as solid blue and red lines, respectively. While the unity
Le number simulations predict adiabatic temperatures, multi-
component simulations predict superadiabatic temperatures at
maximum, which are lower than those observed in experiments
due to the absence of curvature effects. These two cases can be

Engineering 59 (2026) 143-157

considered as limiting cases for the thermochemical states of the
system. The influence of preferential diffusion is clear from the
profiles of the H, mole fraction and the equivalence ratio, while
the correlation between the H,O mole fraction and the tempera-
ture is only slightly affected. Superadiabatic temperatures are
equally evident for all three scalars with states above the adiabatic
temperature of 1427 K.

For the case with a bulk velocity of 50 m-s~!, the H, mole
fraction is in between the simulations. At low temperatures up
to about 500 K, the decrease in the H, mole fraction is particu-
larly pronounced, since H, diffuses toward the products ahead of
the other species because of preferential diffusion in the pre-
heating zone. This leads to a locally leaner mixture, which is
particularly pronounced up to about 1100 K in the equivalence
ratio profile with minimum conditional mean values of about
0.35, which qualitatively agrees with the observations in the
polyhedral flames. For temperatures between 1100 K and the
adiabatic flame temperature of 1427 K, the equivalence ratio ini-
tially increases only slightly and is close to 0.4 in the conditional
mean. The small local minimum of the equivalence ratio
observed near the adiabatic flame temperature is caused by
measurements at the jet-pilot flow transition. For the superadia-
batic temperature range above 1427 K, a rapid increase in the
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Fig. 10. Conditional mean distribution of (a) H, mole fraction, (b) H,O mole fraction, and (c) equivalence ratio over temperature in lean premixed Hj/air turbulent flames for

case 50 m-s~! (case H100P040U050) and 200 m-s~! (case H100P040U200) [43].
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conditional mean values of the equivalence ratio up to about 0.6
is observed. The highest temperature of 1800 K is recorded in
these flames. These superadiabatic conditions are statistically
significant in this flame. In the range of superadiabatic tempera-
tures, H,O mole fractions with conditional averages up to about
0.21 are measured consistently with the elevated equivalence
ratios. The deviation of the local equivalence ratio over wide
temperature ranges and the high probability of the occurrence
of superadiabatic temperatures are clear evidence for the prefer-
ential diffusion of H, and due to a low Lewis number. Both lead
to an accumulation of H, and heat in regions of high positive
flame curvature. These experimental results confirm previous
DNS predictions [1], which, however, assumed homogeneous iso-
tropic turbulence conditions and thus differ significantly from
the shear flow turbulence used here.

As the bulk velocity and thus the Kag number are increased, the
conditional mean values of all three scalars approach the unity
Lewis number simulation. Superadiabatic flame temperatures
become rarer, but do not disappear completely, and peak around
1500 K. Here, the H,0 mole fraction corresponds to the equilibrium
value of a global equivalence ratio of 0.4, and the H, mole fraction
is consistently close to zero with small statistical fluctuations. In
agreement with the individual events shown in Fig. 9, this behavior
now also shows statistically that with increasing turbulence the
influence of TDIs decreases and almost disappears at Kag numbers
above 700. For the correlation between equivalence ratio and tem-
perature, this results in a flattening, or, in other words, the equiv-
alence ratio remains almost constant over the reaction zone.
Furthermore, the turbulent fluctuations decrease significantly with
increasing Ka number, although the flame curvatures become more
intense.

This behavior, in turn, confirms predictions from DNS [1] that
the influence of molecular transport processes disappears above
a critical Ka number. In the DNS, as in the experiment, a globally
lean Hy/air mixture with an equivalence ratio of 0.4 was used.
The critical Ka number where molecular transport processes have
no noticeable influence on the thermochemical state lies in the
experiment at about 730, which is significantly lower than the crit-
ical Ka number of over 1500 predicted by the DNS [1]. There are
several reasons for this. On the one hand, the DNS assumes homo-
geneous isotropic turbulence, whereas in the experiment the flame
is stabilized in a turbulent shear layer. On the other hand, there is a
pilot flame in the experiment, which leads to different thermal
boundary conditions, especially near the outer part of the shear
layer, than in the DNS, where a flame propagating through a fresh
gas mixture at 300 K is analyzed.

5.3. Internal combustion engine

The combination of flame front imaging and quantitative scalar
diagnostics based on Raman and Rayleigh scattering cannot be
used in the ICE. Therefore, other measures are required to deter-
mine the effect of TDIs in the turbulent flame. In Ref. [27], it was
proposed to correlate the intensity gradient of qualitative OH-
PLIF images in the reaction zone with the corresponding curvature.
A strong positive curvature and a steep intensity gradient indicate
the trough region of a TDI, while the simultaneous occurrence of
negative curvature with low intensity gradients indicates a cusp
region. This concept has been transferred to SO,-PLIF in the
hydrogen-fueled ICE. Fig. 11 [46] shows that steep intensity
gradients in the SO,-PLIF image correlate with zones of high posi-
tive curvature, and low intensity gradients correlate with negative
curvatures. Thus, the magnitude R, as the Pearson correlation
coefficient between intensity gradients and curvature, is used as
a TDI marker in the engine to assess the extent to which cellular
structures have formed.
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Fig. 11. SO,-PLIF intensity distribution of individual realizations after denoising,
dewarping, intensity correction, and normalization for 400 rpm (top) and 800 rpm
(bottom) at three selected times during early flame spread. The three individual
images are taken from a sequence acquired at a resolution of 0.4 CA (400 rpm, case
H100P040R400) and 0.6 CA (800 rpm, case H100P040R800), respectively [46].

Fig. 11 [46] shows individual images of the denoised, normal-
ized, and intensity-corrected SO,-PLIF signals for three instants at
the early stage of flame kernel growth, together with the values
of the corresponding TDI markers (R-values at the top of each
image). The images are from different engine cycles at different
timings after spark ignition (degree crank angle after ignition (°-
CAal)), indicated by the crank angles values at the bottom of each
image. Remaining vertical stripes are due to fluctuations in laser
excitation and beam steering that cannot be compensated by nor-
malization to the mean spatial laser energy distribution. Although
the flame fronts show finger-like structures typical of TDIs at both
400 and 800 rpm, these structures are more pronounced at the
lower engine speed, which is also reflected in the R-values, which
are higher by up to a factor of two.

For statistical analysis, 400 cycles for both engine speeds are con-
sidered to support the observations from the individual images.
Fig. 12 [46] shows histograms, probability density functions (PDF),
and cumulative distribution functions (CDF) for both engine speeds.
Although the distributions overlap, it is evident that the values for
the TDI marker are higher at lower speeds. This is reflected in the
mean values of the distributions, which are significantly higher at
400 rpm (400 = 0.24) than at 800 rpm (ugge = 0.16).
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Fig. 12. (a) Distribution of R-values for 400 and 800 rpm shown as histogram and PDF with the mean values for the respective conditions . (b) Corresponding CDF for 400

and 800 rpm [46].

In general, the more pronounced TDI at low engine speeds
might be attributed to differences in gas temperature, pressure,
and turbulence intensity, but at first it is unclear which effect dom-
inates. From the measured pressure curves, assuming isentropic
conditions (y = 1.4) and using the gas properties from Cantera cal-
culations [63], the gas temperatures for the two speeds were esti-
mated. For the ignition time (0° CAal), the temperature at 800 rpm
was found to be about 45 K higher compared to 400 rpm. This dif-
ference decreased to 11 K at 16° CAal. However, based on DNS
studies [40,41], significantly higher temperature differences of
about 200 K are required to cause a 35% change in cell size. Inspec-
tion of Fig. 11 shows that the change in cell structure size is higher
when switching from 800 to 400 rpm, so the higher gas tempera-
ture at the higher speed cannot be the main cause for the differ-
ences in the distribution of the R-values. To investigate the
influence of pressure, the R-value distributions for cylinder pres-
sures of (12 + 0.25) bar were compared for the two engine speeds.
It was found that the two distributions retained the differences.
Thus, the slightly different evolution of the pressure curves due
to the different ignition times is likewise not a primary cause for
the different levels of TDI. As discussed in Ref. [64], for the tumble
plane of this ICE, the turbulence intensity increases significantly
with engine speed under otherwise identical boundary conditions.
This implies that the increase in turbulence intensity with speed is
the primary driver for mitigating TDI at 800 rpm, supporting recent
results of simulation studies [65].

Even though the formation of TDI cells is significantly reduced
at higher engine speeds, the increase in flame speed caused by TDIs
must be considered. This must be reflected in the numerical simu-
lations used for engine design. Current research is therefore inves-
tigating how TDI influences turbulent flame wrinkling and thus
flame speed, and how this can be modeled. TDI causes higher local
NO, formation due to superadiabatic temperatures. The effects of
TDI on wall heat transfer and flame extinction remain open ques-
tions in H, engine research. Consequently, further investigation
of TDI in combustion engines is essential to accurately model
and further develop H,-powered engines.

6. Conclusions

The use of hydrogen as a renewable energy carrier in technical
combustion processes requires a better understanding of the speci-
fic combustion properties resulting from its high diffusion rate and
high chemical reactivity. The formation of TDI in lean premixed
hydrogen/air flames is one consequence of these special properties.
These instabilities can cause significant local variations in the
flame structures, resulting not only in an increase in the local com-
bustion speed, but also in the formation of zones with superadia-
batic temperatures, potentially leading to higher thermal
nitrogen oxide formation. In technical combustion systems, TDI
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are superimposed by turbulence, which in turn lead to the defor-
mation of flame fronts. Although it is generally known that the
effects of TDI decrease with increasing turbulence, depending on
the ratio of the time scales between molecular diffusion and turbu-
lent transport, a quantitative measurement of these effects for
hydrogen/air flames has only recently been performed. These
recent advancements are summarized in this review.

This review focuses on (D how the effects of TDI on the thermo-
chemical states in the reaction zone can be measured quantita-
tively using in situ laser spectroscopy; @ how increasing levels of
turbulence intensities and turbulence properties affect TDI; and
@ how the interaction between turbulence and TDI can be quanti-
fied at high pressures where the access for optical diagnostics is
very limited. Experimental studies were conducted using three
configurations: laminar lean premixed H,/CHg/air polyhedral
flames; piloted turbulent lean premixed H,/air jet flames; and
propagating flames in the early combustion phase after ignition
in a lean premixed H,-fueled ICE. The measurements are based
on Raman/Rayleigh scattering and laser-induced fluorescence.
The combination of these methods allows flame topologies such
as local curvatures and scalar gradients to be measured simultane-
ously with temperatures and major species concentrations from
which the local equivalence ratio is determined. While these meth-
ods are very useful in open configurations, their application in con-
fined combustion systems under pressure, such as internal
combustion engines, is limited. For this reason, this review also
presents how topological properties can be used to infer the forma-
tion of TDI.

In lean laminar H,/CHy/air polyhedral flames, the internal struc-
ture of the reaction zone is strongly influenced by preferential dif-
fusion and the imbalance between hydrogen diffusion and heat
conduction (Le-number effect). This leads to the formation of
intrinsic instabilities that manifest themselves as curved flame
fronts with cusp and trough regions of slightly different magni-
tudes of curvature. The negatively and positively curved flame
fronts result in different scalar profiles. The differences are partic-
ularly pronounced in the H, mole fraction and the equivalence
ratio, as well as in the gradients of these quantities. Although this
phenomenon has been known for a long time, this study is the first
to experimentally quantify the effects of TDI on the internal flame
structure, which is defined by local thermochemical states includ-
ing species concentration and temperatures.

The investigations under turbulent flow conditions show, in
agreement with polyhedral flames, that the effects of TDI decrease
with increasing flow velocity. At low Karlovitz numbers, strongly
developed trough zones are found in the turbulent jet flame, where
the local equivalence ratio is greatly increased, leading to supera-
diabatic temperatures. Here, the scalar gradients are very steep,
which favors the rapid diffusion of H, into the positively curved
flame zones. At high Karlovitz numbers, the flames are more
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curved because of the more intense turbulence, but the focusing of
hydrogen associated with locally increased equivalence ratios and
superadiabatic flame temperatures occurs much less frequently.
Under extreme turbulence, TDI are suppressed approaching the
distributed burning regime. This trend is similar under high pres-
sure conditions in the propagating flame of an ICE. Here, the degree
of turbulence is varied by varying the engine speed rather than by
increasing the bulk velocity. While the TDI are clearly visible at
400 rpm, they are less pronounced at 800 rpm. To quantify this
trend, the intensity gradient of the SO, fluorescence is correlated
with the local flame curvature. Statistical analysis of hundreds of
engine cycles shows quantitatively how turbulence dominates
molecular transport processes when increasing the engine speed.
The experimental investigations were aimed at the quantitative
determination of the interaction between TDI and flows with dif-
ferent properties. In addition, the data are available upon request
for validation of mathematical models in numerical simulations.
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