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Abstract 

Premixed flames of partially cracked ammonia (NH3) hold significant promise for the decarbonization of internal 

combustion engines and gas turbines, since they can burn at a similar laminar flame speed to methane but have 

notably high blow-out resistance. Understanding turbulent premixed flames with partially cracked NH3 is highly 

relevant from both academic and application perspectives. This study aims to enhance our understanding of such 

premixed NH3/H2/N2-air flames subjected to increasing turbulence. For this purpose, a specific fuel mixture, con-

sisting of 40vol% NH3, 45vol% H2, and 15vol% N2, is selected to match the laminar flame characteristics of 

methane at the same equivalence ratio. Turbulent jet flames are stabilized in a piloted burner with increasing bulk 

velocities from 30 to 180 m/s and Karlovitz numbers from approximately 75 to 2,140. One-dimensional (1D) 

simulations of freely propagating flames and strained counter-flow flames are performed, emphasizing tempera-

ture and species axial profiles and flame response to strain rate. Further, turbulent flow and flame structures are 

characterized using simultaneous particle image velocimetry (PIV) and laser-induced fluorescence of OH radicals 

(OH-LIF) measurements. Flame surface density Σ and curvature 𝜅 distributions are evaluated, revealing the dom-

inant role of turbulence over differential diffusion in shaping the flame surface topology. It is also found that the 

OH intensity gradient ∇𝐼𝑂𝐻  serves as a marker for local reactivity and thermo-diffusive instabilities, being higher 

at positive curvatures than at negative ones. Flat flames dominate the surface topology but show significant dis-

crepancies in ∇𝐼𝑂𝐻as they appear both upstream and downstream of leading edges. The thickness of the OH layer 

is not broadened by turbulence, even at Ka = 2,140, suggesting that eddies cannot penetrate into the main reaction 

zone marked by OH radicals, which are formed at higher temperatures than the preheat layer. 
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1. Introduction 

Hydrogen (H2) has garnered significant attention 

from both fundamental and application-oriented re-

search in recent years. Produced via water electroly-

sis using renewable electricity or through steam re-

forming combined with carbon dioxide (CO2) cap-

ture and storage (CCS), clean H2 is poised to play a 

crucial role in decarbonizing the existing energy 

supply system and achieving net-zero emission 

goals by replacing conventional fossil fuels [1]. As 

is well known, the widespread adoption of H2 as 

an energy carrier is hindered by challenges related to 

its transportation and long-term storage. These chal-

lenges stem from hydrogen’s inherent chemical and 

physical properties, including high diffusivity, low 

volumetric energy density, and explosive safety 

concerns. To address these issues, the development 

of efficient H2 storage materials is vital for the sus-

tainable utilization of renewable energy resources. 

Among the most promising H2 carriers is ammonia 

(NH3), which offers advantages in terms of energy 

density and ease of transport [2,3]. 

As an H2 storage, NH3 stands out with a gravimetric 

H2 density of 17.8 wt%. NH3 can be easily liquefied 

by compression at approximately 10 bar and room 

temperature. Importantly, NH3 exhibits a very high 

volumetric H2 density, approximately 1.6 times that 

of liquid H2 and 3 times that of H2 compressed at 

700 bar. This characteristic offers the potential to re-

duce transportation and storage costs by up to 30% 

when compared to cryogenic H2  [2]. To release 

stored energy in NH3, direct burning pure NH3 is 

considered an option, however, it is restricted by the 
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low burning velocity, narrow flammability range, 

poor flame stability, and high NOx emissions. There-

fore, approaches such as non-equilibrium plasma-as-

sisted combustion [4] and H2 addition [2] are neces-

sary to enhance the combustion properties. In partic-

ular, burning NH3/H2 blends or NH3/H2/N2 blends 

(from NH3 cracking) has been recently studied ex-

perimentally [5–8] and numerically [9–11]. 

Recently, a specific fuel mixture consisting of 

40vol% NH3, 45vol% H2, and 15vol% N2 attracted 

much research attention in the context of premixed 

turbulent combustion. This fuel mixture, denoted as 

AHNA-40/45/15, corresponds to about 43% pre-

cracking of NH3 (neglecting thermal effects) and 

will be focused on in this work. To understand this 

mixture, Fig. 1 shows the basic 1D flame character-

istics of this mixture at various equivalence ratios 

obtained from freely propagating flame simulations, 

compared to pure NH3-air and pure methane (CH4)-

air mixtures. More details about the simulations are 

given in Section 3. On the lean side, the adiabatic 

flame temperature 𝑇𝑎𝑑 , laminar flame speed 𝑆𝐿, and 

thermal flame thickness 𝑙𝐹 (definition is given in 

Section 2) of AHNA-40/45/15-air is nearly equiva-

lent to that of CH4/air. However, the blow-out veloc-

ities or extinction limits increase up to a factor of 12 

compared to the CH4 [9]. This is presumably at-

tributed to the preferential diffusion (H2 diffuses 

faster than other species) and differential diffusion 

(mass diffuses faster than heat) at the less-than-unity 

Lewis number (Le) of this mixture, enhancing the 

turbulent fuel consumption speed. In addition, the 

NO formation is predicted to be significantly higher 

than pure NH3 flames. To understand the enhanced 

stability and increased NO formation, an in-depth 

understanding of the macroscopic and microscopic 

flame structures in turbulent flows is an essential pil-

lar for utilizing this mixture in practical combustion 

devices. Obtaining this knowledge requires labora-

tory-level turbulent flame and flow measurements 

with well-defined thermo-chemical boundary 

conditions and non-intrusive laser combustion diag-

nostics. 

The turbulence-chemistry interaction (TCI) can be 

evaluated based on the Damköhler number (Da) and 

the Karlovitz number (Ka = 1/Da), which relate the 

chemical reaction timescales (or length scales) to the 

transport timescales (or length scales) in turbulent 

premixed combustion. The combustion regimes are 

commonly assessed using the Borghi-Peters regime 

diagram [12], as illustrated in Fig. 2. The cases in-

vestigated in the current study are identified by the 

coloured symbols in the regime diagram, and details 

will be discussed in Section 2. Different combustion 

regimes can be classified using 𝑢′/𝑆𝐿 , representing 

the ratio of turbulent velocity to laminar flame 

speed, and 𝑙/𝑙𝐹, representing the ratio of integral 

length scale to flame thickness. For 1 <Ka< 100, the 

thin reaction zone regime exists, transitioning to the 

broken reaction zone or distributed combustion re-

gime as Ka excesses 100. This regime diagram pro-

vides a fundamental basis for estimating the TCI in 

premixed turbulent combustion. 

Experimental investigations on burner-type pre-

mixed turbulent flames of NH3 and NH3 blends have 

focused on turbulent flame speed ST and flame struc-

tures. For instance, Cai et al. [8] measured the mean 

flame surface area (AT) of premixed NH3/H2 flames 

at high Ka up to 1,052 using laser-induced fluores-

cence (LIF) of NH radicals. Their results showed 

that the global consumption speed (𝑆𝑇,𝐺𝐶/𝑆𝐿) is sig-

nificantly enhanced at Le < 1 due to the local intense 

burning caused by differential diffusion of H2. Fan 

et al. [13] used simultaneous planar laser-induced 

fluorescence (PLIF) of NH and OH radicals to in-

vestigate NH3/air turbulent flames with Ka up to 

1,008. They reported that the NH layer thickness re-

mains constant without broadening and the flame 

surface density obtained from NH and OH PLIF are 

similar. Ichikawa et al. [14] studied the burning ve-

locity of CH4/NH3-air turbulent premixed flames un-

der pressures up to 5 bar using OH-LIF. They found 

 

Fig. 1. Characteristics of 1D freely propagating flame of premixed NH3-air, NH3/H2/N2-air, and CH4-air. 



 
    

                               

             
              Li et al. (2025) 

 

 

16 | P a g e  

 

that the normalized turbulent flame speed (𝑆𝑇/𝑆𝐿) 

decreases with increasing NH3 ratio at a constant 

𝑢′/𝑆𝐿 , which is mainly attributed to the reduced 

flame surface density. Li et al. [15] developed multi-

scalar diagnostics using simultaneous LIF of NH3, 

NH, OH, and Rayleigh scattering to measure the 

flame speed of NH3/H2/O2/ N2 turbulent premixed 

flames. By selecting different flame markers, they 

revealed quantitative discrepancies in 𝑆𝑇/𝑆𝐿 , imply-

ing different influences of differential diffusion on 

flame preheat and reaction zones. Wang et al. [16] 

applied the same diagnostics to study internal flame 

structures with varying Lewis numbers and turbu-

lence levels. They found that both turbulence and H2 

content impact the parallelism of iso-contours of in-

termediate species. Schultheis et al. [5] experimen-

tally quantified the internal structure of lean to rich 

premixed NH3/H2/N2 flames using single-shot 1D 

Raman/Rayleigh spectroscopy. They reported the 

essential role of local oxygen concentration in mod-

ifying the molecular ratio of NH3/H2 in the tempera-

ture space, highlighting the relative importance of 

NH3 depletion reactions versus oxidation reactions. 

In the rich flames, NH3 depletes even before H2 

probably because the radial pool (e.g., H and NHi 

radicals) generated during NH3 decomposition in-

hibits the H2 oxidation reactions. 

 
Fig. 2. Premixed combustion regime diagram by Bor-

ghi and Peters [12] and the flames investigated in the 

current study. 

Although there have been increasing experimental 

efforts to understand NH3/H2 combustion for practi-

cal applications [2,3], only a few studies have fo-

cused on the detailed flame structures of premixed 

turbulent jet flames of partially cracked NH3. In par-

ticular, the effects of differential diffusion and tur-

bulence on local flame characteristics are not well 

understood. Key questions that remain unanswered 

include: How does turbulence modify the reaction 

zone structure of a thermo-diffusive flame? Is the 

main reaction zone of such a flame broadened at 

high Ka? How do differential diffusion and turbu-

lence interact as flow timescales decrease? Besides, 

different levels of TCI can lead to a wide variety of 

local flamelet characteristics, making thorough 

flame characterization crucial for developing nu-

merical tools for turbulent combustion of NH3/H2 

blends. To address these scientific gaps, experi-

mental data on turbulent premixed pre-cracked NH3 

flames are needed with well-defined boundary con-

ditions. This will help improve our understanding of 

the interplay between differential diffusion and tur-

bulence in modifying local flame structures and pro-

vide essential data for validating and developing ad-

vanced numerical models. 

With this motivation, this work reports a compre-

hensive characterization of the premixed turbulent 

flame of 40vol% NH3, 45vol% H2, and 15vol% N2 

by using simultaneous OH-LIF and particle image 

velocimetry (PIV) measurements. Premixed flames 

are stabilized in a piloted jet burner with increasing 

bulk velocities, while the pilot is operated at the 

same H:N ratio as the jet mixtures. The effect of Kar-

lovitz number (by varying the bulk velocity) on the 

macroscopic and microscopic flame structures is 

evaluated. The jet velocity is increased from 30 to 

180 m/s at a constant equivalence ratio 

𝜙𝑔𝑙𝑜𝑏𝑎𝑙  = 0.57, and the corresponding Ka rises from 

about 75 to 2,140. The equivalence ratio was se-

lected to balance flame stability and comparability 

(i.e., similar laminar flame characters as methane 

flames), ensuring consistent results under the chal-

lenging flow conditions. The flame surface curva-

ture distribution, flame surface density, gradients of 

OH radicals, and thickness of the OH layer are dis-

cussed. 

In the following sections, the flame and flow condi-

tions, along with optical diagnostics, are described 

in Section 2. Section 3 briefly discusses the strained 

1D simulation of counter-flow flames to provide a 

basic understanding of an ideal flamelet’s response 

to strain. The turbulent flow fields and macroscopic 

flame structures of the investigated flames are de-

tailed in Sections 4.1 and 4.2, respectively. Sections 

4.3 and 4.4 assess the OH gradient (representing lo-

cal reactivity) and OH layer thickness (representing 

the thickness of the main reaction zone), respec-

tively, in relation to the local flame surface curva-

ture. Finally, the main findings are summarized in 

Section 5. To the best of the authors’ knowledge, this 

paper provides the first analysis uncovering the re-

sponse of OH gradients and OH layer thickness to 

increasing levels of turbulence in lean premixed 

NH3/H2/N2/air jet flames with Ka up to about 2,140. 
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2. Experiments 

2.1 Piloted fully premixed jet burner 

To study the TCI of premixed NH3/H2/N2-air 

(AHNA) turbulent flames, a piloted high-Ka jet 

burner (PHKB) was established to accommodate 

premixed combustion subject to different turbulence 

levels. Details of this burner have been given in pre-

vious work [5,17]; thus only the key features will be 

mentioned as follows. The burner, as schematically 

shown in Fig. 3, is composed of a central jet, an an-

nular pilot, and an annular co-flow. The stainless 

steel jet nozzle has an inner diameter (D) of 4.5 mm 

and can be operated with a wide range of bulk gas 

velocities. The pilot flat flame is supported by a po-

rous sintered stainless steel plate with an inner diam-

eter (ID) of 6.3mm and an outer diameter (OD) of 

60.5 mm, and a porosity of approximately 0.4, 

which is used to sustain the turbulent jet flame. The 

co-flow is fed through a porous sintered bronze plate 

(OD = 73.5 mm) to minimize air entrainment from 

the ambient environment. During the experiments, 

the co-flow is constantly operated with pure N2 flow 

at a bulk velocity of 1 m/s. In addition, the pilot po-

rous plug was water-cooled through an internal cool-

ing coil at a constant temperature of 20°C, enabling 

constant thermal and aerodynamic boundary condi-

tions. 

2.2 Flame and flow conditions 

In this study, the jet flame was operated with a fuel 

mixture of 40vol% NH3, 45vol% H2, and 15vol% 

N2, which corresponds to a partial cracking of 43% 

of NH3 under room temperature. As introduced pre-

viously, this mixture is of high academic and appli-

cation interest since (i) it matches approximately the 

laminar flame speed of CH4/air flames at the same 

equivalence ratio, making it as a well-suited bench-

mark, and (ii) it reveals much higher blow-out limits 

compared to CH4/air flames in turbulent flows [9]. 

The high extinction resistance relies on the enhanced 

turbulent flame speed 𝑆𝑇, which not only scales up 

with turbulent velocity 𝑈′, but is also significantly 

enhanced by the differential diffusion effect of H2 

[6,8]. 

Table 1 summarized the flame and flow conditions 

investigated in the current study. To vary the turbu-

lence level, the jet bulk velocity (𝑈0) was increased 

from 30 to 180 m/s at a constant global equivalence 

ratio of 0.57. Note that there are two quasi-laminar 

cases with 10 and 20 m/s for comparison, which are 

not included but will be discussed in terms of the re-

action zone thickness in Section 4.4. The flame cases 

are coded as PHαPβUγ, in which α, β, and γ refer to 

the H2 volume fraction in the fuel, the global equiv-

alence ratio, and the bulk gas velocity, in sequential 

order. The letter P indicates fully premixed flames, 

which differs to the stratified flame sets (S) pre-

sented in the previous experiment [5]. To guarantee 

the fully premixed combustion, the pilot flame was 

operated with lean H2/N2-air mixture containing 

75vol% H2 and 25vol% N2 at the same equivalence 

ratio. This provides the same atomic ratio of H:N:O 

of jet and pilot and thus pure premixed combustion. 

This flame configuration is different to the previous 

Lund University Piloted Jet (LUPJ) flames [13,18] 

and our previous work [5], which are stratified 

flames with different mixtures in pilot and jet, in 

which chemical reactions occur in an intermediate 

range of equivalence ratios. 

The pilot flame was operated with a relatively high 

bulk velocity of 2.5 m/s to produce a large cone-

shaped exhaust region. Thus, jet flames at the largest 

bulk velocity were fully combusted within the pilot 

post-flame zone, eliminating additional dilution by 

the cold air from the environment. 

To assess the turbulence-chemistry interaction, di-

mensionless turbulent Reynolds number 𝑅𝑒𝑇 and 

Karlovitz number Ka were evaluated. The laminar 

 

Fig. 3. (a) Sketch of the piloted fully premixed turbulent jet burner. (b) Optical setup of simultaneous OH-LIF and PIV 

measurements. 
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flame velocity 𝑆𝐿 and thermal flame thickness 𝑙𝐹 

were obtained by simulating one-dimensional (1D) 

freely propagating flames. The 1D flame simula-

tions were performed with a chemical mechanism 

reported by Han et al. [19] with a multi-component 

transport model and the Soret effect enabled. For the 

gas mixture used in the experiments, 𝑆𝐿 is 11.2 cm/s 

and 𝑙𝐹 is 1.02 mm, which is calculated based on the 

maximum temperature gradient 𝑙𝐹 = (𝑇𝑎𝑑 − 𝑇𝑢)/
|∇𝑇|𝑚𝑎𝑥, where the adiabatic flame temperature is 

𝑇𝑎𝑑  = 1600 K and the unburnt gas temperature 𝑇𝑢 is 

300 K. Turbulent rms (root mean square) velocity 

magnitude 𝑈′ and integral length scale 𝑙 are evalu-

ated from the measured turbulent velocity fields 

(more details will be given in Section 4.1). Using the 

parameters described above, Karlovitz number and 

turbulent Reynolds number can be calculated to 

characterize the TCI as follows [12], 

 

Due to the turbulence development and intense in-

teraction between flow and flame, these values are 

significantly dependent on spatial locations under 

inspection. In Table 1, 𝑈𝐶 ′ and 𝑈𝐹′ represent the tur-

bulent rms velocity at the jet center (subscript C) and 

in the flame region (subscript F), respectively. They 

represent the minimum and maximum turbulent ve-

locity in the flame, respectively. Corresponding Kar-

lovitz numbers 𝐾𝑎𝐶  and 𝐾𝑎𝐹  increases as turbulent 

intensity increased by elevating jet bulk velocity. 

Besides, the turbulent Reynolds number 𝑅𝑒𝑇 is cal-

culated using the turbulent intensity for each flame 

case. 𝐾𝑎𝐶 , and 𝐾𝑎𝐹  were all determined at a down-

stream flame location of x = 7D. We note that select-

ing different radial or axial locations leads to signif-

icant discrepancy in l and 𝑈′ values, which results in 

an ambiguity of dimensionless numbers including 

𝑈′/𝑆𝐿, 𝑙𝐹/𝑙, 𝑅𝑒𝑇, and Ka. This aspect is critical when 

placing premixed flames on the Borghi-Peters 

diagram by using a singular set of parameters to rep-

resent the entire flame. A different choice of param-

eters could lead to a transition to another combustion 

regime, and thus interpretations could be experimen-

tally biased. Unfortunately, this aspect has been 

largely overlooked in the literature and some consid-

erations are given in Section 4.1. 

2.3 Simultaneous OH-LIF and PIV measurements 

Flame and flow structures were assessed using sim-

ultaneous single-shot planar OH-LIF and PIV meas-

urements. The experimental setup is schematically 

shown in Fig. 3. For OH-LIF, a frequency-doubled 

dye laser (Cobra-Stretch, Sirah) was pumped by a 

solid-state Nd:YAG laser (INDI, Spectra-Physics). 

The pump laser operated with an approximate output 

energy of 150 mJ at 532nm. The dye laser was tuned 

to λ = 283.01 nm, exciting the Q1(6.5) line of the A-

X(1-0) transition. The laser beam was shaped into a 

25 mm high sheet with a thickness of 120 µm 

(FWHM) using a combination of anti-reflection 

lenses and mirrors. This laser beam intersected the 

burner center line with an effective energy of 

2 mJ/pulse. The LIF signals were collected by a 

CCD camera (Imager E-Lite 1.4M, LaVision) cou-

pled with an intensifier (IRO X, LaVision). This de-

tection system was complemented with a UV lens 

(Cerco, f = 100 mm, f/4) and a band-pass filter (305-

340nm). The field of view (FOV) for OH-PLIF was 

24 mm in height and 32 mm in width, with a pixel 

resolution corresponding to roughly 23 µm. The op-

tical spatial resolution was estimated to be about 

100 µm, which was then limited by the thickness of 

the laser sheet. 

As shown in Fig. 3(b), a small portion of the UV la-

ser was directed to a cell filled with ethanol dissolv-

ing a small amount of Rhodamine 6G. The emitted 

orange fluorescence signals were captured by an-

other CMOS camera (Imager M-Lite 5M, LaV-

ision). These 2D signals represented the energy dis-

tribution along the vertical direction of the laser 

sheet, which was then used to correct the sheet 

Table 1. Flame and flow conditions of purely premixed NH3/H2/N2-air turbulent jet flames. 

Cases 𝜙𝑔𝑙𝑜𝑏𝑎𝑙  𝑈0 (m/s) l (mm) 𝑈′𝐶  (m/s) 𝑈′𝐹  (m/s) 𝑅𝑒𝑇,𝐹 𝐾𝑎𝐶  𝐾𝑎𝐹  

PH45P57U30 0.57 30 4.1 1.8 3.3 128 30 75 

PH45P57U40 0.57 40 4.0 2.6 3.6 140 50 85 

PH45P57U50 0.57 50 3.8 3.1 5.3 204 65 150 

PH45P57U75 0.57 75 3.6 4.5 10.8 410 115 425 

PH45P57U100 0.57 100 3.5 5.9 16.2 623 175 795 

PH45P57U120 0.57 120 3.4 7.0 21.8 833 225 1,230 

PH45P57U140 0.57 140 3.4 8.1 25.4 972 280 1,550 

PH45P57U160 0.57 160 3.4 8.8 28.5 1,087 315 1,830 

PH45P57U180 0.57 180 3.4 9.7 31.6 1,205 365 2,140 

Note: l, 𝑈′𝐶 , 𝑈′𝐹 , 𝑅𝑒𝑇,𝐹, 𝐾𝑎𝐶  and 𝐾𝑎𝐹  were determined for x = 7D. 

𝐾𝑎2 = (
𝑈′

𝑆𝐿
)3

𝑙𝐹

𝑙
 (1) 

𝑅𝑒𝑇 =
𝑈′𝑙

𝑆𝐿𝑙𝐹
 (2) 
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inhomogeneity during the imaging processing steps. 

The OH-LIF images and beam cell images were spa-

tially matched by imaging the dark streak caused by 

a thin wire to block a small portion of the laser beam. 

For the simultaneous PIV measurements, a double-

cavity Nd:YAG laser (PIV400, Innolas) was em-

ployed to produce double pulses with a 10 Hz repe-

tition rate at 532 nm. The laser beams were spatially 

combined with the UV laser beam using a dichroic 

mirror (high reflection at 532 nm, high-transmission 

at 283 nm). The focused laser sheet was approxi-

mately 300 µm thick (FWHM) and the single pulse 

energy was about 4 mJ/pulse. The jet flow was 

seeded with aluminum oxide (Al2O3) particles 

(d50 = 1-1.7 µm) via a particle dispersion unit. The 

Mie scattering signals were captured using an 

sCMOS camera equipped with a Marco lens (Nik-

kor, f = 200 mm, f/22). A narrow band-pass filter 

(532 ± 3 nm) was employed to suppress interference 

from the background and flame luminescence. The 

projected pixel size for the PIV measurements was 

approximately 16 µm. The velocity vector fields 

were computed after smoothing (Gaussian filter, 

5 × 5 pixels window size) and normalizing the parti-

cle images. Multi-pass processing was used with a 

window size of 32 × 32 pixels and 75% overlap in 

the final pass, resulting a vector spacing of about 

128 µm. The estimated true spatial resolution was 

rather approximately 500 µm. 

The excitation and detection systems for PIV and 

OH-LIF measurements were temporally and spa-

tially synchronized. The PIV probe volume was 

slightly larger than that of OH-LIF, as indicated in 

the inset image in Fig. 3(b). The PIV pulses were 

separated by 2 µs to ensure reasonable pixel dis-

placements in high-velocity jet flows, whereas UV 

laser pulses arrived approximately 500 ns ahead of 

the first PIV pulse. The burner was vertically moved 

to three different measurement positions, covering 

the flame height up to about x/D = 20, in which D is 

the jet diameter of 4.5 mm. 

Through the evaluation of 600 instantaneous image 

pairs, statistical characteristics of turbulent reactive 

flows were derived. It is worth noting that velocity 

calculations in the jet post-flame region could be bi-

ased due to the absence of seeding particles in the 

pilot flame, where seeding particles through the po-

rous material was prohibitive. Since vector compu-

tation relies on cross-correlation rather than tracking 

individual particles, local variation in particle seed-

ing density can lead to a deterioration of correlation 

values. To address this issue, vector calculations 

were mainly restricted to the jet unburnt gas and re-

action zone by masking out the pilot flame region. 

Subsequently, vectors with a peak ratio less than 

three were considered defective due to insufficient 

correlation quality and were excluded from the 

analysis. Furthermore, any interrogation window 

obtaining fewer than 2/3 independent vectors (i.e., 

400 out of 600 vectors) was excluded to ensure sta-

tistical consistency. We believe these procedures 

significantly reduced experimental bias in vector 

field calculations. 

3. Simulation of 1D flames 

3.1 Unstrained flame and Lewis number 

To obtain a basic understanding of the AHNA-

40/45/15 mixtures, 1D freely propagating flame was 

simulated by applying a kinetic mechanism [19] in 

Cantera, including the multi-component transport 

model and Soret effect. Flame properties at varying 

equivalence ratios from 0.4 to 1.6 have been intro-

duced in Section 1. 

However, a H2-enriched 1D flame responds to strain 

differently compared to a CH4 flame, which is 

mainly due to the less-than-unity Le and the differ-

ential diffusion effect of H2. Here, the dimensionless 

Le represents the relative rate of thermal diffusion 

and mass diffusion and can be calculated for individ-

ual species in mixtures using the equation proposed 

by [20], 

 

where 𝐷𝑡ℎ and 𝐷𝑚 represent the mixture thermal dif-

fusivity and mass diffusivity of single species, re-

spectively. The former is derived from the thermal 

conductivity λ, density ρ, and heat capacity cp of the 

mixture. Accordingly, the Lewis numbers (Le) of 

NH3, H2, N2, and O2 are 1.21, 0.36, 1.25, and 1.27, 

respectively, at a temperature of 300 K. The volume-

based Le of fuel mixtures can be calculated using 

𝐿𝑒𝑓𝑢𝑒𝑙 = ∑ 𝑋𝑖𝐿𝑒𝑖  by summing the Lewis numbers of 

each fuel species weighted by its mole fraction in the 

fuel mixture [21]. The effective Le of a fuel-oxidizer 

mixture is calculated as [22], 

𝐿𝑒𝑒𝑓𝑓 = 1 +
(𝐿𝑒𝐸 − 1) + (𝐿𝑒𝐷 − 1) ∙ 𝒜

𝜌 ∙ 𝑐𝑝 ∙ 𝐷𝑚
 

𝒜 = 1 + 𝑍𝑒(𝒦𝜙 − 1) 

(4) 

𝐿𝑒𝐷  and 𝐿𝑒𝐸  denote the Lewis numbers of deficient 

and excessive reactants, respectively. 𝒜 is a measure 

of mixing strength, derived from 𝒦𝜙  and the Zeldo-

vich number Ze. Here, 𝒦𝜙  is the mass ratio of excess-

to-deficient reactants, given by 𝒦𝜙 = 𝜙 for fuel-rich 

(𝜙 > 1) and 𝒦𝜙 = 1/𝜙 for fuel-lean (𝜙 < 1) mix-

tures. The Zeldovich number is derived from the ac-

tivation energy 𝐸𝑎, burnt and unburnt temperatures 

(𝑇𝑏  and 𝑇𝑢), and the universal gas constant ℛ at pres-

sure p, as shown in equations [12,20], 

𝐿𝑒 =
𝐷𝑡ℎ

𝐷𝑚
=

𝜆

𝜌 ∙ 𝑐𝑝 ∙ 𝐷𝑚
 (3) 
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𝑍𝑒 =
𝐸𝑎(𝑇𝑏 − 𝑇𝑢)

ℛ ∙ 𝑇𝑏
2  (5) 

and 

𝐸𝑎

ℛ
= −2 [

𝜕(ln (𝜌𝑢 ∙ 𝑆𝐿))

𝜕(1/𝑇𝑏)
] (6) 

𝜌𝑢 is the density of the unburnt gas mixture and 𝑆𝐿 is 

the fuel consumption speed. By applying Equations 

(3)-(6), Ze and 𝐿𝑒𝑒𝑓𝑓 are calculated for the fuel-oxi-

dizer mixtures to be 13.6 and 0.87, respectively, for 

the investigated PH45P57 flames. 

3.2 Strained flame 

To achieve a further understanding of the strain ef-

fect on reaction zone structures, 1D flame simula-

tions were conducted using an axis-symmetric pre-

mixed counter-flow configuration (reactants to prod-

ucts). This configuration partially mimics the exper-

imental condition (from the jet to the hot pilot prod-

ucts) to a certain extent. The straining magnitude 

was modified by changing inlet gas velocities 𝑢. The 

strain rate 𝐾𝑠  is computed as the maximum value of 

the velocity gradient 𝜕𝑢 𝜕𝑥⁄  to represent the strain 

of the flame. Fig. 4 showcases a representative result 

from such simulations along the axial direction (with 

the jet outlet at x = 0 mm) at a calculated strain rate 

of 1,000 s−1. 

In Fig. 4(a), it can be observed that 𝑢 continuously 

reduces to its local minimum (indicated by the 

dashed line) before the temperature elevation and 

then increases afterward due to thermal gas expan-

sion. The stretched flame speed 𝑆𝑏 is computed by 

extrapolating 𝑢 from the location of the maximum 

velocity gradient to the location of the maximum 

temperature gradient, which is considered as the re-

action front (indicated by the red dashed line); at 

𝐾𝑠 = 1,000 s−1, 𝑆𝑏 = 0.19 m/s. In Fig. 4(b), the inter-

nal reaction zone structure is illustrated by display-

ing the mole fractions of H2, NH3, NH2, NH, and 

OH, and heat release rate HRR, normalized on their 

respective maximum values. Due to differential dif-

fusion, 𝑋𝐻2 starts decreasing before 𝑋𝑁𝐻3 at a flame 

upstream location ahead of the pre-heat zone. As 

fuel is gradually consumed, NH2 forms first a peak 

located close to the temperature gradient peak (refer 

to Fig. 4(c)), followed by NH at elevated tempera-

ture, however, with a much lower mole fraction. OH 

radicals form only at increasing temperatures to-

gether with the consumption of NH2. Generally, NH2 

corresponds to the pre-heat zone at low-to-moderate 

temperatures, while OH represents the main reaction 

zone at elevated temperatures. Importantly, NH peak 

spatially aligns well with the HRR peak (dashed 

line), making it for these conditions the best HRR 

marker among other intermediate species. Fig. 4(c) 

compares the gradient of OH mole fraction 

𝜕𝑋𝑂𝐻 𝜕𝑥⁄  and temperature 𝜕𝑇 𝜕𝑥⁄ , revealing a 

distance of 0.23 mm between their peaks (marked by 

vertical dashed lines). Compared to other species, 

OH radicals are located in regions with higher tem-

peratures. As the fluid’s viscosity increases with 

temperature, turbulence penetrating into the reaction 

zone will be degraded, thus imposing different levels 

of influence on the pre-heat and main reaction zones. 

The current work focuses on the influence on the 

main reaction zone marked by OH. For a direct com-

parison with the experiments, the 𝜕𝑋𝑂𝐻 𝜕𝑥⁄  profile 

is used to characterize the main reaction thickness 

𝜂𝑂𝐻  by calculating the full width at half maximum 

(FWHM). As a result, 𝜂𝑂𝐻  is approximately 0.3 mm 

for the freely propagating flame and decreases to 

0.24 mm at 𝐾𝑠  = 1,000 s−1, and it is consistently 

smaller than the thermal thickness at all strain rates. 

The strain effect on flame structures is evaluated us-

ing the 1D simulation. In Fig. 5, 𝑆𝑏, 𝜂𝑂𝐻, and the 

maximum flame temperature 𝑇𝑚𝑎𝑥  are plotted over 

increasing strain rates 𝐾𝑠. For comparison, a CH4/air 

flame is shown, and other two premixed flames with 

60vol% H2, 20vol% N2 and 20vol% NH3 (denoted as 

PH60P57) and 75vol% H2 and 25vol% N2 (denoted 

as PH75P57), respectively, are also computed to rep-

resent higher levels of NH3 cracking.  

 

Fig. 4. 1D simulation profiles of (a) velocity u and tempera-

ture T, (b) normalized mole fraction of species and heat re-
lease rate, and (c) gradients of OH mole fraction and tempera-

ture. 
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All simulations are performed at a constant equiva-

lence ratio of 0.57. Calculated 𝐿𝑒𝑒𝑓𝑓  and 𝐿𝑒𝑓𝑢𝑒𝑙  de-

crease as the H2 mole fraction increases at a constant 

equivalence ratio. Table 2 summarizes the fuel mix-

tures used in 1D flame simulations in Cantera. 

As shown in Fig. 5, strained burning velocity Sb of 

the lean NH3/H2/N2-air mixtures slightly increases 

with strain rate, while a CH4/air flame at the same 

equivalence ratio shows decreasing 𝑆𝑏  with increas-

ing strain. As it is widely known, the correlation be-

tween stretched and unstretched flame speed SL
0 is 

given by Sb = SL
0−SL

0κLc−KsLs, where κ is the flame 

curvature, Ks is the strain rate, and Lc and Ls are 

Markstein lengths responding to curvature and 

strain, respectively [23]. Without the curvature ef-

fect included in the 1D counter-flow simulations 

(κ = 0), Fig. 5 (a) suggests a negative Ls, which is 

consistent with the theoretical correlation of burning 

velocity to the Le [23]. Fig. 5(b) indicates that, for 

H2-containing flames, flame temperature first 

slightly increases and then decreases with strain rate, 

while it rapidly decreases for the CH4/air flame. In 

Fig. 5(c), the representative OH layer thickness 𝜂𝑂𝐻  

reduces at lower H2 content (e.g., PH45P57), but re-

main relatively constant as H2 fuel ratio increases 

(e.g., PH60P57 and PH75P57). The simulation re-

sults clearly show that (i) lean NH3/H2/N2-air flames 

have a much higher strain resistance compared to 

CH4/air flames at the same equivalence ratio, and (ii) 

increasing H2 mole fractions in fuel leads to higher 

flame temperatures, larger burning speeds, and sus-

taining of the reactive layer thickness. Both effects 

relate to the differential diffusion and high reactivity 

of H2 molecules. 

4. Results and Discussions 

4.1 Turbulent flow fields 

Figure 6 presents a comparison of turbulent rms ve-

locities 𝑈′ (left-hand side) and the mean velocity 

magnitude U (right-hand side), normalized to the jet 

bulk velocity 𝑈0, for premixed NH3/H2/N2-air 

flames with increasing bulk velocity 𝑈0 at a constant 

equivalence ratio of 0.57. The normalized mean ve-

locity magnitude decreases rapidly along the radial 

direction, while turbulent velocity increases out-

wardly, reaching its maximum at about the outer 

edge of the jet nozzle (i.e, r/D = 0.5). The velocity 

difference between pilot exhaust gas and jet flow in-

duces a shear flow with high turbulence intensity. 

Consequently, the shear flow zone enlarges and tur-

bulent velocity increases as the jet bulk velocity in-

creases, particularly at flow upstream locations. 

Moreover, more extensive velocity fluctuations are 

evident downstream as jet flow turbulence develops 

and interacts with the flame reaction zone. 

To calculate Ka and 𝑅𝑒𝑇 in the axial and radial di-

rections for the studied flame cases, the PIV meas-

urement results enable determining turbulent rms 

velocities 𝑈′ and integral length scales l. However, 

both parameters vary in axial and radial directions. 

Figure 7 illustrates radial profiles of (a) the mean ax-

ial velocity magnitude U and (b) turbulent rms ve-

locities 𝑈′ for lean NH3/H2/N2-air flames with in-

creasing jet bulk velocity from 30 to 180 m/s at a 

flame location of x/D = 7. The mean flow velocity 

exhibits a bell-shaped distribution profile along the 

radius. The integral length scale l can be estimated 

using the half-width at half- maximum (HWHM) of  

Table 2. Gas mixtures used in 1D flame simulations. 

Fuel mix-

tures 
ϕ 𝑋𝑁𝐻3 𝑋𝐻2 𝑋𝑁2 Ze 𝐿𝑒𝑒𝑓𝑓 𝐿𝑒𝑓𝑢𝑒𝑙 𝑆𝐿  (cm/s) 

PH45P057 0.57 40 45 15 13.59 0.87 0.84 11.9 

PH60P057 0.57 20 60 20 10.84 0.84 0.78 27.0 

PH75P057 0.57 0 75 25 8.77 0.81 0.72 61.0 

 

Fig. 5. 1D simulation results of premixed flamelet re-

sponding to increasing strain rate in an opposed jet 

simulation. 
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the mean velocity profile, and the values are listed in 

Table 1. 𝑈′ shows relatively small values at the jet 

center, increasing with radius and peaking approxi-

mately at the flame surface positions, discussed in 

Section 4.2. To estimate the range of Ka numbers, 

the minimum 𝑈′ at the centerline of the jet (𝑈𝑐′) and 

the maximum 𝑈′ in the flame (𝑈𝐹′) are derived from 

velocity profiles. These values and the correspond-

ing Karlovitz numbers 𝐾𝑎𝐶  and 𝐾𝑎𝐹  are listed in Ta-

ble 1. 

There are inherent uncertainties in determining the 

Karlovitz number, which characterizes the ratio be-

tween flame thickness 𝑙𝐹 and the Kolmogorov length 

scale 𝜂. One critical consideration is that 𝜂 repre-

sents the turbulence length scale to which a flamelet 

is subjected. When applying Equation (1), 𝑈′ and l 

should properly reflect the turbulence at the location 

of the flame reaction zone. Therefore, utilizing 𝑈′ at 

the jet centerline is improper, as it underestimates 

the turbulence level. However, using 𝑈𝐹 ′ might 

overestimate the turbulence since velocity fluctua-

tions can partly stem from unsteady flame positions. 

Consequently, 𝐾𝑎𝑇  and 𝑅𝑒𝑇 calculated using 𝑈𝐹′ 
should be interpreted as upper limits rather than ex-

act values. A potentially more reasonable estimation 

involves statistical analysis of velocity conditioned 

on the flame front edge. 

Additional uncertainties in estimating Ka stem from 

the accuracy of 𝑆𝐿 and 𝑙𝐹, which heavily rely on the 

reaction kinetic mechanism. Particularly, obvious 

discrepancies exist in available mechanisms for NH3 

reactions [24,25]. While these uncertainties fall be-

yond the scope of this paper, they warrant more de-

tailed analysis in future work. Special attention has 

to be paid to the accuracy of Ka when inspecting the 

Borghi-Peters regime diagram. 

 

 

Fig. 7. Radial profiles of normalized velocity magni-

tude and turbulent intensity at x/D = 7 of purely pre-

mixed NH3/H2/N2-air flames with increasing bulk ve-

locity 𝑈0. 

4.2 Flame macroscopic structures 

Figure 8 presents a side-by-side comparison of time-

averaged mean (left-hand side) and instantaneous 

(right-hand side) OH-LIF intensities 𝐼𝑂𝐻 as the jet 

bulk velocity 𝑈0 increases from 30 to 180 m/s. In 

general, the high OH-LIF intensity gradient between 

jet reactants and pilot exhausts can well present the 

main reaction zone of the jet flames, while the OH-

LIF intensity in the pilot flame, due to the presence 

of high temperature, is at a background level. The 

flames appear different from the previously studied 

stratified flames [5] of richer NH3/H2/N2-air mix-

tures, in which reactions occur together with mixing 

with additional oxidizer and OH is not a marker to 

represent the entire reaction zone.  

 

 

Fig. 6. Side-by-side comparison of normalized turbulent rms velocity 𝑈′/𝑈0 (left-hand side) and mean velocity magni-

tude 𝑈/𝑈0 (right-hand side) of purely premixed NH3/H2/N2-air flames (PH45P57) with increasing bulk velocity 𝑈0. 
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At the lean side, OH correlates well with the HRR 

zone, however, according to the 1D diffusion flame 

simulations NH radicals represent the HRR zone 

more reliably. As expected from Fig. 8, a higher 𝑈0 

results in an increased flame height and an expanded 

flame size in radial direction. At low turbulence, 

flame surface reveals moderate wrinkling induced 

by large-scale eddies. As 𝑈0 increase, flame reaction 

zones become strongly disturbed, resulting in 

smaller-sized local structures and larger curvatures. 

This is because increased 𝑈′ leads to smaller eddies 

with sufficient turbulent kinetic energy to disturb the 

thermal layer or even the main reaction zone. Local 

OH-LIF intensity increases with 𝑈0 to a certain ex-

tent, in particular between x/D = 6-15, and is then 

gradually lowered with increased turbulence levels 

at jet downstream. 

To inspect flame structure more closely, zoom-in 

images of single-shot OH-LIF intensities 𝐼𝑂𝐻 and 

corresponding gradient maps ∇𝐼𝑂𝐻  are shown in Fig. 

9, using examples from flame cases with 𝑈0 = 30, 

100, and 180 m/s. Here, the gradient is computed as 

a variation magnitude of intensity per unit length. 

We note that, despite the non-linear relation between 

the OH number density and fluorescence signal, 

both 𝐼𝑂𝐻  and ∇𝐼𝑂𝐻  are proper markers to visualize 

the main reaction zone, while the later can be used 

as a marker for the thermo-diffusive instability [26]. 

The flame surface is detected using a gradient-based 

edge detection method, similar to the one reported 

by [27]. This method binarizes OH-LIF intensities 

using self-adapted thresholds and extracts flame 

edges approximating the location of the maximum 

intensity gradient. Moreover, the local flame curva-

ture 𝜅 is evaluated using the algorithm proposed by 

[28]. The flame normal vectors are firstly computed 

by determining the direction of intensity gradients 

on each pixel of the flame front. Then, the principal 

curvatures 𝜅1 and 𝜅2 are evaluated through invari-

ants of the curvature tensor.  

For two-dimensional flame structures, flame curva-

ture is the projected mean of two principal curva-

tures 𝜅1 and 𝜅2. Positive curvature is associated with 

the convex surface towards unburnt reactants, and 

negative curvature is associated with the concave 

surface towards burnt gas. Intensity and gradient im-

ages are superposed with detected flame edges 

color-coded by local surface curvatures. 

Local flame structures reveal a wide variation of sur-

face curvatures between positive (reddish) and neg-

ative (blueish) values, as shown in Fig. 9(a1-c1). At 

low turbulence level, local intense burning regions 

with high OH-LIF intensities are observed near the 

positively curved flame surface (highlighted with ar-

rows in white), while reduced intensities are corre-

lated with negatively curved surface. This is mainly 

caused by the differential diffusion of H2, leading to 

thermo-diffusively unstable flame structures. With 

less-than-unity Le, the mass and thermal diffusion is 

imbalanced near a curved surface. Slower thermal 

diffusion (from burnt to unburnt) and faster mass 

diffusion (from unburnt to burnt) leads to enhance-

ment (or suppression) of reactivity at positively (or 

negatively) curved reaction zone [29]. Recent 1D 

Raman/Rayleigh measurements reported that in-

tense burning regions have higher equivalence ratio, 

higher H2O mole fraction, and super-adiabatic flame 

temperature in premixed H2/air flames [17].  

 

Fig. 8. Side-by-side comparison of mean and single-shot OH-LIF images of purely premixed NH3/H2/N2-air flames with 

increasing bulk velocity 𝑈0. 
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As turbulence is increased by elevating the bulk ve-

locity to 100 m/s, local intense burning regions are 

enhanced in the selected example, as flame surfaces 

are more intensively curved. This indicates that 

wrinkling, which is dominated by turbulence, inten-

sifies the fuel and heat accumulation triggered by the 

differential diffusion effects. Further increasing tur-

bulence by operation with a bulk velocity of 

180 m/s, the clear correlation between intense burn-

ing regions and curvatures cannot be observed, and 

the flame zones are extensively disturbed by flow 

turbulence. The turbulent diffusion is playing a more 

significant role by distributing mixtures and heat at 

a faster rate (smaller turbulent time scales), thus sup-

pressing the thermo-diffusive effect (controlled by 

molecular and thermal diffusion) and formation of 

super-adiabatic hot spots. These observations sug-

gest that at moderate levels of turbulence, the inter-

action between turbulence and differential diffusion 

is synergistic, whereas at high levels of turbulence, 

local flame structures are dominated by turbulent 

transport; this observation is consistent with findings 

for premixed H2/air flames with less-than-unity Le 

numbers in previous DNS [30] and quantitative 

measurements [30]. 

OH-LIF intensity gradients ∇𝐼𝑂𝐻  are significantly 

influenced by the turbulence, as shown in Fig. 9(a2-

c2). At a low turbulence level at 𝑈0 = 30 m/s, high 

∇𝐼𝑂𝐻  are mostly restricted to a narrow region close 

to the flame surface, while ∇𝐼𝑂𝐻  is much lower in the 

post-flame zone due to the homogeneous tempera-

ture distribution in the pilot exhaust gas. Here, small 

turbulent eddies with length scales similar to the 

flame thickness are not able to penetrate into the 

flame zone due to their low kinetic energy. As 

turbulence is increased at 𝑈0 = 100 and 180 m/s, 

finer spatial structures in the gradient map are ob-

served in the flame downstream location. In particu-

lar for 𝑈0 = 180 m/s, ∇𝐼𝑂𝐻  shows a substantial vari-

ation in magnitude. The corresponding image in Fig. 

9(c1) clearly exhibits a broader zone associated with 

high OH-LIF intensities. At this turbulence level, 

turbulent eddies with higher kinetic energy may pen-

etrate into the reaction zone, stretching fluid ele-

ments at high temperature and OH-LIF intensity, be-

fore their turbulent kinetic energy is dissipated by 

the increased gas viscosity due to thermal dilatation. 

At a disturbed flame zone marked by the black arrow 

in Fig. 9(c2), a discontinuity of OH gradients is ob-

served, indicating a possible transition towards the 

broken reaction zone or distributed burning regime 

[31]. 

Inspecting local flame wrinkling in Fig. 9, another 

important aspect is that the highest value of ∇𝐼𝑂𝐻  do 

not always appears at the tip or the leading point of 

positively curved flame edges (reddish colored). On 

the contrary, these values frequently appear close to 

regions with low surface curvature values (whitish 

color). This observation seems contrary to the con-

ventional understanding of thermo-diffusive effects; 

thus, further discussion on the reaction zone inten-

sity and flame thickness is continued in Section 4.3. 

The flame surface detection provides the oppor-

tunity to compute the apparent flame surface density 

(FSD) Σ in its 2D projection, which is an essential 

parameter for the assessment of the local fuel con-

sumption speed and turbulent burning velocity. To 

determine FSD, a control area (CA) with a size of 

Δ𝑥2 is defined for Σ calculation according to [33]. 

The flame length P within each CAs is first 

 

Fig. 9. Single-shot OH-LIF intensity 𝐼𝑂𝐻 in (a1-c1) and intensity gradient maps 𝛻𝐼𝑂𝐻 (a2-c2), which are superposed with 

detected flame edges color-coded by curvatures 𝜅. 
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calculated, and the flame surface density is then 

given by Σ = P/Δ𝑥2. Here, Δ𝑥 = 1.04 mm is used, 

corresponding to 45 pixels. This fulfills the required 

size of CA, namely Δ𝑥 > 𝑙𝐹, in which the laminar 

flame thickness 𝑙𝐹 = 1.02 mm is obtained by the 1D 

simulation of a freely propagating flame. Fig. 10(a1-

c1) shows mean FSD Σ maps averaged over 600 sin-

gle-shot images at representative x/D locations at in-

creasing 𝑈0 = 30, 100, and 180 m/s. At a lower 

flame height, two flame branches with clear Σ peaks 

are evident. Here, the flame front is less curved and 

remains mostly within a few CAs. The flame surface 

spreads downstream into more CAs. Due to stronger 

turbulent fluctuations, the radial distribution Σ be-

comes broader and Σ magnitudes reduce. Flame sur-

face density is in the same order of magnitudes 

among flames with different jet velocities. These re-

sults clearly suggest that turbulent flows signifi-

cantly impact the spatial distribution of the reaction 

zone. By integrating the 2D Σ along the normal di-

rection of the mean flame brush [32], turbulent fuel 

consumption rate can be analyzed in future work. 

Figure 10(a2-c2) shows the probability density func-

tions (PDF) of the 2D curvature 𝜅 along the flame 

radial direction at different x/D locations of 3.5, 7, 

10.5, and 14D. At a low bulk velocity of 

𝑈0 = 30 m/s, the 𝜅 peak slightly decreases in the ax-

ial direction and the distribution broadens with x/D 

due to increasing velocity fluctuations. This is con-

sistent with Fig. 8(a), in which large-scale flame 

wrinkling appears downstream. At higher 𝑈0 of 100 

and 180m/s, the axial difference in 𝜅-PDF decreases 

and the distribution curves overlap. This is because 

flame curvatures are determined by large eddies 

with comparable length scales, and turbulence inten-

sity and 𝑈𝐹 ′ only slightly increase with the flame 

height (see Fig. 6(d) and (f)). Moreover, we note that 

the 𝜅-PDFs reveal symmetric distributions without 

any indications on skewness towards positive curva-

tures, different to previous thermo-diffusively unsta-

ble flames [26] with much smaller fuel Le numbers. 

With increasing turbulence intensities given by 

higher bulk velocities, the PDF distribution of 𝜅 

broadens in both negative and positive directions. 

This suggests the flame curvatures are largely dom-

inated by turbulence and insignificantly modified by 

differential diffusion effect, as the effective Le of 

mixture is close to unity (i.e., 0.87). 

 

Fig. 10. (a1-c1) Mean flame surface density Σ and 

(a2-c2) probability density functions (PDF) of surface 

curvature 𝜅 of purely premixed NH3/H2/N2-air flames 

at x/D = 3.5, 7, 10.5, and 14. 

4.3 Local flame reactivity 

Inspection of Fig. 9 shows that while the center of 

the positively curved flame has significantly higher 

OH intensity in the post-flame zone, positive curva-

tures at the tip of the leading edges are not directly 

associated with high OH gradients. Conversely, OH 

gradients near a flat flame surface are frequently 

higher than in curved regions. To gain further insight 

into this phenomenon of the present lean 

NH3/H2/N2-air flames, we examine the local flame 

structure in another representative example at 

𝑈0 = 50 m/s. At this relatively low turbulence level, 

thermo-diffusive effects are pronounced, enabling 

the inspection of local variations in reactivity de-

pending on flame topology. In this example, Fig. 

11(a,b) zoom into a region around x/D = 7, where 

the intensity 𝐼𝑂𝐻  and the gradient ∇𝐼𝑂𝐻  are illus-

trated. Again, these scalar images are superimposed 

with flame edges color-coded by the local 2D curva-

ture value. Detected flame edges are smoothed using 

a Savitzky-Golay filter [33], and the flame normal 

vectors (arrows in black) are computed, pointing in 

a direction from unburnt to burnt gas. 

Four inspection areas are selected, corresponding to 

negatively curved (1), positively curved (2), and 

flattened flame structures (3 and 4). These areas are 

denoted as 𝜅−, 𝜅+, and 𝜅0 to indicate the local flame 

topology categories. Specifically, corresponding 

curvature values are -3.7, 3.5, 0.2, and -0.3 mm−1 in 

the selected zones 1 to 4, respectively. Two flat sur-

faces are chosen because, although the absolute 𝜅 

values are similarly low, they exhibit discrepancies 

in 𝐼𝑂𝐻  and ∇𝐼𝑂𝐻  in the post-flame zone. Figure 
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11(c,d) show 𝐼𝑂𝐻  and ∇𝐼𝑂𝐻  profiles along the flame 

surface normal direction 𝑥 ⊥ 𝐹 (𝑥 ⊥ 𝐹 = 0 mm rep-

resents the location of the detected flame edge). In 

line with observations from Fig. 11(a,b), these pro-

files confirm that a negatively curved flame (blue 

line) is associated with lower 𝐼𝑂𝐻  and ∇𝐼𝑂𝐻  com-

pared to a positively-curved flame (red line). How-

ever, differences are observed between the two flat 

flame structures (black vs. gray line), where their 

∇𝐼𝑂𝐻  is even higher than the positively curved flame 

in area 2. 

The observed flame characteristics on the instanta-

neous local structures are not incidental but rather 

indicative of interactions between turbulence and 

differential diffusion, which conjointly influence the 

reaction zone topology marked by OH radicals. To 

further elucidate this, joint probability density func-

tions (JPDFs) of the intensity gradient and curvature 

are computed, conditioned on the flame front (𝑥 ⊥
𝐹 = 0 mm). As demonstrated previously in Fig. 

11(d), the detected flame front (𝑥 ⊥ 𝐹 = 0 mm) ef-

fectively represents the location of the maximum in-

tensity gradient, a qualitative marker for the local re-

activity. The curvature is normalized by the flame 

thickness 𝑙𝐹 of the corresponding freely propagating 

flame to represent the local flame topology. Accord-

ingly, Fig. 12 presents the correlation of local reac-

tivity and topology of the investigated premixed 

NH3/H2/N2-air flames at x/D = 7 for increasing bulk 

velocities from 30 to 180 m/s at a constant equiva-

lence ratio of 0.57. It is worth noting that the abso-

lute probability value P depends on the binning 

width for ∇𝐼𝑂𝐻  and 𝜅 ∙ 𝑙𝐹 , and therefore only a qual-

itative comparison is intended. 

Figure 12 suggests that the majority of local flame 

front structures exhibit a flattened surface, as indi-

cated by the peaks near 𝜅 ∙ 𝑙𝐹  =0. Low curvatures 

dominate the reaction surface topology in flames 

that are influenced by thermo-diffusive effects, a 

phenomenon also observed in DNS studies for 

H2/air flames [34] and experiments [26]. Increased 

turbulence resulting from elevated 𝑈0 leads to wider 

probability distributions, as flame zones become 

more wrinkled by turbulent eddies. The skewness of 

the JPDF, which indicates that positive curvatures 

have higher ∇𝐼𝑂𝐻  than negative curvatures, aligns 

with the single-shot observations in Fig. 9. The 

skewness can be observed in the mean curves of 

∇𝐼𝑂𝐻  (red lines). ∇𝐼𝑂𝐻  is widely scattered at flat sur-

faces, even more so compared to curved surfaces, 

because similarly flat surfaces frequently relate to 

different local reactivity, as depicted in Fig. 9. The 

high probability of flat surfaces, the skewness of the 

JPDF, and the large scatter of ∇𝐼𝑂𝐻  at flat surfaces 

are consistently observed across different bulk ve-

locities and turbulence levels. Two observa-

tions/questions warrant further discussion: (i) why is 

the local reactivity (represented by ∇𝐼𝑂𝐻) higher at 

positively curved flames compared to their nega-

tively curved counterparts, and (ii) why do flat 

flames scatter across a wide range of different local 

reactivities? 

The first question can be elucidated by considering 

the differential diffusion effect of fuel mixtures with 

a Le less than unity [29]. A positively curved surface 

leads to the concentration of fuel and heat, resulting 

in locally modified heat release rates. Under globally 

lean conditions, an increase in equivalence ratio 

leads to a flame propagating faster and associated 

with higher temperatures. This is associated with 

larger scalar gradients across the reaction zone, en-

hancing as well ∇𝐼𝑂𝐻 . DNS studies show that the lo-

cal consumption speed is particularly high at posi-

tive curvatures [34], and these hot spots could sig-

nificantly increase the global fuel consumption rate 

in thermo-diffusively unstable flames. However, the 

effects of differential diffusion can be mitigated by 

turbulence as the Ka exceeds a critical value [35]. 

This occurs because the turbulent timescale becomes 

shorter than the chemical timescale, leading to a 

mixing process dominated by rapidly redistributing 

 

Fig. 11. Single-shot images of (a) OH-LIF intensity 

𝐼𝑂𝐻 and (b) intensity gradient 𝛻𝐼𝑂𝐻 superposed with 

flame front edges colored by local 2D curvature 𝜅. 

Local profiles of (c) 𝐼𝑂𝐻 and (d) 𝛻𝐼𝑂𝐻 along flame 

surface normal direction in the selected flame zones. 



 
    

                               

             
              Li et al. (2025) 

 

 

27 | P a g e  

 

fuel and oxidizer through convection. As a result, the 

impact of differential molecular diffusion dimin-

ishes in the internal flame structures, and the flame 

transitions to a distributed burning regime or broken 

reaction zone [17]. The transition and the required 

Ka number depend on the fuel mixture and equiva-

lence ratio. For highly diffusive lean H2-air flames, 

the critical Ka could exceed several thousand, as re-

ported by DNS [35] and quantitative scalar measure-

ments [30]. In the current NH3/H2/N2 mixture, a lev-

eling of the PDF skewness is observed at 

𝑈0 = 180 m/s (corresponding Ka is about 2,140), 

suggesting a transition towards the suppression of 

differential diffusion effects. ∇𝐼𝑂𝐻  is a suitable 

marker for thermo-diffusive instabilities and turbu-

lence-chemistry interaction in less-than-unity Le 

flames. 

The second question regarding the disparity in local 

reactivity at flat surfaces can be interpreted based on 

the influence of the leading point on the post-flame 

zone. Here, leading points refer to 2D structures with 

high positive curvature (e.g., zone 2 in Fig. 9), which 

could be either a point or an edge in three-dimen-

sional space. These structures can be formed by 

large-scale turbulent eddies; however, they can also 

be extinguished under extreme strain and curvature 

conditions. The shape of leading edges is determined 

by the local competition between convection and ex-

tinction limits, while the latter can be extended by 

differential diffusion. This theory could explain why 

lean H2/air flames can be strongly disturbed to form 

finger-like structures. Conventionally, the global 

fuel consumption rate in premixed combustion is 

thought to be largely determined by critical leading 

edges, as reviewed by [36]. An essential aspect is 

that, after the leading point has passed, it leaves 

behind a super-adiabatic region. Recent studies re-

veal that flame speed arises at low curvature due to 

the formation of a previous leading edge [34]. 

Therefore, leading edges can promote a nearly-flat 

flame with reaction rates higher than the reference 

1D steady flat laminar flame [34]. This claim is sup-

ported by the current experiments, as shown in the 

single-shot visualization in Fig. 9, which shows 

higher reactivity with a flat flame in the wake of a 

leading edge. It is also consistent with the JPDF sta-

tistics in Fig. 12, showing large variations in reactiv-

ity of flat surfaces, since they are located differently 

(upstream and downstream) relative to the nearest 

leading edge. It is hypothesized that this behavior is 

caused by the historical effect of a passing leading 

edge and it reveals the critical role of flat surfaces in 

the global fuel consumption speed. Further explora-

tion of this behavior requires future measurements 

of local thermal-chemical states conditioned on dif-

ferent flame typologies, which has recently become 

possible [5,17,30]. 

Another aspect highlighted by Fig. 12 is that increas-

ing turbulence shifts ∇𝐼𝑂𝐻  to higher magnitudes at 

moderate bulk velocities up to 𝑈0 = 120 m/s, which 

then reduces towards the highest turbulence level at 

𝑈0 = 180 m/s. Since ∇𝐼𝑂𝐻  is considered here as a 

qualitative marker for the local heat release rate, 

low-to-moderate turbulence enhances the local reac-

tion speed, which is likely due to the combined ef-

fects of strain and curvature, as discussed previously 

(Sb = SL
0−SL

0κLc−KsLs). Further increased turbu-

lence allows small eddies to penetrate and disturb 

the pre-heat zone, thus reducing the local ∇𝐼𝑂𝐻 . 

 

 

 

Fig. 12. Joint PDF of OH intensity gradient ∇𝐼𝑂𝐻 and normalized flame surface curvature  𝜅 ∙ 𝑙𝐹 at x/D = 7 of purely 

premixed NH3/H2/N2-air flames with increasing bulk velocity 𝑈0. Red lines indicate mean values of ∇𝐼𝑂𝐻. 
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4.4 Main reaction thickness 

To further explore the turbulence effect on the reac-

tion zone, the characteristic length of the main reac-

tion zone is evaluated based on the OH gradient, us-

ing the approach introduced in 1D strained flame 

simulations (Fig. 5). A threshold of 0.5 of the maxi-

mum ∇𝐼𝑂𝐻  (FWHM) is applied along the flame nor-

mal direction to extract the OH layer thickness 𝜂𝑂𝐻, 

as showcased in the previous examples in Fig. 11(d), 

where dashed lines indicate the FWHM thresholds. 

For statistical comparison, 𝜂𝑂𝐻 is conditioned on 

three different groups of absolute 𝜅 ∙ 𝑙𝐹  values, 

namely |𝜅 ∙ 𝑙𝐹 | > 3, 3 > |𝜅 ∙ 𝑙𝐹 | > 0.5, and |𝜅 ∙
𝑙𝐹 | < 0.5. They represent flame front topologies with 

strong, moderate, and low surface wrinkling. 

Figure 13 illustrates the conditional mean 𝜂𝑂𝐻 with 

increasing bulk velocities from 10 to 180 m/s. The 

black dashed line represents 𝜂𝑂𝐻 from a 1D counter-

flow simulation with a low strain rate of 1,001/s. 

Although the flattened flame surfaces show a similar 

but slightly higher thickness than the low-strain sim-

ulation, a direct comparison to the simulation results 

is not intended. Overall, the experimental 𝜂𝑂𝐻 is 

larger than that from the counterflow flame due to 

several factors: 1) the curvature effect is still present, 

2) the pilot flame has a preheating effect at low jet 

bulk velocities (resulting in longer residence times), 

and 3) the presence of OH radicals in the pilot flame 

increases the background intensity level. Therefore, 

the numerical 𝜂𝑂𝐻 should be considered a plausible 

reference rather than a basis for quantitative compar-

ison. 

Broader reaction zone layers are associated with 

higher curvature, increased by a factor of two for 

strongly curved surfaces at |𝜅 ∙ 𝑙𝐹 | > 3, although this 

difference rapidly decreases to about a factor of 0.5 

as the strain rate increases. Still, this highlights the 

significant impact of curvature on thickening the re-

action zone. Additionally, inspecting each |𝜅 ∙ 𝑙𝐹 | 

group, 𝜂𝑂𝐻 shows consistently decreasing trends 

with increasing bulk velocity. This indicates how in-

creasing strain associated with higher bulk velocities 

compresses the reaction zone into a narrow layer, 

which is in line with the simulation trend in Fig. 

5(blue line). In contrast, turbulence has a minor in-

fluence on the OH layer thickness, clearly indicating 

that small eddies cannot penetrate and broaden the 

OH zone. This is because the HRR zone locates up-

stream of the OH zone, as observed in the 1D flame 

simulation in Fig. 4(b), and the turbulent kinetic en-

ergy is already strongly suppressed by the enhanced 

viscosity in front of the OH layer. 

Figure 13(a-c) shows detailed OH gradient profiles 

along the flame normal direction 𝑥 ⊥ 𝐹 for three se-

lected bulk velocities of 10, 100, and 180m/s. The 

dashed lines indicate the ∇𝐼𝑂𝐻  magnitude used to de-

termine the OH layer FWHM thickness. These cur-

vature-conditioned OH gradients suggest that highly 

curved flames have a broader OH layer with lower 

OH gradients, while less curved flames have a thin-

ner layer with higher gradients. As the bulk velocity 

 

Fig. 13. The OH layer FWHM thickness 𝜂
𝑂𝐻

 of curved and flat flame region at x/D = 7 with increasing bulk velocity 

𝑈0. The value from 1D counter flow lame simulation at a low strain rate is plotted. Curvature-conditioned OH gradi-

ents 𝛻𝐼𝑂𝐻 along the flame normal are shown for three different bulk velocities of 10, 100, and 180 m/s in (a-c), respec-

tively. 
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increases from 10 to 180 m/s, the OH gradients ex-

hibit an increase-then-decrease trend, consistent 

with the discussion in Fig. 12. 

An in-depth characterization of local flame struc-

tures for lean turbulent NH3/H2/N2-air flames is cru-

cial for understanding global flame behavior such as 

flame extinction and turbulent flame speed ST. For 

the latter, important flamelet parameters include 

flame surface area (σ), flame thickness, and stretch 

factor 𝐼0 [38]. When Le is close to one, 𝐼0 is close to 

unity, indicating an increased consumption rate due 

to enlarged reactive surface at low turbulent levels 

(Damköhler’s first hypothesis), and flamelets prop-

agate at the same speed as laminar flames. For a Le 

much smaller than one, 𝐼0 can scale up to 2-6 for 

thermo-diffusively unstable flames [37]. The large 

stretch factor is attributed to the local fuel focusing 

effect, burning rate enhancement near leading edges, 

and the enlarged effective surface of a thermo-diffu-

sively unstable reaction front. Quantitative experi-

ments are still lacking to clearly reveal the complex 

interaction mechanism between global turbulent 

burning speed and local thermo-chemical states 

(temperature vs. fuel mole fraction). Moreover, it is 

challenging for simulations to account for different 

types of flamelets, especially those driven by differ-

ential diffusion, to predict the correct global burning 

rate. 

Concerning the current flame set, it is demonstrated 

that flames with low curvatures (|𝜅 ∙ 𝑙𝐹 | < 0.5) ex-

hibit a similar thickness compared to corresponding 

laminar flames, thus are not significantly broadened 

by turbulence. Note that the OH gradient is used to 

describe the thickness of the main reaction zone, 

while the pre-heat zone could still be thickened with 

the penetration of turbulent eddies. This observation 

is also supported by a recent study [16], showing sig-

nificantly different responses of scalars such as NH3, 

NH, and OH to turbulence disturbance, as they peak 

at different locations within the pre-heat and main 

reaction zone. Additionally, low flame curvature 

dominates the flame topology characteristics of the 

current lean premixed flames even at extreme turbu-

lence. Since flat flame structures are associated with 

high reaction rates marked by ∇𝐼𝑂𝐻 , we hypothesize 

that these structures may dominate the global burn-

ing behavior, instead of leading edges, which appear 

at lower probability and reduced reactivity. Strongly 

curved flame surfaces (|𝜅 ∙ 𝑙𝐹 | > 3) are substantially 

thicker, as they exist at the limit to local extinction. 

5. Conclusions 

In the present work a set of lean premixed turbulent 

NH3/H2/N2-air jet flames was studied with increas-

ing jet bulk velocities ranging from 30 to 180 m/s at 

a constant equivalence ratio 𝜙𝑔𝑙𝑜𝑏𝑎𝑙  = 0.57. These 

flames are classified within the transition from thin 

reaction zones to the distributed burning regime, 

covering a wide range of Ka from approximately 75 

to 2,140, based on turbulent velocities and integral 

length scales derived from PIV measurements. 1D 

simulations of strained counterflow flames reveal 

that OH radical gradients are spatially correlated but 

located downstream of the HRR zone. 1D strained 

flame simulations suggest an increasing burning 

speed and decreasing OH layer thickness with rising 

strain rates. Building upon the understanding from 

these simulations, turbulent flow and flame charac-

teristics are characterized with simultaneous single-

shot PIV and OH-LIF measurements. Several key 

observations and conclusions are summarized as fol-

lows. 

(1) The flame surface marked by OH is increasingly 

disturbed by turbulence as turbulent eddies with 

higher kinetic energy gradually penetrate the reac-

tion zone, smearing the OH-LIF intensities and gra-

dients. Turbulence primarily shapes the flame sur-

face density (FSD) and 𝜅 (curvature) probability dis-

tribution, while differential diffusion has a marginal 

role at high turbulence levels. 

(2) The OH intensity gradient ∇𝐼𝑂𝐻  serves as a 

marker for local reactivity and thermo-diffusive in-

stabilities. Positively curved surfaces consistently 

show higher ∇𝐼𝑂𝐻  than negatively curved counter-

parts due to the differential diffusion effect of H2. 

This discrepancy is reduced at higher Ka numbers, 

where turbulent transport dominates the mixing pro-

cess. 

(3) Flat flame surfaces are always the majority 

among all different surface topologies; however, this 

topology is associated with significant discrepancies 

in local flame reactivity marked by ∇𝐼𝑂𝐻 . It is be-

cause flattened surfaces frequently exist before and 

after leading edges, playing an essential role in the 

local fuel consumption rate. 

(4) The mean reaction zone thickness 𝜂𝑂𝐻 signifi-

cantly enlarges at strongly curved flame zones. 

While strain compresses the reaction zone into a nar-

row layer, turbulence has a minor influence on the 

OH layer thickness, indicating that small eddies can-

not penetrate and broaden the OH layer, as it exists 

downstream of the HRR zone. 
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