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Abstract: For the detailed understanding of transient combustion processes, in particular, of auto-ignition, 

quantitative measurements with high spatio-temporal resolution are desirable. These can, for instance, serve as 

validation data for time-resolved numerical simulations, and, in particular for the combustion models used in 

those simulations. In the current study, a jet-in-hot-coflow (JHC) burner, developed at the German Aerospace 

Center (DLR), the DLR JHC, was used to inject a turbulent methane jet into the hot exhaust gas of a lean 

hydrogen/air fame, and a steady state jet flame was established.” In addition, fuel could be injected in a transient 

manner. Here, an auto-igniting jet was observed. The flame stabilization of the steady state jet flame and the 

auto-ignition during transient fuel injection were studied using high-speed laser-based and optical measurements. 

A strategy for quantifying high-speed OH planar laser-induced fluorescence (PLIF) is presented and the 

measurement uncertainties are evaluated. The flame stabilization mechanism in steady state jet flames was 

assessed using probability density functions (PDFs) of the OH concentration at different axial and radial 

locations. The formation of auto-ignition kernels during transient fuel injection is evaluated based on time-series 

of the OH concentration. It is shown how the OH concentration levels and PDF shapes can be used to 

characterize the chemical state of the reacting flow and to distinguish between auto-ignition and flame 

propagation. 

© 2019 Optical Society of America 

  



1. Introduction 

For the development of modern gas turbine combustors, the detailed understanding of transient effects in 

reacting flows, for instance thermo-acoustic oscillations [1], lean blow-off [2], transitional flame states [3, 4] or 

auto-ignition [5] is of great importance. Auto-ignition can contribute to the flame stabilization in combustor 

systems with high recirculation rates, e.g. swirl [6] or FLOX
®
 [7, 8] combustors, but has to be avoided in mixing 

sections of premixed combustors or Reheat combustor systems [9-11]. For the study of transient processes in 

complex systems, the (combined) application of time-resolved numerical simulations, such as large eddy 

simulations (LES), and optical measurement techniques with high spatio-temporal resolution within the same 

flow geometry is desirable. For the validation of numerical methods, quantitative data of experiments with well-

known and reproducible boundary conditions are needed. Therefore, a quantification of measurement signals 

from high-speed laser-diagnostics and the knowledge of the corresponding measurement uncertainties is 

desirable.  

For the study of flame stabilization and auto-ignition in systems where (cold) fuel is injected into a hot, 

oxygen-containing environment, Jet-in-Hot-Coflow (JHC) burners provide an excellent configuration with well-

defined and well-known boundary conditions [12-21]. The key issues that have been examined include the role 

of auto-ignition for the flame stabilization, the conditions at which auto-ignitions occur, the growth or extinction 

of igniting flame kernels, and the dependence of auto-ignition on temperature, fuel, mixture composition and 

flow velocities. Due to the ability of interference-free measurements, laser-based techniques have been the 

preferred choice for studying these issues. 

Quantitative “low speed” species and temperature measurements have previously been performed in Jet-in-

Hot-Coflow flames and are reported in the literature. For example, Cabra et al. [12] performed simultaneous 

Raman / Rayleigh / laser-induced fluorescence (LIF) measurements and used joint statistics of temperature vs. 

mixture fraction and OH mole fraction vs. mixture fraction to assess the thermo-chemical state of the flame. 

Gordon et al. [22] performed quantitative OH planar laser-induced fluorescence (PLIF) in combination with 

CH2O PLIF and planar Rayleigh scattering to study the stabilization mechanism of methane jets in a hot coflow. 

They found isolated ignition kernels upstream of the stably burning flame. Similarly, Medwell et al. [14] used 

OH PLIF and CH2O PLIF in combination with Rayleigh temperature imaging to assess the stabilization 

mechanism of natural gas [14] and ethylene [23] Jet-in-Hot-Coflow flames for different oxygen levels in the 

coflow. Oldenhof et al. performed coherent anti-Stokes Raman scattering (CARS) temperature measurements for 

the characterization of the temperature profiles of the coflow of the Delft JHC burner [17]. However, for a 

detailed understanding of the temporal development of transient processes, quantitative high-speed 

measurements are necessary [19, 20]. 

While quantitative high-speed measurements of flow fields with Particle Image Velocimetry (PIV) are state 

of the art [24, 25], quantitative results of scalars like mixture fraction, temperature, or species concentration are 

sparse in the literature [26-29]. So far, quantitative scalar measurements with high spatio-temporal resolution in 

Jet-in-Hot-Coflow flames are limited to temperature and mixture fraction. Arndt et al. and Papageorge et al. 

studied the formation of ignition kernels in a jet-in-hot-coflow (JHC) burner developed at the German Aerospace 

Center (DLR), the DLR JHC, using planar laser Rayleigh-scattering at a pulse repetition rate of 10 kHz for 

different fuels [30-32]. It was found that the scalar dissipation rate plays a key role in determining the ignition 

time and location. However, for the validation of numerical simulations of transient combustion processes, 

further quantitative and time-resolved species data are desirable.  

The goal of the current paper is to discuss an approach to quantitatively measure the concentration of the OH 

radical with high spatio-temporal resolution in an igniting methane jet in a vitiated coflow and assess the 

corresponding measurement uncertainties. Here, OH plays an important role as sensitive marker for auto-ignition 

and is a well suited quantity for comparing experimental and numerical results on auto-ignition. Probability 

density functions (PDFs) of the OH concentration were used to gain insight into the flame stabilization 

mechanism in stationary Jet-in-Hot-Coflow flames. For the study of the formation of ignition kernels, fuel was 

injected in a transient manner and the temporal development of initial auto-ignition kernels was assessed using 

radial profiles of the OH concentration at different time steps during the formation of an ignition kernel. 

Furthermore, unsteady numerical 1D-simulations in a counterflow geometry were performed to get additional 

insight into the combustion process and results from the experiments and simulations are compared. 

  



2. Experimental Approach 

The formation of ignition kernels was studied in the DLR Jet-in-Hot-Coflow burner (DLR JHC) [19, 33]. Here, a 

turbulent cold fuel jet (methane) is injected into a hot laminar coflow of combustion products of a lean premixed 

hydrogen/air flat flame. This configuration allows the study of auto-ignition stabilized lifted jet flames and of the 

formation of ignition kernels.  

A schematic of the DLR JHC is shown in Fig. 1a).  

  

Fig. 1. Experimental setup. (a) DLR Jet-in-Hot-Coflow Burner (DLR JHC) (b) Optical and imaging setup. 

The burner has been described in the literature in detail before [19, 31, 33], and only the key facts are discussed 

below.  

The hot coflow was generated by a lean premixed hydrogen/air flat flame that was stabilized on a water-

cooled sintered bronze matrix with a cross section of 75 x 75 mm
2
. The flame was confined by four quartz 

windows to prevent disturbance by ambient air. The nozzle was a stainless steel tube (inner diameter 

D = 1.5 mm), the tip of the nozzle was 8 mm above the matrix. Methane was either injected continuously for the 

study of lifted jet flames, or in a transient manner for the study of auto-ignition kernels. For the transient fuel 

injection, a 2/2 way solenoid valve (Staiger VA204-5), located approximately 250 mm (or 165 D) below the 

nozzle exit (to ensure fully developed pipe flow), was used. The operating condition for the jet and coflow 

presented in the current paper is summarized in Table 1. 

Table 1. Operating conditions for the coflow for a coflow velocity of 4.1 m/s. 𝑻𝒂𝒅 is the adiabatic flame temperature, 𝑻𝒄𝒇 is the actual 

coflow temperature at z = 40 mm and x = 15 mm, based on Rayleigh measurements [30, 31]. The coflow composition was calculated 

in the adiabatic equilibrium for a fresh gas temperature of 290 K using Gaseq [34]. 𝝃𝒔𝒕 is the stoichiometric mixture fraction for the 

coflow-methane-mixtures. 

 Mass Flows / g/min   Coflow Composition  

𝜑𝑐𝑓 𝑚̇𝐻2
 𝑚̇𝑎𝑖𝑟 𝑚̇𝐶𝐻4

 𝑇𝑎𝑑 / K 𝑇𝑐𝑓 / K 𝑋𝑁2
 𝑋𝐻2𝑂 𝑋𝑂2

 𝑋𝑂𝐻 𝜉𝑠𝑡 

0.465 3.86 285 12.5 1564 1490 0.7116 0.1778 0.1019 8.12 x10-5
 0.0297 

The jet exit velocity was 182 m/s and the jet Reynolds number (based on the fuel mass flow and the nozzle 

diameter) was 15,900. During the transient fuel injection, the stagnation pressure in front of the solenoid valve 

was 0.8 bar between the fuel injections. 

To study the formation of ignition kernels with high spatial and temporal resolution, a marker which is 

extremely sensitive to auto-ignition is needed. Therefore, planar laser-induced fluorescence (PLIF) of OH was 

imaged at a repetition rate of 10 kHz. A schematic of the experimental setup is shown in Fig. 1b).  

A frequency doubled dye laser (Sirah Credo, pulse energy 0.1 mJ at 283.2 nm, pulse duration 9 ns) was 

pumped using a frequency-doubled Nd:YAG diode-pumped solid-state (DPSS) laser (EdgeWave InnoSlab IS8-

IIE, pulse energy 4 mJ at 532 nm) and was tuned to match the Q1(7) transition in the A-X (1,0) band of the OH 

radical. The laser beam was formed into a light sheet using a cylindrical Galilean telescope and focused into the 

test section using a third cylindrical lens. The resulting sheet was 40 mm in height and had a beam waist of 

0.4 mm in the test section. The fluorescence signal in the (0,0) and (1,1) bands was detected using an intensified 

high-speed CMOS camera (LaVision HSS8 with high-speed intensified relay optics (HS-IRO)) equipped with a 

fast UV lens (Cerco, f = 45 mm, f/1.8) and a high transmission bandpass filter (T > 80% at 310 nm, Laser 

Components). A short intensifier gate (100 ns) was used to suppress background luminosity of the flame. Two 

additional high-speed intensified CMOS cameras were used to image OH* chemiluminescence (CL) from two 

viewing angles in order to reconstruct the location of ignition kernels in the three-dimensional space. For the 



evaluation of the planar measurements, only ignition kernels that formed within the laser light sheet were 

evaluated. For the steady state condition, image series of > 7,500 image frames were recorded. For the transient 

auto-ignition cases, 225 individual auto-ignition events, each consisting of 100 image frames, were recorded. 

The basic principle of the quantification of the OH PLIF signal in the current experiment is based on the 

knowledge of the OH concentration within the coflow. Using the relation between OH LIF signal and OH 

concentration in the coflow, the OH LIF signals in reacting regions can be quantitatively determined if quantities 

such as quenching and temperature-dependent factors are taken into consideration (see below). Since the coflow 

temperature is well known from Rayleigh measurements, the OH concentration in the coflow can be determined 

using equilibrium calculations. Fig. 2 shows the average OH PLIF distribution for a steady state lifted jet flame 

surrounded by the coflow flame that was operated at 𝜙𝑐𝑓 = 0.465 and 𝑇𝑐𝑓 = 1490 K. 

 

Fig. 2. Average OH PLIF signal from a steady state lifted jet flame surrounded by the coflow flame with 𝜙𝑐𝑓 = 0.465. 

The white square marks the region in which the coflow temperature was measured using laser Rayleigh scattering and 

in which the calibration for the OH PLIF signal was performed. 

The OH in the coflow can be seen as faint blue signal left and right of the inflowing, cold methane jet 

(black). The high signal intensity in the shear layer of the jet corresponds to the lifted jet flame. The white 

rectangle marks the region, in which the OH concentration in the laminar coflow was calibrated using the coflow 

temperature. Fig. 3a) shows the probability density function (PDF) of the coflow temperature based on the 

temperature distribution in the marked region (x = -15±2.5 mm, z = 40±2.5 mm). 

  

Fig. 3. Probability Density Function of (a) the coflow temperature and (b) the OH PLIF signal in the region indicated 

in Fig. 2 (x = -15±2.5 mm y = 40±2.5mm). 

Both the most probable and the mean temperature of the coflow in this region are 1489 K with a standard 

deviation of 6.5 K or 0.4%. Fig. 3b) shows the PDF of the normalized PLIF signal (with respect to the maximum 

signal in the image frame) for the same region as the temperature PDF. Here, the mean signal is 0.0794 and the 

standard deviation of the signal is 0.0021 or 2.6%. Based on the averaged distribution (which is used for 

calibration the OH signal), the signal-to-noise ratio in the coflow is approximately 37. On a single-pixel basis, 

the signal-to-noise ratio in the coflow region is approximately 10, and within the reaction zone it is 

approximately 75. The quantification of the PLIF signal is a multi-step process, which is described in the next 

section. 

  



3. Data Reduction and Analysis  

Besides other effects that are discussed below, the measurement signal is affected by signal trapping [35, 36] 

from both OH in the reaction zone and OH that exists in the coflow in an equilibrium concentration. Since the 

distribution of OH in the coflow is homogeneous, signal absorption by the coflow is also considered to be 

constant throughout the image frame. Due to the reaction zone being rather thin, and the homogeneous signal 

absorption within the coflow, effects of signal absorption are neglected in the current study. Furthermore, laser-

energy is absorbed by OH within the test section, resulting in locally lower laser energy at the laser exit side of 

the test section in comparison to the laser entry side. Since the OH concentration in the coflow region is low and 

the reaction zones are rather thin, the amount of laser-energy absorbed within the test section is low and was 

measured to be on the order of 5%. This translates directly to a measurement uncertainty on the same order due 

to unknown local laser intensity. Since all further data evaluations were carried out on the laser entry side of the 

test section, the resulting measurement uncertainty is even lower than 5%. 

3.1 Image Processing 

To quantify the OH concentration in the measurement volume, several calibration steps have to be performed. 

After darkfield and whitefield correction, a 3x3 pixel software binning was applied to improve the signal to noise 

ratio. After binning, the in-plane spatial resolution was 0.13 mm / pixel. The background was determined using a 

10 pixel wide column in the region of the cold methane jet, where no OH is present. Non-uniformities in the 

laser sheet were corrected by imaging the fluorescence of a homogenous distribution of acetone vapor inside the 

combustion chamber. Shot-to-shot intensity fluctuations of the laser and the calibration to an absolute OH 

concentration were performed using an area of the coflow with known temperature and composition. The 

equilibrium OH concentration however is very sensitive to the local temperature, as shown in Fig. 4. 

 

Fig. 4. Temperature dependence of the OH mole fraction (blue) and the OH concentration (red) for a hydrogen/air 

flame with 𝜙 = 0.465 (calculated with GasEQ [34]). 

Within the uncertainty of the Rayleigh temperature measurements (< 2%), the OH concentration within the 

coflow varies by approximately 25%. 

3.2 LIF Signal Quantification and Measurement Uncertainties 

The local LIF signal intensity can be described as follows [37]: 

𝑆𝐿𝐼𝐹 = 𝐵 ⋅ 𝐼𝐿 ⋅ 𝛤 ⋅ 𝜏𝐿 ⋅ 𝑁 ⋅ 𝑓𝐵 ⋅ 𝛷 ⋅  𝐹𝑓𝑙 ⋅ (𝛺
4𝜋⁄ ) ⋅ 𝜖 ⋅ 𝜂 ⋅ 𝑉  (1) 

Here, 𝐵 is the Einstein absorption coefficient divided by the speed of light, 𝐼𝐿  is the laser spectral power density 

per unite area, divided by the laser bandwidth, Γ is a linewidth integral reflecting the overlap between laser and 

absorption line spectral profiles and 𝜏𝐿 is the laser pulse length. Since in the current study, a part of the 

measurement volume with a known OH concentration is used as a calibration source, these quantities do not 

have to be determined. For a description of the remaining quantities in Eq. (1) see the following paragraphs. 

The number of molecules in the electronic ground state 𝑁 is the actual quantity that is to be measured. Here, 

the Boltzmann-fraction 𝑓𝐵 which is the portion of the molecules in the particular electronic-vibrational-rotational 

level being excited by the laser has to be considered, since it depends on the local temperature. The temperature 

dependence of the Boltzmann population in the ground state for the X-state (ν′′ = 0, J′′ = 7.5, J = K+1/2),) is 
shown in Fig. 5a).  



  

Fig. 5. (a) temperature dependence of the population density in the X-state (v’’ = 0, J’’ = 7,5, J = K + 1/2) (calculated 

with LIFBASE [38]). (b) calculated quenching cross section in dependence of the mixture fraction (using data from 

[39]). 

Within the temperature range of interest for the current study (𝑇𝑐𝑓 < 𝑇 < 𝑇𝑎𝑑,𝑚𝑎𝑥), namely between 1500 K 

and 2300 K, the population density changes by approximately 20%, thus leading to an underestimation of the 

OH concentration due to the unknown local Boltzmann-fraction. 

Φ is the fluorescence quantum yield from the excited state, i.e. the number of photons emitted per molecule 

excited. This is a key quantity that is affected by collisions and dissociation. Thus, the local effective quenching 

cross section has to be taken into account. 

Fig. 5b) shows the modelled effective fluorescence quenching cross section in dependence of the mixture 

fraction. Here, the mixture fraction was defined as the mass fraction of the fuel (CH4) in the considered volume. 

In the graph, the local mixture composition corresponds to the adiabatic equilibrium after complete reactions. 

Since reactions are expected to occur either at very lean mixtures (for auto-ignition) or close to the 

stoichiometric mixture fraction (in the case of flame propagation), only mixture fractions smaller or equal to the 

stoichiometric mixture fraction are considered here. The quenching cross section for 𝜉 = 0 corresponds to pure 

coflow fluid, i.e. the area where the measurement signal is calibrated. The quenching cross section increases with 

increasing mixture fraction, which is mainly due to the large quenching cross sections of water and carbon 

dioxide, which are formed during flame reactions. Across the reaction zone, the quenching cross section varies 

by approximately 20%. Since the local composition (or 𝜉), was not measured simultaneously with the OH 

concentration, this corresponds to a measurement uncertainty which cannot be corrected. 

The remaining quantities in Eq. (1) are characteristics of the detector and detection optics, namely the 

fraction of fluorescence collected within the detector bandwidth 𝐹𝑓𝑙, the solid angle of fluorescence collected by 

the detector Ω, the transmission and photoelectron efficiencies of the detector system 𝜖 and 𝜂 and the observed 

interaction volume 𝑉. Again, since a part of the measurement volume is used as a calibration source, these 

quantities do not have to be considered separately in the calibration procedure. 

The total measurement uncertainty is ±25% in the coflow region and +60%/-25% in the reaction zone. This 

has to be considered for model validation. Alternatively, the LIF-signal can be simulated directly with numerical 

models. Here, using the OH concentration in the coflow for shot-to-shot laser intensity corrections increases the 

quality of the presented data set as well. 

  



4. Results and Discussion 

4.1 Flame Stabilization in Steady State Flames 

First, the flame stabilization in steady state lifted jet flames is examined. Fig. 6 shows the mean and standard 

deviation of the calibrated OH PLIF images as well as a representative single shot. 

 

Fig. 6. Representative OH PLIF measurement: mean, standard deviation and single shot. The closed symbols 
correspond to the locations where the PDFs of the OH concentration (cf. Fig. 7) were evaluated. 

The color bar corresponds to the OH concentration (in m
-3

). The white closed symbols correspond to the 

locations where probability density functions (PDFs) of the OH concentration were evaluated (see below). The 

mean OH image shows a lifted jet flame, with the flame root being approximately 40 mm above of the fuel 

nozzle. Downstream of the flame root, the OH concentration within the reaction zone increases continuously. 

Variances of the OH concentration are present upstream of the apparent flame root, which is a first indication of 

the formation of auto-ignition kernels below the flame root. Within the single shot shown in Fig. 6, an increased 

OH concentration can be seen at approximately z = 30 mm and x = 5 mm, which also could be indicative for 

auto-ignition. Here, OH* CL from two viewing angles (as describe in Section 2) can be used to distinguish 

between ignition kernel forming within the laser light sheet and out-of-plane effects. 

In order to further assess the flame stabilization mechanism, PDFs of the OH concentration were calculated 

at different axial and radial locations. The corresponding locations are visualized by white close symbols in Fig. 

6 and the calculated PDFs are shown in Fig. 7. 

  



 

  

  

 

 

Fig. 7. Probability Density Functions (PDFs) of the OH concentration at different axial and radial positions. 

The black curves correspond to the shear layer (radial position of the maximum of the standard deviation of 

the OH concentration), the blue curves correspond to the main reaction zone (radial position of the maximum of 

the OH concentration) and the red curves are at the transition from the reaction region to the coflow (radial 

position were the mean OH concentration decreases to the equilibrium value within the coflow). The black 

vertical line indicates the OH equilibrium concentration in the coflow. OH concentrations significantly larger 

than 𝐶𝑂𝐻,𝐸𝑞 indicate chemical reactions of fuel from the jet with O2 from the coflow. OH concentrations 

significantly smaller than 𝐶𝑂𝐻,𝐸𝑞 can be interpreted as mixtures of coflow and jet fluid which have not reacted 

yet (𝑇 < 𝑇𝑐𝑓) or as fuel-rich mixtures (𝜉 > 𝜉𝑠𝑡𝑜𝑖𝑐ℎ). At z = 30 mm and z = 40 mm, the OH concentration is 

broadly distributed around the equilibrium concentration of the coflow. The tail of the PDF towards higher OH 

concentrations is indicative for regions where auto-ignition occurs. In configurations where cold fuel is mixed 

with a hot oxidizer stream, the mixture fraction at which auto-ignition occurs is typically very lean, due to the 

high mixture temperatures and strong dependence of auto-ignition on the local temperature [5]. Hence, auto-

ignition leads to a continuous increase of the OH concentration in regions with very lean mixture fractions (i.e. 

regions that are dominated by the coflow fluid). This behavior leads to a broadening of the OH PDFs, as is 

apparent at z = 30 mm and z = 40 mm. 

In contrast, at z = 50 mm and z = 60 mm, the distribution of the OH concentration becomes increasingly 

bimodal. This is indicative for the flame stabilization mechanism switching from auto-ignition to flame 

propagation. Due to the highest flame velocities occurring close to the stoichiometric mixture fraction, a 

diffusion flame will stabilize in this region [40]. Hence, the OH distribution features a second peak, which 

corresponds to the OH concentration in near-stoichiometric, reacting regions, and the OH distribution becomes 

more bimodal, as evident at z = 50 mm and z = 60 mm. For stoichiometric, reacting regions, the OH 

concentration and adiabatic flame temperature (based on equilibrium calculations [34]) are COH = 2.1 10
22

 m
-3

 

and Tad = 2285 K, under strained conditions, the OH concentration is expected to be even higher [41]. The 

additional peak in the PDFs in Fig. 7 is centered at approximately COH = 1 10
22

 m
-3

. Considering the 

underestimation of the OH concentration in stoichiometric, reacting regions of approximately 60% in the current 

measurement, as discussed in Section 3.2, this supports the assumption of the flame stabilizing at near-

stoichiometric mixture fraction. 

4.2 Transient Development of Auto-Ignition Kernels 

In configurations where cold fuel mixes with a hot oxidizer, auto-ignition occurs at the so-called most reactive 

mixture fraction 𝜉𝑚𝑟 , where the chemical kinetic ignition delay time is shortest. Due to the highest mixture 

temperatures occurring at very lean mixtures, the most reactive mixture fraction is typically very lean. For the 

here studied configuration, it is on the order of 1% of the stoichiometric mixture fraction [33]. Additionally, the 



scalar dissipation rate has a strong influence on auto-ignition, i.e. auto-ignition occurs at locations along the iso-

surface of 𝜉𝑚𝑟 , where the scalar dissipation rate is minimal. Fig. 8 shows an image sequence of the formation of 

an ignition kernel. Color coded is the OH concentration COH.  

 

Fig. 8. Development of the OH concentration during the formation of an ignition kernel. 

The dark region in the center of the image corresponds to the inflowing cold methane jet, the light blue regions 

left and right of the fuel jet correspond to the equilibrium OH concentration in the coflow. For a space-saving 

presentation, only every second image frame is shown. At t = 2.2 ms, an ignition kernel forms upstream of a 

bulge of the inflowing jet. In previous studies, it has been shown that the scalar dissipation rate is minimal at 

concave interfaces between the fuel and the hot oxidizer [19, 31, 42]. The kernel grows with time, and COH rises. 

To better assess the formation and subsequent growth of ignition, radial profiles of the OH concentration at the 

axial location of the ignition kernel were extracted from the 2D distributions (axially averaged over a range of 5 

pixels or 0.65 mm) and their temporal development is displayed in Fig. 9. 

 

Fig. 9. Temporal development of the radial profile of the OH concentration during the formation of an ignition kernel. 

Similar to the 2D images of the OH concentration, the radial profiles show the formation of the ignition kernel at 

t = 2.2 ms, as visualized by a slight increase of the OH concentration above its equilibrium concentration in the 

coflow. As discussed above, in configurations with cold fuel and hot oxidizer, auto-ignition typically occurs at 

very lean mixture fractions (i.e. close to the coflow, away from the jet core) due to the highest mixture 

temperatures occurring there. After the formation of the ignition kernel, the OH concentration increases rapidly 

due to the reaction progress and the maximum of the OH concentration profile shifts to smaller radii (i.e. closer 

to the jet core) with time. This corresponds to an expansion from very lean to richer mixtures, as measurements 

of the mixture fraction [31] showed. Since the highest flame speed occurs close to the stoichiometric mixture 

fraction, the flame kernel expands towards the stoichiometric mixture fraction after its initial formation. This is 

in agreement with the observed shift of the maximum OH concentration closer to the jet core with time. The 

behavior observed here is typical for the formation of ignition kernels in the DLR JHC [33]. The profiles shown 

in Fig. 9 do not cover the complete temporal development of the ignition kernel for clarity reasons. Since the 

spatio-temporal development of the ignition kernel is also superimposed by turbulent motion of the surrounding 

flow, the peak of the OH concentration at t = 2.8 ms is slightly shifted towards the coflow region, and thus 

interpretations of the location of the maximum OH concentration for this and following time instances might not 

be accurate. After complete development of the ignition kernel, OH concentrations similar to those in the steady-

state jet flame (cf. Fig. 6) are expected, which are on the order of 10
22

 m
-3

. 

To gain a deeper insight into the process of ignition kernel formation and ignition kernel growth in strained 

flows, numerical model simulations using the unsteady flame code INSFLA [43] have been performed for a 

counterflow arrangement. This code numerically solves the Navier-Stokes equations for an one-dimensional 

counterflow geometry, including full spatial resolution by an auto-adaptive dynamic spatial grid, and a built-in 

error control for time-stepping. It treats chemical reaction and its interaction with molecular transport processes 



in detail. The simulations were performed with boundary conditions set to values very similar to the current 

experiment. Here, one of the two flows corresponds to pure fuel at TCH4 = 300 K and the other flow corresponds 

to the hot exhaust gas of a lean premixed hydrogen air flame with an equivalence ratio of φ = 0.485. Details of 

the numerical setup can be found in [33]. Although the conditions are slightly different (due to the slightly higher 

oxidizer temperature in comparison to the experiment), the observed trends are expected to be the same. Fig. 10 

shows the temporal development of the OH concentration in the mixture fraction space derived from the 

simulations. 

 

Fig. 10. Calculated temporal development of the OH concentration for a coflow temperature Tcf = 1607 K, coflow 

equivalence ratio ϕcf = 0.485 and strain rate of 70 1/s. The vertical lines correspond to the most reactive mixture 

fraction ξmr = 6.6 10-5 (very close to the ordinate) and to the stoichiometric mixture fraction ξst = 0.0295, respectively. 

 

The initial formation of the ignition kernel is at the most reactive mixture fraction, which was determined to be 

ξmr = 6.6 10
-5

 for the conditions examined here. This small value is mainly due to the fact that the temperature 

at small mixture fractions is very high, which favors fast initial chemical reactions at these conditions. 

Subsequently, the kernel grows (indicated by the rise of the OH concentration) and expands towards 

stoichiometric mixtures (visible by the shift of the peak of the OH concentration towards the stoichiometric 

mixture fraction). Near the stoichiometric mixture fraction, the flame propagation velocity is highest, and thus a 

flame is expected to stabilize here. The observations from the simulations match the observations from the 

experiment: in both cases, the ignition kernel forms at very lean mixture fractions and subsequently grows into 

areas with near-stoichiometric mixture fraction. Also, the time between the formation of the kernel and the 

occurrence of the maximum OH concentration is on the order of 1 millisecond in both the experiment and the 

simulation. Therefore, despite the simple geometry of the simulations (1D versus the 3D geometry of the real 

jet), they capture some essential aspects of the auto-ignition and flame propagation process well. However, as 

simplified representation of the experiment, the simulations are not expected to cover all effects occurring in the 

real flame. 

5. Summary and Conclusions 

Quantitative OH planar laser-induced fluorescence measurements with high spatio-temporal resolution (“High 

Speed OH PLIF”) have been performed to study auto-ignition in the DLR Jet-in-Hot-Coflow burner (DLR JHC). 

Since the temperature boundary conditions in the DLR JHC are well-known and well-reproducible, the OH 

concentration in the coflow region can be calculated and be used as a calibration source for the other image 

areas. A careful assessment of possible measurement errors has been performed in order to gain reliable data 

with corresponding uncertainties for the validation of numerical simulations. The OH concentrations were used 

to characterize the chemical state of the flame. The coflow exhibited a constant level of equilibrium OH. 

Deviations from this level were indicative of chemical reactions of fuel and coflow oxygen or of mixing 

processes. 

Measurements in a steady state lifted jet flame showed, based on probability density functions (PDFs) of the 

OH concentration that the flames seem to be stabilized by auto-ignition at the flame root. Further downstream, 

the OH PDFs became bimodal, which is indicative for flame stabilization by flame propagation. 

The formation and growth of ignition kernels during transient fuel injection was also studied. It was shown 

that ignition kernels form at flow structures where low strain rates and low scalar dissipation rates are expected. 

Furthermore, ignition kernels form at very lean mixture fractions, where the highest mixture temperatures occur 

and where the chemical-kinetic ignition delay times are shortest. Subsequently, the flame kernel moves closer 

towards the jet core, i.e. to near-stoichiometric mixture fractions, where the laminar flame speed is highest. 

Future work will focus on generating a validation data set for the current test case for numerical simulations, 

which will be publicly available. 
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