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Abstract 

Transient auto-ignition is a key factor for flame stabilization and flame initialization in several 

technical combustion systems such as internal combustion engines or gas turbine combustors. Reliable 

numerical simulations of auto-ignition stabilized flames are important for the development of new 

combustor systems. For detailed model validation, knowledge of the sensitivity of different system 

response quantities (SRQs) of interest to the boundary conditions in combination with the accuracy of 

boundary conditions is essential, especially with respect to uncertainty quantification of numerical 

simulations. In the current study, the flame stabilization and auto-ignition in the DLR Jet-in-Hot-

Coflow burner was examined experimentally using high-speed OH* chemiluminescence. Here, 

methane was either injected continuously to study the flame stabilization mechanism of steady state 

lifted jet flames, or in a pulsed manner to study the formation of auto-ignition kernels, into the hot 

exhaust gas of a lean, premixed hydrogen/air flame. The flame stabilization height, and the location 

and time of initial auto-ignition kernels for a case with transient auto-ignition were evaluated with 

respect to several boundary conditions, such as coflow temperature as well as coflow- and jet-velocity. 

A relative sensitivity of the measured SRQs on the boundary conditions was introduced in order to 

quantitatively compare steady state flame to transient auto-ignition characteristics and to assess the 

quantitative influence of different boundary conditions. Comparison of the auto-ignition dynamics in 

the steady state and during transient fuel injection allowed assessing the role of auto-ignition in the 

flame stabilization mechanism for different boundary conditions; accompanying chemical kinetic 

calculations were used to quantify the influence of strain on auto-ignition and flame propagation for 

the current conditions, allowing further insight into the flame stabilization mechanism in Jet-in-Hot-

Coflow flames. 
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1 Introduction 

Transient auto-ignition plays an important role in several technical combustion systems, such as 

internal combustion engines under Diesel or homogeneous compression charge ignition (HCCI) 

conditions, or gas turbine combustors. For the latter, especially in reheat combustors [1-3] or 

combustors with high levels of exhaust gas recirculation, such as FLOX® [4,5], or swirl combustors 

[5,6], auto-ignition can contribute to the flame stabilization process. In premixing sections, auto-

ignition has to be avoided in order to prevent heat release in unwanted regions to avoid increased 

pollutant emissions or system damage [2,3]. 

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. The flame stabilization [7-19], and to some extent also the influence of boundary 

conditions on the flame stabilization in JHC burners [14-19], have been described in the literature. 

Cabra et al. [14] reported an increasing lift-off height with increasing coflow- and jet velocity, while 

the lift-off height decreased with increasing coflow temperature. Similarly, Oldenhof et al. [15,20] 

found that in the Delft Jet-in-Hot Coflow burner, the lift-off height decreased with increasing coflow-

temperature. When changing the jet velocity, the lift-off height decreased with increasing jet velocity 

for Re < 5000 due to a positive temperature gradient of the coflow and hotter coflow fluid being 

entrained at higher jet velocities. In contrast, for Re > 5000, the lift-off height increased with 

increasing Reynolds number due to room air being entrained at larger jet Reynolds numbers. 

The transient formation of auto-ignition kernels in Jet-in-Hot-Coflow flames has also been studied in 

the literature [11,12,17,21-27]. For example, Gordon et al. [10] used planar imaging of temperature, 

CH2O, and OH to examine the structure of individual ignition kernels upstream of stably burning 

flames resulting from natural gas issuing into a vitiated coflow. The imaging results indicated isolated 

ignition kernels, inferred from temperature and CH2O increases, which were not always accompanied 

by OH and which occurred in regions of low-temperature gradients, indicating auto-ignition (and not 

flame propagation) was a primary mechanism governing the lifted flame stabilization. Similarly, Arndt 

et al. observed ignition kernels below the flame base for certain coflow temperatures, while for higher 
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coflow temperatures no ignition kernels were observed, suggesting auto-ignition is not the dominant 

flame stabilization mechanism for all operating conditions [17]. However, detailed studies on the 

influence of boundary conditions on the formation of ignition kernels and steady-state jet flames as 

well as flame stabilization mechanism regimes are sparse in the literature. Similarly, numerical 

simulations of JHC configurations focused on the steady-state flame stabilization [7,28-35]. 

Significant contributions to the understanding of the formation process of auto-ignition kernels have 

been made with direct numerical simulations (DNS) in 2D mixing layers [28]. However, full 3D 

simulations with appropriate models for transient kernel formation processes (such as large eddy 

simulation (LES)) are sparse in the literature. Here, especially data on the influence of different 

boundary conditions on the auto-ignition process is needed as validation data in order to assess 

simulation uncertainties and the quality of predictions by numerical simulations. 

The current paper focuses on the influence of boundary conditions on the flame stabilization 

mechanism and on transient auto-ignition in the DLR Jet-in-Hot-Coflow burner (DLR JHC). While the 

formation of ignition kernels below a steady state lifted flame base in JHC configurations was reported 

and studied in the literature for certain ranges of coflow conditions [11,13,15,17,25], this effect is not 

visible for a broad range of operating conditions, especially for higher coflow temperatures [17]. Here, 

a lifted jet flame, which apparently stabilizes via flame propagation and not via auto-ignition is formed 

[17]. For the study of auto-ignition under those conditions, a transient fuel injection is mandatory. 

Furthermore, comparing the auto-ignition characteristics in the steady state and transient case allows 

the assessment of the contribution of auto-ignition on the flame stabilization mechanism in Jet-in-Hot-

Coflow flames. Accompanying chemical kinetic calculations were performed in order to quantify the 

influence of strain on auto-ignition and flame propagation and to identify the most prominent flame 

stabilization mechanism (auto-ignition vs. flame propagation) for different boundary conditions. 

Several boundary conditions, namely coflow and jet velocity, as well as the coflow temperature, were 

varied over a broad range and their influence on flame stabilization and transient auto-ignition was 

quantified. For steady state conditions, the flame lift-off height was used as system response quantity 

(SRQ) [36]. For the transient auto-ignition, the height and time of the first established auto-ignition 
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kernel served as SRQs. Several hundred auto-ignition events and long time-series of the steady state 

jet flame were measured via high-speed OH* chemiluminescence in order to gain sufficient statistical 

information. For a better comparison between different boundary conditions on flame stabilization and 

auto-ignition, a relative sensitivity is introduced as quantitative measure. Here, the relative change in 

the observed quantity (flame lift-off height, or auto-ignition height and time respectively) is put into 

relation to the relative change of the boundary condition, allowing the identification of the boundary 

condition where small changes have the largest impact. Especially for transient auto-ignition processes 

with temperatures and gas compositions corresponding to gas turbine application, such data is not 

available in the literature. Also, a quantitative comparison of the influence on flame stabilization 

versus auto-ignition is possible with this metric.  
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2 Experimental 

2.1 DLR Jet-in-Hot-Coflow Burner (DLR JHC) 

Details of the DLR JHC, schematically shown in Fig.1, have been described previously in the 

literature [11,17,21,24], so only the key features are presented here.  

 

Figure 1. Schematic of the DLR Jet-in-Hot-Coflow Burner. 

 

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 corresponding stagnation pressures in front of the solenoid valve for the different operating 

conditions studied here are listed in Table 3. 

Since the tip of the fuel nozzle is in contact with the hot coflow, a slight preheat of the fuel could in 

principle occur. However, since for steady state case the residence time of the fuel in that part of the 

nozzle is extremely small (<< 1 ms) and, for the transient case, the volume of the fuel stagnant in the 
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nozzle during fuel injections is very small (and auto-ignition occurs away from the jet tip, where fuel 

preheating would be expected), this effect is considered negligible. 

The operating conditions for the variation of the coflow temperature are summarized in Table 1 along 

with adiabatic equilibrium temperature (𝑇𝑎𝑑), measured coflow temperature (𝑇𝑐𝑓) and species mole-

fractions for the coflow gases.  
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 Mass Flows / g/min   Coflow Composition  

𝜑 �̇�𝐻2
 �̇�𝑎𝑖𝑟 𝑇𝑎𝑑 / K 𝑇𝑐𝑓 / K 𝑋𝑁2

 𝑋𝐻2𝑂 𝑋𝑂2
 𝜉𝑠𝑡 

0.440 3.80 300 1510 1450 0.7152 0.1688 0.1074 0.0311 

0.465 3.86 285 1564 1501 0.7116 0.1778 0.1019 0.0297 

0.485 3.90 276 1607 1543 0.7091 0.1844 0.0979 0.0286 

0.506 3.95 268 1651 1585 0.7062 0.1915 0.0935 0.0275 

0.527 3.99 260 1695 1627 0.7034 0.1986 0.0891 0.0263 

0.548 4.03 253 1737 1668 0.7006 0.2057 0.0848 0.0252 

0.567 4.07 246 1774 1703 0.6981 0.2119 0.0809 0.0241 

0.586 4.10 241 1811 1739 0.6956 0.2182 0.0770 0.0231 

0.607 4.17 236 1851 1777 0.6928 0.2250 0.0728 0.0219 

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 = 20 mm, based on Rayleigh 

measurements [21,24]. The coflow composition was calculated in the adiabatic equilibrium for a fresh 

gas temperature of 290 K using Gaseq [37]. 𝜉𝑠𝑡 is the stoichiometric mixture fraction for the coflow-

methane-mixtures. 

The flow rates were controlled with Brooks MFC5850 mass flow controllers and monitored with 

coriolis flow meters (Siemens Sietrans Mass 2100) with an accuracy better than 1.5% [21]. Previous 

measurements have shown that the exhaust gas temperature stays very close to 𝑇𝑎𝑑 if heat loss to the 

matrix is minimized [21,24,38]. To meet this criterion the velocities of the unreacted gas were chosen 

to exceed 0.7 m/s. The actual coflow temperature was measured with laser Rayleigh scattering and 

was approximately 4% below 𝑇𝑎𝑑 [24], confirming the minimal heat loss. 

In addition to the coflow temperature, the coflow velocity was chosen as a variable parameter. Table 2 

summarizes the operating conditions for the studied coflow velocities for 𝑇𝑐𝑓 = 1585 K. 
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𝑣𝑐𝑓 𝑣𝑐𝑜𝑙𝑑 �̇�𝐻2
 �̇�𝑎𝑖𝑟 𝑅𝑒𝑐𝑓 

[m/s] [m/s] [g/min] [g/min] [-] 

3.6 0.70 3.51 238 4,800 

4.1 0.79 3.95 268 5,500 

5.0 0.97 4.87 330 6,700 

5.9 1.14 5.71 387 7,900 

6.8 1.32 6.59 447 9,100 

Table 2. Operating conditions for different coflow velocities for an equivalence ratio of 𝜙 = 0.506. 

𝑣𝑐𝑓 is the velocity of the hot coflow, calculated from the mass flows and the coflow temperature. 𝑣𝑐𝑜𝑙𝑑 

is the fresh gas velocity calculated from the mass flows. �̇�𝐻2
 and �̇�𝑎𝑖𝑟 are the mass flows for 

hydrogen and air, 𝑅𝑒𝑐𝑓 is the Reynolds number of the coflow. 

Furthermore, the jet exit velocity 𝑣𝑗𝑒𝑡 was varied in the range of 92 m/s < 𝑣𝑗𝑒𝑡 <272 m/s, the operating 

conditions for the fuel jet are summarized in Table 3.  
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�̇�𝐶𝐻4
 𝑣𝑗𝑒𝑡 𝑅𝑒𝑗𝑒𝑡 𝑝𝐶𝐻4

 

[g/min] [m/s] [-] [bar] 

6.3 92 8,000 0.4 

9.3 135 11,800 0.6 

12.5 182 15,900 0.8 

15.6 227 19,800 1.2 

18.7 272 23,700 1.5 

Table 3. Operating conditions for the fuel jet. �̇�𝐶𝐻4
 is the fuel mass flow, 𝑣𝑗𝑒𝑡 is the jet exit velocity 

based on the fuel mass flow. 𝑅𝑒𝑗𝑒𝑡 is the jet Reynolds number, 𝑝𝐶𝐻4
 is the static pressure in front of the 

solenoid valve (with pulsed fuel injection). 

A coriolis meter in line with the CH4-injection system was used to calculate the bulk flow velocity and 

jet exit Reynolds number. For the transient fuel injection, the jet exit velocity corresponds to the jet 

velocity (based on the bulk flow velocity calculated from the mass flow rates) after the jet switched 

from transient mode to steady state mode. The transition from a transient jet to a steady state jet occurs 

1 – 2 ms after the jet exited the fuel nozzle [24]. Thus, the fuel jet is in the steady state (with constant 

fuel flow rate) before the onset of auto-ignition. 

Before the measurements, the matrix burner was run for several minutes to achieve thermal 

equilibrium. For the steady state measurements, fuel was supplied using a mass flow meter, as 

mentioned above. Afterwards, a trigger started the camera recordings. A total of >15,000 frames per 

run condition were recorded in the steady state to get sufficient data for converged statistics. For the 

transient fuel injection, a trigger started the opening of the solenoid valve and the camera recording. 

The solenoid valve was opened for 50 ms, which is more than sufficient for the transient formation of 

ignition kernels (t > 10 ms) and the establishment of a steady state jet flame (t > 20 ms). The transient 

fuel injection was repeated 75 times at a rate of 0.5 Hz, corresponding to at least 60 times the coflow 

advection time (𝑣𝑐𝑓 / combustion chamber height). This enabled the flow-field to regain a stationary 

state without the jet in between runs. After 75 recording cycles the images were downloaded from the 

cameras to a data acquisition computer and the sequence was repeated two times per operating 

condition, resulting in 225 individual transient injection/auto-ignition cases. 
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2.2 High Speed Imaging of OH* Chemiluminescence (CL) 

Imaging of OH* CL was performed using an intensified high-speed CMOS camera (LaVision HSS8 

with LaVision HS-IRO), equipped with a high-throughput UV lens (Cerco 45 mm, f/1.8, set to f/4) 

and a high-transmission bandpass filter (> 80% transmission at 310 nm). The frame rate was 20 kHz, 

the intensifier gate was 25 µs. For the stationary case, more than 15,000 image frames per run 

condition were recorded, for the transient auto-ignition, 225 individual ignition events, consisting of 

250 frames each were recorded. 

 

2.3 Data Analysis 

The data analysis for the chemiluminescence measurements was described in [11,24], so only the key 

elements are described here. After darkfield and whitefield correction, the chemiluminescence images 

were smoothed with a 5 x 5 pixel median filter. After that, a 3 x 3 pixel software binning was applied 

to increase the signal-to-noise ratio, resulting in a spatial resolution of 0.3 mm. Single background 

photons being amplified by the image intensifier can lead to areas of several pixels with high signal 

intensities. In order to remove such image areas with high intensities, an additional filter was 

implemented. First, the images were converted from greyscale to black and white using an appropriate 

threshold. After thresholding the image, reacting regions were identified based on a size filter with a 

minimal area of 30 pixels. Every region smaller than 30 pixels was considered as noise and removed 

from the image. Therefore it was possible to distinguish reliably between ignition kernels and image 

intensifier noise with high intensities. The final image allowed the identification of reacting and non-

reacting regions. A typical single shot of OH
*
 chemiluminescence for the steady state jet flame after 

image processing is shown in Figure 2. 
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Figure 2. Typical OH
*
 chemiluminescence image of the steady state jet flame after image processing. 

The colour scale represents the OH
*
 CL signal intensity, the white line corresponds to the reaction 

zone contour.  

Here, definitions of the lift-off height hLO and of the ignition height are indicated by dashed white 

lines. The identified reaction zone contour is shown as solid white line. The lift-off height was defined 

as the lowest axial position of the reacting region for each image. The ignition height was the centroid 

of the first detected ignition kernel. The ignition time was the time when the first auto-ignition kernel 

was detected, with the jet tip exiting the fuel nozzle as reference time. The transient development of 

the fuel jet for determining the reference time for the ignition time was studied previously with laser 

Rayleigh scattering [24] and OH PLIF [39], depending on the experimental setup, since Rayleigh 

measurements are not available for all operating conditions. The reference time could be determined 

precisely with either technique and both techniques were validated with respect to each other. 

Furthermore, the temporal development of the transient fuel injection was very reproducible. A 

detailed discussion on measurement errors and uncertainties can be found in [11,24,17,39] and the key 

figures are summarized below. 

Uncertainties in the measurement mainly stem from effects due to a finite temporal resolution when 

studying auto-ignition (which affects only the transient case). With an exposure time of 25 μs for each 

CL camera, and a velocities ranging between 4.1 m/s (coflow velocity) and 182 m/s (jet exit velocity 

for the reference test case), a maximum image slip of 4.5 mm is expected in the chemiluminescence 

imaging. However, since auto-ignition occurs at the outmost periphery of the jet, where the velocities 

are dominated by the coflow velocity, this effect was found to be approximately 0.1 mm/frame and 

thus negligible. The uncertainty of the ignition time is coupled to the uncertainty of the reference time 

of the jet exiting the fuel nozzle, which was found to be on the order of 0.05 ms [24].  
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2.4 Definition of System Response Quantities and Relative Sensitivities 

To compare the influence of the variation of different boundary conditions BC on the system response 

quantities SRQ, a relative sensitivity 𝑠 is defined: 

𝑠𝑆𝑅𝑄,𝐵𝐶 =  
𝛿𝑆𝑅𝑄/𝑆𝑅𝑄̅̅ ̅̅ ̅̅

𝛿𝐵𝐶/𝐵𝐶̅̅ ̅̅
.       (1) 

Here, the relative change of a system response quantity is compared to the relative change of a 

boundary condition, corresponding to the ratio of the change of the measurement quantity (in percent) 

relative to the change of the boundary condition (in percent). For SRQs which have a linear 

dependence to a given boundary condition, 𝛿𝑆𝑅𝑄 and 𝛿𝐵𝐶 (and 𝑆𝑅𝑄̅̅ ̅̅ ̅̅  and 𝐵𝐶̅̅ ̅̅ ) are calculated for the 

minimum and maximum values of the SRQ and the boundary condition respectively. For boundary 

conditions, which show a non-linear dependence (here the coflow temperature 𝑇𝑐𝑓), 𝛿𝑆𝑅𝑄 and 𝛿𝐵𝐶 as 

well as the corresponding mean values are calculated for two adjacent data points, as stated below, 

where applicable. Thus, the relative sensitivity is suitable for comparing the influence of several 

boundary conditions on the same SRQ. While this metric relies on a single value and is self-

referencing, it provides the clearest insight into the relative change of an SRQ, and also a good 

comparison of the behavior of different SRQs to the same boundary condition. However, for a better 

comparison of the absolute change of different SRQs to the same boundary condition, sometimes the 

knowledge of absolute dependencies is desirable, thus an absolute sensitivity 𝑆 is defined: 

𝑆𝑆𝑅𝑄,𝐵𝐶 =
𝛿𝑆𝑅𝑄

𝛿𝐵𝐶
.        (2) 

The absolute sensitivity provides a measure of the (absolute) change of an SRQ in response to the 

(absolute) change of a boundary condition. Since not all boundary conditions lead to a linear response 

of the SRQs (especially true for a change of the coflow temperature, as discussed in the following 

sections), a range of absolute and relative sensitivities is provided in case of non-linear response, 

allowing a comparison in certain temperature ranges. 
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2.5 Chemical Kinetic Modelling 

Chemical kinetic calculations were performed in order to assess the extinction strain rate and the 

influence of strain on the flame speed for the current conditions. The extinction strain rates for the 

boundary conditions of the current experiment were calculated in a counterflow simulation using 

Cantera [40] and the method of Fiala and Sattelmayer [41] in conjunction with the GRI 3.0 reaction 

mechanism [42]. 

The influence of strain and scalar dissipation rate on auto-ignition was assessed in a previous study 

[17], using the software INSFLA [43]. Here, the dependence of the ignition delay time on the local 

strain rate was determined, as well as the critical strain rate 𝑘𝑐𝑟𝑖𝑡, above which no auto-ignition can 

occur. 
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3 Results and Discussions 

3.1 Influence of Boundary Conditions on the Steady State Jet Flame 

First, the influence of different boundary conditions (coflow temperature, coflow and jet velocity) on 

the steady state jet flame will be discussed to get an overview of the flame behavior for different 

operating conditions. To demonstrate the dynamics of the steady state jet flame, Figure 3 shows a time 

series of OH
*
 chemiluminescence. For a space-saving presentation, only every third image frame is 

shown. 

 

Figure 3. Time series of OH
*
 chemiluminescence for the steady state lifted jet flame for Tcf = 1501 K, 

vcf = 4.1 m/s and vjet = 182 m/s. For a space-saving presentation, every third image frame is shown.  

At t = 228.15 ms, an ignition kernel is forming below the flame base which merges with the flame 

base at t = 228.9 ms. This behavior has been frequently observed, especially at the lower coflow 

temperatures studied here. 

Figure 4 shows the influence of the coflow temperature 𝑇𝑐𝑓 on flame lift-off height ℎ𝐿𝑂. The symbols 

represent the average lift-off height ℎ̅𝐿𝑂 (based on averaging the instantaneous lift-off height of 

>15,000 single OH* CL frames), the error bars represent the standard deviation (𝜎ℎ𝐿𝑂
) and the grey 

shaded area represents the range of measurement values. The blue line is a polynomial fit through the 

data points. Here, the coflow and jet exit velocity are kept constant at 𝑣𝑐𝑓 = 4.1 m/s and 

𝑣𝑗𝑒𝑡 = 182 m/s, respectively. 𝑇𝑐𝑓 is controlled by changing the coflow equivalence ratio 𝜙𝑐𝑓. Thus, not 

only 𝑇𝑐𝑓 is changed, but also the coflow composition (oxygen, nitrogen, water and radicals). However, 

since the reaction rates (and hence the ignition delay time) are linearly dependent on composition and 

exponentially dependent on temperature, this is considered negligible here. 
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Figure 4. Dependence of the lift-off height on the coflow temperature. The black closed symbols 

correspond to the mean lift-off height, the error bars correspond to the standard deviation. The grey 

shaded area corresponds to the range of measured lift-off heights. The blue curve corresponds to a 

third-order polynomial fit and serves as guide to the eye. 

 

With increasing 𝑇𝑐𝑓, ℎ𝐿𝑂 decreases significantly. This trend is non-linear and becomes less 

pronounced at higher 𝑇𝑐𝑓. Consequently, the absolute and relative sensitivity (as described in Sec. 2.4) 

are not constant. For 1501 K < 𝑇𝑐𝑓 < 1541 K, the absolute sensitivity is 𝑆ℎ̅𝐿𝑂,𝑇𝑐𝑓
 = 0.38 mm/K; for 

1668 K < 𝑇𝑐𝑓 < 1777 K, the absolute sensitivity decreases to 𝑆ℎ̅𝐿𝑂,𝑇𝑐𝑓
 = 0.05 mm/K. For 

1501 K < 𝑇𝑐𝑓 < 1543 K the relative sensitivity is 𝑠ℎ̅𝐿𝑂,𝑇𝑐𝑓
 = 13.5 and for 1703 K < 𝑇𝑐𝑓 < 1739 K, it is 

𝑠ℎ̅𝐿𝑂,𝑇𝑐𝑓
 = 3.0. The observed sensitivity of the flame lift-off height to the jet exit velocity is similar to 

the findings reported by Cabra et al. [14]. 

Since a change of the coflow velocity 𝑣𝑐𝑓 by a factor of two did not have a significant effect on ℎ𝐿𝑂, 

those results are not discussed here. 

The dependence of the lift-off height ℎ𝐿𝑂 of the steady-state jet flame on the jet exit velocity 𝑣𝑗𝑒𝑡 (and 

coupled the jet Reynolds number) is shown in Figure 5. The lift-off height ℎ̅𝐿𝑂 scales linearly with 

𝑣𝑗𝑒𝑡: increasing 𝑣𝑗𝑒𝑡 by 1 m/s leads to an increase of ℎ̅𝐿𝑂 of 0.13 mm (𝑆ℎ̅𝐿𝑂,𝑣𝑗𝑒𝑡
 = 0.13 mm / m/s). The 

relative sensitivity of ℎ̅𝐿𝑂 to a change of 𝑣𝑗𝑒𝑡 is 𝑠(ℎ𝐿𝑂,𝑣𝑗𝑒𝑡) = 1.15. Similarly, the standard deviation of 

the lift-off height, 𝜎ℎ𝐿𝑂
, increases with increasing jet exit velocity and ranges from 𝜎ℎ𝐿𝑂

 = 0.7 mm for 

𝑣𝑗𝑒𝑡 = 92 m/s to 𝜎ℎ𝐿𝑂
 = 3.2 mm for 𝑣𝑗𝑒𝑡 = 272 m/s. 
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Figure 5. Dependence of the lift-off height on the jet exit velocity. The black closed symbols 

correspond to the mean lift-off height, the error bars correspond to the standard deviation. The grey 

shaded area corresponds to the range of measured lift-off heights and the blue curve is a linear fit 

through the mean values of the lift-off height. 

 

As discussed in previous studies [11,17], the steady state jet flame in the DLR Jet-in-Hot-Coflow 

burner is, depending on the operating condition, partially stabilized by auto-ignition. One reason for 

the linear dependency of ℎ̅𝐿𝑂 on 𝑣𝑗𝑒𝑡 is the dependence of ℎ𝐿𝑂 on (a) the ignition delay time and (b) on 

turbulent flame propagation. When considering an auto-ignition stabilized flame, an igniting fluid 

element propagates further downstream within the ignition delay time at higher velocities. 

Additionally, the ignition delay time increases with increasing local strain rate [17], and therefore 

becomes longer for higher 𝑣𝑗𝑒𝑡, since regions with higher strain rate are expected at the flame root. 

When considering turbulent flame propagation, flow velocities matching the flame propagation speed 

occur further downstream when increasing the jet exit velocity. The difference in flame stabilization 

and the flame stabilization mechanism regimes for the current configuration will be discussed in 

Section 3.4. Furthermore, turbulent mixing changes with 𝑣𝑗𝑒𝑡, and can also influence the lift-off 

height.  
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3.2 Transient Fuel Injection and Auto-Ignition 

In the following section, the influence of the boundary conditions on auto-ignition is discussed. To 

gain a better insight into the described phenomena, a typical image sequence of OH
*
 

chemiluminescence showing the formation of an ignition kernel during the transient fuel injection is 

presented in Figure 6. 

 

Figure 6. Time series of OH
*
 chemiluminescence of the formation of an ignition kernel during 

transient fuel injection for Tcf = 1501 K, vcf = 4.1 m/s and vjet = 182 m/s. 

At t = 2.7 ms, an ignition kernel forms at z = 46 mm. After its formation, the ignition kernel growths 

mainly in axial and slightly in radial direction. At t = 3.3 ms, several additional ignition kernels are 

forming and eventually a closed reaction zone is seen. 

Figure 7 shows the influence of the coflow temperature on the ignition time 𝜏𝑖𝑔𝑛 and on the ignition 

height ℎ𝑖𝑔𝑛. 
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Figure 7. Dependence of a) ignition time and b) ignition height on the coflow temperature. The black 

closed symbols correspond to the mean measurement values, the error bars correspond to the 

standard deviation. The grey shaded area corresponds to the range of measurement values. The blue 

curve corresponds to a third-order polynomial fit (𝜏𝑖𝑔𝑛), respectively an exponential fit (ℎ𝑖𝑔𝑛) and 

serves as guide to the eye. 

 

Within the temperature range considered here, the mean ignition time �̅�𝑖𝑔𝑛 varied between 3.83 ms 

(with 𝜎𝜏𝑖𝑔𝑛
 = 0.3 ms) at 𝑇𝑐𝑓 = 1465 K and 0.96 ms (with 𝜎𝜏𝑖𝑔𝑛

 = 0.07 ms) at 𝑇𝑐𝑓 = 1757 K and 

decreased, as expected, with increasing coflow temperature. While the absolute value of 𝜎𝜏𝑖𝑔𝑛
 

decreased with increasing coflow temperature, the relative standard deviation was constant at 

approximately 8% of �̅�𝑖𝑔𝑛 for all operating conditions. For 1501 K < 𝑇𝑐𝑓 < 1543 K, the absolute 

sensitivity of the ignition time on 𝑇𝑐𝑓 was 𝑆�̅�𝑖𝑔𝑛,𝑇𝑐𝑓
 = 0.013 ms/K, and the relative sensitivity was 

𝑠�̅�𝑖𝑔𝑛,𝑇𝑐𝑓
 = 8.26. For 1703 K < 𝑇𝑐𝑓 < 1739 K, the absolute sensitivity decreases to 

𝑆�̅�𝑖𝑔𝑛,𝑇𝑐𝑓
 = 0.002 ms/K, and the relative sensitivity decreases to 𝑠�̅�𝑖𝑔𝑛,𝑇𝑐𝑓

 = 3.03. 

A similar trend is observed for the mean ignition height ℎ̅𝑖𝑔𝑛: with increasing coflow temperature, 

ignition kernels form at lower axial positions. For 𝑇𝑐𝑓 = 1450 K the mean ignition height was 
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ℎ̅𝑖𝑔𝑛 = 57.79 mm (with 𝜎ℎ𝑖𝑔𝑛
 = 7.70 mm), for 𝑇𝑐𝑓 = 1739 K, the mean ignition height was 

ℎ̅𝑖𝑔𝑛 = 19.97 mm (with 𝜎ℎ𝑖𝑔𝑛
 = 3.03 mm). The absolute value of the standard deviation decreases 

significantly with increasing coflow temperature, however the relative standard deviation increases 

slightly from 13% to 15%. The sensitivity of the ignition height is 𝑆ℎ̅𝑖𝑔𝑛,𝑇𝑐𝑓
 = 0.16 mm/K (or 

𝑠ℎ̅𝑖𝑔𝑛,𝑇𝑐𝑓
 = 5.44) for 1501 K < 𝑇𝑐𝑓 < 1543 K and 𝑆ℎ̅𝑖𝑔𝑛,𝑇𝑐𝑓

 = 0.04 mm/K (or 𝑠ℎ̅𝑖𝑔𝑛,𝑇𝑐𝑓
 = 3.44) for 

1703 K < 𝑇𝑐𝑓 < 1739 K. For the higher coflow temperatures, this sensitivity is similar to the 

temperature sensitivity of ℎ𝐿𝑂. However, for the colder coflow conditions, the temperature sensitivity 

of the ignition height is only half of the temperature sensitivity of the lift-off height. 

Figure 8 shows the influence of the coflow velocity on the ignition time and ignition height. Since 

auto-ignition kernels form at very lean mixture fractions of about 1% of the stoichiometric mixture 

fraction [17], a clear influence of the coflow velocity on 𝜏𝑖𝑔𝑛 and ℎ𝑖𝑔𝑛 is expected, since regions 

where ignition kernels form are dominated by the coflow velocity. 
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Figure 8. Dependence of a) ignition time and b) ignition height on the coflow velocity. The black 

closed symbols correspond to the mean measurement values, the error bars correspond to the 

standard deviation. The grey shaded area corresponds to the range of measurement values and the 

blue curve is a linear fit through the mean measurement values. 

 

The ignition time decreased nearly linearly with increasing coflow velocity. While the mean ignition 

time at 𝑣𝑐𝑓 = 3.6 m/s is �̅�𝑖𝑔𝑛 = 1.77 ms (𝜎𝜏𝑖𝑔𝑛
 = 0.12 ms), it decreased to �̅�𝑖𝑔𝑛 = 1.26 ms 

(𝜎𝜏𝑖𝑔𝑛
 = 0.11 ms) at 𝑣𝑐𝑓 = 6.8 ms, corresponding to a relative sensitivity of 𝑠�̅�𝑖𝑔𝑛,𝑣𝑐𝑓

 = 0.55. The 

ignition height ℎ𝑖𝑔𝑛 shows a similar trend: ℎ̅𝑖𝑔𝑛 decreases with increasing coflow velocity from 

ℎ̅𝑖𝑔𝑛 = 33.81 mm (with 𝜎ℎ𝑖𝑔𝑛
 = 5.58 mm) at 𝑣𝑐𝑓 = 3.6 m/s to ℎ̅𝑖𝑔𝑛 = 30.57 mm (with 𝜎ℎ𝑖𝑔𝑛

 = 5.85 mm) 

at 𝑣𝑐𝑓 = 6.8 m/s. This corresponds to an absolute sensitivity of 𝑆ℎ̅𝑖𝑔𝑛,𝑣𝑐𝑓
 = 1.07 mm / m/s (or 

𝑠ℎ𝑖𝑔𝑛,𝑣𝑐𝑓
 = 0.17). Since the shear layer between the jet and the coflow becomes weaker with increasing 

coflow velocity, lower scalar dissipation rates are expected, and thus auto-ignition is less delayed by 

scalar dissipation at higher coflow velocities. Additionally, super-equilibrium OH that forms in the 

reaction zone of the matrix flame can be transported further downstream during its lifetime with 

increasing 𝑣𝑐𝑓, and therefore can have an influence on the auto-ignition [44]. Furthermore, the thermal 
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power of the coflow increases with increasing coflow velocity and thus could influence auto-ignition, 

for example due to heating of the fuel nozzle and thus slight preheating of the fuel or due to radiation 

effects. 

The dependence of the axial location of the lowest ignition kernel on the jet fuel mass flow in the Delft 

Jet-in-Hot coflow burner was reported by Oldenhof et al. [15,20] (for steady state fuel injection). They 

found that ignition kernels form closer to the fuel nozzle with increasing jet velocity. A similar trend 

was observed for the lift-off height in the Delft JHC [15] and was attributed to the positive radial 

temperature gradient of the coflow and entrainment of ambient air for higher coflow velocities. 

To further assess the possible influence of an increased OH mole fraction 𝑋𝑂𝐻 in the coflow at higher 

coflow velocities on the ignition delay time 𝜏𝑖𝑔𝑛, chemical kinetic calculations of the ignition delay 

time for different OH mole fractions in the coflow were performed using Chemical Workbench [45] 

and the GRI 3.0 mechanism [42]. The dependence of 𝜏𝑖𝑔𝑛 on 𝑋𝑂𝐻 is shown in Figure 9 for a coflow 

temperature of 𝑇𝑐𝑓 = 1585 K (𝜙𝑐𝑓 = 0.506). 

 

Figure 9. Dependence of the chemical kinetic ignition delay time on the OH mole fraction in the 

coflow. 

The solid blue line corresponds to the calculated ignition delay time, the vertical black line 

corresponds to the equilibrium OH concentration for the measured coflow temperature. It is evident 

that 𝜏𝑖𝑔𝑛 is very sensitive on 𝑋𝑂𝐻. In atmospheric pressure flames, the life-time of super-equilibrium 

OH is on the order of several milliseconds (e.g., for methane/air flames see [46]). Thus, super-

equilibrium OH transported downstream could be an explanation for the observed decreasing ignition 
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time with increasing coflow velocity, which probably cannot be explained based on fluid dynamic 

aspects alone. 

Last, the influence of the jet exit velocity on the auto-ignition is discussed. Figure 10 shows the 

influence of 𝑣𝑗𝑒𝑡 on ℎ𝑖𝑔𝑛 and 𝜏𝑖𝑔𝑛. 

 

Figure 10. Dependence of a) ignition time and b) ignition height on the jet exit velocity. The black 

closed symbols correspond to the mean measurement values, the error bars correspond to the 

standard deviation. The grey shaded area corresponds to the range of measurement values and the 

blue curve is a linear fit through the mean measurement values. 

 

The ignition time increases almost linearly with increasing 𝑣𝑗𝑒𝑡, the absolute sensitivity of the ignition 

time to 𝑣𝑗𝑒𝑡 is 𝑆�̅�𝑖𝑔𝑛,𝑣𝑗𝑒𝑡
 = 0.006 ms / m/s, the relative sensitivity is 𝑠�̅�𝑖𝑔𝑛,𝑣𝑗𝑒𝑡

 = 0.60. For 𝑣𝑗𝑒𝑡 < 250 m/s, 

the ignition height also increases linearly with increasing 𝑣𝑗𝑒𝑡. However, for 𝑣𝑗𝑒𝑡 > 250 m/s, the trend 

is inverted and ℎ̅𝑖𝑔𝑛 decreases with increasing 𝑣𝑗𝑒𝑡. In the linear regime, the absolute sensitivity of 

ℎ̅𝑖𝑔𝑛 to 𝑣𝑗𝑒𝑡 is 𝑆ℎ̅𝑖𝑔𝑛,𝑣𝑗𝑒𝑡
 = 0.036 mm / m/s, the relative sensitivity is 𝑠ℎ̅𝑖𝑔𝑛,𝑣𝑗𝑒𝑡

 = 0.18. The sensitivity of 
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ℎ̅𝑖𝑔𝑛 to the jet exit velocity is almost a factor of 5 lower than the sensitivity of ℎ̅𝐿𝑂 to 𝑣𝑗𝑒𝑡. However, 

the inversion of the trend, as observed for auto-ignition, was not observed for the steady state jet 

flame. With DNS calculations, Hilbert et al. [47] have shown that ignition is mainly influenced by the 

occurrence of a minimal scalar dissipation rate, and is less influenced by turbulence or the Reynolds-

number. The minimal value of the scalar dissipation rate, where ignition can occur, is only mildly 

dependent on the turbulence intensity [47]. The ignition height is less influenced by turbulence, but 

more by the residence time of an igniting fluid parcel, which leads to higher ignition heights with 

increasing velocities for the same residence time. 
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3.3 Relative and Absolute Sensitivities on Boundary Conditions 

Figure 11 summarizes the relative sensitivities of ℎ̅𝐿𝑂, ℎ̅𝑖𝑔𝑛 and �̅�𝑖𝑔𝑛 on the examined boundary 

conditions, namely 𝑣𝑗𝑒𝑡, 𝑣𝑐𝑓 and 𝑇𝑐𝑓. 

 

Figure 11. Relative sensitivities 𝑠 of lift-off height ℎ̅𝐿𝑂, ignition height ℎ̅𝑖𝑔𝑛 and ignition time�̅�𝑖𝑔𝑛 on 

the boundary conditions. 

The variation of 𝑣𝑗𝑒𝑡 had a considerably larger influence on ℎ̅𝐿𝑂 in comparison to ℎ̅𝑖𝑔𝑛. Auto-ignition 

assisted flame propagation has a large influence on the stabilization of the steady state flame, 

depending on the operating condition, as will be discussed below. Therefore, ℎ̅𝐿𝑂 increases with 

increasing 𝑣𝑗𝑒𝑡 due to the higher fluid velocity in which the flame is stabilized, similar to jet flames in 

a cold coflow. The maximum flame speeds occur near the stoichiometric mixture fraction 𝜉𝑠𝑡, auto-

ignition occurs at the so-called most reactive mixture fraction 𝜉𝑚𝑟 [28], which is about 1% of 𝜉𝑠𝑡 for 

the current conditions [17]. Therefore, ℎ̅𝐿𝑂 is more influenced by a change of 𝑣𝑗𝑒𝑡 than ℎ𝑖𝑔𝑛. In 

contrast, auto-ignition occurs in areas which are dominated by the coflow velocity. Here, no 

significant influence of 𝑣𝑐𝑓 on ℎ̅𝐿𝑂 was observed, but both ℎ̅𝑖𝑔𝑛 and 𝜏̅𝑖𝑔𝑛 were influenced by 𝑣𝑐𝑓. 

𝑇𝑐𝑓 had the largest influence, the relative sensitivity of all system response quantities on 𝑇𝑐𝑓 was 

almost one order of magnitude higher than on 𝑣𝑗𝑒𝑡 or 𝑣𝑐𝑓. Since all measured quantities had a non-

linear dependence on 𝑇𝑐𝑓, the horizontal bars in Figure 11 correspond to the range of the relative 
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sensitivity for 𝑇𝑐𝑓. ℎ̅𝐿𝑂 showed the highest variance of the relative sensitivity 𝑠; here, 𝑠 for the lower 

coflow temperatures is almost three times higher than at higher coflow temperatures. The lowest 

relative sensitivity on 𝑇𝑐𝑓 was observed for the ignition height. A possible explanation for this 

observation is the strong influence of strain and scalar dissipation on auto-ignition sites. Auto-ignition 

can only occur at strain rates below the critical strain rate [17], and the scalar dissipation decreases 

strongly with increasing axial position [24]. Therefore it is possible that auto-ignition is suppressed 

upstream of a certain axial position. Downstream of this position, the scalar dissipation rate drops 

quickly [24], and hence the axial position of the auto-ignition is less influenced by 𝑇𝑐𝑓 and more 

strongly influenced by favorable flow structures with sufficient low scalar dissipation rates, as 

observed in previous studies [17,24]. The ignition time shows a great variance of the relative 

sensitivity. This is due to the strong dependence of 𝜏𝑖𝑔𝑛 on the temperature. 

The formation of ignition kernels is strongly influenced by the occurrence of favorable flow structures 

with low scalar dissipation rates. Such structures are apparently only mildly influenced by 𝑣𝑗𝑒𝑡 and 

seem to appear at similar heights, independent of 𝑣𝑗𝑒𝑡. The ignition time is much more sensitive on a 

change of 𝑣𝑗𝑒𝑡 than the ignition height. This could be explained by a decelerating influence of high 

scalar dissipation rates on the auto-ignition at higher 𝑣𝑗𝑒𝑡. 

A similar trend is observable when comparing the absolute sensitivities S of the lift-off height and the 

ignition height with respect to the velocity boundary conditions, as shown in Figure 12. 
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Figure 12. Absolute sensitivities 𝑆 of the lift-off height ℎ̅𝐿𝑂 and the ignition height ℎ̅𝑖𝑔𝑛 on the velocity 

boundary conditions 𝑣𝑐𝑓 and 𝑣𝑗𝑒𝑡. 

The lift-off height shows a clear sensitivity to the jet velocity, while it is not influenced by the coflow 

velocity. The influence of the jet velocity on the lift-off height is considerably higher than on the 

ignition height, which is due to the flame stabilization mechanism and the trend of the flame to anchor 

near the stoichiometric mixture fraction, while auto-ignition occurs at very lean mixtures. Hence, the 

sensitivity of the ignition height with respect to the coflow velocity is almost an order of magnitude 

higher than on the jet velocity. 
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3.4 Influence of Boundary Conditions on the Flame Stabilization Mechanism 

As evident from the discussion in Sec. 3.1 and 3.2 (cf. Figure 5 Figure 10), the mean auto-ignition 

height is typically downstream of the mean flame stabilization height. This is due to several reasons. 

An auto-ignition event that eventually leads to a steady state flame can be described by three steps: (1) 

formation of an auto-ignition kernel at a given height (2) subsequent expansion of the ignition kernel 

upstream and downstream and (3) establishment of a stably burning lifted jet flame. Hence, the mean 

ignition height is typically downstream of the mean stabilization height. Additionally, ignition kernels 

occur over a broader range of axial locations than the lift-off height. Thus, statistically ignition kernels 

can also occur below the mean flame base. This is illustrated by the probability density functions 

(PDFs) of the lift-off height and the auto-ignition height for 𝑇𝑐𝑓 = 1500 K, 𝑣𝑐𝑓 = 4.1 m/s and 

𝑣𝑗𝑒𝑡 = 182 m/s, as shown in Figure 13.  

 

Figure 13. Probability density functions (PDFs) of the ignition height hign (blue curve) and lift-off 

height hLO (black curve) for 𝑇𝑐𝑓 = 1500 K, 𝑣𝑐𝑓 = 4.1 m/s and 𝑣𝑗𝑒𝑡 = 182 m/s. 

 

Here, the PDFs of the ignition height ℎ𝑖𝑔𝑛 and lift-off height ℎ𝐿𝑂 overlap at lower axial regions, but 

the maximum and distribution of the PDF for the ignition height is further downstream in comparison 

to the lift-off height. This is evident for a stabilization of the lifted flame by auto-ignition in this 

temperature range, since ignition kernels can occur in the range of the flame base 

At higher coflow temperatures, the behavior of the lift-off height and the ignition height is different. 

Figure 14 shows the PDFs of the ignition height ℎ𝑖𝑔𝑛 and the lift-off height ℎ𝐿𝑂 for a coflow 

temperature of 1739 K. 
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Figure 14. Probability density functions (PDFs) of the ignition height hign (blue curve) and lift-off 

height hLO (black curve) for 𝑇𝑐𝑓 = 1739 K, 𝑣𝑐𝑓 = 4.1 m/s and 𝑣𝑗𝑒𝑡 = 182 m/s. 

 

Here, the PDFs of the two SRQs shift further apart, and ignition kernels only occur downstream of the 

flame stabilization zone. Thus, for 𝑇𝑐𝑓 = 1739 K, the flame is probably not stabilized by auto-ignition. 

Instead, the flame stabilization mechanism seems to switch from auto-ignition stabilized to flame 

propagation stabilized with increasing coflow temperatures. Consequently, auto-ignition kernels 

forming below the flame base are not observed in this temperature range. 

This leads to the conclusion that the flame stabilization mechanism in the current flow and 

temperature regime is a competition between auto-ignition and flame propagation. Close to the fuel 

nozzle, high scalar dissipation rates and strain rates occur. High strain rates are known to delay or 

hinder auto-ignition under the current conditions [17]. Thus, auto-ignition is only possible downstream 

of a critical ignition height, where the local strain rate falls below a critical strain rate, above which no 

auto-ignition can occur [24]. Flame propagation on the other hand is less sensitive to strain and scalar 

dissipation than auto-ignition, and thus the flame stabilization regime changes for certain conditions 

from auto-ignition stabilized to flame-propagation stabilized. To further assess this point, chemical 

kinetic calculations of the extinction strain rate 𝑘𝑒𝑥𝑡 (at which an already established flame 

extinguishes) and of the critical strain rate 𝑘𝑐𝑟𝑖𝑡 (above which no auto-ignition is possible) were 

performed as described in Section 2.5. Figure 15 shows the calculated critical strain rate and extinction 

strain rate for the coflow conditions studied in the current experiment. 



31 

 

 

Figure 15 Extinction strain rate 𝑘𝑒𝑥𝑡 and critical strain rate 𝑘𝑐𝑟𝑖𝑡 for the boundary conditions of the 

current experiment. 

 

The extinction strain rate for the conditions of the current experiment is approximately three to eight 

times higher than the critical strain rate, depending on the coflow conditions. Hence, a flame can 

stabilize at higher strain rates and thus further upstream than auto-ignition can occur. However, also 

the flame speed has to be high enough for the flame to propagate to high strain rate regions further 

upstream. From the literature, it is known that maximum flame speeds occur near the stoichiometric 

mixture fraction [48], even for conditions with cold fuel and hot oxidizer, where the mixture 

temperature decreases with increasing mixture fraction [39]. Additionally, the laminar flame speed 

increases with increasing strain rate [49,50]. Combining these factors leads to the conclusion that for 

certain boundary conditions, auto-ignition can occur below the flame base and contribute to the flame 

stabilization, while for other boundary conditions, the flame can propagate further downstream due to 

the lesser sensitivity to the strain rate. Here, auto-ignition is hindered by the critical strain rate and can 

only occur at locations downstream of the mean flame stabilization height. 

When taking a closer look on the statistical distribution of the lift-off height ℎ𝐿𝑂 and the ignition 

height ℎ𝑖𝑔𝑛, different flame stabilization regimes can also be observed for different jet exit velocities. 

Figure 16 shows PDFs of ℎ𝐿𝑂 and ℎ𝑖𝑔𝑛 for jet exit velocities 𝑣𝑗𝑒𝑡 = 92 m/s and 𝑣𝑗𝑒𝑡 = 227 m/s. 
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Figure 16. Probability density functions of the ignition height (blue curves) and lift-off height (black 

curves) for jet exit velocities of 𝑣𝑗𝑒𝑡 = 92 m/s and 𝑣𝑗𝑒𝑡 = 227 m/s (at 𝑇𝑐𝑓 = 1585 K and 𝑣𝑐𝑓 = 4.1 m/s). 

 

At 𝑣𝑗𝑒𝑡 = 92 m/s, auto-ignition occurs downstream of the flame stabilization zone, since the flame 

anchors close to the nozzle due to the moderately high flow velocities occurring here. Consequently, 

auto-ignition is not possible close to the nozzle due to the high strain rates occurring here; in previous 

experiments in the same configurations, a laminar-like phase with very high mixture fraction gradients 

was observed close to the nozzle [11,24]. When increasing the jet exit velocity to 𝑣𝑗𝑒𝑡 = 227 m/s, the 

distribution of the lift-off height and the ignition height changes. The regions of the formation of 

ignition kernels and the flame stabilization partially overlap. The steady-state lift-off height increases 

with increasing jet exit velocity. Similarly, regions with adequate flow velocities near the 

stoichiometric mixture fraction, where the maximum flame speeds occur, are shifted further 

downstream. Auto-ignition occurs at very lean mixture fractions, and thus is less influenced by the jet 

velocity and more by the occurrence of flow structures favorable for auto-ignition (i.e. low strain and 

scalar dissipation rates). Close to the nozzle, the strain rate is above the critical strain rates, and thus 
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no ignition is possible here, regardless of the jet exit velocity. This is also supported by the range of 

observed ignition heights in Figure 10. Here, the minimal ignition height for all studied jet exit 

velocities is > 20 mm, thus supporting the thesis of auto-ignition occurring only downstream of a 

region of very high strain rates. Downstream of this region, auto-ignition can occur, and those regions 

do not seem to change much in axial location with a variation of the jet exit velocity. 
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4 Summary and Conclusions 

The influence of boundary conditions on flame stabilization and auto-ignition in the DLR Jet-in-Hot-

Coflow burner was studied using high-speed OH* chemiluminescence imaging and chemical kinetic 

calculations. The coflow temperature, as well as the coflow and jet velocities were varied over a broad 

range, and their influence on different system response quantities (SRQs), namely the flame lift-off 

height (for steady-state fuel injection) and the height and time of the initial auto-ignition kernel (for 

transient fuel injection) was measured. To quantify and compare the influence of different boundary 

conditions a relative sensitivity was defined. Increasing the jet velocity led to a linear increase of all 

SRQs. The lift-off height of the steady state jet flame showed the largest sensitivity because the flame 

stabilization mechanism is a combination of auto-ignition and flame propagation. The coflow velocity 

had no measurable influence on the lift-off height; however, auto-ignition kernels were mildly 

influence by the coflow velocity. Since auto-ignition kernels under the current conditions form at 

extremely low mixture fractions, igniting fluid parcels are influenced by the coflow velocity. All SRQs 

showed a high temperature sensitivity. However, steady state jet flame and auto-ignition showed 

different relative sensitivities to the coflow temperature. This was attributed to a stronger influence of 

the local strain rate on the formation of auto-ignition kernels in contrast to the flame stabilization.  

Probability density functions of the ignition height and the flame lift-off height showed that different 

flame stabilization mechanisms are observed, depending on the coflow temperature and the jet exit 

velocity. For lower coflow temperatures and higher jet exit velocities, the PDFs of the ignition height 

and the lift-off height overlapped at lower axial locations, indicating that auto-ignition is a key 

contributor to the flame stabilization mechanism in those regimes. For higher coflow temperatures and 

lower jet exit velocities, the PDFs of the ignition height and the lift-off height did not overlap, leading 

to the conclusion that flame propagation is the dominant contributor to the flame stabilization 

mechanism. Chemical kinetic calculations of the critical strain rate, above which no auto-ignition can 

occur, and the extinction strain rate, above which an already established flame extinguishes, further 

supported those conclusions, since the extinction strain rate is a factor of 3 to 8 higher as the critical 

strain rate. Furthermore, an increase in the local strain rate leads to longer ignition delay times, but to 
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higher flame propagation velocities. Thus, a flame can survive at lower axial locations and at higher 

strain rates in comparison to auto-ignition kernels. 

The presented results are important for the uncertainty quantification of numerical models. Here, 

especially the precision (and variance) of the coflow temperature has to be considered. Future work 

will involve the assessment of the quality of large-eddy simulations of the current test case using the 

validation data provided here. 
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