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Abstract  

 

Turbulent flames with compositionally inhomogeneous mixtures are common in many combustion 

systems. Turbulent jet flames with a circular nozzle burner were used earlier to study the impact of 

inhomogeneous mixtures, and these studies showed that the nozzle radius affects the flame stability. 

Accordingly, planar turbulent flames with inhomogeneous turbulent jet are created in a concentric 

flow slot burner (CFSB) to avoid this effect in the present study. The stability characteristics, the 

mixing field structure, and the flame front structure were measured, and the correlations between 

stability and the mixing field structure were investigated. The mixture fraction field was measured in 

non-reacting jets at the nozzle exit using highly resolved Rayleigh scattering technique, and the flame 

front was measured in some selected turbulent flames using high-speed Planar Laser-Induced 

Fluorescence (PLIF) of OH technique. The data show strong correlations between flame stability and 

the range of mixture fraction fluctuations. The flames are highly stabilized within a mixing field 

environment with the range of fluctuation in mixture fraction close to the range of the flammability 

limits. The mixing field structure is also illustrated and discussed using a mixing regime diagram and 

showed that the scatter of the data of the different cases is consistent with the classified mixing 

regimes. Lean flames are stabilized in the current slot burner. The flame front structure topology 

varies consistently from thin, small curvature at the low level of turbulence and higher equivalence 

ratio to more wrinkled, larger curvature, but a thicker structure at a higher level of turbulence and 

lower equivalence ratio.   

 

Keywords: Inhomogeneous, mixing field, turbulent flames, planar flames, regime diagram 
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1. Introduction 

Turbulent combustion environments with compositionally inhomogeneous mixtures are typical in 

many combustion systems. Accordingly, highly stabilized turbulent flames with an inhomogeneous 

jet of gaseous fuels attracted many research groups to develop new burners of round nozzles [1–6] 

during the last few decades. The mixing control mechanism of some developed burners is simple [1–

3] and able to provide a wide range of mixing fields between fully premixed and non-premixed 

conditions. Masri [7] provided a comprehensive review of partially premixed flames with the 

inhomogeneous mixture with detailed discussions of the flame stability in these flames. The stability 

can be optimized at a certain level of mixture inhomogeneity [3,5,8]. The mixing field structure and 

its role in the stabilization mechanism and flame structure were recently investigated in a concentric 

flow conical nozzle burner, CFCN, [9]. Early investigation of the CFCN [1] showed that the stability 

of the round nozzle burners could be increased by increasing the nozzle diameter. This indicates that 

the initial jet radius and curvature affect the stability and should also affect the flame structure. 

Accordingly, a new concentric flow slot burner, CFSB, with rectangular nozzle, representing an 

infinite nozzle radius, was developed [10] to eliminate the effect of the nozzle diameter and create 

highly turbulent planar flames.  

The idea of the slot burner was introduced by Wolfhard-Parker and used recently by many research 

groups[11–14] for detailed investigation of the flame structure. The current design can control 

precisely the level of mixture inhomogeneity and thus be able to create a wide range of flames 

between fully premixed and non-premixed. This should allow detailed studies of the transition 

between different modes of combustion and provide the comprehensive classification of different 

partially premixed flames. A recent regime diagram of the mixing was developed [15] to classify 

several sub-regimes within the partially premixed flames of varying levels of mixture inhomogeneity. 

The mixing field structure is the key to the quantitative analyses for these flames. Peters and Trouillet 
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[16] and Gampert et al. [17] investigated the mixing in turbulent jets based on the same parameters 

used in [15]. The correlation between the flame stability and mixing field was identified in the CFCN 

flames [9]. The stability characteristics of the CFSB burner were investigated in [10] for natural gas. 

The data show that flames of inhomogeneous mixtures are more stable than non-premixed and 

premixed flames. The rounded concentric flow conical nozzle burner, CFCN, shows similar trends 

[1,18], where the mixing field plays the main parameter affecting the CFCN flame stability [9]. 

Further investigation of the mixing field and stability in the new CFSB is required.  

Accordingly, the objectives of this work are to conduct highly resolved measurements of the mixing 

field, the flame front topology and investigate the stability characteristics in turbulent planar flames 

with different levels of jet inhomogeneity, equivalence ratio and Reynolds number. The aim is to 

study the correlation between the mixing field structure and flames stability. The mixing field data 

are then used to classify the different types of partially premixed flames in the new regime diagram 

of the mixing field [15]. The classification provides a better understanding of the flame structure. The 

mixing field was investigated at the nozzle exit using the Rayleigh scattering technique, and the flame 

topology was investigated using high-speed planar laser-induced fluorescence of OH radical. A 

massive set of data for wide ranges of Reynolds number, equivalence ratio, and mixing are available 

for model validation. 

2. Experimental 

2.1. The Concentric Flow Slot Burner, CFSB  

A modified version of the CFSB developed by Mansour et al. [10] to create turbulent planar 

2D flames is used in this work, as shown in Fig. 1. The burner nozzle is a rectangular slot (60 mm 

´10 mm). The air passes through an inner slot 6x60 mm and surrounded by two outer fuel slots of 

1x60 mm. The mixing between the air and fuel occurs upstream the air nozzle exit within the mixing 
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length L. The level of mixture inhomogeneity is thus controlled by varying L. The burner hydraulic 

diameter, D, is equal to 17.14 mm.  

 

Figure 1. View of the structural design of the burner 

2.2. Rayleigh scattering technique 

The mixture fraction field at the burner exit was measured for non-reacting natural gas-air jets 

using the Rayleigh scattering technique. A horizontal laser sheet of 14 mm width and 200 µm 

thickness at the focal point was generated using one Plano-concave cylindrical lens (f= 300 mm) and 

one plano-convex cylindrical lens (f=300mm). The laser was generated at 10 Hz from the second 

harmonic generator of a pulsed Nd-YAG laser (Spectra-Physics Pro 350) at 532 nm wavelength and 

1.4 J. The laser sheet covered the entire width of the exit slot at 2 mm downstream to avoid laser 

reflection from the burner tip. A LaVision Image Intense CCD camera (1040´1376 pixels) was used 

to collect Rayleigh scattered images from 45 mirror located above the burner. The camera is equipped 

with a Komura 85 mm f/1.4 lens and is coupled with a 10 nm bandwidth interference filter centered 

at 532 nm while the scaling factor was 84 μm/Pix. For each case, 500 images were collected, and the 

images were corrected for the laser beam profile, reflections, background, and shot-to-shot variations 

before processing [9]. Pure He-shots were collected for background correction. The images covered 

pure air zone outside the nozzle to be used as a reference for the shot-to-shot energy variations 

correction. 
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2.3. Laser-induced fluorescence of OH technique 

A high-speed dye laser (Sirah, Credo-Dye) with a repetition rate of 10 kHz is used to excite 

the OH radicals. This dye laser is pumped using two single head Nd: YAG lasers (Edge-wave IS411-

E) to produce 566 nm laser beam using Rhodamine 6G. A BBO doubling crystal is used to produce 

283 nm with an average power of 1.5 W at 10 kHz from the fundamental beam. The wavelength of 

the laser was tuned near 283 nm, to pump the Q1(6) transition of the (1,0) in the band of the 

A2å ¬ X2Õ (1,0) OH system. Two cylindrical lenses were used to form a collimated laser sheet of 

100 mm height along the burner centerline. A LaVision High-Speed-Star 6 (HSS6) CMOS camera 

(700´768 pixels) with a lens-coupled two-stage intensifier (LaVision IRO) at an angle of 90o to the 

laser sheet was used to acquire the PLIF images. This camera was equipped with UG1-bandpass filter 

and WG295-longpass filter to collect the fluorescence signal. The image scale factor is 7.4 pixels/mm. 

The details of the data processing are explained in [9]. 

3. Results and Discussions 

3.1 The mixing field structure 

The effects of L/D, jet equivalence ratio, F, and Re on the mixture fraction field structure are 

discussed in this section. Figure 2 illustrates in (A) samples of single shots of the mixture fraction 

fields, Z; (B) the two-dimensional gradients of mixture fraction, dZ/dl, of the single shots for the case 

with F=3.0; and (C) the pdfs of Z within the measured field at the nozzle exit, black, and dZ/dl, red, 

for all single shots at various L/D and F for Re = 10000. The effect of increasing the mixing length, 

L, can be observed from left to right in each row. On the other hand, the impact of increasing F can 

be observed from top to bottom in each column. Increasing L/D from 2 to 7 changes the mixing field 

structure from an inhomogeneous stratified structure to a homogeneous structure, as shown in Fig. 

2.A. This is illustrated by the shift of the bimodal distribution of P(Z) to the Gaussian-like pattern, 

see Fig. 2.C. The corresponding gradients show narrower pdf distribution, as expected for 
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homogeneous structure. Figures 2.B show that the gradients decrease by increasing the mixing length. 

The range of the scattered data represents the nature of fluctuations of the mixing field and its 

gradients. Wide range of flucations in P(Z) are observed while the corresponding P(dZ/dL) 

fluctuations are much less in all measured cases. The fluctuations in P(Z) are increased by increasing 

L/D while it is not much affected by increasing F. Increasing F leads to a broader range of Z and 

higher gradients structure. The pdfs show more bimodality of Z and a wider range of P(Z) at higher 

F, indicating a broader range of lean and rich pockets. The scatter is reduced by increasing F at 

smaller L/D, while it is not affected at larger L/D. The increase of F at the same Re leads to a decrease 

in the ratio between the air and fuel velocities, and this consequently reduces the mixing rates, as 

discussed below.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 (A) Samples of single shots of Z; (B) Two-dimensional gradients of Z for F=3.0. (C) The 

scatter graphs of the pdfs of Z and dZ/dl for all collected shots, the solid lines represent the 

averages. The data are illustrated for different L/D and F at Re = 10000. 
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Further details are obtained from the average pdfs of Z, and dZ/dl presented in Fig. 3. Figures 

3A and 3B, show the effect of F where the structure of P(Z) changed from bimodal at lower F to 

more broad distribution at higher F. The gradients cover a narrow range at the lower F and wide 

range at higher F. This is due to the existence of richer pockets which widen the range of Z and 

increase its gradients. P(Z) in Figs. 3C becomes more Gaussian-like at larger mixing length, L/D = 

12, as compared to the bimodal structure at smaller mixing length, L/D =2. This refers to more mixing 

due to the increase of the mixing time. P(Z) at L/D = 3, illustrates broad, but uniform, distribution 

around stoichiometric. This indicates a wider range of of flammable mixture including lean and rich 

9hence stratification). At L/D = 12 the structure is narrow and similar to premixed flame. The 

gradients in Fig. 3D are also decreased as a result of more mixing. Moreover, Figs. 3E shows minor 

changes of P(Z) by increasing Re from 3000 to 10000 at smaller L/D=2, while the effect is more 

pronounced at larger L/D=7. On the other hand, the gradients are not affected by Re, see Fig. 3F.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3 (A-F) The pdfs of the mixture fraction and its two-dimensional gradients; the effects of F, 

L/D and Re are illustrated in (A and B), (C and D) and (E and F), respectively. 
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The transition from bimodal to Gaussian-like structure is slower in the current slot burner as 

compared to that in the round jet burner [9]. This indicates that the mixing rate is higher in the circular 

nozzle burner as compared to that in the slot burner, which may deem the effect of the mixture 

inhomogeneity even at shorter mixing length.  

The mixing field, as discussed above, is mostly affected by L/D and F. The equivalence ratio 

is calculated as	Φ = 𝐶!	𝑈"/𝑈#$%, where UF is the fuel stream velocity, Uair is the airstream velocity, 

and C1 is a constant equal to 3.174 for the current burner dimensions and the fuel used [9]. Mansour 

et al. [9] used a normalization method to obtain a correlation between the range of mixture fraction 

in the jet, DZ, and L/D. In their [9] methodology DZ, defined as (Zmax-Zmin), where Zmax and Zmin are 

the maximum and minimum mixture fractions within a mixture, can be normalized [19,20] by the 

ratio (Uair–UF)/(Uair+UF). This leads to the normalized range DZn, as Δ𝑍& = Δ𝑍(𝐶! −Φ)/(𝐶! +Φ). 

The collected data are illustrated in Fig. 4 below for a wide range of Re and F. There is a clear 

correlation between DZn and L/D as listed in Fig. 4. Then DZ can be obtained from the equivalence 

ratio and L/D as Δ𝑍 = 𝐶'(𝐿/𝐷)(!(𝐶! +Φ)/(𝐶! −Φ), where C2 = 0.0885 and C3 = -0.7102. 

Recently, Mansour [15] introduced a regime diagram for the mixing field based on the mean 

and range of mixture fraction fluctuations. In this diagram [15], the normalized average mixture 

fraction, RZ, defined as (Zmax+Zmin)/(ZR+ZL), and the normalized range of mixture fraction, RD, 

defined as (Zmax-Zmin)/(ZR-ZL), are used as the two axes. Zmin and Zmax are obtained from the pdf of 

every single shot at 10% of the peak pdf. ZL and ZR are the lean and rich flammability limits and are 

obtained for methane as 0.0284 and 0.0894, respectively, at 1 atm and 298 K [21]. The diagram 

illustrates eight partially premixed regimes of different ranges defined by boundaries of straight lines 

as I:Zmin=0, II:Zmin= ZL, III:Zmin= Zst, IV:Zmin=ZR, V:Zmax=ZL, VI:Zmax=Zst, and VII:Zmax=ZR. These 

regimes are expected to have different combustion characteristics [7,15] based on the mixing field 
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structure. The parameters RZ and RD are also used by Peters and Trouillet [16] and Gampert et al. [17] 

to study the turbulent mixing in jet flows. Their [16,17] analyses showed a correlation between RZ 

and RD  along the shear layer where mixing occurs. They concluded that the mixing can be described 

by joint pdfs.  

 

 

 

Figure 4 The relation between DZn and L/D. 

Figure 5 shows the scatter plots of some of the investigated cases in the regime diagram of 

Mansour [15]. More than 400 data points are illustrated for each case. The boundaries I-VII represent 

the limits discussed above and explained in [15]. The effects of F and L/D are shown in Fig. 5A, 

while the effect of Re is illustrated in Fig. 5B. The effect of the mixing length is illustrated at F = 1 

and Re =10000. Increasing L/D leads to more premixed mixing field structure with less fluctuations 

in RD. So, L/D = 7 flames exhibit more premixing structure than those at L/D < 7, but with a certain 

level of stratification as indicated by the scatter data in Fig. 5.A. The scatter shows that the data are 

within the flammability limits with a range of fluctuations covering rich and lean pockets as the nature 

of stratified structure.  The shift of the scatter plots from the right regimes, for L/D = 2, at and above 

the limit I(Zmin=0) to the regimes bounded by lower and higher flammability limits is observed with 

the increase in L/D. Further increase of L/D leads to even more premixing and hence less stratification 

with pockets of closer stoichiometry, at L/D = 12. This causes the deviation of the flame to less 

stratified structure where the flames become more premixed dominanent. This affects the flame 

stability as discussed below, where the flame becomes less stable. At short mixing length, the mixing 

field indicates a wider mixture fraction fluctuations, RD domain, but with more very lean pockets 
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distribution (see L/D =2, Fig. 5a). The stability limits, presented below, show that the flames are more 

stable at L/D = 7 and Fig. 5A shows that the data at L/D = 7 scatter within the regime of Zmax ≤ ZR 

and Zmin ≥ ZL, where the flames are expected to be more stable with probably more stratified 

mixtures. This indicates that there is a clear correlation between the stability and mixture fraction 

range of fluctuations, DZ. So, the regime diagram can help in understanding the stabilization 

mechanism of the inhomogeneous jet flames.  

 

 

 

 

 

 

 

Figure 5 The scatter plots of the several cases of the mixing fields illustrating the effects of (A) L/D 

and F at Re = 10000, (B) Re at F = 1.0.  

Reducing the equivalence ratio leads to an increase in the ratio between the air velocity and 

fuel velocity, and this shifts the scatter plots towards the lower range of mixture fraction referring to 

more mixing, as shown in Fig. 5A. It is evident that the centers of the scatter points are gradually 

shifted towards I:Zmin=ZL with the decreased F while narrower RD is noted. Consequently, many of 

the data points deviate away from the limit I:Zmin=0, i.e. fewer air pockets, with more pockets near 

the lower flammability limit II:Zmin=ZL. These transitions due to the effects of L/D and equivalence 

ratio, or Uair/UF, significantly affect the mixing field and move the structure from one regime to 

another and consequently affect the flame stability. Similar results were obtained in the round jet 

burner [9] but at different rates. Figure 5B illustrates the data for three Re of 3000, 5000, and 10000 
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at L/D = 2, 3, and 7. The effect depends on the mixing length, where more shift towards less scatters 

in RD can be observed at more significant L/D due to the increase of Re. This is expected due to the 

increase in mixing at higher Re.  

3.2. The Stability Characteristics 

The mixing field in a wide range of combustion systems and burners is mostly inhomogeneous 

with rich and lean pockets. The level of mixture inhomogeneity affects flame stability and is likely to 

be optimized by adjusting the mixing field [3–5]. The blow-out limits for different flames with co-

flow velocities, VcF = 1, 5, and 10 m/s, are illustrated in Fig. 6, where Re at blow-out is plotted versus 

L/D and RD. It is clear from Fig. 6A that there is an optimum level of partial premixing, at L/D = 7, 

at which the flames are highly stabilized for different values of equivalence ratio. Figures 6B and 6C 

show similar trends at higher co-flow velocity with increased stability by increasing VcF. Higher flame 

stability by increasing the co-flow velocity was also observed in the rounded nozzle burner [8]. This 

trend indicates that the mixing field is critical in these burners and the scatter plots support this 

conclusion where the scatter is within the vicinity of the flammability limits region at L/D=7, see Fig. 

5A. On the other hand, the scatter data at L/D = 12 are close to those of L/D=7 but with narrower 

fluctuations in RZ and RD and the flames are expected to be more premixed. Similar results were 

obtained in the circular jet burner [9] where premixed flames are less stable than flames with 

inhomogeneous structure. 

The data are then converted from L/D space to DZ and RD, as described above. The data are 

illustrated in Figs. 6A-C for the blow-out limits. The trend of higher stabilization at a certain level of 

mixing and mixture inhomogeneity is evident in the RD space. The highest stabilization point occurs 

around RD = 1, i.e. within the flammability limits, at low F and then moves to RD>1 as shown in Figs. 

6A-C, at higher F. In the round jet burner, this shift was not much noticeable, but the increase of the 

peak Reynolds by increasing F was observed. The peak Re also increases by increasing the 
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equivalence ratio and the co-flow velocity. Richer flames are likely to reduce the mixing rates because 

the ratio between the air and fuel velocities at the same Reynolds number decreases, and this 

significantly affects the mixing rate. In our previous study [8] higher stability is achieved in a mixture 

with inhomogeneity level somewhere between fully premixed and non-premixed, where RD = 1. The 

maximum Remax increases in the RD domain, as shown in Fig. 6D, and approaches an asymptotic 

value at RD > 2. This peak increases by increasing VcF indicating its significant effect on the stability 

where the shear layer is highly affected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 The stability limits in L/D-space and RD-space at different F and (A) VcF=1.0 m/s, (B) 
VcF=5 m/s, (C) VcF=10 m/s. (D) The maximum Re in RD-space for the three co-flow velocities.  
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3.3. The OH and Flame Front Structure 

The flames are further stabilized by the use of a truncated rectangular cone at the nozzle exit 

[10]. Figure 7 illustrates the instantaneous images of PLIF-OH collected downstream of the burner 

exit cone to 94 mm and the pdfs of curvature, k, for flames at L/D = 5 and 7, F = 0.8 to 2 and Re = 

3000 and 10000. Regardless of L/D, the flame structure varies significantly with F, for example at F 

= 0.8, it shows a distributed OH radicals rather than a thinner OH layers for F = 2 with slightly less 

curvature. Revisiting Figs. 3 and 5, one can conclude that the decrease in F leads to the reduction in 

the mixture fraction fluctuations with a broader average mixture fraction distribution in the RZ-

domain. This leads to a more distributed OH profile and larger curvature at lower F. This is very 

clear from the comparison between the cases of F = 2 and F = 0.8 or 1. The OH-structure and P(k) 

at F = 0.8 and 1 are quite similar. This is consistent with the corresponding scattered plots where no 

significant change in the RZ-domain. With the decrease in F, the range of mixture fraction fluctuation 

decreases while its mean mixture fraction lies closer to the flame flammability limit. This could 

explain the distributed OH profile for the lean flame mixtures. On the other hand, as discussed before 

for  F >1, Re has a negligible effect on the pdf distribution of Z; thus similarity in the flame structure 

is expected with the change in Re. On the other hand, P(k) is much affected by increasing Re. 

Furthermore, increasing L/D leads to a decrease in DZ, but more movement of RD inside the 

flammability limit. This shows a slight variation in the flame structure where less distributed OH was 

observed at F = 0.8 for L/D = 7 than the corresponding flame at L/D = 5.  
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Figure 7 Selected single shots of the OH-PLIF images at L/D = 5, 7; Re =3000, 1000; and F = 

0.8,1, 2. The p(k) are presented at the top. 

 

Conclusions 

The stability and flame structure of planar turbulent flames with inhomogeneous mixing field 

are investigated based on highly advanced Rayleigh scattering and PLIF-OH measurements. The data 

of the mixing field are illustrated in a regime diagram using the mean Z and its spatial-fluctuations. 

The details of the mixing field based on time-fluctuations and the average of P(Z) and P(dZ/dl) were 

investigated for different values of F, Re and L/D. The current study leads to the following 

conclusions: 

 
1. The ighest flame stability occurs when the range of mixture fraction fluctuation is bounded 

by the flammability limits. 

2. The range of time-fluctuations of the rich and lean pockets, especially at larger mixing length, 

is significantly large while their gradients fluctuations do not change much.  
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3. The highest stabilization point approaches an asymptotic value at a certain level of co-flow 

velocity, indicating the effects on the mixing field at the shear layer of the flame. 

4. The mixing field, defined by the mixture fraction field and its gradients, represents one of the 

dominant parameters that affect the flame stability. 

5. Converting the data from physical space to conserved scalar space, RZ – RD, based on the 

analyses presented in this work, within a regime diagram can be used as useful tools to study 

the stability of flames with inhomogeneous mixing field. The proposed mixing field regime 

diagram and the Z-gradients can be used to discuss the level of stability in turbulent flames.  

6. The flame front structure, based on the OH structure and curvature, is very much linked to the 

mixing field structure illustrated in the regime diagram. 

The current study can be applied to different flames with an inhomogeneous mixing field 

structure. 
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