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Abstract 46 

Simultaneous, single-shot imaging of all major species (N2, O2, H2, and H2O), OH, temperature, and 47 

mixture fraction is demonstrated for the first time in H2-N2 non-premixed jet flames at 12 bar. The 48 

spatial distribution of mole fraction is obtained for the four major species by recording images of 49 

Raman scattering on four separate back-illuminated CCD cameras. The available field-of-view is 50 

25(H)8(V) mm2. Temperature and mixture fraction are derived from Raman scattering images. 51 

Images of OH fluorescence intensity are recorded using OH-PLIF and are converted into OH mole 52 

fraction by calculating the Boltzmann population distribution and the quenching rate accurately for 53 

each pixel. Precision and accuracy are assessed by comparing 2-D Raman/OH-PLIF measurements in 54 

laminar flames to 1-D flame computations accounting for differential diffusion. Single-shot precision 55 

on N2, O2, H2, and temperature is better than 5%. It is better than 6% and 10% for H2O and OH, 56 

respectively. Accuracy lies within these values, except for H2O with 10%. Such good performance of 57 

Raman imaging is attributed to (a) the use of non-intensified CCD cameras, (b) wavelet adaptive 58 

thresholding (WATR) image denoising, (c) rejection of flame luminosity by a Pockels cell electro-59 

optical shutter with 500 ns gating, and (d) elevated pressure that boosts the Raman signal intensity. 60 

Measurements in a turbulent flame (3.6N2:H2 by vol. and Re = 29,000) show that most of the flame’s 61 

thermochemical structure is accurately captured by unity Lewis number computations, suggesting that 62 

effects of differential diffusion are less important above some Reynolds number. This is consistent 63 

with expectations and it engenders confidence in the Raman imaging technique. Because images of 64 

both mixture fraction and OH mole fraction are available, it is also possible to reconstruct a more 65 

accurate scalar dissipation rate by projection onto the 2-D flame front normal. 66 

 67 

Keywords  68 

Raman imaging; Ramanography; OH-PLIF; Hydrogen; Differential diffusion  69 
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1. Introduction 70 

 71 

Multi-scalar, time-resolved measurements in flames are needed to understand turbulence-chemistry 72 

interactions. The current golden standard is the measurement of all major species and temperature 73 

using 0-D or 1-D Raman/Rayleigh scattering [1, 2]. Very high accuracy (~2%) and precision (~1%) 74 

are reported [3] but are currently limited to 1-D measurements due to the weakness of the Raman 75 

signal. 76 

 77 

 Extending the technique to 2-D measurements of all major scalars, and coupling to PLIF images of 78 

minor species is highly desirable. Several attempts have been reported [4-8], but are limited to imaging 79 

of one or two major scalars. A notable example is a study by Kelman and Masri [6] where mixture 80 

fraction, temperature, and OH mole fraction were measured using Raman/Rayleigh/LIF imaging. 81 

Only fuel contributions to the Raman scattering were imaged, ignoring other major species. Therefore, 82 

deriving mixture fraction required assuming a unity Lewis number [9]. Similarly, the quenching rate 83 

required to quantify OH mole fraction was approximated. Also, intensified cameras were used for 84 

gating, limiting signal-to-noise ratio (SNR) and spatial resolution. Simultaneous measurements of all 85 

major species would allow indirect measurements of temperature, equivalence ratio, and mixture 86 

fraction without the unity Lewis number assumption, providing much greater insight into the 87 

thermochemical structure of flames. 88 

 89 

This study introduces the first simultaneous, single-shot imaging of all major species, OH, mixture 90 

fraction, and temperature in turbulent flames. This is done in nitrogen-diluted hydrogen jet flames at 91 

a pressure of 12 bar. 92 

 93 

Hydrogen is selected because:  94 

 (a) There are only four major species in a hydrogen-air flame (N2, O2, H2, H2O), simplifying 95 

this first attempt. However, the technique can be extended to other fuels.  96 
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(b) Differential diffusion is expected to play some role [10-12] that cannot be captured by 97 

previous techniques [6] relying on unity Lewis number. This is an ideal test case for the new technique 98 

described here. 99 

 100 

Experiments are done at elevated pressure, which is representative of practical applications. Also, the 101 

associated increase of number density boosts the Raman signal intensity and benefits SNR. 102 

Nevertheless, because of the much lower laser energy density available for imaging, the high precision 103 

of 1-D Raman/Rayleigh measurements is not targeted. Instead, some precision is exchanged for 2-D 104 

information.  105 

 106 

To the best of the authors’ knowledge, this is the first report of five scalars being directly imaged (two 107 

more are derived), quantitatively and simultaneously, in flames. 108 
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2. Experimental setup and methods 109 

 110 

The mole fractions of all four major species (N2/O2/H2/H2O) are measured using 2-D Raman scattering 111 

(also called Raman imaging or Ramanography). Temperature and mixture fraction are derived from 112 

the Raman images. Images of OH mole fraction are measured using OH-PLIF. 113 

 114 

2.1 Burner and flames 115 

 116 

Experiments are conducted in KAUST’s high-pressure combustion duct (HPCD) [13]. The HPCD has 117 

an inner diameter of 410 mm and is operated here at 12 bar. It is fitted with six UV-grade fused-silica 118 

windows. 119 

 120 

The burner is a straight stainless-steel tube of 570-mm length, 4.6-mm inner diameter, and 6.4-mm 121 

outer diameter. It supplies a jet of nitrogen-diluted hydrogen featuring either 3.6 or 2.0 N2 to H2 122 

volumetric ratios. The corresponding stoichiometric mixture fractions are st = 0.59 and st = 0.46, 123 

respectively. For 3.6N2:H2, two bulk jet velocities are used Uj = 0.49 m/s and 8.9 m/s, corresponding 124 

to Reynolds numbers of Re = 1,600 (laminar) and 29,000 (turbulent), respectively. For 2.0N2:H2, a 125 

laminar flame with Uj = 0.63 m/s and Re = 1,900 is tested. The laminar flames are buoyancy-126 

dominated (Froud numbers Fr = 0.51 and 0.46 [14]) but are steady near the nozzle. The turbulent 127 

flame is momentum-dominated (Fr = 9.5). A 250-mm diameter co-flow supplies a uniform stream of 128 

air at a velocity of 0.2 m/s. All gases are injected at 292 K. The burner is mounted on a three-axis 129 

translation stage so that different locations in the flames can be probed. 130 
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2.2 Multi-species Raman imaging 131 

 132 

The Raman scattering signal is produced by the combined output at 532 nm of two Nd:YAG lasers, 133 

totalling 1.1 J/pulse at the HPCD’s entrance. The beam is converted into a vertical sheet of 12-mm 134 

height and 0.2-mm width that intersects the burner’s centerline. 135 

 136 

Contributions of N2, O2, H2, and H2O to the Raman signal are imaged on four thermo-electrically 137 

cooled, back-illuminated CCD cameras (Princeton Instruments, ProEM-HS 1024BX3). A 22 138 

hardware binning is used in low-noise readout mode. 139 

 140 

High collection efficiency is desirable to offset the weakness of Raman scattering. The necessary 141 

hardware is described in Fig. 1. Raman scattering is relayed outside of the HPCD by two 102-mm 142 

diameter achromatic doublet lenses (Optosigma, f = 250 mm, AR coated). Outside of the HPCD, the 143 

signal is collimated with a lens (Nikkor, f = 200 mm, f/2.8) before passing through a 532 nm notch 144 

filter with OD6 (Edmund Optics, #86-130) to reject stray light and Mie and Rayleigh scatterings. 145 

Then, the signal enters a dichroic mirrors assembly [15] where species contributions are successively 146 

separated using three dichroic mirrors oriented at 45 (Semrock, FF640/FF662/FF580). Finally, the 147 

four separate signals each pass through a band-pass filter (Semrock, FF01-605/15 for N2, FF01-575/15 148 

for O2, FF01-680/13 for H2, and FF01-655/15 for H2O) and are focused on the camera chip by a lens 149 

(Nikkor, f = 50 mm, f/1.2). This arrangement leads to total transmissions of around 90%, 93%, 93%, 150 

and 91% for N2 around 607 nm, O2 around 580 nm, H2 around 683 nm, and H2O around 660 nm, 151 

respectively. The normalized transmission spectrum for each of the four channels is shown in 152 

supplementary materials (Fig. S1). 153 

 154 

 155 

 156 
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 157 

Because non-intensified, i.e., non-gated, CCD cameras are used, an alternative strategy is needed to 158 

exclude flame luminosity. A large aperture (~40 mm) longitudinal Pockels cell electro-optical shutter 159 

(Meadowlark Optics) is used. It is comparable to that first proposed in [16] for 1-D Raman 160 

measurements in flames but it features a larger acceptance angle, allowing imaging. The Pockels cell 161 

is placed between two crossed wire grid polarizers (Edmund Optics, #46-636) and is mounted between 162 

the collimating lens and the 532 nm notch filter (see Fig. 1). This arrangement yields a measured peak 163 

flame luminosity attenuation of 100 and a transmission of 81%. Using a 500 ns gate duration, flame 164 

luminosity for the rather dim H2-N2 flames is excluded. Using polarizers featuring larger extinction 165 

ratios of 1000000:1 (Meadowlark Optics, GPM-200-UNC), the luminosity of methane-air flames is 166 

excluded but transmission drops to 49%. The arrangement yielding higher transmission was preferred 167 

Fig. 1: Schematic of the experimental setup. Colored arrows represent the different spectral 

contributions of the Raman scattering and OH-PLIF signals. 
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but this demonstrates that other fuels could be used. The 40% penalty on signal intensity introduced 168 

by the different polarizers could be then compensated by reducing the laser sheet height by 40%. 169 

Measuring all major species in syngas/methane requires two/three additional CCD cameras and a more 170 

complex dichroic mirror assembly. 171 

 172 

For each major species and flame, 100 images of 245180 pixels2 are recorded at a framerate of 173 

5 image/s. Magnification is M = 0.25 leading to a pixel density of 9.6 pixel/mm. The optical spatial 174 

resolution was measured as the full width at half maximum (FWHM) of the normal distribution 175 

degrading a sharp intensity gradient recorded at high-resolution to match that recorded with the 176 

cameras. It is around 120 m, which is smaller than the laser sheet thickness of 0.2 mm. 177 

 178 

To improve SNR, images are denoised using the wavelet adaptive thresholding (WATR) method 179 

described in [17, 18]. This method is optimized to reject noise while preserving spatial resolution. 180 

Images are corrected for background, flatfield, and for temporal and spatial fluctuations of the laser 181 

energy density using a strip of air at the edge of each N2 image. All images are registered spatially to 182 

the N2 channel. Tests were also conducted using the electron-multiplied (EM) mode available for these 183 

CCD cameras. Counts were higher than in low-noise readout mode but the WATR denoising method 184 

performed poorly. This significantly degraded precision for all scalars.  185 

 186 

The matrix inversion method [19] was used to convert Raman signals into mole fractions and infer 187 

temperature and mixture fraction. The temperature dependence of Raman signals was calculated using 188 

the method described in [19]. Matrix coefficients for N2/O2 and H2 are calibrated to match mole 189 

fractions in air and in a 3.6N2:H2 jet, respectively, at 12 bar and 292 K. The coefficients for H2O and 190 

cross-talk of H2 on O2 are calibrated in the laminar flame with 3.6N2:H2 at 12 bar. Mixture fraction is 191 

calculated from the mole fractions using Bilger’s definition [20]. 192 

 193 
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Rayleigh scattering is often used in conjunction with 1-D Raman measurements. This is more 194 

challenging to achieve in a closed vessel and Rayleigh scattering was not measured here.  195 
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2.3 Quantitative OH-PLIF 196 

 197 

A Nd:YAG laser (Continuum, Powerlite DLS9010) pumping a dye laser (Continuum, 198 

ND6000 + UVT) is used for OH-PLIF. It is tuned to the Q1(6) transition of the OH radical 199 

(282.930 nm) and delivers 25 mJ/pulse. The OH-PLIF laser sheet has a thickness of around 0.18 mm 200 

and a height of 60 mm. Fluorescence images are recorded with an intensified CCD camera (Princeton 201 

Instruments, PI-MAX4) equipped with a UV lens (f = 120 mm, f/4.5) and a 40-nm bandpass filter 202 

centered at 320 nm (LaVision, 110760), yielding a magnification M  0.2. No hardware binning is 203 

used, leading to a pixel density of 16.5 px/mm. Spatial resolution is measured to 200 m with the 204 

aforementioned method. 205 

 206 

Operation in the linear regime of fluorescence was verified for the flames examined. Images are 207 

corrected for background, flatfield, temporal and spatial fluctuations of the laser energy density, and 208 

are registered spatially to the N2 channel. No significant laser absorption is observed. Interestingly, 209 

SNR is comparable to that measured at 1 bar because of the higher number density and because a 210 

larger laser fluence can be used in the linear regime. This compensates the increased quenching rate 211 

at 12 bar. 212 

 213 

Because the mole fraction of all major species and temperature are known from Raman scattering, the 214 

OH fluorescence intensity can be converted into mole fraction. The Boltzmann population distribution 215 

is calculated as a function of temperature for transition Q1(6) and the quenching rate is calculated 216 

using the quenching cross-sections from Tamura et al. [21]. Contributions to quenching of N2, O2, H2, 217 

H2O, and OH are accounted for. Because of OH, computing the quenching rate is an iterative process.  218 
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3. Results and discussions 219 

 220 

3.1 Single-shot images of a laminar flame 221 

 222 

Figure 2 shows simultaneous single-shot images of H2, O2, H2O, and OH mole fraction, temperature, 223 

and mixture fraction for the 3.6N2:H2 laminar flame for 0  r/D  2.2 and 0.8  z/D  2.5. The N2 224 

image is featureless and is excluded. The available field-of-view is 25(H)8(V) mm2 but it was 225 

cropped to 10(H)8(V) mm2 to partly exclude air regions.  226 

 227 

 228 

The images of Fig. 2 display the expected features of a laminar diffusion flame. The hot products 229 

region, delineated by H2O or temperature, is located between H2 and O2. The OH layer is thin and 230 

Fig. 2: Single-shot images of major species and OH mole fraction, temperature, and mixture fraction 

in a 3.6N2:H2 laminar flame. 
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located where mixture fraction takes a value close to stoichiometric (st = 0.59), within the hot 231 

products region.  232 

 233 

Iso-contours of Pockels cell’s attenuation are shown on the mixture fraction image of Fig. 2. 234 

Attenuation has a cross shape with the highest/lowest attenuation near the principle axes/corners. 235 

However, almost all of the field-of-view features an attenuation larger than 10. This value is 236 

sufficient for the flames investigated here but is insufficient for bright flames. The region-of-interest 237 

(ROI) defined by the two horizontal dotted lines in the temperature image features an attenuation 238 

larger than 40 and often larger than 80. It is selected for further examination of images. 239 

 240 

3.2 Precision analysis 241 

 242 

Because 100 snapshots are available for each of the laminar flames, precision can be quantified for 243 

the seven scalars. The coefficients of variation (COV in %) are reported in Table 1. For the number 244 

density of N2, values are reported at 300 K and 2065 K (peak temperature for 2.0N2:H2). For H2O, 245 

only values in hot products are available and these are reported at 2065 K. 246 

 247 

Table 1: Coefficient of variation (COV) and corresponding mean for species number densities nk and mole fractions Xk, 248 
temperature T, and mixture fraction . 249 

 nN2 nN2 nO2 nH2 nH2O XN2 XO2 XH2 XH2O XOH T  

COV [%] 2.3 3.2 3.0 3.7 4.8 2.0 3.1 3.6 6.0 10 5.4 0.02  

Mean aira flameb aira jeta flameb 0.79a 0.21a 0.22a 0.27b 0.0023b 2065 K 1 

a at 300 K – b in products at 2065 K  250 

 251 

Table 1 shows that precision for N2, O2, and H2 is better than 4%. Precision is lower for H2O with 6% 252 

because it is only present at elevated temperature and XH2O = 0.27 maximum. Precision is poorer, 253 

around 10%, for OH and this is attributed to the intensifier. Precision on temperature is around 5%.  254 

 255 



 13 

Oversampling usually improves noise rejection by the WATR denoising method [17]. Therefore, tests 256 

were conducted without hardware binning. Oversampling marginally improved precision for N2 and 257 

H2 but significantly degraded precision for H2O due to too low pixel counts ( 8 counts). The N2 signal 258 

in hot products led to only 15 counts, yielding a disappointing dynamic range. Therefore, 22 259 

hardware binning was chosen. 260 

 261 

3.3 Accuracy analysis 262 

 263 

Comparison with laminar flame calculations in the mixture fraction space provides an indication of 264 

the measurements’ accuracy. Figure 3a-b shows scatterplots of all measured scalars vs. mixture 265 

fraction for the 3.6N2:H2 laminar flame. These scatterplots are obtained using one instantaneous 266 

acquisition and are restricted to the ROI defined in the temperature image of Fig. 2. Each point 267 

corresponds to one pixel, leading to 2,813 points per scalar. 268 

 269 

Computations are done with the diffusion opposed-flow flame module of Chemkin and the USC-II 270 

reaction mechanism optimized for H2 [22]. Computations include thermal diffusion and multi-271 

component transport. A strain rate of 38 /s was chosen for comparison with the data because it 272 

provides the best fit to the high-temperature layer thickness in physical space. The computed OH 273 

profile was convolved with a normal distribution of 200-m FWHM to account for the spatial 274 

resolution of OH-PLIF. Convolution is not required for the other scalars because the FWHM of the 275 

high-temperature layer is 10 larger than the 120-m Raman imaging optical resolution for this strain 276 

rate. Laminar calculations with multi-component transport are shown as solid lines in Fig 3.  277 
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 278 

Comparison with the calculations show that the measurements recover the magnitude and shape of all 279 

scalars vs. mixture fraction. Deviations from the predicted values are within the precision of the 280 

technique (see Table 1). Over the range of mixture fractions, the standard deviations are 0.8%, 4.7%, 281 

and 3.9% for time-averaged N2, H2O, and temperature, respectively. Scatter is very small for O2 and 282 

H2 because of the way mixture fraction is calculated. Note that measurements in this flame were used 283 

to calibrate the matrix coefficient of the water response and match the laminar calculations. Good 284 

agreement with the calculations suggests that the error introduced by assuming a linear dependence 285 

of the Raman response with pressure is not significant.  286 

 287 

This Raman/OH-PLIF imaging technique is capable of identifying the full thermochemical structure 288 

of a laminar flame in single-shot. This can be contrasted with 1-D Raman/Rayleigh measurements 289 

Fig. 3: Top row: Scatterplots of measured major species mole fractions vs. mixture fraction in laminar 

(a and c) and turbulent (e) flames. Bottom row: Same for temperature and OH mole fraction. Lines show 

1-D computations with multi-component transport (solid) and unity Lewis number (dashed). In e-f, 

hollow and full symbols correspond to ROI-A and ROI-B, respectively, which are defined in Fig. 4. 
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that require many shots to fully populate scatterplots for only one axial location. Therefore, imaging 290 

could reduce the cost associated with high flow-rate, high-pressure experiments. 291 

 292 

The measurements’ sensitivity to the water and OH response calibration is assessed by comparing the 293 

instantaneous structure of the 2.0N2:H2 flame to laminar calculations (Fig. 3c-d). The stoichiometric 294 

mixture fraction, peak temperature, and peak H2O and OH mole fractions are very different compared 295 

to that of flame 3.6N2:H2 used for calibration. Nevertheless, agreement between computations and 296 

experiments remains good. Over the range of mixture fractions, the standard deviations are 2.0%, 297 

10.0%, and 4.0% for time-averaged N2, H2O, and temperature, respectively. Fine-tuning parameters 298 

to match the temperature for 3.6N2:H2 leads to overestimating the peak temperature for 2.0N2:H2 by 299 

only 0.3%. Matching peak H2O mole fraction for 3.6N2:H2 overestimates that for 2.0N2:H2 by 8.8%. 300 

Good performances are achieved for two different flames without re-adjusting post-processing 301 

parameters. These numbers give an idea of the accuracy of Raman imaging. Following a similar logic, 302 

the accuracy for quantitative OH imaging is around 5%. 303 
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3.4 Analysis of a turbulent flame and role of differential diffusion 304 

 305 

The target of Raman/OH-PLIF imaging is turbulent flames. Figure 4 shows simultaneous single-shot 306 

images for the turbulent flame with 3.6N2:H2 and Re = 29,000 for 9.1  z/D  10.9.  307 

 308 

 309 

The main observations are: 310 

• Spatial overlap of species is consistent with expectations. The contour of the H2 layer tracks 311 

that of H2O as well as OH. 312 

Fig. 4: Single-shot images of major species and OH mole fraction, temperature, mixture fraction, and 

scalar dissipation rate in the 3.6N2:H2 turbulent flame (Re = 29,000). The method to infer the flame 

front normal is also depicted. 
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• Regions of high H2O mole fraction also feature high temperature. 313 

• The OH layer matches the region where mixture fraction is close to stoichiometric (see black 314 

lines on the mixture fraction image). 315 

• There is indication of local flame extinction at z/D  9.3 (discontinuity of the OH layer in ROI-316 

B). This is corroborated by the small elongated layer of H2 leaking towards the oxidizer side 317 

at z/D  9.3. 318 

• There are no noticeable effects of beam steering such as those described in the high-pressure 319 

Rayleigh experiments of [23].  320 

 321 

Note that both the Kolmogorov and Batchelor scales are estimated to a few micrometers and are not 322 

resolved.  323 

 324 

It was shown by others that effects of differential diffusion decrease when the Reynolds number 325 

increases [11, 24, 25]. While there is no clear threshold Reynolds number above which differential 326 

diffusion becomes negligible, it is reasonable to treat turbulent jet flames with Re = 29,000 with a 327 

unity Lewis number [24, 25]. Therefore, scalars measured in the turbulent flames are now also 328 

compared to that computed with unity Lewis number. 329 

 330 

Two ROIs are defined for further analysis. ROI-A crosses a flame front at z/D  9.9. ROI-B crosses 331 

the region suggesting local extinction at z/D  9.3. Figure 3e-f shows scatterplots of all measured 332 

scalars vs. mixture fraction for the images of Fig. 4. Hollow symbols correspond to ROI-A and full 333 

symbols with black contours correspond to ROI-B. Focusing first on ROI-A, the flame structure 334 

differs from that of the laminar flame of Fig. 3a-b and it is not well described by 1-D computations 335 

with multi-component transport that feature differential diffusion (solid lines). The shapes of all 336 

profiles differ significantly, especially for N2 across the whole range of mixture fractions and for 337 

temperature and H2O for  > 0.7. The measured peak H2O and OH mole fractions and temperature are 338 
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30%, 60%, and 30% smaller than in computations, respectively. Note that no strain rate value provides 339 

a good match. Strain rate values close to extinction almost recover peak temperature and peak H2O 340 

mole fraction, but do not capture the shape of the temperature and H2O profiles for  > 0.7 and the 341 

shape of the N2 profile across the whole range of mixture fractions. Such large differences cannot be 342 

attributed to precision and accuracy. The very different profile shapes for N2, temperature, and H2O 343 

cannot be explained by partial or local extinction either. 344 

 345 

Results of computations featuring a unity Lewis number are shown in Fig. 3e-f as dashed lines. The 346 

strain rate is now 134 /s and is close to that yielding extinction (the extinction strain rate is 4.5 smaller 347 

at 12 bar than at 1 bar). Agreement between experiments and unity Lewis number computations is 348 

much improved and is very good, except for OH. This is in line with 0-D Raman/Rayleigh scattering 349 

and OH-PLIF measurements conducted by Tacke et al. [12] for an almost identical jet composition of 350 

3.4N2:1H2, albeit at 1 bar and for a smaller Reynolds number Re = 16,000. Consistent with [11, 12, 351 

24], the results herein show that differential diffusion is attenuated in turbulent flames featuring a 352 

large Reynolds number. However, results of [11, 12] also show that some differential diffusion effects 353 

persist even for turbulent flames, influencing local extinction and OH production. This is also the case 354 

here. The measured OH mole fraction is smaller than that predicted by computations with multi-355 

component transport but is larger than that predicted by unity Lewis number computations (see 356 

Fig. 3f). This feature, also observed in [12], is attributed to differential diffusion. 357 

 358 

Figure 3 also shows that O2 and H2 mole fractions measured in the turbulent flame for  ~ st are larger 359 

than that predicted by computations, regardless of the diffusion model. This is due to the high strain 360 

rates experienced by the turbulent flame. With or without differential diffusion, this feature can be 361 

replicated in 1-D computations by sufficiently increasing strain rate. 362 
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All the above results showcase the performance of Raman/OH-PLIF imaging. The subtle influence of 363 

differential diffusion is clearly highlighted using only one laminar and one turbulent single-shot. This 364 

lends a lot of confidence in the accuracy and precision of the technique. 365 

 366 

Scatterplots of temperature and OH mole fraction vs. mixture fraction are useful to identify local flame 367 

extinction [1]. This can be attempted with the Raman/OH-PLIF images of Fig. 4. The data 368 

corresponding to ROI-B is shown in Fig. 3e-f. In addition to a zero OH mole fraction, lean regions of 369 

the mixture fraction space exhibit a temperature and a H2O mole fraction smaller than that predicted 370 

by unity Lewis number computations. These features are indicative of local extinction. Therefore, 371 

Raman/OH-PLIF imaging can be used to identify local extinction in turbulent flames. Combined 372 

knowledge of temperature and mixture fraction allows removing any ambiguity due to the 3-D nature 373 

of the flame when attempts are made to identify local extinction using images of OH fluorescence 374 

alone [26]. Indeed, a pixel featuring a temperature and a OH mole fraction smaller than that computed 375 

for the pixel’s mixture fraction cannot be the consequence of out-of-plane flame motion. 376 

 377 

The scalar dissipation rate is another interesting quantity to study and model turbulent flames. Because 378 

mixture fraction is measured, the scalar dissipation rate can be derived as follows: 𝜒 = 2𝐷(𝛁ξ)2, 379 

where D is the diffusivity. The FWHM of the high-temperature layer is 5 larger than the 120-m 380 

optical resolution for a strain rate of 134 /s, suggesting that spatial gradients of mixture fraction can 381 

be resolved. The out-of-plane component of the mixture fraction gradient is not available and is 382 

neglected. This is a limitation of this technique. The image of scalar dissipation rate is shown at the 383 

bottom right of Fig. 4. The region of high scalar dissipation rate overlaps well with the region of high 384 

OH, which is an expected feature [6]. The peak scalar dissipation rate is around 50 /s. This is close to 385 

the peak scalar dissipation rate computed near extinction, lending some confidence in scalar 386 

dissipation rate imaging. However, there are no other databases available for these H2-N2 flames at 387 

12 bar and quantifying the accuracy of scalar dissipation rate imaging is difficult at this stage.  388 
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Because the OH image is available, the 2-D flame front normal can be extracted (as illustrated in the 389 

bottom left image of Fig. 4) to reconstruct a more accurate scalar dissipation rate by projection [27]. 390 

Even though the out-of-plane component is neglected, this method is an alternative to 1-D 391 

Raman/Rayleigh measurements augmented by cross-planar OH-PLIF [27]. 392 
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4. Conclusions  393 

 394 

Simultaneous, single-shot imaging of all major species (N2, O2, H2, and H2O), OH, temperature, and 395 

mixture fraction was demonstrated for the first time in H2-N2 jet flames at 12 bar. Precision is better 396 

than 6% for all scalars measured using Raman scattering and is 10% for OH. These numbers are 397 

satisfying considering the large field-of-view of 25(H)8(V) mm2. Good performance of Raman 398 

imaging is largely due to low-noise CCD cameras, the WATR denoising method, and elevated 399 

pressure.  400 

 401 

Subtle effects of differential diffusion were highlighted by comparing single-shot images in laminar 402 

and turbulent flames. This cannot be achieved with previous mixture fraction imaging techniques and 403 

it showcases the accuracy of the present technique. 404 

 405 

Scalar dissipation rate images are derived from mixture fraction. Knowledge of the in-plane flame 406 

front normal from OH images can be used to infer the local instantaneous scalar dissipation rate and 407 

is an alternative to 1-D Raman/Rayleigh measurements with cross-planar OH-PLIF. 408 

 409 
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List of figure captions 482 

 483 

Fig. 1: Schematic of the experimental setup. Colored arrows represent the different spectral 484 

contributions of the Raman scattering and OH-PLIF signals. 485 

 486 

Fig. 2: Single-shot images of major species and OH mole fraction, temperature, and mixture fraction 487 

in a 3.6N2:H2 laminar flame. 488 

 489 

Fig.3: Top row: Scatterplots of measured major species mole fractions vs. mixture fraction in laminar 490 

(a and c) and turbulent (e) flames. Bottom row: Same for temperature and OH mole fraction. Lines 491 

show 1-D computations with multi-component transport (solid) and unity Lewis number (dashed). In 492 

e-f, hollow and full symbols correspond to ROI-A and ROI-B, respectively, which are defined in Fig. 493 

4. 494 

 495 

Fig. 4: Single-shot images of major species and OH mole fraction, temperature, mixture fraction, and 496 

scalar dissipation rate in the 3.6N2:H2 turbulent flame (Re = 29,000). The method to infer the flame 497 

front normal is also depicted. 498 

 499 

Table 1: Coefficient of variation (COV) and corresponding mean for species number densities nk and 500 

mole fractions Xk, temperature T, and mixture fraction .501 
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Fig. S1: Measured normalized transmission spectra for the four Raman channels. 505 


