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Abstract
In recent years, conditioned particle image velocimetry (CPIV) has attracted much attention for flame front extraction. It is 
an economical and straightforward technique because the flame front can be obtained simply from Mie-scattering images. 
In the current work, Mie-scattering and hydroxyl planar laser-induced fluorescence (OH-PLIF) measurements were taken 
simultaneously to study the applicability of CPIV under conditions with varying equivalence ratios, and the reliable work-
ing range of the CPIV method and the source of bias were clarified quantitatively. The premixed dimethyl ether (DME)/air 
flames stabilized on a two-dimensional bluff body were tested. It is found that the accuracy of the CPIV method worsens as 
the equivalence ratio decreases. The bias of CPIV is supposed to be related to the flame structure and aerodynamics. The 
extraction deviation in the upstream region for the stable flames is more significant than that in the downstream area due to 
the intensified interaction between the shear layer and flame near the bluff body. However, for the flames approaching the 
lean blow-off (LBO), the bias in the upstream part is smaller than that in the downstream area, which is related to the “back-
support” of the hot recirculation zone (RZ). In addition, the difference between the results obtained by CPIV and OH-PLIF 
is usually the preheat layer of flame and concave-wrinkled location of OH-PLIF filled with CH2O radicals, especially under 
conditions close to the LBO, which can be used to estimate the spatial distribution of CH2O.

Graphical Abstract

1  Introduction

Turbulent premixed combustion is the mode of operation 
in industrial applications, such as aero-engines and gas tur-
bines. A deeper understanding of turbulent combustion will 
help to improve combustion efficiency and stability. It is 
well established that most of the premixed turbulent flames 
are composed of wrinkled “flamelets” (Driscoll et al. 2020); 
thus, the flame can be considered as an ensemble of laminar 

stretched “flamelets” when the thickness of the chemical 
reaction layer is smaller than the scale of Kolmogorov eddies 
(Peters 2000). The thin chemical reaction layer of premixed 
turbulent flame, known as the flame front, can be used to 
calculate many critical parameters, such as the flame surface 
density and flame brush thickness, and the turbulent burn-
ing velocity calculation highly depends on these parameters 
(Driscoll 2008). Thus, the extraction of the flame front is 
necessary for advanced chemical dynamic calculations and 
accurate predictions using numerical simulations at a lower 
cost.

There are several methods to obtain the flame front. The 
OH radical is a long-lived species during combustion and 
appears at the flame front and in burnt areas (Nguyen and 

 *	 Yi Gao 
	 gaoyisjtu@sjtu.edu.cn

1	 Shanghai Jiao Tong University, Shanghai 200240, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00348-023-03657-0&domain=pdf


	 Experiments in Fluids (2023) 64:118

1 3

118  Page 2 of 14

Paul 1996). Therefore, the contour of the OH-PLIF signal 
can be extracted and generally regarded as the approxima-
tion of the flame front (Ayoolan et al. 2006; Barlow et al. 
2009; Hartung et al. 2009, 2008; Hassel and Linow 2000; 
Shimura et al. 2011). Additionally, the flame front can also 
be acquired by employing the Rayleigh thermometry (Knaus 
et al. 2005), CH-PLIF technique (Tanahashi et al. 2005), 
and the method of detecting the disappearance of oil drop-
lets within the flame front (Knaus et al. 2002), and so on. 
Among them, the conditioned particle image velocimetry 
(CPIV) method has attracted great interest from research-
ers in recent years (Pfadler et al. 2007). A sharp particle 
density gradient exists in Mie-scattering images due to the 
temperature change between the unburnt and burnt zones. 
Thus, the flame front of a turbulent premixed flame can be 
deduced from the dense and sparse particle density bound-
ary. Furthermore, the flow field can be obtained simultane-
ously using the dual Mie-scattering images of the PIV tech-
nique without additional expensive and complex devices. 
Consequently, the CPIV method is widely used in premixed 
bluff-body flames (Biswas et al. 2013; Chaparro and Cetegen 
2006; Geikie et al. 2017; Morales et al. 2021, 2020; Rising 
et al. 2021; Tuttle et al. 2013), swirling flames (Marshall 
et al. 2017; Ranjan et al. 2019), V-shaped flames (Pfadler 
et al. 2009), and Bunsen flames (Pfadler et al. 2008; Tyagi 
and O’Connor 2020), etc., for the extraction of the flame 
front.

Recently, the CPIV method has been applied in the pre-
mixed flames approaching the lean blow-off (LBO) (Biswas 
et al. 2013; Chaparro and Cetegen 2006; Morales et al. 2020, 
Tuttle et al. 2013). Tuttle et al. calculated the local aerody-
namic strain rates and curvature using CPIV and investi-
gated the LBO behavior of asymmetrically fueled bluff-body 
stabilized flames (Tuttle et al. 2013). Biswas et al. utilized 
the CPIV method to determine the strain rate variations at 
different phases of the flame oscillation in conical premixed 
flames near and far from blow-off conditions (Biswas et al. 
2013). Morales et al. investigated the flame structure and the 
local strain rate based on CPIV during the blow-off event of 
a bluff-body stabilized flame (Morales et al. 2020). Chaparro 
et al. obtained the instantaneous flame front under the blow-
off conditions in conical bluff-body stabilized premixed 
flames by CPIV (Chaparro and Cetegen 2006). However, 
there is still a lack of intensive investigation to evaluate the 
reliability of the CPIV, and it is necessary to explore the 
theoretical mechanisms and the error source for the biased 
performance of the CPIV under conditions close to the LBO 
limit, which will supply critical guidance for researchers to 
utilize the CPIV in the favorable combustion conditions.

Therefore, our work studied the applicability of the CPIV 
method under different equivalence ratios until approaching 
LBO. The experiments were conducted in a turbulent pre-
mixed dimethyl ether (DME)/air 2D bluff-body stabilized 

flame. DME is considered a cheap fuel that can be synthe-
sized from natural gas, coal, or biofuels. In addition, DME 
is clean-burning and has less soot emission since it involves 
a high oxygen content and no C–C bond (Glaude et al. 
2011). OH-PLIF, used as reference results, was conducted 
simultaneously with Mie-scattering since OH-PLIF is com-
monly adopted as an excellent method to extract the flame 
fronts. Furthermore, the instantaneous images and the sta-
tistical results of the mean progress variable ⟨c⟩ , length of 
the flame front ( L ), flame surface density, stretch rate, and 
curvature calculated from OH-PLIF and CPIV were com-
pared to analyze the performance of the CPIV method. The 
detailed experimental configuration and the data processing 
procedure are explained in Sect. 2. The results based on the 
OH-PLIF and CPIV are discussed in Sect. 3. Finally, there 
is a summary of this work in Sect. 4.

2 � Experimental arrangements

2.1 � Burner assembly

The sketch of the burner with a 2D bluff body is shown in 
Fig. 1. From the bottom to the top, the overall length of 
the test rig is 1135 mm, consisting of a cylindrical chamber 
(50 mm in diameter), a square flow channel, a square duct 
with optical accesses, and a final-stage square duct guiding 
the exhaust gas. The cross section of the last three square 
ducts is 50 mm × 50 mm. The DME/air mixture enters the 
burner at the bottom of the cylindrical chamber. A 20 mm-
long foam metal is filled in the square flow channel, located 
480 mm upstream of the 2D bluff body, to enhance the 
air–fuel mixing. The spark ignitor is installed about 60 mm 
upstream of the 2D bluff body.

Optical accesses are opened on each side of the 
square duct and equipped with a quartz window, as plot-
ted in Fig. 1. The two opposite optical windows for laser 

Fig. 1   Sketch of the burner with a 2D bluff body
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passage are in the dimension of 148 mm (length) × 29 mm 
(width) × 8 mm (thickness). The other two opposite quartz 
glasses with a larger dimension of 148 mm (length) × 48 mm 
(width) × 8 mm (thickness) are designed for imaging.

The 2D bluff body used in this work is solid and fixed on 
one imaging quartz window by bolts. It is 49 mm long along 
the longitudinal direction, and its cross section is an equilat-
eral triangle with sides of 20 mm (db). In order to exclude the 
influence of bluff-body temperature on the flame structure, a 
heating rod and a K-type thermocouple were pre-embedded 
in the 2D bluff body. A bluff-body temperature of 573 ± 10 K 
was monitored by a thermocouple and maintained by con-
trolling the voltage applied to the heating rod. And the pro-
cedure was auto-controlled by the LabVIEW program.

2.2 � Experimental conditions

The LBO limits were determined by keeping the air-flow 
constant and gradually reducing the DME flow rate by 1% 
each step until the blow-off occurred, and there was a wait-
ing time of 10 s after each reduction to stabilize the flow 
rate. The equivalence ratio when the blow-off happened was 
averaged based on five repeats of this procedure, and it is 
0.63 at the mixture flow rate of 7 m/s. As listed in Table 1, 
the flames with four different equivalence ratios (Φ = 0.8 
(case A1), 0.75 (case A2), 0.7 (case A3), and 0.65 (case A4)) 
at this flow velocity were tested and compared. The air and 
fuel flow rates were controlled by two mass flow controllers 
(Sevenstar, D07-60B series and D07-9E series), respectively.

2.3 � Imaging system

The imaging system used for simultaneous OH-PLIF and 
Mie-scattering measurements is shown in Fig. 2.

For the OH-PLIF imaging, a tunable dye laser (Sirah 
Lasertechnik, Cobra-Stretch) was operated at 10 Hz, and 
the working medium was Rhodamine-6G dissolved in pure 
ethanol. The dye laser was pumped by a 532 nm Nd:YAG 
laser (Quantel, Q-smart 850), and the output wavelength 
was turned to around 283 nm to excite the Q1(6) line in 
the A1Σ − X2Π ( v� = 1, v�� = 0 ) band of the OH radical. 
The energy of the dye laser was about 18 mJ/pulse. A few 
cylindrical lenses were used to reshape the laser beam into 
a thin sheet of 100 mm in height. A high-speed CMOS 
camera (Phantom, v2012), coupled with a two-stage 

image intensifier (Lambert, HiCATT) gated at 0.5 μs, was 
placed perpendicular to the laser sheet to capture the OH-
PLIF images. A UV lens (Sodern CERCO, 105 mm f/2.8) 
equipped with a band-pass filter (Edmund-34980) was 
employed in front of the intensifier to remove interfer-
ences from other wavelengths. Due to the inhomogene-
ous spatial distribution of the laser energy, a cuvette in 
size of 120 mm × 15 mm × 10 mm (height × width × depth) 
was filled with ethanol and placed on top of the 2D bluff 
body inside the burner. The ethanol fluorescence, shown 
in Appendix A, can reflect the spatial intensity distribution 
of the laser sheet. The 1000 frames of ethanol PLIF were 
averaged and used to correct the OH-PLIF images.

For the Mie-scattering measurements, a 532-nm double 
cavity Q-switched Nd:YAG laser (Beamtech, Vlite-200) 
ran at 10 Hz, and the interval between the two pulses was 
fixed at 30 μs. The change of the flow field during this time 
slot can be neglected, considering the incoming velocity 
is 7 m/s in this work. The energy of each pulse was about 
8 mJ/pulse. Similarly, the laser beam was also formed into 
a thin sheet of 125 mm in height. The aluminum oxide 
(Al2O3) particles with a nominal diameter of ∼1.0 μm, act-
ing as the scattering sources, were seeded into the DME/
air mixture. An identical high-speed CMOS camera, run-
ning in double frame mode, was positioned perpendicular 
to the laser sheet to record the Mie-scattering images. A 
camera lens (f/8) identical to the one used for OH-PLIF 
and a band-pass filter (Edmund-65216) were adopted in 
front of the camera lens to reduce the natural luminosity 
of the flame.

The laser sheets for OH-PLIF and Mie-scattering over-
lapped spatially and longitudinally crossed the 2D bluff 
body. The calculated spatial resolution is 123.8 μm/pixel 
for OH-PLIF and 120.8  μm/pixel for Mie-scattering, 

Table 1   Properties of the 
experimental conditions. v is the 
mean square root of the axial 
velocity, � is the equivalence 
ratio

Case v (m/s) �

A1 7 0.8
A2 7 0.75
A3 7 0.7
A4 7 0.65

Fig. 2   The top view of the optical setup combined with the OH-PLIF 
and Mie-scattering measurements
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respectively. The resolutions of the two methods are very 
close, indicating the resolution difference will not become 
an error source for comparing the images obtained by these 
two methods.

A master clock (PCIe 6738) was used to synchronize the 
timing/triggering of the cameras and lasers for simultaneous 
measurements of PLIF and Mie-scattering. The timing of the 
283 nm laser pulse was located between the two pulses of 
532 nm, implying the existence of a 15 μs delay between the 
OH-PLIF image and the first one of the Mie-scattering image 
pair. During this time delay, a max shift of 0.3 mm of the 
flame front was found, showing a trivial influence on the con-
clusion. Thus, it still can be considered a simultaneous meas-
urement of PLIF and Mie-scattering. The 1000 images/image 
pairs of both methods were recorded for the data analysis.

2.4 � Image processing

The two consecutive Mie-scattering images can be utilized 
to demonstrate the evolution of the velocity fields, and the 
unburnt and burnt zone can be distinguished according to the 
particle density gradient from each Mie-scattering image. 
The image calibration and velocity calculation relied on the 
software of DaVis 8.4. The sequential interrogation windows 
were decreased from 48 pixel × 48 pixel to 24 pixel × 24 
pixel with an overlap of 50% by the multi-pass mode. The 
flame front extracted by OH-PLIF and CPIV methods is 
based on the scikit-image algorithms of Python, and the 
detailed procedure will be explained below.

For the OH-PLIF image processing, the raw image shown 
in Fig. 3a was firstly corrected line-by-line according to 
the fluorescence image of ethanol, which is explained in 
Appendix A, and then is displayed in Fig. 3b. x = 0 mm is the 
symmetric axis of the bluff body. Next, a 13 × 13 Gaussian 
filter was applied over the whole image for noise reduction. 
Gaussian filtering is widely applied to reduce the noise in 
the image post-processing procedure. In this work, the pur-
pose of applying Gaussian filtering is to help improve the 
binarization quality during the extraction of flame fronts. 
Then, Otsu’s thresholding method was adopted for binariza-
tion to distinguish the burnt and unburnt areas. Since there 
was a significant difference in the PLIF intensity distribu-
tion, the boundary extraction will bias to the wrong position 
if an identical threshold for binarization was employed on 
the whole image. Thus, the OH-PLIF image was divided 
along the y-axis into small regions, each with 10-pixel 
lines, and was binarized separately based on the intensity 
of each segment. And then, all these processed segments 
were interlinked into one binarized OH-PLIF image, as 
shown in Fig. 3c. It should be pointed out that the SNR of 
the instantaneous OH-PLIF image close to the bluff body (in 
the region of y < 15 mm) was extremely low. A significant 
error occurred during the flame front extraction, leading to 

distortion in calculating the mean progress variable and the 
flame front length. Therefore, this region was not considered 
in the flame front extraction.

For the CPIV image processing, the background noise 
was first taken in the case without particles seeded into the 
flow and was subtracted from the raw Mie-scattering image 
shown in Fig. 3d. In order to exclude the interference of 
local peak pixel intensity to binarization, the pixel intensities 
of the whole image were ranked from the minimum to the 
maximum, and the 80th percentile of the ascending array 
was defined as the threshold, and the selection criterion will 
be explained in detail in Appendix B. The pixel’s intensity 
that exceeds the threshold will be assigned this threshold 
value, and the processed image is shown in Fig. 3e. Next, a 
13 × 13 Gaussian filter is also utilized for noise reduction. 
And then, the binarization method identical to that used for 
the OH-PLIF image processing was applied, and the final 
binarized image is shown in Fig. 3f.

The flame front acquired based on OH-PLIF and CPIV 
was emphasized by a yellow profile in Fig. 3c and f, respec-
tively. For both methods, the recognized burnt region is 
marked in red, and each pixel in this region is given an 
intensity of 1. In contrast, the unburnt region is denoted 

Fig. 3   Flame front extracted based on the OH-PLIF (top row) and 
CPIV (middle row) for case A2 with the step of a and d the raw 
image, b and e intensity-corrected image, c and f binarized image 
with emphasized contours, and g similarity image
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in blue with the pixel intensity of 0. In order to compare 
the contours obtained using these two methods, the pixel 
intensity of Fig. 3f (the binarized Mie-scattering image) 
was subtracted from that of Fig. 3c (the binarized OH-PLIF 
image). Then, the so-called similarity image was obtained 
and is shown in Fig. 3g. The green background with a pixel 
intensity of 0 denotes that the corresponding region acquired 
by both methods is consistent. The blue area represents the 
burnt region recognized by CPIV but the unburnt region 
defined by OH-PLIF. On the contrary, the red area indicates 
the burnt region identified by OH-PLIF, but it is the unburnt 
part specified by CPIV. It has to be pointed out that most 
of the possible error sources, including the laser intensity, 
image resolution, optical alignments, and so on, have already 
been carefully considered in this work to minimize the inter-
ference from the experimental side to the similarity images.

It should be pointed out that the precision of the CPIV 
method is subject to the imaging of particles, which can 
disrupt the extraction accuracy due to their intermittent 
distribution and tendency to occupy multiple pixels in the 
Mie-scattering image. In contrast, OH-PLIF relies on the 
continuous distribution of OH radicals, resulting in supe-
rior spatial resolution characteristics. Consequently, a cut-off 
scale exists beyond which the CPIV and OH-PLIF methods 
may not yield consistent results. However, this discrepancy 
is attributed to the inherent characteristics of the two meth-
ods and is considered a systematic experimental error, which 
is not apparent in our work.

3 � Results and discussion

3.1 � Instantaneous OH‑PLIF and CPIV results

Four corrected typical instantaneous OH-PLIF images at dif-
ferent equivalence ratios are displayed in Fig. 4a–d, and the 

corresponding binarized images are presented in Fig. 4e–h. 
It can be realized that as the equivalence ratio decreases 
from 0.8 (Fig. 4a) to 0.65 (Fig. 4d), the burnt area gradually 
goes down, the wrinkling of the contour enhances, and more 
flame fragmentation appears, indicating the flame stability 
deteriorates (Chowdhury and Cetegen 2017).

Correspondingly, Fig. 5a–d compares the simultaneous 
corrected Mie-scattering images. The relevant binarized 
images are presented in Fig. 5e–h. The rough contours 
extracted by CPIV are similar to the results obtained by 
OH-PLIF shown in Fig. 4e–h. However, some delicate local 
structures, such as the details emphasized by the elliptical 
and triangular markers in Figs. 4 and 5, cannot be recog-
nized by the CPIV method. This phenomenon occurs more 
frequently in cases with lower equivalence ratios, especially 
under the conditions approaching the LBO.

In order to compare the contours obtained using these two 
methods, the similarity images are considered and shown in 
Fig. 6. It is evident that the blue area is more prevailing than 
that marked in red for all tested cases with different equiv-
alence ratios, implying that compared with the OH-PLIF 
method, the boundary obtained by the CPIV method is gen-
erally biased to the unburnt region. The red region, which is 

Fig. 4   a–d The intensity-corrected OH-PLIF images and e–h the 
binarized OH-PLIF at various equivalence ratios Ф of a and e 0.8, b 
and f 0.75, c and g 0.7, d and h 0.65

Fig. 5   a–d The intensity-corrected Mie-scattering images and e–h the 
binarized Mie-scattering at various equivalence ratios Ф of a and e 
0.8, b and f 0.75, c and g 0.7, d and h 0.65

Fig. 6   The similarity images at various equivalence ratios Ф of a 0.8, 
b 0.75, c 0.7, d 0.65
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possibly related to the 15 μs delay between the laser shot of 
532 nm and 283 nm, is insignificant and can be neglected. It 
can be seen from Fig. 6 that in cases of stable combustion, 
the blue area is slender, which means that the flame fronts 
extracted by CPIV and OH-PLIF agree well. But the blue 
area increases dramatically when the equivalence ratio is 
decreased, indicating that the deviation between the flame 
fronts obtained by OH-PLIF and CPIV is more significant, 
particularly under the conditions approaching LBO.

The change in gas temperature due to chemical reactions 
will induce the gradient of local particle density. The CPIV 
results are directly related to the particle density. Compared 
to the CPIV, the OH-PLIF signal is related to the concen-
tration of OH radical, which appears in the burnt region 
with high temperature and low particle density. The local 
temperature required to induce low particle density in CPIV 
is lower than that for the appearance of OH radicals. There 
are two primary sources of the deviation between the CPIV 
and OH-PLIF methods. Firstly, the flame structure has to 
be considered. The temperature in the preheat zone may 
already be high enough to result in a low particle density, 
and the corresponding area was defined by CPIV as a high-
temperature area. As the equivalence ratio decreases, the 
thickness of the preheat zone in the flame increases. Thus, 
the deviation is more significant as the equivalence ratio 
decreases, emphasized by the rectangular markers in Fig. 6, 
which will be further discussed in Sect. 3.3. Secondly, the 
deviation can be attributed to aerodynamics. Instantaneous 
flame fronts of case A2 (Ф = 0.75) extracted by OH-PLIF are 
displayed in Fig. 7a and marked in black. The flame fronts 
are overlaid with the velocity distribution, and the vectors of 
the velocity field are colored according to the amplitude of 
the normalized absolute velocity. In addition, the boundary 
of regions where vy < 0 m/s is enclosed by a gray profile. 
The normalized vorticity was acquired based on the velocity 

distribution and is shown in Fig. 7b, superimposed with the 
identical flame fronts profile in Fig. 7a. The bulk blue area in 
Fig. 6b, highlighted by the white ellipse, appears in the shear 
layer and is enclosed by a red ellipse in Fig. 7. This indicates 
that the unburnt gas is entrained into the concave-wrinkled 
regions of the OH-PLIF as a consequence of the rollup of 
the shear layer. The unburnt gas is encompassed by a longer 
flame front, which enhances the heat transfer from the reac-
tion layer to the unburnt gas leading to a local reduction 
in particle density. As the equivalence ratio decreases, the 
interaction between the shear layer and flame is intensified, 
resulting in a more pronounced bias. Furthermore, the accu-
mulation of CH2O in concave-wrinkled regions of the OH-
PLIF has been extensively documented in previous studies 
(Fugger et al. 2019a, b; Kariuki et al. 2015), indicating that 
the gas in this location has been preheated. Consequently, 
both reasons above contribute to the deviation between the 
CPIV and OH-PLIF methods depicted in Fig. 6.

Moreover, it has to be pointed out that a threshold of 
the particle density contrast is necessary for extracting the 
contours with CPIV. For example, the pocket that appears 
in the OH-PLIF image (marked by the triangle in Fig. 4d) 
but does not exist in the corresponding Mie-scattering image 
(Fig. 5d), is probably a pocket of the unburnt mixture in the 
hot burnt region downstream the bluff body. But the particle 
density, neither inside nor outside the pocket, is too low to 
build an apparent density contrast for contour extraction, 
contributing to the significant bias in Fig. 6d when applying 
the CPIV method.

The applicability of CPIV under various equivalence 
ratios discussed above shows that although the result of the 
CPIV method agrees well with that of OH-PLIF in cases of 
stable combustion, the accuracy of CPIV gets worse as the 
equivalence ratio decreases.

3.2 � Statistical OH‑PLIF and CPIV results

The results above are based on the instantaneous image, and 
the statistical results will be discussed in this section. In the 
following discussion, cases A2 (Ф = 0.75) and A4 (Ф = 0.65) 
are analyzed quantitatively since these two cases are repre-
sentative of the stable and near-LBO conditions. The 100 
binarized OH-PLIF and CPIV images and the extracted 
contours for cases A2 and A4 are overlaid and shown in 
Figs. 8 and 9, respectively. A detailed analysis of the impact 
of the number of snapshots on statistical results has been 
included in Appendix C. For both Figs. 8 and 9, the top row 
is obtained from OH-PLIF, and the bottom row is calculated 
by CPIV.

Many combustion models based on the flamelet para-
digm employ a progress variable (Peters 2000), which can 
be used to estimate the flame surface intensity and the brush 
thickness. In this study, the mean progress variable ⟨c⟩ is 

Fig. 7   Instantaneous image of case A2, representing a the flame 
fronts (marked by black lines) overlaid on the normalized velocity 
vectors and the boundary of regions where vy < 0  m/s (marked by 
gray lines), and b the normalized vorticity distribution superimposed 
by the identical flame front contour (black lines)
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calculated by the following expression (Kobayashi et al. 
2005):

where cn (x, y) is the pixel intensity (cn = 0 within fresh reac-
tants and cn = 1 within burnt products) at the point (x, y) of 
the nth instantaneous binarized image, and N is the number 
of images for averaging. The mean progress variable con-
tour of 〈c〉 = 0.5 is usually deemed as the mean location of 
the flame front (Driscoll 2008). The contours of 〈c〉 = 0.2, 
0.5, and 0.8 are overlaid with the binarized images in Fig. 8 
and 9 and represented in white, gray, and black curves. It 
can be seen from Fig. 8 that for case A2, both the bina-
rized images and contours extracted using the two methods 
are in good agreement. However, the deviation between the 
results obtained by the two methods for case A4 is apparent 
in Fig. 9, especially in the region of y > 35 mm.

The position of the same 〈c〉 of the left branch at the 
downstream position of y = 40 mm in Figs. 8 and 9 is com-
pared in Fig. 10. The results based on CPIV and OH-PLIF 
are denoted by dashed and solid lines, and cases A2 and A4 
are marked in black and red, respectively. The curve of case 
A2 obtained based on the OH-PLIF method departs from 

(1)⟨c⟩ =
N�

n=1

cn(x, y)∕N

case A4, indicating the excellent capability of OH-PLIF to 
recognize the stable case and the one approaching LBO. The 
x-location of larger 〈c〉 is getting closer to the symmetric 
axis for both cases, and the one of case A4 is closer to the 

Fig. 8   The overlaid 100 images for case A2 of a the binarized OH-
PLIF image, b flame front contours extracted based on OH-PLIF, 
c the binarized Mie-scattering image, and d flame front contours 
extracted based on CPIV. The mean progress variable contours of 
〈c〉 = 0.2 (white), 0.5 (gray), and 0.8 (black) are displayed in (a) and 
(c)

Fig. 9   The overlaid 100 images for case A4 of a the binarized OH-
PLIF image, b flame front contours extracted based on OH-PLIF, 
c the binarized Mie-scattering image, and d flame front contours 
extracted based on CPIV. The mean progress variable contours of 
〈c〉 = 0.2 (white), 0.5 (gray), and 0.8 (black) are displayed in (a) and 
(c)

Fig. 10   The x-locations based on OH-PLIF and CPIV as a func-
tion of the mean progress variable ⟨c⟩ at the downstream position of 
y = 40  mm for cases A2 and A4. 〈c〉 = 0 is on the outer side of the 
flame, and 〈c〉 = 1 is close to the flame center
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x = 0 compared to that of case A2. It demonstrates that the 
flame shrinks along the x-axis, and the separation between 
the two branches of the flame fronts becomes narrower when 
lowering the equivalence ratio, which is consistent with the 
findings in Figs. 8a and 9a. For case A2, the two curves 
obtained by OH-PLIF and CPIV are very close, indicating 
that the flame fronts extracted by the two methods show 
good agreement. In contrast, for case A4, the line based on 
CPIV shows up at a much larger absolute value of x-location 
than that obtained by OH-PLIF, indicating that CPIV recog-
nizes more area as the burnt region.

In order to quantitatively evaluate the difference between 
the lines obtained by the two methods in Fig. 10, the differ-
ence ( S ) of the distance between the position of the identical 
⟨c⟩ along the x-axis is estimated by the equation below:

where xCPIV,⟨c⟩ and xOH−PLIF,⟨c⟩ were obtained based on CPIV 
and OH-PLIF, respectively. n is the number of ⟨c⟩ in Fig. 10. 
S of case A2 is 0.32 mm, which implies that the flame fronts 
extracted by CPIV and OH-PLIF agree very well, and the 
CPIV is reliable under stable combustion conditions. In con-
trast, for the unstable case approaching LBO, S is 2.84 mm 
in case A4, which is 8.9 times the value of case A2, dem-
onstrating a noticeable discrepancy between the contours 
obtained based on the two methods. Furthermore, the bias 
is negligible when ⟨c⟩ is below 0.4, indicating that the inter-
action between the shear layer and flame is stronger in the 
spatial location between ⟨c⟩= 0.4 and 1 of unstable flames.

Another parameter dc is the separation along the x-direc-
tion between the left branch of ⟨c⟩= 0.5 acquired by CPIV 
and OH-PLIF, marked by the gray lines shown in Fig. 8 and 
9, respectively. The values of dc at different downstream dis-
tances along the y-axis are estimated and shown in Fig. 11. 
A smaller value of dc indicates a better agreement between 
the CPIV and OH-PLIF. It can be noticed that for case A2, 
dc drops slightly as the downstream distance increases, prob-
ably due to the intensified shear layer-flame interaction near 
the bluff body. While in case A4, the trend of dc is opposite 
to that of case A2, and dc increases for longer downstream 
distances. The lower dc in the upstream is related to the hot 
RZ. The high-temperature gas in the RZ helps to stabilize the 
flame, which is called “back-support” (Skiba et al. 2018). It 
can be found that the mean value of dc in case A4 (2.92 mm) 
is 9.4 times that in the case of A2 (0.31 mm). Compared with 
the results of ⟨c⟩= 0.5 obtained by the OH-PLIF method, 
there is a significant spatial bias when extracting the flame 
fronts based on CPIV under near-LBO conditions (case A4).

Furthermore, the flame front wrinkling is critical in ana-
lyzing the turbulent flame speed (Driscoll 2008). In this 
study, the wrinkling of the flame front is quantized by the 

(2)S =

�
1�

⟨c⟩=0
(�xCPIV,⟨c⟩ − xOH−PLIF,⟨c⟩�)

�
∕n

length of the flame front ( L ), which is calculated by the fol-
lowing expression:

where q is the correction factor and equals 8.4 pixel/mm 
obtained from the image calibration process between the 
image and object domain, and M is the pixel column number 
of each image. I(x, y) is the pixel intensity of location (x, y) 
in Figs. 8b, d and 9b, d. The calculated L based on the left 
half image as a function of downstream distance is plot-
ted in Fig. 12. L obtained by OH-PLIF was considered the 
reference value, and the bias of CPIV was evaluated. The 
dashed line represents the result obtained by CPIV, and the 
solid line displays the result acquired from OH-PLIF. It can 
be seen that the values of dashed lines are always smaller 
than the solid lines for both cases A2 (black) and A4 (red), 
and the reduced amount of mean value of L for case A4 is 
22.7%, which is 2.9 times that value of case A2 (7.7%). In 
the downstream area of y > 35 mm, the calculated L values 
using the OH-PLIF method for case A4 are obviously greater 
than that based on the CPIV method because the CPIV can-
not recognize the delicate structures along the flame front 
for unstable combustion case, such as the structures marked 
by ellipse and triangle in Fig. 6.

In this section, some physical quantities based on the 
flame front statistics, such as flame surface density, stretch 
rate, and curvature, have also been evaluated to better under-
stand the flame structure and dynamics.

The 2D flame surface density (FSD, denoted as Σ ), which 
is the ratio of the local flame front length to the flame area, is 

(3)L =
1

q

M∕2∑

x=1

I(x, y)

Fig. 11   The difference between the left branch of ⟨c⟩=0.5 profile 
obtained by CPIV and OH-PLIF as a function of downstream dis-
tance for cases A2 and A4
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an important parameter to describe the relationship between 
the turbulent flame speed and the structure of the flame front 
(Chowdhury and Cetegen 2017). The FSD can be calculated 
based on the flame brush (Zhang et al. 2014) (as shown in 
Figs. 8b, d and 9b, d). In this work, an interrogation window 
of 5 × 5 pixels is adopted, and it has been demonstrated that 
the Σ is hardly influenced by the size of Δx (Filatyev et al. 
2005). At the downstream position of y = 40 mm, Σ distribu-
tions for cases A2 and A4 calculated from the OH-PLIF and 
CPIV methods are displayed in Fig. 13. It demonstrates that 
Σ obtained by the two methods is in a good agreement under 
case A2. However, in case A4, there is a notable discrep-
ancy in Σ obtained using CPIV compared with OH-PLIF, 
and the bias is primarily toward the unburnt region. This 

observation is consistent with the instantaneous results pre-
sented in Fig. 6. It is noteworthy that the maximum values 
of Σ obtained by both methods are similar. Nevertheless, 
the range of Σ distribution extracted based on CPIV is con-
siderably narrower than that obtained by OH-PLIF. This 
difference is mainly attributed to the L extracted by CPIV 
is shorter than that obtained by OH-PLIF, as illustrated in 
Fig. 12.

The stretch rate (κs) of the flame front is widely used to 
enhance the understanding of flame dynamics. In this study, 
the stretch rate was calculated from 100 images using CPIV 
and OH-PLIF under two cases, A2 and A4. The calcula-
tion method is consistent with Ref. (Tuttle et al. 2012). The 
probability density functions of the stretch rate are shown 
in Fig. 14. The results demonstrate that the stretch rate val-
ues obtained using the CPIV are lower than those obtained 
by the OH-PLIF for both cases. Specifically, for case A2, 
the difference between the stretch rates obtained using the 
two methods is small, while for case A4, the stretch rate 
obtained using the CPIV method is significantly lower than 
that obtained using the OH-PLIF. Combined with Fig. 6, 
this difference is attributed to the bias of the flame front 
position obtained using the CPIV toward the unburnt region, 
resulting in a lower stretch rate than at the actual flame front. 
These findings suggest that under the near-LBO condition 
the stretch rate of the flame front calculated using the CPIV 
method is significantly lower than the actual results. This 
should be taken into account by researchers in future studies.

Finally, the curvature of the flame front obtained by CPIV 
and OH-PLIF methods under two cases, A2 and A4, was 
calculated and compared using the method described in Ref. 
(Chowdhury and Cetegen 2017). The results presented in 
Fig. 15 reveal that the distribution obtained by the CPIV 
method is slightly wider for case A2, which is consistent 

Fig. 12   The length of the left branch of the flame fronts ( L ) as a func-
tion of downstream distance obtained by OH-PLIF and CPIV for 
cases A2 and A4

Fig. 13   Flame surface density distributions using CPIV and OH-PLIF 
for cases A2 and A4

Fig. 14   Probability density functions of |κs| using CPIV and OH-PLIF 
for cases A2 and A4
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with the findings in Ref. (Pfadler et al. 2007) and may be 
attributed to the more noise of the images. Interestingly, the 
curvature obtained by both methods is very similar for case 
A4. This suggests that the probability density functions of 
curvature obtained by the CPIV method may have a certain 
degree of credibility, as some flame fronts exhibit high simi-
larity even when the flame front position differs significantly.

3.3 � The theoretical mechanisms for the deviation 
between the two methods

The mean value of dc and the mean reduction rate of L 
are defined as dm and Lr, respectively. The corresponding 
values of four cases are calculated to evaluate the perfor-
mance of the CPIV method at various equivalence ratios. 
It can be realized in Fig. 16 that both dm and Lr go up as 
the equivalence ratio decreases, indicating that the CPIV 

method suffers a higher bias under unstable conditions. As 
the equivalence ratio goes down, the wrinkling of the flame 
front enhances, more flame fragmentation appears, and the 
Lr rises obviously. The results of Fig. 16 demonstrate that 
the CPIV method can accurately extract the flame front for 
stable flames, consistent with prior reports (Pfadler et al. 
2007). However, for the unsteady flames approaching LBO, 
significant errors are observed in the extracted flame front 
using the CPIV, as far as we know, which were not reported 
before.

In addition, the nonlinear behavior of dm is evident and 
related to the structure of premixed flame. The chemical 
structure of the laminar premixed flame was obtained using 
the PREMIX tool combined with the mechanism from Zhao 
et al. (2008). Typical profiles of the normalized mole frac-
tion of OH and CH2O and the inverse temperature are shown 
in Fig. 17. The extraction of the flame front based on the 
CPIV is directly related to the density gradient and is deter-
mined by the maximum gradient of the inverse temperature, 
which is marked by a blue dashed line in Fig. 17. According 
to the experimental results in Ref. (Pfadler et al. 2007), the 
flame front contour extracted by OH-PLIF can be used to 
estimate the location of the most intensive heat release. In 
another way, the maximum heat release can be calculated 
by multiplying the concentration of CH2O and OH, and its 
location is denoted by the orange line in Fig. 17. It is evident 
that there is a gap between the maximum gradient of inverse 
temperature (blue dashed line at 0.51 mm) and the OH-PLIF 
contour (orange line at 0.95 mm), which is a possible reason 
for the bias in the extraction of the flame front using CPIV 
and OH-PLIF.

A parameter of spatial distances (δ) is defined as the 
separation between the maximum gradient of inverse tem-
perature (blue dashed line in Fig. 17) and the OH-PLIF 
contour (orange dashed line in Fig. 17). The value of δ 

Fig. 15   Probability density functions of curvature using CPIV and 
OH-PLIF for cases A2 and A4

Fig. 16   The mean distance dm and reduction rate Lr at various equiva-
lence ratios

Fig. 17   The normalized mole fraction of OH and CH2O and the 
inverse temperature in the premixed DME/air flame (Ф = 0.65)
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under different equivalence radios was estimated and is 
shown in Fig. 18. The value of δ increases nonlinearly 
when reducing the equivalence ratio. In addition, as 
a marker of the preheat zone in hydrocarbon fuels, the 
CH2O radical is distributed in the region between the drop 
of inverse temperature and the rise of the OH mole frac-
tion, as shown in Fig. 17. The full width of half maximum 
(FWHM) of the CH2O layer thickness is calculated as a 
function of the equivalence ratio and plotted in Fig. 18. 
It can be seen that the FWHM of the CH2O layer thick-
ness rises nonlinearly when decreasing the equivalence 
ratio. In conclusion, the deviation due to the flame struc-
ture, emphasized by the rectangular markers in Fig. 6, is 
highly related to the CH2O. It should be pointed out that 
the above results are based on the laminar flame calcula-
tions. The Reynolds number of the test cases in this work 
was estimated to be around 9000, and the flame struc-
ture is consistent with that of a laminar flame. Therefore, 
although CH2O distribution was not measured, the results 
of laminar flames calculated by CHEMKIN are valid for 
our test cases.

Additionally, it has been demonstrated in previ-
ous experimental investigations that the CH2O signal is 
observed both in the preheat layer of flame and the con-
cave-wrinkled location of OH-PLIF. Therefore, the devia-
tion between the CPIV and OH-PLIF can almost be used 
as a potential marker of the spatial existence of CH2O, 
particularly for unstable flames. The thickness of the 
CH2O layer balloons as the equivalence ratio decreases for 
many different kinds of hydrocarbon fuels (Fugger et al. 
2019a, b; Kariuki et al. 2016; Kariuki et al. 2015). Thus, 
the conclusion is not dependent on the type of hydrocarbon 
fuels. This deviation between the CPIV and OH-PLIF pro-
vides the possibility to estimate the CH2O distribution by 
simultaneous OH-PLIF and PIV measurement without the 

simultaneous application of a CH2O-PLIF system, which 
is practical for experimental measurements.

4 � Conclusions

The applicability of CPIV under different equivalence ratios 
from stable combustion to near LBO was studied in pre-
mixed 2D bluff-body flames. The OH-PLIF and CPIV were 
applied simultaneously to obtain the flame front, and the 
results were compared to evaluate the extraction accuracy 
of the CPIV method. It can be found that, as the equiva-
lence ratio decreases, the deviation between the two methods 
expands evidently, which is severe under conditions close 
to LBO. For all the tested cases, the difference between the 
extracted flame front based on the CPIV and OH-PLIF meth-
ods is related to the flame structure and aerodynamics. For 
stable combustion, the flame front obtained using the two 
methods agrees very well, but a slight difference exists in 
the upstream flame, possibly caused by the intensified shear 
layer-flame interaction near the bluff body. However, for the 
flames approaching LBO with a low equivalence ratio, the 
deviation in the downstream area is more significant than 
that in the upstream region, which is related to the “back-
support” of the hot RZ.

As the equivalence ratio decreases, the reduced amount 
of the flame front length (Lr) and the location deviation (dm) 
of the mean progress variable ( ⟨c⟩= 0.5) obtained by the two 
methods increase sharply. The corresponding values in case 
A4 are about 9 and 3 times that of case A2, respectively. 
The rise of Lr is related to more wrinkled contour and flame 
fragmentation. Recognizing them utilizing the CPIV method 
is challenging, especially when approaching the LBO limit. 
Furthermore, the flame surface density (Σ) and stretch rate 
(κs) for case A2 acquired using two methods are consistent. 
However, the CPIV method yielded a narrower range of Σ 
distribution and a lower κs for case A4. Notably, the cur-
vature probability density functions obtained by the CPIV 
method are deemed credible for both cases despite signifi-
cant location differences in the flame front found in some 
positions.

Based on the structure of the premixed flame and previ-
ous studies, the deviation between these two methods can 
be applied to represent the spatial existence of the CH2O in 
the preheat layer of flame and the concave-wrinkled location 
of the OH-PLIF, especially in unstable combustions. This 
allows the possibility of simultaneously measuring the flow 
field, CH2O, and OH spatial distributions in turbulent pre-
mixed flames using only PIV and OH-PLIF. It is significant 
to simplify the experimental setup and reduce the cost, and 
more investigations will be conducted to validate this point 
in our future work. In conclusion, the findings in this work 
provide valuable insights into the reliability of CPIV under 

Fig. 18   δ and FWHM of CH2O layer thickness as a function of equiv-
alence ratio
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various conditions and verify the applicability of the CPIV 
method under conditions close to LBO.

Appendix A

In order to reduce the influence of the spatial inhomoge-
neous of the laser on the OH-PLIF results, the 1000 fluo-
rescence images of ethanol were averaged and are shown 
in Fig. 19a. As shown in Fig. 19b, the intensity values in 
Fig. 19a were summed along the x-axis and normalized by 
the maximum value, and the relative intensity of the laser at 
various y-locations was obtained and is shown in Fig. 19b. 
The raw OH-PLIF image was corrected line-by-line accord-
ing to the relative value in Fig. 19b.

Appendix B

In order to evaluate the influence of the threshold values 
on the quality of the similarity images, different threshold 
values were tested. The similarity images were obtained and 
compared. Figure 20a displays the areas of the blue and red 
regions in the similarity images as a function of the thresh-
old percentile. It can be seen that a flat basin exists when the 
threshold ranges from 65 to 95th percentile. The binarized 
images obtained with a 50th, 80th, and 100th percentile 
threshold are shown in Fig. 20b–d. A large number of areas 
are obviously recognized wrongly when the threshold is out-
side the range of the flat basin, as shown in Fig. 20b and d. 
Considering the intensity fluctuation between different data 
sets, a moderate threshold value of the 80th percentile was 
selected in the flame front extraction. The result in Fig. 20c 
shows an excellent extraction quality.

Appendix C

To evaluate the impact of the number of snapshots on sta-
tistical results, various numbers of snapshots (10, 50, 100, 
150, and 200) were examined for case A4. And then, five 
corresponding overlaid binarized Mie-scattering images 
were generated. At the downstream position of y = 40 mm, 
the 〈c〉 values for different x positions of the left branch 
were calculated and are represented in Fig. 21, and the cal-
culation approach is similar to Fig. 10. Notably, significant 

Fig. 19   a The normalized fluorescence image of ethanol and b the 
relative intensity of laser at various y-locations

Fig. 20   a The total area of the blue and red regions in the similar-
ity images as a function of the threshold percentile and the similar-
ity images obtained with different thresholds of b 50%, c 80%, and d 
100%

Fig. 21   The 〈c〉 values for different x positions at y = 40 mm with dif-
ferent numbers of snapshots for case A4
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differences were observed between the statistical results 
based on 10 and 50 images. However, as the number of 
snapshots increased to 100 or more, the 〈c〉 values for differ-
ent x positions became very close, and the curves appeared 
smoother. Furthermore, the correlation coefficient (Rodgers 
and Nicewander 1988) between the 〈c〉 values calculated 
from 100 to 200 snapshots is 0.9997. These findings indicate 
that statistical significance has already been achieved with 
100 snapshots.
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