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A B S T R A C T   

It was recently demonstrated that distributed combustion is accessible outside the MILD combustion regime 
without needing inner or outer flue gas recirculation. The Mixture-Temperature Controlled combustion concept, 
which made it possible, offers excellent flame stability besides ultra-low emission. This concept is investigated 
presently to reveal the qualitative characteristics of the cold discharging mixture jet from the burner and its 
ignition. The Schlieren technique with a high-speed camera is the most suitable approach for this purpose, 
revealing the line-of-sight density gradients. Nine cases were evaluated, utilizing natural gas and diesel fuel, 
various equivalence ratios, and atomizing pressures. V-shaped flames were used as a baseline for comparing 
distributed combustion to it via direct images and velocity field using the PIVlab Matlab application. The results 
confirm the previous hypothesis that distributed combustion features a cold fuel-air mixture at the burner 
discharge that ignites downstream. The excellent flame stability comes from the fishbone-tiled coherent struc-
tures with significant random features, resulting in no characteristic frequency related to the flame. All these 
results comply with the previous findings by chemiluminescence emission and acoustic signal of distributed 
combustion, which techniques cannot be used to investigate the flame structure, unlike Schlieren imaging.   

1. Introduction 

Photovoltaic and wind turbine systems provide intermittent renew-
able energy that needs balancing to maintain grid stability. For this 
purpose, gas turbines are ideal solutions as they can be quickly ramped 
up [1] and excellently complement fuel cells and power-to-gas systems 
[2]. Commercial aviation is expected to rely exclusively on gas turbines 
powered by hydrocarbon fuels in the upcoming decades, using a 
continuously increasing share of sustainable aviation fuel [3]. Conse-
quently, advancements in gas turbine combustion are highly desired for 
cleaner operation since fossil fuels are interchangeable with renewables 
if the key physicochemical properties match [4]. The operational 
criteria are wide, reliable, ultra-low emissions [5], and stable operation 
without thermoacoustic problems [6]. 

Advancement in gas turbine combustion is governed by national and 
international regulations [7], new frontiers in control systems, and, most 
importantly, the understanding of combustion and the associated phe-
nomena [8]. The most critical regulated pollutant today is NOX, which is 
a primary focus in combustion system development [9], and if it cannot 

be avoided, aftertreatment is necessary [10]. Since gas turbines need to 
feature quick starting capacity and a high turndown ratio, older con-
cepts, such as rich burn-quick quench-lean burn, are still in use due to 
their simplicity and good combustion stability [11]. Ultra-low emissions 
can be achieved via distributed combustion, which is generally associ-
ated with moderate or intense low-oxygen dilution (MILD) combustion 
[12]. The challenges of implementing this concept into gas turbines are 
summarized by Xing et al. [13], including the required recirculation rate 
and temperature criteria. It was demonstrated recently that distributed 
combustion could be achieved without oxygen dilution using the 
Mixture-Temperature Controlled (MTC) combustion concept [14]. The 
need for excluding external flue gas recirculation is a question of system 
design, while special combustion chambers may maintain significant 
internal recirculation to have a highly diluted reaction zone [15], 
avoiding combustion air dilution by flue gas or inert gas. Such com-
bustion chambers operate with very low chemiluminescent emission 
[16], similar to MTC combustion [14]. However, MTC combustion is 
free from external and internal recirculation while offering ultra-low 
NOX emission [17]. Consequently, MTC combustion should be 
compared to traditional swirl burners, which operate with V-shaped 
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flames since they have similar fuel and combustion air inlet conditions. 
The NOX advantage of MTC combustion is more than 50% over V-shaped 
flames, while neither CO nor unburnt hydrocarbon emission is 
compromised [14]. Moreover, distributed flames show a very low sus-
ceptibility to thermoacoustic oscillations, proven recently by combined 
microphone and photomultiplier tube measurements [18]. This is a 
critical advantage over V-shaped flames since thermoacoustic in-
stabilities principally bound its lean and safe operation for low NOX 
emission. 

Schlieren imaging is an excellent tool to visualize supersonic flows 
[19,20], fires [21], and flame propagation [22] since this technique 
reveals density gradients through light deflection via the variation of the 
refractive index. Its use ranges from flame speed measurement [23], 
non-premixed and premixed laminar flames [24], to fully turbulent, 
practical flames [25]. Schlieren imaging is especially valuable in eval-
uating flame structures and the corresponding flow transition from 
laminar to turbulent [26,27] and resolving flame instability problems 
[28]. Since the burner discharge in MTC combustion features only a cold 
mixture without ignition, the resulting flame is classified as lifted. The 
detailed structures of both attached and lifted flames with the Schlieren 
technique were analyzed by Owaki and Umemura [29]. Wang et al. [30] 
presented that stable flames show no characteristic frequency peaks in 
the Schlieren images by dynamic mode decomposition unless they are 
excited. Consequently, temporal evaluation of the data should be 
favored over spectral analysis. 

Based on the above research papers, the superiority of the Schlieren 
technique over other optical measurement methods for this particular 
investigation is the following. An imaging technique is essential to 
simultaneously measure the entire region of interest, while invasive 
techniques significantly bias the results. The 10 kHz sampling frequency 
is either available with low laser intensity per impulse [31] or limited by 
the number of consequent images per burst [32], which is needed for the 
present analysis, as it will be detailed later in Section 2. Low laser in-
tensity increases uncertainty in detecting the particles by Particle Image 
Velocimetry, PIV. This issue is solved by burst recording, which falls 
behind when statistical properties are important due to the lack of a 
statistically significant number of recorded images. The line-of-sight 
measurement means a qualitative advantage in flame front detection 
compared to laser sheet-based techniques, while their downside is the 
integration across the control volume. Evaluating the discharging cold 
mixture from the burner is also an important part of the investigation, 
which cannot be detected by, e.g., fluorescence techniques used for re-
action zone analysis. The boundary of the cold jet is sharp on the 
Schlieren images due to the high density gradient, while it is less clear on 
a PIV image, especially in the downstream region. 

This experimental study presents the Schlieren imaging analysis of a 
distributed flame since this technique is the most suitable for revealing 

spatial ignition characteristics for the following reason. Ignition is 
accompanied by heat release, resulting in a rapid temperature increase 
and high density gradients. The achieved distributed combustion is well 
outside the MILD combustion regime, i.e., there was no external or 
notable internal flue gas recirculation, which ultimately results in a low- 
oxygen dilution condition. Also, no existing theory predicts distributed 
combustion within the discussed operational regime. This work is the 
first to comprehensively present the flame characteristics by the 
Schlieren imaging technique of non-MILD distributed combustion. 
Instantaneous, mean, and root means square intensity values velocity 
fields were evaluated, including their mean and temporal evolution. 
Since the used swirl burner can also operate in the well-known straight 
and V-shaped flame modes, these flames served as baselines to discuss 
distributed combustion and highlight the differences. The hypothesis 
made earlier and experimentally not proven is that distributed com-
bustion is made possible by the cold fuel-air mixture that delays ignition, 
allowing more time for mixing, resulting in a highly homogeneous re-
action zone. 

2. Materials and methods 

The present section introduces the experimental test rig, details the 
combustion conditions, and highlights the investigated cases and key 
operational parameters. The second subsection details the evaluation 
methods, extensively relying on the PIVlab application [33] for Matlab, 
and includes a flowchart detailing all the presented statistical and ve-
locity field analysis, starting from raw data. 

2.1. Experimental setup 

The experimental setup is presented in Fig. 1. The dimensions of the 
burner head, shown in a cross-section, are detailed in the following text 
due to the more than one magnitude range. The inner diameter of the 
central fuel pipe (brown) is 1.2 mm, while the annular atomizing air 
nozzle (blue) has a 1.5 mm inner and 2.2 mm outer diameter. The nat-
ural gas was introduced via 12 nozzles with a 1.3 mm diameter (yellow), 
evenly distributed along a 12.5 mm diameter circle. The 45◦ swirl vane 
had eight blades, and its hub and tip dimensions were 21 mm and 40 
mm, respectively. The uncertainty of the combustion air temperature 
was 2.2 ◦C, while that of the pressure transmitter was 1 kPa; all in-
struments were calibrated by us, focusing on the measurement range. 
The test conditions are summarized in Table 1 with the same parameter 
matrix as in Ref. [14], i.e., using a uniform thermal power and varying 
atomizing gauge pressure, pg, and equivalence ratio, φ, which was 
determined from the flue gas O2 concentration that features 0.2 V/V% 
uncertainty. Hence, the accompanying uncertainty of φ = (21-O2)/21 
was <1.7%. In addition to standard diesel fuel (D, EN:590:2017), 

Nomenclature 

Physical quantity, Description, Unit 
dmt diameter of the mixing tube, mm 
h shear rate, 1/s 
I intensity, count 
m mass flow rate, kg/h 
pg atomizing gauge pressure, bar 
Re Reynolds number, – 
S swirl number, – 
u horizontal velocity component, m/s 
v vertical velocity component, m/s 
w velocity magnitude, m/s 
υ kinematic viscosity, m2/s 

Abbreviations 
d distributed flame 
D diesel fuel (EN590:2017 standard) 
IRZ internal recirculation zone 
NG natural gas (MSZ 1648:2000 standard) 
ORZ outer recirculation zone 
PIV Particle Image Velocimetry 
s straight flame 
v V-shaped flame 

Subscripts 
0 instantaneous value 
b bulk 
mean mean value 
RMS root mean square value  
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standard natural gas (NG, MSZ 1648:2000) combustion was also per-
formed as a reference since its characteristics are well-known in the 
literature [34]. Combustion modes, flame images, and pollutant emis-
sion data were discussed earlier [14]. The Schlieren setup provided 
excellent quality images since no burning droplet cloud was observed, 
which would otherwise require an advanced optical setup [35]. A 
Fujifilm HS10 commercial digital camera was used to record photos at 
characteristic flame shapes using 1/30 s shutter speed, f/4, and ISO–400 
settings. 

Two mirrors with a focal length of 750 mm and a diameter of 150 
mm were selected for Schlieren measurement in the Z arrangement. A 
FASTCAM SA-Z type 2100 K-M-16GB (Photron, Japan) high-speed 
camera was used at 10 kHz for image acquisition with 1024 × 1024 

pixel resolution, which corresponds to 86 × 86 mm physical size. This 
framerate allows sufficient tracking of the flame temporal evolution for 
the 1 MPixel image resolution. The camera was calibrated several times 
during the measurement campaign due to, e.g., slow heating of the 
camera sensor, leading to different dark current values. Therefore, there 
is no basis for quantitative comparison for different setups; only image 
sets within a single case can be compared. Since the Schlieren technique 
is already a qualitative evaluation tool, this fact does not imply any 
notable bias. Flame illumination was provided by an HPLS-36DD18B 
(Lightspeed Technologies, USA) pulsed LED light source. 

The evaluated test cases are summarized in Table 2. Nine were 
highlighted instead of discussing all the 20 measured cases since the 
others were similar. The only difference between the setup of [14] and 
the present measurements is that the mixing tube lip was 25 mm above 
the base plate of the combustion chamber instead of 15 mm to see the 
mixing tube lip and the discharging mixture in the Schlieren images. It 
also led to a slightly earlier transition to distributed combustion, d, in 
terms of atomizing pressure. The observed flame shapes for all condi-
tions are shown in Fig. 2. Cases 1 and 2 show V-shaped, v, and straight, s, 
flame of natural gas combustion. Case 3 was unique since the observed 
flame shape was altered between d, v, and s through the recording in-
terval. The identification of various flame shapes is detailed in Subsec-
tion 3.1. Since this was recognized during the measurement; 
consequently, 3038 frames were saved instead of the regular 2000. Even 
though a higher number of images were also acquired during the pre-
liminary tests with all flame shapes, the extra data contained no more 
information. 1–200 showed distributed combustion, then the next 700 
frames (0.07 s) presented a transition between d and v. Stable V-shaped 
flame lasted for 300 frames, then after 400 frames, s was finally stabi-
lized. Note that this tristable state randomly featured all three flame 
shapes, which is excellent for fundamental analysis and unwanted in 
practical applications. Even though the number of frames in Case 3 is 
much lower than in the other cases, the advantage of evaluating its 
operation is the guaranteed similar conditions in both the measurement 
and camera recording, providing an excellent opportunity for unbiased 
comparison of various flame shapes. 

Table 2 also contains the Reynolds number, Re, calculated from the 
conditions of Table 1 at the burner outlet as: 

Fig. 1. The test rig with the Schlieren setup.  

Table 1 
Test conditions.  

Parameter Value 

Thermal power 13.3 kW 
Combustion air temperature 200 ◦C 
pg 0–0.9 bar 
Φ 0.57–0.76 
Fuel NG, D  

Table 2 
Evaluated test cases.  

Case N◦ Fuel φ [− ] pg [bar] Shape Re [− ] ṁf [kg/h] ṁaa [kg/h] ṁca [kg/h] S [− ] 

1 NG 0.67 – v 7766 0.96 0 24.4 0.78 
2 NG 0.67 0.3 s 8435 0.96 1.73 22.6 0.29 
3 D 0.67 0.3 d, v, s 9102 1.12 1.73 22.3 0.34 
4 D 0.57 0.75 d 10,928 1.12 2.72 25.4 0.25 
5 D 0.67 0.75 d 9533 1.12 2.72 21.4 0.2 
6 D 0.76 0.75 d 8488 1.12 2.72 18.3 0.16 
7 D 0.67 0.45 d 9264 1.12 2.10 22.0 0.27 
8 D 0.67 0.6 d 9401 1.12 2.41 21.7 0.23 
9 D 0.67 0.9 d 9654 1.12 2.99 21.1 0.17  

Fig. 2. Flame shapes at each measurement point. Light blue (d): distributed 
combustion; brown (v): V-shaped flame; orange (s): straight flame; light green 
(t): transitory flame, including the abbreviation of all observed flames, 
following the order of their dominance. * represents the presented cases, 
included in Table 2. 
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Re =
wb,mean⋅dmt

νmean
(1)  

where wb,mean is the mean bulk velocity inside the mixing tube, dmt = 40 
mm is the inner diameter of the mixing tube, and υmean is the mean ki-
nematic viscosity, calculated using a simple mixing rule, considering the 
temperature of the inlet streams. These are presented in the following 
three columns as the mass flow rates of fuel, ṁf , atomizing air, ṁaa, and 
combustion air, ṁca, respectively. Based on the Re values, it can be 
concluded that the flow is entirely turbulent. The uncertainty of the 
diesel fuel volume flow rate was <2.7%, while the density measurement 
uncertainty was below 1%, assuming normal distribution and a 95% 
level of significance. The natural gas flow rate was measured by a utility 
gas flow meter. The gas company provided its lower heating value and 
composition [36], and the gas density was calculated from its chemical 
composition. Since the uncertainties are legally regulated, and the 
actual uncertainty is not disclosed by the gas company, the uncertainty 
of the gas flow rate was not determined. The uncertainty of the atom-
izing air mass flow rate varied between 4.2% and 2.3%, based on the 
flow rate determined by pg. The combustion air flow rate was calculated 
from the stoichiometric air of the fuels, φ, and ṁaa that offered lower 
uncertainty than the used Fuji FWD050D2-A52 ultrasonic air flow 
meter. 

The final estimated quantity is the geometric swirl number, S [37]. 
The relatively low values are the direct consequence of the significant 
axial momentum added by the atomizing air jet. Otherwise, if only 
combustion air is introduced and no atomizing air, S = 0.78, as shown in 
Case 1. This value exceeds S = 0.6, often treated as the critical swirl 
number required for V-shaped flames [37]. Even though Case 3 features 
S = 0.34, which is well below 0.6, a V-shaped flame was partially 
observed, implying that the momentum transfer between the annular 
swirling hot combustion air and the cold atomizing jet was not 
completed by the mixing tube outlet. 

The combustion chamber should be above 700 ◦C to provide a lifted 
flame, which is classified as unstable since it leads to blowout [38]. In 
the present case, the outer surface of the combustion chamber wall was 
measured with a touch probe K-type thermometer in several operating 
conditions with temperatures between 425 and 430 ◦C. This is in line 
with the observations since the inside of the combustion chamber 
became dark red only for V-shaped flames, which come with a 
high-temperature zone at the flame tip, while neither straight nor 
distributed combustion colored the combustion chamber walls red. 
Another critical observation of [38] is that the startup procedure should 
rely on flame; flameless combustion is only possible after the initial 
warm-up period. This was confirmed in our case; distributed combustion 
was possible only after a few minutes of operation with either NG or D 
due to the quenching effect of the cold combustion chamber walls. 

2.2. Data processing 

All the calculations were performed on the raw images containing 
intensity information at each pixel. After all calculations and image 
manipulation was complete, the displayed intensity images were 
adjusted for better visibility using the imadjust Matlab function [39], 
which saturates the top and bottom 3% of the pixels by intensity to 
improve contrast for better visualization. The entire procedure is shown 
in Fig. 3, presenting all the processes discussed in this subsection for 
Case 5 as an example. 

Two processing methods were used on the raw intensity, mean 
calculation, Imean, and root mean square, IRMS. The first images were 
displayed to show an instantaneous intensity distribution, denoted with 
I0. The PIVlab application [33] calculated flow velocities, and their 
mean, wmean, and RMS, wRMS, were also presented. The application 
calculates the velocity field from image pairs from the correlation be-
tween the two subsequent images, using interrogation windows of three 
sizes for coarse, medium, and fine velocity field decomposition. 

Depending on the setup, the top level varied between 72 and 96 pixels; 
therefore, the smallest tile sizes were their quarter, i.e., 18–24 pixels. 
The interrogation area of image pair evaluation was automatically 
determined using three levels. The shear rate, h, excellently revealed the 
cold mixture boundaries on the sides, calculated as [40]: 

h=
∂v
∂x

+
∂u
∂y

(2)  

where u and v are the velocity components of the x (horizontal) and y 
(vertical) directions, respectively. 

The Schlieren technique reveals the density gradients in line-of-sight. 
Therefore, the results are respective to the projections of three- 
dimensional bodies with temporal evolution characterized by high 
density and hence high temperature gradients. Consequently, the flow 
field properties are respective to the regions with increased gradients 

Fig. 3. Data processing algorithm. Green lines mark the use of the imadjust 
Matlab function. 
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instead of a cross-sectional plane, like in PIV measurements. Regardless 
of this condition, the resulting information was highly valuable since it 
reveals both the evolution and the spatial structure of the heat release of 
all observed flames. The only notable bias was present during the 
evaluation of V-shaped flames, where the line-of-sight measurement 
means that the foreground zone was moving left and the background 
zone was moving right at the center. This effect has a decreasing rele-
vance towards the periphery due to the cylindrical flame structure and 
was marginal in the case of both straight and distributed flames. 
Nevertheless, the horizontal velocity component bias cannot be fully 
resolved in Schlieren image processing. 

The uncertainty estimation of the velocity field was performed based 
on [41]. It was found that neither the flame shape nor other parameters 
notably affect the absolute uncertainty. The mean uncertainty was 
0.46–0.51 m/s, the standard deviation was 0.18–0.23 m/s, and the 
maximum value was between 1.11 and 1.21 m/s. These values are 
similar to ones calculated by commercial PIV software codes for PIV 
measurements. The only bias is the above-mentioned tangential move-
ment of the tracked fluid packets, which cannot be quantified with the 
present setup; only a tomographic analysis would resolve this issue [42], 
which is beyond the capabilities of our lab. 

3. Results and discussion 

Firstly, this section presents an instantaneous, mean, and RMS image 
of all cases, arranged into three groups: comparing various flame shapes 
and the effect of equivalence ratio and atomizing pressure on distributed 
combustion, which is of primary interest in this paper. The second 
subsection focuses on the statistical properties of fluid dynamic char-
acteristics of the images using the PIVlab Matlab application. The hot 
flue gas continuously leaves the combustion chamber; the only inlet is 
through the burner. Therefore, the revealed features present either an 
igniting cold fuel-air mixture (V-shaped flames, distributed combustion, 
and cold fuel-air mixture packets in straight flames) or a hot flame 
surrounded by the cooler flue gas (straight flames only). Lastly, flame 
dynamics are presented in two parts. The first one details the evolution 
of the flame characteristics at highlighted conditions based on a com-
parison of the raw images using a false-color technique. The second part 
shows the temporal evolution of the velocity field calculated by PIVlab. 

3.1. Direct image evaluation 

Fig. 4 shows the anatomy of four flames by combining a color photo, 
recorded by the Fujifilm commercial camera, and a Schlieren image, 
recorded by the Photron high-speed camera. The V-shaped reaction zone 
is visible due to the igniting mixture right downstream of the mixing 
tube for both NG and D, as shown in Fig. 4a and b. The blue light is 
emitted by the excited CH radicals, which strongly correlate with the 
heat release [43]. The cold mixture is also visible at the center in the case 
of D since both the internal and outer recirculation zones, IRZ and ORZ, 
respectively, characterizing flames with strong swirl [44], contain 
relatively low temperature variation in these vortices. Consequently, 
they are invisible in the Schlieren images. However, the characteristic 
stems of the V are clearly visible in both the color photos and Schlieren 
images. 

The ignition process along the stems of the V can be tracked due to 
the accompanying density gradients; the small fluid packets increase in 
size along them until they reach the temperature of the surrounding flue 
gas, then they blend into the background. This phenomenon was also 
observed by Yen et al. [26] and Owaki and Umemura [29]. Mixing air 
with NG is always quicker than with D since NG is already in the gas 
phase. In contrast, D has to be atomized into tiny droplets and evapo-
rated in advance, leading to a less homogeneous mixture at the small 
scales. This is the reason for the visible small fluid packets in Fig. 4b, 
while Fig. 4a shows more uniform stems of the V in the case of NG. See 
Supplementary videos 1 and 2 (36–48 s) for the temporal evolution of 

these flames. 
The roots of straight flames are located inside the mixing tube. 

Therefore, the discharging reacting gas is already hot, leading to a 
significantly lower contrast in the Schlieren image. Here, an entirely 
yellow flame brush is visible in the regular picture; see Fig. 4c and 
Supplementary video 2 (1:04–2:01). Since the other flame shapes are 
dominated by blue color, identifying a straight flame was easily per-
formed by visual observation. There are discharging cold, igniting fluid 
packets occasionally appearing even in the straight flames with a size in 
the range of 10 mm, which appear as the dancing of the turbulent flame 
brush to the human eye. Therefore, the corresponding vortical structures 
are significantly larger than that of V-shaped and distributed flames 
since the reacting gas is already hot and partially expanded as ignition 
occurred well upstream of the combustion chamber inlet. Nevertheless, 
these vortexes are smaller than such structures in the post-flame zone, 
indicated by red ellipses in Fig. 4. 

Distributed combustion shows a cold discharge in the entire cross- 
section of the mixing tube, revealing that ignition occurs only inside 
the combustion chamber downstream of the burner, as shown in Fig. 4d 
and Supplementary video 3. The first 8 s of Supplementary video 2 also 
feature distributed combustion. The evolution of fuel-air mixture 
packets is similar to that of V-shaped D flame, except that they are 
distributed uniformly and ignite well downstream. The small cold fluid 
packets with high contrast, see the ‘Cold mixture’ part of the image, and 
their fading as ignition occurs, accompanied by a blue flame, were also 
observed by Wang et al. [30] in a bluff-body-stabilized burner. Based on 
the photo and the Schlieren images, the reader might think that the 
distributed combustion here is similar to a lifted flame, also known for 

Fig. 4. Schlieren image and a photo of the observed flames: a) Case 1, b) Case 
3v, c) Case 3s, and d) Case 9. The sections of the internal and outer recirculation 
zones are marked with ellipses. The red ellipses show a single vortex. Color 
intensity was tripled in Case 9 for better visibility. All photos were taken at ISO 
400, 1/30 s, and f/4. 
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featuring low NOX emissions. The difference between distributed com-
bustion here and the lifted flame is that the latter maintains the pre-
ceding V-shape [45] or features a transition to W [46]. In contrast, 
distributed combustion showed no characteristic shape and occupied the 
entire cross-section of the combustion chamber, leading to volumetric 
heat release rates similar to flameless or MILD combustion [16]. 
Concluding from the above phenomena, the identification of distributed 
combustion was facilitated by the following properties. It occupied the 
entire cross-section of the combustion chamber with a faint blue flame 
that detached from the burner lip. Also, the combustion noise was 
reduced by about 8 dB compared to V-shaped flames and 10 dB 
compared to straight flames [18], which the system operators clearly 
heard during the measurement. Also, the pollutant emission signifi-
cantly dropped [14]. Regarding the Schlieren images, the cold dis-
charging mixture has more contrast than the hot flue gas in the hot 
combustion chamber. 

Fig. 5 shows instantaneous, mean, and RMS images of all the 
observed flame shapes for both fuels. The difference in the flow structure 
of V-shaped flames of NG and D was already discussed in Fig. 4, detailing 
the grainy features of the mean and RMS images. The other reason for 
the grains is that only 300 images were used for Case 3v, while it was 
2000 for Case 1, as detailed in Subsection 2.1. The mean and RMS im-
ages show the characteristic V since the density gradients and their 
fluctuation are confined to this region. 

Imean and IRMS feature 1438 images for Case 3s, and that of Case 2 is 
2000, which are comparable. Ignition starts inside the mixing tube for 
both cases; therefore, the difference in Schlieren images between them is 
marginal. However, D features a yellow, and NG a blue flame brush since 
NG requires significantly less residence time for homogeneous mixture 
formation. Due to the low density gradients, the mean images of straight 
flames feature only two short vertical zones, showing high gradients 
downstream of the mixing tube, marked by red ellipses. This location 
has the highest density gradients, and the discharging reacting gas flows 
axially. These structures are more emphasized in the IRMS images for 
both fuels, up to a mixing tube inner diameter size downstream. The 
occasionally observed igniting cold fuel-air mixture packets disappear 
quickly, leaving no notable trace in the mean or RMS images. The 
random noise of Cases 2 and 3v on RMS images are alike. 

Distributed combustion is special since its instantaneous shots al-
ways show a cold discharging mixture that ignites in the upper part of 
the combustion chamber, which is marked with a blue patch to 
emphasize the region of ignition on all images. This was performed 
manually by checking each image and highlighting the area where the 
small vortices with sharp edges were significantly enlarged and became 
blurry. The distinct vortex sizes before and after ignition are presented 
in Fig. 4, which were used to create the blue patches. Since the vortex 
sizes were similarly small in the cold and similarly large hot regions, the 
distinction between the reacting and non-reacting regions was unbiased. 
The transition from the small fuel-air mixture pockets to combustion 
occurs over a few centimeters. The mean of 200 images of Case 3 
d shows tiny edges right after the mixing tube, while the RMS image 
reveals a random structure within the main stream. The low number of 
images inevitably contributes to coarser statistical results, which is 
compensated in Figs. 6 and 7 by evaluating 2000 frames of distributed 
combustion. 

Fig. 6 shows Cases 4–6, covering three equivalence ratios, 0.57, 0.67, 
and 0.76, at a uniform atomizing gauge pressure of 0.75 bar. Since the 
thermal power was also uniform, the increasing equivalence ratio means 
decreasing bulk flow velocity. Therefore, the majority of the heat release 
can be seen in Case 6 with the ignition of a mixing tube diameter 
downstream from the lip, as shown by the blue patches. These features 
of Cases 4 and 5 are shifted further downstream. The mean images show 
the blurry edges of the cold discharging jet, while the reacting flow is 

Fig. 5. Instantaneous image, mean, and RMS of the observed flame shapes of 
the first three cases at φ = 0.67. Red ellipses on Imean images of straight flames 
highlight the relatively intense mean gradients, marked by red ellipses. 

Fig. 6. Instantaneous image, mean, and RMS at φ = 0.57, 0.67, and 0.76 (top to 
bottom) and pg = 0.75 bar. 
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noisy. The RMS images show that the flame is leaning right due to fluid 
dynamical asymmetry caused by small imperfections during 
manufacturing and assembling the burner. Such a phenomenon is 
common in experimental investigations of in-house developed burners 
[47]. It was turned out later that this slight asymmetry was particular to 
the 13.3 kW thermal power; it disappeared at both lower and higher 
thermal powers. The cold mixture parts are homogeneous, and higher 
intensities mark the edges. In the reaction zone, notable random fluc-
tuations are present even with the averaging of 2000 frames. 

Fig. 7 shows Cases 5 and 7–9 to highlight the effect of pg in the 
0.45–0.9 bar range while keeping the equivalence ratio constant. Due to 
this latter constraint, the bulk flow velocities are similar, while the 
spatial distribution differs. The results show ignition occurs downstream 
with increasing pg, shown by the blue patches of I0 images. Due to the 
fluctuating reaction zone volume of distributed combustion, it is not 
clearly indicated on the Imean and IRMS images. However, the lower edge 
of the reaction zone does not show notable axial fluctuation in the long 
term, as shown in Supplementary video 3. This behavior was observed 
for all distributed combustion cases. Even though increased shear rate 
fosters earlier ignition [48], increased pg also means increased atomizing 
air flow rate with decreasing atomizing air discharge temperature. The 
two competing phenomena ultimately increase the ignition delay time, 
which exponentially decreases with mixture temperature [49]. Lower pg 
also features larger mixture packets originating from the lower shear 
rate. 

3.2. Flow field analysis of distributed combustion 

Fig. 8 shows the mean and RMS velocities and the shear rate, ac-
cording to Eq. (2), for Cases 4–6, highlighting the effect of the equiva-
lence ratio on distributed combustion. The mean velocity images with 
streamlines show clearly that the flame is leaning to the right, which was 

previously observed in Figs. 6 and 7. Note that recirculation zones were 
identified outside of the main stream. Since the density gradient is 
relatively low in these regions, the present paper omits the estimation of 
the reactant dilution ratio, while a numerical result is discussed in 
Ref. [17]. φ increases with the case number while the mixture mass flow 
rate decreases. The effect of the reduced flow rate is not evident on the 
velocity distributions since ignition occurs earlier with the lower mass 
flow rates, leading to increased velocities due to the expanding reacting 
gas. The most diluted mixture resulted in the lowest velocity field 
fluctuations with a relatively homogeneous distribution. Cases 5 and 6 
show the edges of a straight discharging mixture. The mean shear rate 
highlights the edges of the RMS velocity field, starting from the mixing 
tube lip. Its intense region lasts longer and disperses for Cases 5 and 6, 
while the mixing tube discharge is the highlighted region of Case 4 on 
both sides. 

Fig. 9 shows wmean, wRMS, and hmean for Cases 5 and 7–9, similar to 
Fig. 7. The shared mass flow rate provided more clear trends, i.e., all the 
presented variables were globally increasing with pg. The plots of Case 7 
show a high similarity to those of Case 4 in Fig. 8. The asymmetry of the 
flame, discussed in Fig. 6 of Subsection 3.1, is also present in Fig. 9, 
which is evident on the wmean and wRMS images, while the results of hmean 
are more symmetric. Therefore, this behavior is not a temporal flame 
characteristic but is present in the bulk flame properties. 

3.3. Flame dynamics 

The evolution of the vortical structures of V-shaped flames is well- 
documented in the literature for natural gas-air [34] and methane-air 
[50] flames. False-color image pairs of Fig. 10 were separated by 1 
ms, i.e., the change over nine frames is presented using the imshowpair 
Matlab function. Green corresponds to features of the original image, 
which were altered or moved in the second image with characteristics 
colored magenta. The purpose of false-color illustrations is to show the 
differences in the temporal evolution of the characteristic features inside 
the combustion chamber. This representation is often used in many 
fields, such as Earth observation, to track the seasonal variation of, e.g., 

Fig. 7. Instantaneous image, mean, and RMS at pg = 0.45, 0.6, 0.75, and 0.9 
bar (top to bottom) and φ = 0.67. 

Fig. 8. Mean velocity magnitude, velocity RMS, and mean shear rate at φ =
0.57, 0.67, and 0.76 (top to bottom) and pg = 0.75 bar. 
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water surfaces [51] to highlight all differences between two images that 
are not evident to the observer at first look. The revealed moving 
vortices, i.e., the magenta features, which were previously present as 
green, of NG are in line with literature data [50,52]. Only two image 
comparisons were presented for each setup to allow a better visual 
experience, separated by 5 ms, i.e., the first frame was compared with 
the tenth, resulting in one false color image, and the 50th was compared 
with the 60th, providing the second image. The same holds for the 
following false-color images. If the recording time difference between 
images is too low, the difference is insufficient, while excessive dime 
delay comes with too many changes. The 1 ms showed the best result by 
checking all possibilities from 0.1 ms to 50 ms. 

Even though line-of-sight measurement was performed, the stems of 
the V encompass the most significant changes, marked by the concen-
trated green and magenta color patches here. The region between the 
left and right stems of the V features the movement of small vortices on 
the surface of the conical reaction zone. The difference between NG and 
D in Fig. 10 is that the random movement of the small vortices originates 
from the less homogeneous fuel-air mixture, resulting from the evapo-
rating fuel droplets. Their vapor can mix only later with the combustion 
air. Globally, the growing stems of the V are observable, a temporal 
feature of this particular D flame. Even though the magenta and green 
zones are not as concentrated here as in the case of the NG flame, they 
are similar. 

False-color images of two distributed combustion cases at pg = 0.75 
bar are shown in Fig. 11. The contrast of the images at φ = 0.57 was 
more significant than that at φ = 0.76. The microstructures are random, 
also presented in Fig. 10, while a few fishbone tile-shaped global 
structures were revealed in both cases, as shown by red lines on the 0 ms 
images of both cases. Since these highlight coherent structures with 
continuous ignition due to their orientation, they feature no character-
istic frequency as their heat release is elongated in time, as presented in 
a preceding work for diesel-biodiesel combustion in this MTC burner 
[18]. This finding is critical in flame blowout stability since if there is no Fig. 9. Mean velocity magnitude, velocity RMS, and mean shear rate at pg =

0.45, 0.6, 0.75, and 0.9 bar (top to bottom) atomizing pressures and φ = 0.67. 

Fig. 10. False-color images of V-shaped flames. a) Case 1 (NG) b) Case 3v (D).  
Fig. 11. False-color images of distributed flames at pg = 0.75 bar. a) Case 4 (φ 
= 0.57) b) Case 6 (φ = 0.76). Red lines on the 0 ms images show some fishbone 
tile-shaped coherent structures. 
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apparent characteristic frequency of the flame and the ignition is 
continuous, a flame blowout can only be reached close to the theoretical 
equivalence ratio limit of the fuel. This finding was supported by low CO 
emissions, discussed in earlier works [14,18]. Moreover, the green and 
magenta markings are more evenly distributed along the discharging 
mixture jet. The jet is leaning to the right in the second image of Fig. 11a, 
which underwent a small oscillation due to the quasi-steady nature of 
turbulent flames. 

Fig. 12 shows distributed combustion at φ = 0.67 at two atomizing 
pressures. As expected, the microstructures are larger in the case of pg =

0.45 bar since pg = 0.9 bar creates more intense shear and finer vortices. 
The fishbone tile-shaped coherent structures are also present in Fig. 12, 
sharing the key characteristics with Fig. 11. This is the principal reason 
why not all measured cases were presented in this paper since it was 
found that the Schlieren images were governed by the flame shape 
overall. 

The evolution of the velocity field is shown in Fig. 13. The line-of- 
sight measurement is apparent for Case 1 since not only the stems of 
the V is visible, but the entire conical reaction front is captured by 
PIVlab – regardless that the middle region is less visible in the instan-
taneous images. This also applies to Fig. 13b, showing Case 3v. The 16 
ms total time step with eight equidistant images equals 62.5 Hz. A fre-
quency peak around 440 Hz is typical V-shaped flames [53,54], equiv-
alent to a 2.3 ms time step; however, the periodic behavior was only 
found at 62.5 Hz. 

The significantly increased velocity of NG compared to D at identical 
φ and thermal power is attributed to the concentrated reaction zone and 
hence the concentrated density gradients since the bulk flow velocities 
are similar. Even though D should feature a discrete V, combustion is 
present in a larger volume due to the less homogeneous fuel-air mixture, 
as shown previously in Fig. 10. Nevertheless, the periodic fluctuation 
near 62.5 Hz is also apparent here. The homogeneous NG-air mixture 
leads to complete combustion earlier; therefore, the local velocity field is 
random above the V, even though it is known that the flue gas leaves 

straight downstream. This is present in the case of D, but only a few 
small burning packets reveal the real flow field. 

Fig. 14 shows the velocity field of two distributed combustion cases 
using a 0.6 ms time step. Since no characteristic peak was found in the 
Schlieren images, this choice was made to show the temporal evolution 
of the igniting small mixture packets. The coherent structures here are 
similar to the findings of the false-color analysis, i.e., qualitatively 
following fishbone tile-shaped patterns. The dominantly vertical and 
oblique distributed structures are critical for a stable flame. The small 
flashing packets, meaning areas with w > 10 m/s, are only present for a 
small period, and their numbers are similar, meaning continuous igni-
tion and burnout across the combustion chamber. Since the bulk flow 
velocity at φ = 0.76 is lower, ignition occurs closer to the burner lip in 
Fig. 14b. Also, the fast packets are relatively concentrated due to the 
lower bulk flow velocity, and they ignite the neighboring packets easier. 

The temporal evolution of the velocity field of two further distrib-
uted combustion cases with 0.6 ms time step is shown in Fig. 15, 
featuring similar bulk flow velocity with a difference in pg. The fishbone 
tile-shaped coherent structures are apparent here, similar to the false- 
color image analysis in Fig. 12. The lower atomizing pressure of Case 
7 shows a more homogeneous velocity field with more uniformly 
distributed high-velocity mixture packets, shown by areas with w > 10 
m/s. The ignition and the accompanying high-velocity packets appear 
earlier in Fig. 15b since elevated pg leads to a more homogeneous 
mixture and smaller packet sizes, already presented in Fig. 12. 

4. Conclusions 

The possibility of distributed combustion outside of the MILD regime 
was demonstrated earlier with the accompanying ultra-low emissions 

Fig. 12. False-color images of distributed flames at φ = 0.67. a) Case 7 (pg =

0.45 bar) b) Case 9 (pg = 0.9 bar). Red lines on the 0 ms images show some 
fishbone tile-shaped coherent structures. 

Fig. 13. Temporal evolution of the velocity field of V-shaped flames. a) Case 1 
(NG) b) Case 3v (D). 

V. Józsa et al.                                                                                                                                                                                                                                   



Energy 273 (2023) 127230

10

[14]. The goal of this paper was to analyze the flame structure directly 
with the Schlieren technique that delivers line-of-sight qualitative in-
formation on density gradients. V-shaped and straight flames were also 
evaluated for reference, utilizing diesel fuel and natural gas. The 
following conclusions were derived based on the direct analysis of the 
images and the calculated velocity field by PIVlab.  

1. It was hypothesized in Ref. [14] that distributed combustion is 
achieved by cooling the vicinity of the fuel jet and confining the 
ignition well downstream of the burner inside the combustion 
chamber. The Schlieren images confirmed this statement.  

2. Both mean and RMS intensity images of 2000 frames show that the 
discharging cold fuel-air mixture features a notable density gradient 
at the burner lip, while the random fluctuations result in blurry 
characteristics when the mixture is igniting. Therefore, distributed 
combustion is free from a characteristic reaction zone, typical in V- 
shaped flames of swirl burners or straight flames.  

3. The flame shape principally governs mean and RMS characteristics; 
the effect of the equivalence ratio and atomizing pressure were 
qualitatively low. However, all mean and RMS velocity and shear 
rates increased with atomizing pressure.  

4. False-colored images and the temporal evolution of the velocity field 
revealed that the excellent blowout stability of distributed combus-
tion results from the absence of dominant flow structures. Ignition 
occurs at numerous points, featuring quickly decaying burning 
packets. Numerous smaller random and larger coherent structures, 
either a fishbone tile or vertical-shaped, ensure seamless continuous 
combustion. 

The results contributed to a better understanding of distributed 

combustion outside the MILD regime, concluding that the flame shape 
governs the heat release patterns. The findings can be used to develop 
advanced combustion systems for ultra-low emission boilers, furnaces, 
and gas turbines. This is justified by the more than 50% NOX reduction 
and the freedom from thermoacoustic oscillations, compared to V-sha-
ped flames of swirl burners, demonstrated in previous works. The cur-
rent results quantitatively show the delayed mixture ignition and the 
fine structure of the distributed flame, leading to a better understanding 
of the heat liberation process to help combustion chamber design around 
the MTC combustion concept. As for future work, developing next- 
generation burners for, e.g., hydrogen and ammonia in the distributed 
combustion regime would be beneficial. The Schlieren technique is an 
excellent tool for evaluating and comparing their performance. 
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Validation, Investigation, Jan Jedelský: Resources, Writing - Review & 
Editing, Supervision, Project administration, Funding acquisition. 

Fig. 14. Temporal evolution of the velocity field of distributed combustion at 
pg = 0.75 bar. a) Case 4 (φ = 0.57) and b) Case 6 (φ = 0.76). 

Fig. 15. Temporal evolution of the velocity field of distributed combustion at 
φ = 0.67. a) Case 7 (pg = 0.45 bar) b) Case 9 (pg = 0.9 bar). 
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