PIV measurement of distributed combustion without air dilution
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Abstract

Chemical energy carriers will play a significant role in the global energy portfolio even after reaching climate
neutrality. Therefore, advanced, fuel-flexible, ultra-low emission, robust combustion concepts are highly desired
for both current and future applications. Our research group introduced the Mixture Temperature-Controlled
combustion concept in recent years, which requires no air dilution while offering similar characteristics to
Moderate or Intense, Low-oxygen Dilution combustion. The present paper uses Particle Image Velocimetry to
focus on the flow field analysis. It was concluded that the flow field is the superposition of the characteristics of a
cold free jet and a homogeneous reaction zone distributed across the combustion chamber.

Introduction

Currently, 84% of our energy use is related to
combustion, which includes 0.65% biofuels, i.e.,
mostly biodiesel and ethanol for reciprocating engines,
and 6.30% traditional biomass [1]. Therefore, reaching
climate neutrality requires significant effort in the
upcoming decades. Global carbon neutrality will
possibly not be reached by the end of this century [2,3].
There are fields where carbon-free operation can be
easily reached, such as buildings. Proper insulation,
photovoltaic cells, heat pumps, and split air
conditioning may deliver all the required heating and
cooling for most homes in the temperate climate zone.
With technological advancements, the overall carbon
footprint of a building can be further reduced. In
contrast, there is no carbon-neutral answer for the
100 EJ problem presently, which was the total energy
consumption of the transportation sector in 2014 [4].
Therefore, chemical energy carriers will dominate
intercontinental transport and aviation [5]. The rest of
the energy-intensive sectors scatter between these two
extreme examples. Consequently, combustion research
should continue the advancements aimed for in the past
for clean operation [6], while being open for scaling up
the operation on uncommon fuels in the industry, such
as hydrogen [7] and ammonia [8].

Currently, the most researched ultra-low emission
combustion technique is Moderate or Intense, Low-
oxygen Dilution (MILD) combustion. It can be
economically achieved by flue gas recirculation on a
practical scale. However, MILD combustion is not an
option in, e.g., gas turbines [9]. It is important to note
that MILD combustion mimics the theoretically best
scenario: combustion of a homogeneous mixture with
even heat release. This is why flue gas recirculation is
needed; reactions at reduced speed allow
heterogeneous mixture formation before ignition.

Slowing the reactions can also be achieved by
cooling down the mixture since ignition delay time is
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exponentially related to the local temperature [10]. This
phenomenon is exploited by the recently introduced
Mixture Temperature-Controlled (MTC) combustion
concept [11], offering similarly low emissions, freedom
from thermoacoustic oscillations [12], and a similar
flame structure to MILD combustion but without the
need for oxidizer dilution. Therefore, this concept has
significant potential in the industry, especially for gas
turbines, due to the robust and versatile nature of MTC
combustion.

To better understand distributed flames, Particle
Image Velocimetry (PIV) is often used to analyze the
flow field and turbulent properties [13]. Even though
the entire flow field cannot be captured due to physical
obstacles in the path of the laser sheet, the high-gradient
regions provide essential information for numerical
model validation [14], which is the vicinity of the
burner. Liquid fuel combustion is more complex than
gaseous fuel combustion. Therefore, complete
identification of the interacting processes requires the
simultaneous use of advanced optical techniques, such
as OH-Planar Laser-Induced Fluorescence and Phase
Doppler Anemometry, besides PIV, to address them
properly [15]. Even though liquid fuel was tested in the
present study, atomization, droplet evaporation, and
mixing occurred upstream of the flame front, allowing
the decoupling mixture preparation from the ignition,
making the case similar to gaseous fuel combustion.
Hence, proper velocity field characterization can be
performed only by PIV.

The novelty of the present research is the analysis
of distributed combustion by the PIV technique of an
MTC burner at selected operating conditions. Our
hypothesis is the following. Once distributed
combustion is achieved, the inlet boundary conditions
have a minor influence on the global flow field since
the delayed mixture ignition decouples the effect of
atomization and evaporation on the operation, a unique
feature among liquid-fueled burners.
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Materials and methods

The measurement setup is shown in Fig. 1. Since
the measurements of [11] were repeated here, the
pollutant emission analysis and several features of the
test rig are omitted now.

The burner features a plain-jet airblast atomizer
with a 1.2 mm inner diameter of the central pipe for the
liquid fuel, which was standard diesel fuel
(EN590:2017) in all the test cases. The thermal power
was uniformly 13.35 kW. The atomizing air discharged
from a concentric annulus with 1.5 mm inner and 2.2
mm outer diameter, and the tested atomizing gauge
pressures, p,, were 0.6, 0.75, and 0.9 bar. The
combustion air was preheated to two temperatures,
Tea =200 °C and 250 °C, then entered the chamber via
eight 45° swirl vanes in an annular channel with 21 mm
inner and 40 mm outer diameter. The flue gas oxygen
concentration was 7 V/V%, equal to an equivalence
ratio of 0.67.
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Fig. 1. Schematic of the measurement setup.

The operational parameters, along with estimated
ones, are shown in Table 1, which are the geometric
swirl number (S) [16] and the Sauter Mean Diameter
(SMD) [12]. The Reynolds number was in the range of
10,000 inside the mixing tube, resulting in entirely
turbulent flow and hence turbulent combustion.

Table 1. Key operational parameters.
Thermal power 13.35 kW
Combustion air temperature 200, 250 °C
Atomizing gauge pressure 0.6, 0.75, 0.9 bar
Sauter Mean Diameter 24.1,21.8,20.1 pm
Swirl number 0.08-0.13

S did not exceed 0.3 [17] or 0.6 [18], which are often
treated as the critical values required for the formation
of V-shaped flames. However, without liquid fuel inlet,
S = 0.79 based on the swirler geometry. Therefore, V-

shaped flames are possible with this burner with
reduced p, values.

The PIV measurements were performed at a 15 Hz
repetition rate in a Stereo PIV configuration with a
system manufactured by LaVision. A Litron PIV nano
laser at 85.05 ml/pulse/cavity set value (the peak
performance is 135 mJ/pulse/cavity) was used for the
measurements with two 4 MPixel LaVision Imager SX
cameras. These were equipped with 532 nm +10 nm
filters to cancel the external noise. A total of 300 image
pairs were recorded at each measurement point. The
15 Hz repetition rate is low for detailed flame evolution
tracking while suitable for analyzing instantaneous
results and statistical properties, which are presented in
this paper. The flow was seeded with TiO, particles
using a LaVision Particle Blaster 110. The seeder
injection port was below the swirl vanes to have
sufficient mixing with the combustion air. The
combustion air flow rate was slightly decreased when
injection started to maintain the constant equivalence
ratio. The red frame in Fig. 1 shows the captured regime
by the PIV cameras, which is just above the burner lip.
Therefore, the bias due to laser light reflection and
refraction was minimal.

Flame images were recorded at each setup using a
Nikon D7500 commercial digital camera at f/3.5,
1/200 s exposure time, and ISO 6400 sensitivity with a
fixed 35 mm /1.8 lens. Flow seeding was turned off
during image recording with the digital camera. Like
the PIV cameras, the digital camera recorded the flame
from the front side.

The processed PIV data from the two image pairs
were exported from the DaVis 8 software, and further
processing was performed in Matlab [19]. A challenge
was resolving distributed combustion since unrealistic
local peaks and igniting small fluid packets behave
similarly. The spatial size of the latter is larger; hence,
a 5x5 median filter was applied to each velocity
component matrix.

Results and discussion

The flame images by the digital camera are shown
in Fig. 2. Distributed combustion was entirely free from
yellow flares, which indicates burning droplets and a
locally inhomogeneous mixture. The images in Fig. 2
were the brightest ones from a series of recordings at
8 frames/s for a couple of seconds.

The flames are qualitatively similar and occupy a
similar position inside the combustion chamber in all
cases. The contour of the blue region, showing the CH*
chemiluminescence, varied from image to image,
confirming that the distributed flame has no
characteristic shape like straight or V-shaped flames.
There are various-sized burning fluid packets in the
flame, indicating that the ignition of the fresh mixture
is not localized. Overall, the low sensitivity of the flame
shape and behavior to the operating conditions implies
highly flexible operation required for practical
applications. Therefore, the PIV measurement and data
analysis results will be presented mainly for the



extreme cases: Tca =
250 °C and pg =

200 °C and p, =
0.9 bar.

Fig. 2. Flame images of distributed combustion. Top

row: Tea = 200 °C, bottom row: Te, = 250 °C. Left to
right: pg= 0.6, 0.75, and 0.9 bar.
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Fig. 3. Velocity magnitude at T, = 200 °C and
pe = 0.6 bar (top) and Tc, = 250 °C and p; = 0.9 bar
(bottom).

0.6 bar and T, =

The mean velocity field is shown in Fig. 3. The
114x90 mm region highlights the discharging cold
mixture and the lower region of the reaction zone.
Recirculation is visible on both sides, with a larger zone
on the right. MILD combustion requires about
recirculated mass flow ratio of two [20]. However, it
peaked at 0.3 for the presented burner and combustion
chamber configuration [21], which is closely a
magnitude difference. It means that the presented
combustion is notably different from MILD
combustion systems; nevertheless, both operate in
distributed combustion mode.

Negative v, was only observed on the right side of
the plots of Fig. 3, starting from x = 26 mm. Mean v,
was varied between -2.1 and 12.4 m/s. Even though the
zone on the left side of the mixture jet featured vortices
and negative v, values, the mean of the 300 image pairs
was uniformly positive in this region.
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Fig. 4. Instantaneous velocity fields of two subsequent

images at 7c, = 200 °C and p, = 0.6 bar.

The inner and outer recirculation zones, typical in
swirl combustion, are absent since the precessing
vortex core was blown away. The flow field was
dominated by the upstream cold mixture that ignited
well downstream of the burner outlet, allowing more
time for droplet evaporation, mixing with air, and
igniting the more homogeneous mixture. This is the key



requirement of the low-emission operation. The
discharging jet leans to the left due to the hydrodynamic
instability of the burner in these conditions. The flow
field was more symmetric at lower and higher thermal
power values. Such a behavior is typical in in-house
developed burners [22]. The region above 70 mm at
200 °C and 0.6 bar and above y = 60 mm at 250 °C and
0.9 bar are burdened with noise caused by the igniting
mixture packets in the reaction zone.

Two subsequent instantaneous velocity fields with
streamlines are shown in Fig. 4. The discharging
mixture shows a notable variation, and the proper
tracking of the corresponding features requires a higher
repetition rate by two magnitudes. However, the small
burning packets in the reaction zone are slower, and
hence their movement is visible. The bottom part of the
images is burdened with high uncertainty since the
particle concentration in these regions is low. This is
also indicated by the high variation in the streamlines.
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Fig. 5. RMS velocity at T, = 200 °C and pg = 0.6 bar
(top) and T, = 250 °C and p, = 0.9 bar (bottom).

The root mean square (RMS) of the velocity field is
shown in Fig. 5. The sides of the central jet showed the
most intense fluctuations, similar to an isothermal free
jet. Since the increased p, leads to a more intense shear
between the atomizing jet and the combustion air, the

fluctuations are more intense at p; = 0.9 bar. The
relative value of the two presented cases is identical.
The fluctuating part starting from 70 mm and 60 mm in
the two images shows the beginning of the reaction
zone. Regardless of the flow field leaning to the left,
the reaction zone here is more symmetric. Since the
large recirculation on the right side greatly facilitates
the spreading of the cold mixture, this side shows
higher fluctuations as the mixture ignites.

The bottom and side parts with higher intensity
values are partially due to the recirculations shown in
Fig. 3. The other reason is the low concentration of the
seeding particles. The recirculation zones are more
significant in the present case since the mixing tube
protrusion length is 20 mm rather than flush with the
combustion chamber base plate.
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Fig. 6. Turbulence kinetic energy at 7c, = 200 °C and
pe= 0.6 bar (top) and Tc, =250 °C and p, = 0.9 bar
(bottom).

According to our preliminary investigations on the
protrusion distance, distributed combustion was only
possible in a very small operating parameter range if
reduced to zero. Compared to the velocity magnitude in
Fig. 3, vrus 18 close to vimag at similar positions. In the
reaction zone, the fluctuating velocity is significantly
larger than the mean velocity for all cases.



Figure 6 shows the turbulence kinetic energy
(TKE). Due to the summed fluctuating velocity squares
in the formula, the results are the enhanced variant of
Fig. 5. The shear layer of the discharging mixture is
fading to the background at p, = 0.6 bar, while a smaller
region is present at p, = 0.9 bar right downstream the
right side of the mixing tube lip. The reaction zone
shows higher TKE in the latter case. The bottom right
corner shows a high-intensity region, also in Figs. 4 and
5, where the causes were detailed.

TKE is the most suitable for reaction zone detection
among all the contour plots. This is supported by the
fact that the reacting turbulent flow structures will
expand, accelerating the fluid packets. Since the
oscillating components are considered in 7KE on the
square, it provides sufficiently high contrast. Moreover,
the fluctuations and hence the TKE distribution of a
non-reacting free jet are decreasing downstream. The
amplifying fluctuations require additional energy
provided by the chemical reactions in the entirely
turbulent flow.
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Fig. 7. Shear rate at 7c, = 200 °C and p, = 0.6 bar (top)
and Tc, = 250 °C and pg = 0.9 bar (bottom).

The shear rate (/) is shown in Fig. 7. This is
calculated as follows:
h =

vy 4 9vx
ax ay’

(M

The instantaneous values were highly scattered without
informative trends. Therefore, Fig. 7 shows the mean
values. The free jet boundaries are visible and more
characteristic than in the case of any previous figure.
The shear rate on the right side of the cold mixture jet
is positive outside as the flow expands in the positive x
direction. This is followed by a negative region with a
smaller amplitude, and the zero region between the two
clearly shows the jet boundary with no flue gas
entrainment. This phenomenon is present on the other
side of the jet with inverted colors and smaller
amplitudes since the left boundary are less dominant.
The thin zero zones of the two sides reveal the cold
mixture jet core.

The shear rate does not increase spectacularly with
Do, like vrms or TKE in Figs. 5 and 6, respectively.
However, the core is present for a longer axial distance
at p, = 0.9 bar. However, the left side of the core is not
visible in this case. The shear rate in the reaction zone
intensifies with pyg.

Conclusions

This paper investigated distributed combustion
without air dilution by using PIV. The fuel was
standard diesel fuel. The thermal power and
equivalence ratio were constant while combustion air
preheating temperature and atomizing air gauge
pressure were varied. The following conclusions were
derived.

The flame structure was similar in all cases based
on digital camera pictures. The similarity was
quantitatively found in the shear rate.

The reaction zone caused fluctuations in the mean
velocity magnitude plots. However, fluctuations were
better emphasized by the root mean square velocity
distribution and spectacularly emphasized in the
turbulence kinetic energy plots.

The instantaneous velocity fields showed highly
fluctuating behavior in terms of velocity magnitude and
coherent fluid packet sizes, while a coarse tracking of
the slower igniting fluid packets was possible.

The similarities among all the cases imply flexible
operation required by practical applications. For future
research, operational boundaries of distributed
combustion will be tested extensively.
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