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Pollutants Emissions of CO and Soot from Flame-wall Interactions in Fundamental and

Practical Energy Conversion Systems: A Review

Minye Luo' and Dong Liu"”

Flame-wall interactions (FWI) as one kind of fundamental combustion phenomenon is universally found in various laboratory and practical
combustion devices. It not only affects the combustion and energy conversion efficiency but also induces severe pollutants emissions. This review
summarizes the pollutants emission characteristics in FWI from CO and soot aspects. The investigations of CO formation from FWI in various
fundamental and practical energy conversion systems with different fuel types, operating conditions, sampling and analyzing methods and etc. are
separately discussed. Meanwhile, multiple advanced laser diagnostics techniques are also adopted in different laboratory impinging flames to
acquire more accurate and precise measurements of CO distributions in FWIL. To gain more knowledge of pollutants emissions in FWI, the
behaviors of soot from practical internal engines are observed with the aid of visualization techniques. Studies that utilize different combustion
system configurations to modulate soot formation in FWT of practical engines are conducted as well. Recent literature subsequently evaluates the
variations of soot morphology and nanostructure in FWI. The characteristics of soot particle size distribution function (PSDF) from FWI are
briefly studied via burner-stabilized stagnation (BBS) flames at laboratory scale. The review ends with the unresolved issues for the future

research.
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1. Introduction
The utilization of energy via various combustion devices played the
pivotal role in the industrial and economical development. However, the
growing depletion of fossil fuels combined with the severe
environmental issues such as the global warming, particulate matter
emission and air pollution urged people to pursue for the advanced
combustion technology with the higher efficiency and the lower
pollutants emissions. The profound understanding of the complicated
combustion processes occurring in practical combustion devices was
useful for researchers and engineers to design and optimize the devices
with excellent combustion and emission performance. Flame-wall
interactions (FWI) as one kind of fundamental combustion phenomenon
were universally found in many technical combustors such as internal
combustion engines, gas turbines and industrial furnaces and it could
significantly affect the energy conversion efficiency and pollutants
formation of combustors.'

FWI referred to the complex phenomenon involving physical and
chemical influences when the flame directly contacted with walls.** The
interactions between flame and walls could be distinguished into fluid-
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mechanism, thermal and chemical aspects based on different research
interests." Firstly, the flow structure would be disrupted by the wall and
it fed back to flame characteristics such as the flame velocity which
tended to be more notable in turbulence-dependent flames. Meanwhile,
large heat fluxes were observed when the flame propagated toward the
walls as the surfaces were prevalently much cooler than impinging
flames. The significant heat losses to walls not only slowed the
chemical reaction rates due to the lower flame temperatures but also
affected the service life of device walls. In addition, the incomplete
combustion occurred near the walls due to the lower reaction rates and
the radical-radical recombination rates were promoted with the presence
of walls. Consequently, the increasing emission levels of unburned
hydrocarbons (UHC) and CO could be found. Especially, the formation
and deposition of soot were found on the surface of walls in fuel-rich
conditions. The deposition of soot exhibited the crucial influence on
wall surface morphology and the flow and heat characteristics between
the fluid and walls.” These facts explicitly depicted the influences of
FWI on combustion and energy conversion efficiency and pollutants
emissions. In order to optimize the combustion devices with better
combustion and emission performance and develop the advanced
combustion technology, the deeper insight and understanding of FWI
are essential.

Nowadays, the investigation of FWI has been an attracting
research field. It was not only the crucial subjects of research in safety
technology,”" enclosure fires,”" catalytically assisted combustion,"*
materials synthesis,”” and micro-combustion technology,”* but also the
topical concern of combustion chamber design of internal combustion

engines,”™ gas turbines” and rocket engines.” Moreover, both of the
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development of downsizing of engines in automotive and aircrafts
which increased the surface-to-volume ratios” and the design of the
innovative low-NOx gas turbine combustors™" further emphasized the
importance of FWI in combustion devices. In the past decades,
considerable studies involving FWI were actively carried out. Most of
the previous literatures were mainly focused on the flow field variations
and heat transfer characteristics of FWL*™ The experimental
investigations of the heat transfer mechanism in FWI of laminar and
turbulent flames with different parameters such as fuel types,™™
equivalence ratios,”” Reynolds numbers,” nozzle to plate distances™*
and combustors configurations™® have been extensively conducted to
gain the comprehensive understanding of FWI thermal characteristics.
Several numerical simulations were also carried out to establish
empirical formulas and unveil the underlying thermal mechanism of
FWL*? The relevant reviews of literatures on FWI heat transfer
characteristics were also provided by Viskanta,” Baukal and Gebhart™"
and Chander and Ray."

Despite the wide range of literatures on heat transfer properties of
FWI, there were few publications concerning the influences of FWI on
pollutants emissions. The formation of NOx, unburned hydrocarbons,
CO and soot due to the incomplete combustion in FWI significantly
reduced the combustion efficiency and caused the serious environmental
and health issues. The soot production exacerbated the particulate
matter emissions and the deposition of soot intensified the mechanical
abrasion. Facing to the more stringent emission regulations, the pursuit
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of the higher efficiency and the lower harmful emissions needed the
increased understanding of pollutants emissions in FWI. Meanwhile, the
comprehensive information of pollutants emission characteristics in
FWI would also be a valuable assistance to industrial engineers and
researchers in this field. To the best of our knowledge, there has been
little work to summarize the pollutants emissions in FWI. The objective
of this review is to systemically analyze various pollutant emission
characteristics such as CO, NOx and soot in FWI from fundamental and
practical energy conversion systems.

2. CO emissions in flame-wall interactions

Carbon monoxide as one kind of significant gaseous emissions was
produced due to the scarce of oxygen in the core reaction zones. The
release of CO from flames could be a crucial criterion for many
combustion system designs. In case of the domestic cooking, the level
of CO emission from the FWI in stove-pot system was important to
householders due to the poisoning of CO. Quantitative measurements of
CO emissions in FWI of practical combustion systems, such as internal
engines, were very difficult due to the complicated combustion
processes, uncontrolled inflow and boundary conditions, and the small
characteristic scales of space and time. The generic experimental setups
which consisted of an impinging plate uprightly above burners were
adopted to study the relevant physical and chemical properties of FWI
in the laboratory flames. The different characteristics of CO emissions
in FWI investigated by researchers were summarized in Table 1.

Table 1 Summary of types of fuel, oxidizer, flame and etc. adopted in investigations of CO emissions in FWI.

Reference Fuel Oxidizer Type of Reynolds number/velocity Equivalence Nozzle to plate Measured Sampling method
flame ratio (®) distance (H/d) species

Wohr eral.™  Natural gas  Air Partial 7000 0.4-2.79 - CO, CO,, O, Through a 3.9-mm-i.d. quartz probe
premixed NO and NOx which was placed in contact with the
(RIRC) impinging plate and located at a

certain radial distance.

Popp and Methane Air Premixed Laminar Stoichiometric - Free radicals -

Baum” and intermediate

species
Mishra™ LPG (70%  Air Premixed 2495 and 7161 1.2-4.0 0-20 CO, CO,, 0,, The exhaust gas were collected by the
butane and NO and NOw. 3.1 mm diameter water cooled
30% stainless steel probe which was placed
propane) closer to the impingement surface at a
radial location of 1/d=25.0.

Sze et al” Butane Air Inverse 1500-3000 1.0-2.4 0-160 mm 0,, CO,, CO Combustion gases were sampled from
diffusion and NO a 1 mm hole on the impinging plate.
flames

Makmool et LPG Air Premixed - - (€¢] A hood was above the burners to

al.™ collect exhaust gases. A probe which

connected to an emission analyzer was
used to sample gases.

Saha et al.”’ Methane, Air Premixed 310, 391, 515 1.0-5.0 CO, O, and The gases were measured by a probe

ethylene NOx at the outer edge of the target plate.

Lietal.™ LPG Air Premixed 500, 1000, 1500 09-1.2 3-7 CO and NOx The gases were sampled via a circular

hole with a diameter of 1 mm on the
plate. The gases were ex tracted by a
micro-pump at a 0.5 I/min.

Lietal.” LPG Air Premixed Quix=7-42x107-1.11x10™* 09-1.2 3-6 CO and EICO A sampling hole of 1 mm diameter

m¥/s

was drilled on the plate to collect gas
samples.
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Table 1 (continued)

Reference Fuel  Oxidizer Type of Reynolds number/velocity Equivalence Nozzle to plate Measured Sampling method

flame ratio (®) distance (H/d) species

Zhen et al.®® LPG Air Inverse 2000-10000 1.0t0 2.0 12-132 mm CO, NOx, EICO A small hole of 1 mm diameter was

diffusion and EINOx used to sample in-flame gases to

flames acquire local pollutants. A hood
method was adopted to collect exhaust
gases to gain the overall pollutants.

Choy et al.™! LPG Air Inverse Fuel flow rate of 1.39 x 10 0.8-3.0 20-180 mm EICO and The flues gases at a distance of 50 mm

diffusion m’s’! EINOx away from the stagnation point of the

flames impinging flame were sampled via a 1
mm diameter hole in the plate. The
emission of open IDF was measured
by the hood method.

Makmool et LPG Air Premixed 404 1.28 0.7-2.9 Cco The standard hood method was used to

al ¥ collect exhaust gases.

Muthukumar LPG Air Premixed ~ Wattage ranges from 1.3 to 1.7 kw.  0.554-0.7 - CO and NOx The hood was placed above the burner

et al® to collect gases which were analyzed
via gas analyzers.

Zhen et al.* LPG Air Premixed 600 to 2400 0.8to 1.5 - co A sampling tube ring was set around
the periphery of the pot and 4 cm
above the bottom of the pot.

Tajik ef al.®® Methane  Air  Diffusion  1000-30000 - 0.5-3 CO,, CO, 0, -

and NOx
Mishra et al.* LPG Air Premixed ~ Power input from 5 kw to 10 kw. 0.54-0.72 - CO and NOx Hood method
Panigraphy eral.”’”  LPG Air Premixed ~ Thermal load from 1.0 kw to 17 kw.  0.4-0.8 - Cco Hood method
Zhen et al.®® Biogas/H, Air Premixed 400-800 0.8-1.6 5-60 mm EICO and Hood method
EINOx

Wei et al.¥ Biogas/H, Air  Premixed 1000 0.8-1.4 5-50 mm EICO, EINOx,  Hood method
CO, OH, HCO,
N,O and NO

Mishra et al.* LPG Air Premixed ~ Power range of 1-3 kw - CO and NOx Hood method

2.1 Variations of types fuel, oxidizer and flame in investigations
of CO emissions from FWI

The adoption of fuel types, oxidizer and other relevant parameters
significantly affected the CO emissions in FWIL In studies of CO
emissions of FWI, the categories of fuels were various. It ranged from
the simple hydrocarbon fuel of methane to complicated fuel mixtures of
liquid petroleum gas (LPG). The blends of H, and biogas which
composed of CO, and CH, in different proportions were also
considered. The oxidizer adopted in most research was compression air
due to the prevalent utilization of ambient air in practical combustion
systems. The numerical study which aimed to analyze the effects of
different wall temperatures on major and intermediate species formation
was conducted via the laminar stoichiometric methane flames.” The
extensive experimental data and the detailed chemical mechanism of
methane flames contributed to studying and verifying species
concentrations. The variations of CO and NOx emissions in premixed
impinging flames fueled with methane and ethylene were comparably
studied to show the influence of fuel types on emission characteristics
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from FWL"” In the evaluation of combustion performance of practical
cooking burners with different novel configurations, CO emissions as
the most important criteria were tested. The LPG was usually chosen as
the basic fuel due to its widespread usage in the domestic cooking.”**
To investigate the effects of fuel composition on pollutants performance
of premixed impinging flames, the biogas containing CH, and CO, with
the volume ratio of 1:1 was adopted by Zhen et al." Meanwhile,
considering the better performance of hydrogen in improving the
combustion behaviors of the biogas fuel, up to 50 % of hydrogen were
also added in the mixing fuels.

Most experiments in above studies chose premixed flames instead
of diffusion flames to alleviate the disturbance of soot in the
measurements of CO. Meanwhile, some other flame types such as
partial premixed and inverse diffusion flames (IDF) were also used. The
partially premixed natural gas impinging flames which was achieved by
the radial jet reattachment combustion (RJRC) nozzle was adopted by
Mohr et al.” to investigate the influence of increasing fuel/air mixing
ratio on CO production from FWI. The combustion species and heat
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transfer characteristics of the inverse diffusion impinging flames
burning butane were presented to study the detailed relationship
between the heat transfer and pollutants emissions.” The work by Zhen
et al” comparably analyzed the effects of swirling and non-swirling
flows on the overall CO and NOx emission characteristics of LPG
impinging inverse diffusion flames.

In the investigations of CO emission properties in FWI, either
methane or LPG was universally adopted as the test fuel and the
premixed flame was also the conventional combustion mode used in
these experiments. For impinging flames, these arrangements could
produce the large amount of CO due to the incomplete combustion and
avoid the disturbance of soot formed in luminous flames. However, the
CO emissions of more complicated fuels from diffusion flames which
were more prevalently found in practical combustors have not been
systemically tested. The pollutants emission characteristics from
diffusion flames with more complicated fuel composition which were
similar to practical fuels should be studied.

2.2 Effects of equivalence ratios on CO emissions in FWI

The majority of experiments which adopted premixed flames analyzed
the pollutants emission characteristics from FWI under different
equivalence ratios conditions. The equivalences ratios ranged from fuel-
lean (©=0.4) to fuel-rich (®=4.0) conditions. The pollutants emission
performance of flames could be directly affected by variations of
equivalence ratios because the dissociation of fuels was controlled by
the flame temperature. The flame exhibited the highest flame
temperature at nearly stoichiometric condition due to the complete
combustion.

A summary of the effects of equivalence ratios on CO emissions
which were studied by different researchers was given in Table 1. The
discrepancy of CO concentration between the RIRC and Co-Ax nozzles
tended to be larger at the stoichiometric condition than that at fuel-lean
conditions.” The average concentrations of CO and NO from the
impinging premixed flames were presented when equivalence ratios
increased from 1.2 to 4 respectively.” Results showed that the emission
level of CO increased while the NO level decreased when the
equivalence ratios shifted to richer part due to the decrease of flame
temperature. Li et al™” separately analyzed the variations of CO
concentrations and the emission index of CO (EICO) from FWI of
different burner configurations at equivalence ratios of 0.9 and 1.0. The
noticeable augment of CO concentrations and EICO were observed
with the increase of equivalence ratios. In the research of Zhen ef al.,”
the swirling IDF had the minimum value of EICO at equivalence ratio
of 1.4 which located at the near stoichiometric condition. The
production of CO turned to be larger when the equivalence ratio
continued to increase. The phenomenon could be attributed to the
quenching effects when the flame touched the plate. Zhen et al.* also
made an experimental investigation of the influence of equivalence ratio
on the variations of EICO and EINOx (emission index of NOx) from
the impinging premixed flame. The tested equivalence ratios ranged
from 0.8 to 1.6 with an interval of 0.2 including fuel-lean and fuel-rich
situations. It showed that the production of CO decreased when
equivalence ratio increased from 0.8 to the stoichiometric condition
because of the more complete combustion. The minimum value of CO
emission located at equivalence ratio of 1.2 because the higher flame
temperature and the higher laminar burning velocity of the slightly fuel-
rich condition accelerated CO oxidation. When the equivalence ratio
persisted increasing, the augment of CO emission was observed because
of the intensive quenching effect of the plate.

It was seen from the above literature that equivalence ratios as one
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kind of the important experimental parameters exhibited the significant
influence on CO production in FWI. The variations of CO emissions
from FWI of premixed impinging flames with different equivalence
ratios could be divided into two parts. The CO concentration reduced
when the equivalence ratio shifted from the fuel-lean to stoichiometric
conditions due to the more complete combustion and the higher flame
temperature which promoted the CO oxidation. An augment of CO
emission was found as the equivalence ratio shifted to the fuel-rich
condition because of the quenching effects of plate. Whereas, many
possible equivalence ratios and the detailed variations of CO
distributions in FWI are scarce. Moreover, most of the industrial flames
prevalently operated with diffusion flames. Very few studies analyzed
the CO emission in FWI via diffusion flames.

2.3 Effects of Reynolds numbers on CO emissions in FWI
The Reynold number which affected the mixture flow rates was also the
crucial experimental factor in combustion. The effects of the broad
range of Reynolds numbers including laminar and turbulent conditions
on CO emission properties in FWI have been extensively investigated
and summarized in Table 1. In the study of CO variations from methane
and ethylene partially premixed impinging flames, Reynolds numbers
ranged from 310 to 515 to alleviate the soot formation and the decrease
of CO was found with the increase of Reynolds numbers.” The increase
of CO concentration from premixed impinging flames was observed by
Li e al.™ when Re was increase from 500 to 1500. This phenomenon
was attributed to the promotion of intermediate combustion species and
the enhancement of the interaction between the flame and walls. Ref™
offered the variations of CO emission index from the impinging
swirling and non-swirling IDFs when Re increased from 2000 to 10000.
For non-swirling IDFs, the value of EICO was observed to be ascended
with Re due to the increase of the fuel supply. Whereas, the reverse
trend of CO variation was found for swirling IDF with increasing Re.
This phenomenon was because of the stronger fuel/air mixing and the
higher turbulence level caused by the augment of Re. In the numerical
investigation of CO and NOx emissions from radial jet reattachment
combustion flames with various Reynolds numbers (Re = 1000 to
30000), the higher concentrations of CO and NOx were observed at the
larger Re.” Zhen et al® analyzed the pollutants emissions from
impinging 60 % Bg,, —40 % H, mixture premixed flames with different
Reynolds number of 400, 600 and 800. The results showed that the
decline of the value of EICO was found against the increase of
Reynolds numbers. The increase of Reynolds numbers enhanced the
conversion rate of CO to CO.,.

The variations of Reynolds numbers could significantly affect the
CO formation properties in FWI and multiple literatures had been
carried out on this phenomenon with different burner configurations.
Meanwhile, the variations of other exhaust gases such as NOx and CO,
were also included in these studies. The influences of Reynolds
numbers on CO emission characteristics could be summarized into two
aspects.

Firstly, the flow rates at the nozzle exit which increased with Re
promoted the entrainment of ambient air. It subsequently impacted the
formation of intermediate species of flames.

Secondly, the flame length also extended with the augment of
Reynolds numbers. The increase of flame length could promote the
interaction between the flame and walls which led to the formation of
unburned products. It also induced the flame quenching at the plate
surface.

The research above mainly studied the local or overall variations of
CO emission with Reynolds numbers. More detailed work is needed to
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analyze the substantial effects of Re on CO formation in FWL

2.4 Effects of nozzle to plate distances on CO emissions in
FWI

The nozzle to plate distance which referred to the separation distance
between the impingement plate and the burner nozzle was one sort of
the important experimental parameters that can significantly affect the
flame structures and emission performances in FWI.

The variations of pollutants emissions in impinging flames with
different nozzle to plate distances had been included in many
studies.””™*** In the analysis of the emission characteristics from the
LPG premixed impinging flames with different separation distance
between the flame jet and the plate (H/d), the emission level of CO was
closer to each other for H/d = 10 and 12 and an obvious augment of
CO concentration was observed when H/d increased to 14.” The study
of Saha et al.” showed that both methane and ethylene flames produced
more CO when H/d decreased because of the incomplete combustion in
wall jet region. The concentration of NOx ascended with the H/d as the
oxygen content and the gas residence time increased. The value of
emission index of CO for single-, twin- and triple-nozzle flames which
were measured by Li et al.” tended to be larger with the decrease of
nozzle to plate distances. Zhen et al.” illustrated the EICO and EINOx
variations with different heights for swirling and non-swirling IDFs at
fixed Reynolds numbers and equivalence ratio. The variations of EICO
value with nozzle to plate distances were different for swirling and non-
swirling IDFs due to the different flame structures. Higher value of
EICO was found when the inner reaction zone impinged and quenched
on the plate surface. The influence of nozzle to plate distance on NOx
and CO emissions from impinging IDFs was investigated by Choy et

al.” The EICO persisted to decrease when H increased from 80 to 180
mm. It was attributed to the extended residence time for CO oxidation.
The increase of nozzle to plate distance declined the CO concentration
from LPG premixed flames."”

It was seen from the previous research that the value of CO
emission from the majority of premixed impinging flames tended to be
larger at the lower nozzle to plate distance. The decrease of distance
between the nozzle and the plate increased the contact area between the
flame and the plate which enhanced the flame quenching effect and
promoted the formation of CO. When the plate was ascended to the
higher height, the free flame length turned to be longer and the
conversion rate of CO to CO, increased due to the more air
entrainment. The concentration of CO subsequently declined with the
increase of nozzle to plate distance. The variations of nozzle to plate
distance exhibited the significant influence on pollutants formation
process in FWL

2.5 Sampling and analyzing methods of CO emissions from
FWI

In the studies of emission performance in FWI, the sampling method
was crucial to acquire the accurate and explicit information of pollutants
formation as the interaction between flame and walls occurred in the
very tiny space comparing to the conventional combustion. It also
determined the accurate and elaborate distributions of pollutant gases
such as CO, CO, and NOx. The sampling gases were generally tested
via various gas analyzers in these studies. Fig. 1 exhibited that the
sampling methods used in these literatures could be universally
categorized into sampling probe,”™” micro-hole™™” and hood™****
methods.

Sampling and analyzing methods of CO emissions from FWI
L —

—————,

Sampling probe
>

Micro-hole

Sampling gases through a probe
contacted to the wall surface

Collecting samples via a small
hole on the impinging plate

Sampling gases via a hood
above the combustion burner

To obtain local in-flame

pollutant emission data

To quantify the overall

pollutants emissions

Fig. 1 The diagram of sampling and analyzing methods adopted in CO measurements from FWI.
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In early days, the sampling probe method which set the probe
close to the plate surface was utilized by researchers to collect and
analyze gas specimen in the impinging flame layers. In order to study
the exhaust gases from the RJRC nozzle, a quartz gas sampling probe
was adopted by Mohr et al.” and it was placed in contact with the
impinging plate to collect the exhaust gases. The probe was iso-kinetic
to avoid the chemical reactions of intermediate species. It was located at
the fixed radial distance to sample the gases flowing along the plate
surface. Then the gases were analyzed through CO, CO,, O,, NO and
NOx gas analyzers. The accuracy of gas sample was + 0.5% full scale.
Mishra et al.” set a water cooled stainless steel probe with 3.1 mm
diameter close to the impingement plate surface to sample gases. The
probe was located at the radial position of r/d = 25 where the outer edge
of the flame. Meanwhile, the other three circumferential locations at the
same distance were also measured to acquire the average values. The
similar method was used in the work of Saha et al.” to analyze the
emission characteristics after flame impingement. The stainless steel
probe was arranged at the outer edge of the plate to measure CO and
NOx concentrations when methane and ethylene flames impinged on
the flat plate respectively.

Even though the probing method could acquire local in-flame
pollutant emission data of the impinging flames, the dimension of probe
might disturb the interplay between flames and walls and limited the
profound investigation of pollutant gases distributions in flames. In
order to overcome these limitations, Sze et al.” drilled a hole of 1 mm
in diameter on the copper impinging plate and sampled combustion
products. The burner was moved in the radial direction from 0 to 50
mm. The CO, CO, and O, distributions along the radial direction up to
50 mm with an interval of 1 mm were acquired. Li et al.” studied the
emission characteristics in FWI via a premixed LPG flames uprightly
impinged on a flat plate. The exhaust gases in impinging flames were
collected through a circular hole with 1 mm diameter on the plate.
These gas samples were extracted through a micro pump with the flow
rate of 0.5 I/min and then analyzed through gas analyzers. Several
positions along the radial direction were tested to obtain gases
distributions in the impinging flame layer. The same group” also
collected the relevant gases samples through the micro hole on the plate
at the fixed location to evaluate the influences of nozzle diameter and
arrangements on emission performance of impinging premixed flames.

Collecting gases samples through the micro-hole on the
impingement surface provided the insight understanding of CO and
NOx distributions in the flame layer close to the plate surface. Some
researchers also proposed another method of comparing the emission
performance from impinging and free flames to highlight the effects of
FWI on pollutant formations. A sampling method via a hood device was
used here. A standard hood method set a hood which was large enough
to enclose the whole combustors above the burner to collect the flue
gases. In this way, the impinging flame and the plate were considered as
an entire system and exhaust gases from it could be totally collected by
the hood. The collecting pollutants which were well-mixed mixtures
were measured by various gas analyzers.” Makmool et al.” conducted
CO emission test of four kinds of cook-top burners. The exhaust gases
was collected via the hood device and analyzed through the CO
analyzer. Makmool ez al.* continued to systematically study the effects
of height and inter-port spacing on heat transfer and emission
performances of laminar impinging multiple premixed LPG flames. The
CO emission in experiments was collected and measured by the hood
method. In the investigation of Muthukumar ez al.,” they chose the
hood appliance combined with gas analyzers to examine CO and NOx
emissions from novel porous radiant burners.

© Engineered Science Publisher LLC 2019

Collecting exhaust gases via the hood appliance was used to
quantify the overall pollutants emissions from impinging flames. Some
researchers proposed the combination of the hood and micro-hole
methods to comparably investigate pollutants formation processes in
FWI. Zhen et al.” analyzed variations of CO and NOx concentrations
from impinging swirling and non-swirling inverse diffusion flames from
two aspects. The local pollutants concentrations in flame layers were
measured through the small hole on the impingement plate. Meanwhile,
the sampling probe of gas analyzers was connected to the outlet of the
hood which was arranged over the burner to acquire the overall
emission index of CO and NOx from impinging swirling and non-
swirling IDFs. In the experimental study of pollutants emission from
impinging and open inverse diffusion flames carried out by Choy et
al.,” they used two different sampling methods to collect exhaust gases
from two kinds of combustors separately. For impinging IDFs, the flue
gases from the flame layer close to the impingement plate was sampled
from the micro-hole with 1 mm diameter on the plate. For open IDFs, a
hood which was set over the flame tip collected exhaust gases. Then a
steel probe was inserted on the top of hood to sample gases. Both of
sampled gases were measured by gas analyzers. The comparison
between them revealed that impinging IDFs generated more NOx.

These sampling methods allowed researchers to quantitatively
investigate the pollutant emissions in FWI. The micro-hole sampling
method could offer the local pollutants distributions in impinging flame
layers along the radial directions and the overall emission index of
pollutants were obtained through the hood method. The combined
measurements exhibited the explicit knowledge of CO and NOx
formation process in FWI.

2.6 Variations of measured species in FWI investigations

In the studies of pollutants emissions in FWI, CO and NOx were the
most conventional species which were concerned and investigated by
the most researchers.”™**” The concentrations of CO and NOx were
measured by the relevant gas analyzers. Li et al™ presented the
distributions of CO and NOx concentrations on the radial direction in
impinging flames with variations of equivalence ratios, Reynolds
numbers and cooling water temperatures. The concentrations of CO and
NOx were chosen by Muthukumar and Shyamkumar® as the testing
standards to evaluate the performance of different porous radiant
burners (PRB). Mishra ez al.* exhibited the CO and NOx concentrations
from the novel PRB with variations of input power and equivalence
ratios via portable flue gas analyzers.

Meanwhile, the emission index which represented the grams of
pollutant emitted per kilogram of fuel burned was also introduced in
some research to illustrate the variations of CO and NOx emission
properties in FWL™** Li et al.” adopted the EICO to characterize the
CO emission from the premixed LPG/air impinging flames with
different operation conditions and found that EICO increased with the
decrease of the nozzle diameter in the single-nozzle flames. The values
of EICO and EINOx of impinging premixed flames were offered by
Zhen et al.* to show the influence of different separation distances and
hydrogen addition on pollutants characteristics in FWI respectively.

To further analyze the formation processes of CO and NOx in
FWI, the concentrations of O, and CO, were measured as the
supplement as well.”™”* In the work of Mohr et al.,” it was found that
the Co-Ax nozzle produced more CO than that from RJRC nozzle. The
O, concentration variations showed that RJRC nozzle entrained the
more air than the Co-Ax nozzle and the conversion of CO to CO, were
more completed in RIRC nozzle. Tajik et al.” showed that the higher
production of CO at the higher temperature was due to the enhanced
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CO, dissociation. The concentrations of several radicals and
intermediate species from flames were also presented to gain deep
understanding.”* The concentrations of intermediate species and free
radicals were provided by Popp et al.” in the numerical study of the
unburned hydrocarbons formation during the head-on quenching of the
laminar methane flames. The distributions of OH radical at different
separation distances in impinging flames were offered to show the
intensive oxidation regions.”

The concentrations of CO and NOx were universally chosen as the
emission standards to evaluate the pollutants emission performance in
FWIL The concentration of O, and CO, sometimes were also measured
as the supplement of emission characteristics and it helped to analyze
the formation processes of CO and NOx. Whereas, the measurements of
distributions of more major and intermediate species in the interaction
between flame and walls were scarce except for several numerical
simulations limited to the sampling and analyzing methods. The
information of more species distributions in FWI under various
operation conditions is needed to gain the deep understanding of
pollutants characteristics in FWI.

Overall, in the experimental studies of pollutants emissions in
FWI, the concentrations of CO and NOx were universally measured to
evaluate the emission characteristics in FWI. The impinging flame
device was generally adopted in the analysis of interaction between
flame and walls. Researchers adopted the gaseous and light
hydrocarbon fuels and premixed combustion mode to avoid the
disturbance of soot. The effects of different experimental parameters
including equivalence ratios, Reynolds numbers, nozzle to plate
distances and etc. on CO formation process were investigated
respectively (shown in Fig. 2). Meanwhile, the in-flame and overall
pollutants emission properties from FWI were also acquired through the
sampling probe, micro-hole and hood method separately. The above
information could help to obtain the CO and NOx formation in FWIL
Further investigation of CO distributions on the impinging flame layer
near the wall surface and more species concentrations will be needed in
the future work.

3. CO emissions measured via laser diagnostics

techniques

In the usual studies of the influence of FWI on pollutants emission
characteristics mentioned above, the concentrations of various
combustion products such as CO, NOx and CO, were generally
acquired via the gas analyzers. However, considering that the boundary
layer where the FWI occurred was just in the scale of hundreds of
microns, the limited resolution and the spatial dimension of
conventional gas analyzers did not satisfy the standards of refined
measurements. Nowadays, the advanced laser combustion diagnostics
methods which had high spatial and temporal resolution were
introduced to study the complex interactions between the flame and
walls. The relevant review of the utilization of diverse laser techniques
to diagnose complex combustion processes in laboratory and practical
combutors had been presented by Dreizler et al..' It was seen that the
laser-based techniques which possessed advantages including non-
intrusive and in situ nature, temporal resolution and multi-parameter
measurements were able to obtain the accurate and precise
measurements in complicate combustion environments. A summary of
the application of laser diagnostics in FWI such as planar laser induced
fluorescence of the OH-radical (OH-LIF), Raman scattering and
coherent anti-Stokes Raman spectroscopy (CARS) with various
operating conditions was presented in Table 2.

3.1 Arrangements of fuel types, flame types and the plate
position in FWI laser diagnostics studies

In the most studies which applied the laser diagnostics methods, the
methane/air premixed flames were chosen as the fundamental flame
because it had the simple chemical mechanism and less soot formation
which might interfere the measurements of laser devices.”™ ™' Several
researchers also adopted some other complex gas fuels in the
measurements of FWI via laser diagnostics techniques.”"*""" Mokhov et
al” measured the combustion products distributions along the plate
surface in propane-air premixed flames. Except for the conventional

Traditional analysis of CO emissions from flame-wall interactions

Variations of fuel, Effects of
oxidizer and equivalence
flame types ratios

Different sampling and analyzing methods

Effects of Effects of nozzle
Reynolds to plate
numbers distances

To show the overall and in-flame layer CO distributions from flame-wall interactions

Fig. 2 The sketch of traditional analysis of CO emissions from flame-wall interactions.
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methane/air premixed flames, Hiber and Suntz'” also conducted the
experiments of the influence of wall materials on pollutants emissions
in FWI of propane/air flames with a wide range of equivalence ratios as
the supplement for the previous studies. In the investigation of Kosaka
et al.,”" they comparably analyzed the influence of wall temperatures on
CO formation in stoichiometric methane and dimethyl ether (DME)
flames separately. The utilization of DME which was a more complex
fuel extended the previous research.

Most of the mentioned studies which investigated the CO emission
from FWI via two-photon CO-LIF were under premixed or partially
premixed flame conditions. In the work of Chien et al.,” they examined
the CO emissions characteristics through methane diffusion impinging
flames. Even though they used the methane diffusion flames, the
Reynolds number of the flow rate was so small that few soot particles
were found in the flames.

Fig. 3 showed that the arrangements of the impingement plate in
experiments could be classified into head-on quenching (HOQ)™*** and
side-wall quenching (SWQ)."”****™® Both of the HOQ and SWQ
were two kinds of FWI which were usually found in practical
combustors. The situation of HOQ presented the flame perpendicularly
propagated toward the cold walls. It was achieved by the plate which

was vertically set above the burner to form the stationary wall-stabilized
flames. Unlike to the HOQ condition mentioned in section 2,
researchers chose the convex wall instead of the flat plate to develop the
laser measurement environment. Singh ef al.” set a slight convex water-
cooled stainless-steel wall above the burner. The convex wall which
was part of a sphere offered the space for the implement of focused
point—wise laser diagnostics to measure the CO concentrations in the
near wall boundaries. The similar HOQ device was also used to
investigate the behaviors of CO formation from FWI in stationary and
propagating impinging flames respectively.” The distributions of
temperature and CO mole fractions in steady-state and transient
processes of FWI were presented respectively. In the investigation of
the effect of the pressure on nitric oxide formation in premixed jet-wall
stagnation flames, the experimental device of HOQ which could offer
the compact and stable flames at the high pressure conditions was
adopted.”

In the configuration of SWQ, the plate was set parallel to the flow
rate direction which allowed the flame to propagate along the surface.
The arrangement of SWQ could provide the persistent and stationary
FWI in both laminar and turbulent flows in comparison to that of HOQ.
In the early study of Mokhov et al.,” they directly placed the flat steel

Table 2 Comparisons of types of fuel, flame, plate location and other operating conditions in various literature involving laser diagnostics techniques.

Reference Fuel Type of flame Plate location  Reynolds number Equivalence Measured species Analysis method
(HOQ/SWQ) ratio (@)
Mokhov e al .”* Propane Premixed SWQ Laminar 0.83-1.0 CO and OH OH-LIF, CO two-photon LIF
Fuyuto et al > Methane Premixed SWQ Laminar 0.9 OH, CH,0, CO, NO NO-LIF, single-photon (OH, CH,0) and
and H,CO two-photon (CO) excitation LIF
Singh et al Methane Premixed HOQ Laminar 0.83-1.2 CO CO LIF
Mann ef al .** Methane Premixed HOQ Re=5000 0.83-1.2 Cco Two-photon LIF
Chien et al.” Methane Non-premixed HOQ Laminar (Re=50) - co PLIF of OH and 2-photon CO
Ganter ef al.”® Methane Premixed SWQ Laminar co _
Jainski et al.”’ Methane Premixed V-shaped SWQ Laminar and turbulent  0.83-1.2 Cco Two-photon CO LIF
flame (Re=5000)
Bohlin et al.** Methane Premixed V-shaped SWQ Laminar and turbulent ~ 0.83-1.2 N, O,, Hy, CO, CO, Ultrabroadband coherent anti-Stokes
flame (Re=5000) and CH, Raman spectroscopy (CARS)
Versailles efal.”  Methane Premixed jet-wall HOQ Laminar 0.7 NO NO-LIF
stagnation flames
Hiber ef al '™ Methane, ~ Premixed stagnation SWQ 5000 0.76-1.35 OH* and CH* Chemiluminescence imaging
Propane side -wall flames
Kosaka er al "' Methane, Premixed V-shaped SWQ Laminar and turbulent 1 OH* and CO Two-photon LIF
DME flames (Re=5000)
Ganter et al '™ Methane Premixed flame SWQ Laminar (Re=5000) 1 co -
Heinrich ef al ' Methane Premixed V-shaped SWQ Laminar (Re=5300) 1 CO and OH -
flames
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Classifications of flame-wall
interactions

Head-on quenching (HOQ)

I WVall
NN
N\TM

Flame propagation direction

HOQ could be adopted to analyze the
steady and transient processes of FWI
with various pressure conditions.

Side-wall quenching (SWQ)

Wall
T\
VAA T/\/\

Flame propagation direction

SWQ could offer the persistent and
stationary FWI in both turbulent and
laminar flows.

Fig. 3 Classification of flame-wall interactions.

plate into the combustion products flows above the burner to form
flame-wall interactions. The edge of the plate was sharpened to reduce
the disturbance of flows. Fuyuto e al.” developed a traditional SWQ
device by putting a water-cooled stainless steel wall parallel to the main
flow rate from a premixed methane/air flat flame burner. The flat flame
front was divided into two parts and the FWI was found at the front
wall surface. To further improve and control the interplay between the
flame and walls in SWQ, the team of Dreizler”™'""'” set a tiny circular
ceramic rod above the burner to form a premixed V-shaped flame. One
branch of the flame interacted with the vertically oriented stainless steel
wall and developed the stable FWI. The interactions could be
conveniently controlled by the adjustment of the location of the rod.

The relevant simulation models of SWQ were established to
investigate the latent mechanism of pollutants formation in FWI. The
two-dimensional (2D) laminar simulation model was developed by
Ganter ef al™ to numerically analyze the FWI in the premixed
stoichiometric SWQ configuration. Various reaction mechanisms and
diffusion treatments were comparably studied in the simulations.
Heinrich et al.'” continued to expand the calculation model and carry
out a three-dimensional (3D) numerical simulation to analyze the FWI
in SWQ configuration. The computational results including flow
structures were also compared with the previous experimental data and
two-dimensional simulations.

In the laser diagnostics of pollutants emission properties in FWI,
the methane/air premixed flames which formed few soot particles and
provided the steady flame were used as the fundamental flame. The
configurations of HOQ and SWQ which were universally found in
practical combustion appliances were detailedly analyzed. The HOQ
device offered the way to study the emission characteristics in steady
and transient FWI1. Meanwhile, the SWQ device combined with the V-
shaped flame provided the more stable and persistent FWI for laminar
and turbulent conditions.

12 | ES Energy Environ., 2019, 3, 4-24

3.2 Effects of different operating conditions considered on
FWI laser diagnostics
Except for developing the relevant laser diagnostics measurements in
FWI in some studies, the effects of several experimental parameters
including equivalence ratios, laminar and turbulent flow conditions and
plate temperatures on pollutants emission characteristics were
considered in the investigation of FWI through laser-based diagnostics
techniqueS.‘Jl—95,97—99.ll)l

The distributions of CO in impinging flame layers with different
equivalence ratios which presented the significant influence on the
overall CO emission characteristics from FWI were explicitly analyzed.
In the study of OH and CO behaviors in the boundary layer near wall
surface, the influence of different experimental factors including
equivalence ratios which ranged from 0.83 to 1.0 and plate temperatures
(cooled and uncooled) was considered.” It was found that the
production of CO obviously decreased with the decrease of equivalence
ratio at the ranging of near stoichiometric. The augment of the plate
surface temperature also inhibited the CO formation in the boundary
layer. Jainski et al.” combined the advanced laser diagnostic methods
and the side-wall quenching device to study the FWI in atmospheric
premixed laminar flame. The performance of the quenching distance
which was an important quantity of FWI was evaluated at equivalence
ratio of 0.83, 1.0 and 1.2. They also comparably analyzed the influence
the laboratory-fixed and the flame-fixed coordinate systems on
thermochemical states which presented more details in FWI through the
CO/T-state diagrams. In the study of Bohlin et al,” the temperature
distributions in the near-wall region with different equivalence ratios
were investigated by the one-dimensional coherent anti-Stokes Raman
spectroscopy.

Reynolds numbers as another important experimental factor were
also investigated by many researchers. The distributions of flame
temperatures and species of the near-wall layer in a quenched FWI were
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reported by Fuyuto et al.” via the planar LIF with gas flow rates of 7.5
and 15 I/min separately. Kosaka et al."” investigated the characteristics
of CO formation and oxidation processes in FWI of a side-wall
quenching device under laminar and turbulent conditions. The Reynolds
numbers were set 5000 for both the laminar and turbulent parameters.
The turbulent flame was achieved via an inserted turbulence grid. The
results showed that the branch of CO formation and oxidation shifted to
the lower temperature region due to the impact of turbulence.

Several researchers simultaneously investigated pollutants emission
characteristics in FWI with the combination of equivalence ratios and
Reynolds number variations. The variations of temperature and CO
distributions in FWI with different equivalence ratios and Reynolds
numbers were reported by Singh et al.” It was observed that the profiles
of CO mole fraction were similar at equivalence ratio of 0.83 and 1.0
and the reduction of CO concentration mainly located in the hot flame
region. In case of the fuel rich flame, the mole fraction of CO almost
kept constant in the post-flame region. The peak value of CO mole
fraction declined and the position of the flame front shifted to the wall
surface with the increase of Re. Mann et al.” presented variations of
CO mole fraction in FWI from the atmospheric methane jet impinging
flames for different equivalence ratios which ranged from 0.83 to 1.2
and two turbulence intensities. The conditional statistics analysis
method was used to acquire the difference of thermos-chemical states
between the stationary impinging flames and the flames during head-on
quenching from 200 individual experimental data. The higher CO
concentration was found at the lower temperature region due to the
inhibition of CO oxidation of enthalpy losses. This phenomenon was

Various laser §
diagnostics i
techniques

adopted in FWI ,

To measure the
instantaneous flame
emperatures

—

OH-LIF / OH-PLIF

CO-LIF/ CO-PLIF

NO-LIF

Chemiluminescence imaging

To get distributions of CO, OH, NO and etc.

more significant in fuel lean flames.

Except for changes of equivalence ratios and Reynolds numbers,
effects of other relevant experimental parameters on pollutants
formation in FWI were also considered. The distributions of CO
released from the non-premixed methane impinging flames with
different nozzle to plate distances were analyzed by Chien et al..” The
relationship between the reaction zone and the heat release zone was
established. Versailles e al.” examined the formation processes of NO
in the methane/air jet-wall premixed flames and the influence of the
operating pressure was also studied. The very limited and negative
effect of pressure on the production of nitric oxide was found in fuel-
lean flames.

The effects of various experimental parameters including
equivalence ratios and Reynolds numbers which were similar to those
in section 2 on pollutants emission characteristics from FWI were
analyzed via the HOQ and SWQ devices. The utilization of the
advanced laser diagnostics methods helped to gain the well spatially
resolved measurements of temperature and intermediate species within
the subtle boundary layer near the wall surface. These results also
corresponded with the consequences acquired by gas analyzers in some
cases.

3.3 Development of various laser diagnostics methods in FWI
The progressive development of laser diagnostics techniques helped
researchers to gain the better understanding of combustion science and
technology. The role and evolvement of laser diagnostics in FWI were
summarized and presented in Fig. 4.

Fig. 4 The illustration of various laser diagnostics techniques used in FWI.

© Engineered Science Publisher LLC 2019

ES Energy Environ., 2019, 3,4-24 | 13



Review Paper

ES Energy & Environment

The laser-induced fluorescence technique was universally adopted
in the measurements of OH and CO distributions from FWI. In the
work of Mokhov et al.,” they measured the number density of OH in
the boundary layer near the wall region through the absorption and
laser-induced fluorescence. The spatial resolution for the boundary layer
was 0.25 mm and the random error was about 10%. The concentration
of CO was acquired by the two-photon LIF and the accuracy of the
measured boundary layer was 0.1 and 0.2 mm for the uncooled and
cooled plate separately. The gas-phase temperature distributions in the
boundary layer at atmospheric pressure were measured by Fuyuto er
al” with the help of multi-line NO-LIF thermometry in the
investigation of FWI. Moreover, more intermediate and major species
containing OH, CH,0 and CO were measured in flames through single-
photon (OH, CH,0O) and two-photon (CO) excitation LIF. The imaging
system had the well spatial line-pair resolution of 22 um and the
accuracy of the temperature measurement in the near-wall region was
within 50 K. The measurement range of the applied laser diagnostics
devices could be as close to the wall surface as 200 um. In the study of
Chien ez al.,” they illustrated the predominant factors that affected the
CO formation and emission from an impinging flame. The relevant
distributions of OH and CO in flames were acquired with the utilization
of OH-PLIF and CO two-photon PLIF.

Considering the importance of flame temperature distributions in
combustion processes, the development of CARS offered researchers an
access to measure the instantaneous flame temperatures in FWIL In the
analysis of the FWI by laser based techniques conducted by Singh et
al.” the combination of two-photon laser-induced fluorescence and
coherent anti-Stokes Raman spectroscopy could simultaneously offer
the distributions of gas phase temperatures and CO. The data of
temperature was used to correct the CO concentration acquired from the
CO-LIF. In the examination of temperature distributions and CO
variations in the transient FWI, the instantaneous temperatures were
gained by the nanosecond CARS device.” Jainski ef al.” also measured
the CO concentrations and temperatures by CO-LIF and CARS. The
velocity fields and flame structures were obtained by two-component
particle image velocimetry (PIV) and OH-PLIF. The CO/T-state
diagrams were also established to analyze thermochemical properties.

Except for the measurements of temperatures and CO mole
fractions, more combustion products including N,, O,, H,, CO, and CH,
were detected in the one-dimensional-CARS imaging configuration.”
The resolution of the imaging was better than 40 um and the boundary
layer was measured to be approximately 30 pm. Versailles et al.” also
studied the NO formation process in FWI and the concentrations of NO
and N,O were detected by NO-LIF. To investigate the FWI in SWQ
configuration, Hiber et al.'” evaluated the quenching distances through
chemi-luminescence images of OH* and CH* radicals.

The adoption of advanced laser diagnostics techniques in
investigations of FWI offered the more accurate and precise spatial
resolution of flame species near the wall region. Meanwhile, the scope
of the boundary layer which contacted to the wall surface could be
much thinner to capture more details in the interplay between the flame
and walls. The combination of CO-LIF and CARS also offered the
opportunity to detect the carbon monoxide and temperature at the same
time and the concentration of CO could be timely modified according to
the temperature data. Moreover, the variations of species and
temperature distribution from persistent and transient FWI could be
acquired with the help of laser diagnostics. The information of other
combustion products measured in FWI also contributed to the deep
insight of FWI processes.

The investigation of several combustion parameters in FWT via the
combination of the advanced laser diagnostics techniques and

14 | ES Energy Environ., 2019, 3, 4-24

HOQ/SWQ devices was the extension and supplement of the previous
studies of FWI through gas analyzers. It also broke through the
limitations of measurements of overall pollutants emissions in FWI and
innovatively offered the useful qualitative or semi-quantitative
information of species distributions in the subtle boundary layer which
was in hundreds micron order near the wall surface. The influence of
different universal experimental factors including equivalence ratios,
Reynolds numbers and etc. on emission characteristics in FWI were
analyzed. The mole fractions of major and intermediate species were
acquired. Both of these information mentioned above facilitated the
better understanding of FWI.

Despite these advantages of the utilization of advanced laser
diagnostics in FWI mentioned above, there are several limitation and
challenges to be resolved for present experimental investigations. For
example, the measurements of combustion species are merely centered
on the simple and major species such as CO, CO, and etc. The gas-
phase temperatures which located near the wall surface are much higher
than the wall surface temperatures due to the limited spatial resolution
and the refraction effects of the LIF imaging system. Meanwhile, the
useful results of species distributions are obtained at the distance of
hundreds of micron scale from the wall instead of the substantial
surface. Most of the experimental studies are carried out at the
laboratory scale.

In the future work, the detection of combustion species through
laser based diagnostics in FWI should contain more major and
intermediate species even the large macromolecule polycyclic aromatic
hydrocarbons (PAH). Much smaller distance and more precise
measurements with higher spatially resolution should be acquired with
the advances of laser devices. Several other external experimental
parameters such as pressure and surface properties are also required to
study to expand the database of FWI and the utilization of relevant
advanced diagnostic strategies in more complex practical combustion
systems.

4. Soot formation and emission in flame-wall

interactions

The previous researchers explicitly investigated the pollutants emission
performance in FWI via various laboratory flames. Both of the overall
emission index and the spatial distributions of pollutants in the
boundary layer near the wall surface were accurately obtained with the
aid of various gas analyzers and the advanced laser based diagnostics
techniques. The knowledge of pollutants formation processes helped
researchers to understand the mechanism of FWI and develop strategies
to improve energy utilization. Whereas, most of these studies were
carried out in premixed combustion mode fueled with various simple
gaseous hydrocarbon fuels. The investigation of the characteristics of
pollutants from FWI in diffusion flames which universally appeared in
different practical combustion appliances was scarce.

Moreover, the combination of heat losses to the wall and the free
radicals quenching on the wall surface in FWI intensified incomplete
combustion when the flame propagated toward combustor walls. More
unburned hydrocarbons were formed in this process and it reduced the
combustion and emission performance. Especially for soot formation
which occupied the large percentage of particulate matter emissions not
only did harm to human health and environmental issues but also
induced the abrasion of combustor walls and decreased the energy
utilization efficiency. The phenomenon was more serious in enclosed
combustion systems which adopted diffusion flames such as internal
combustion engines and industrial combustion furnaces.

Facing to the rigid emission regulations and the development of
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advanced combustion technology with higher system efficiency and
lower pollutant emissions, it is urgent and worthwhile to investigate
characteristics of soot formation and evolution in FWL. It also facilitated
to the optimization geometry design of various engines.

4.1 Soot characteristics in FWI of internal combustion
engines

The production of unburned hydrocarbons was prevalently found in
internal combustion engines due to the widespread existence of
combustion chamber crevices, oil films absorption and desorption,
flame quenching and etc. Among them, the formation of soot from FWI
accounted for the dominant sources of UHC because the flame
impingement was widely found in the confined volume combustors.
Researchers were very interested in characteristics of soot in FWI and
the relevant strategies to reduce soot formation in engines.”*' The
analysis of these studies were shown in Table 3.

Most of the studies were carried out in various internal combustion
engines. The optical accessible environment of engines and the
utilization of multiple laser detection devices allowed researchers to
directly observe soot behaviors from FWI in internal engines. Rusly et
al."” emphatically studied effects of jet-wall and jet-jet interactions on
flame structures and soot characteristics in an automotive-size optically
accessible diesel engine. The flame boundary was obtained through the
hydroxyl chemiluminescence imaging. The natural soot luminosity
imaging was captured by a CMOS camera. In the research of Le et
al.,"™ they were interested in the influences of FWI on the structure and
development of diesel flames in a small-bore optical engine. Various
combustion stages of the wall-interacting diesel flames were
distinguished via OH-PLIF, fuel-PLIF and chemiluminescence imaging.
In 2016, the same group of Le et al'” continued to investigate the
behaviors of OH radical and soot particles in jet-wall interactions
occurring in the optical diesel engine with the aid of various laser-based
diagnostics techniques. To avoid the disturbance of other complex
interactions such as jet-jet interactions, the single-hole nozzle was used
in the experiment. Methyl decanoate which had the low-sooting
propensity was chosen as the surrogate fuel to reduce laser attenuation.
It was seen that the soot region tended to grow and flow along the
bowl-wall surface. The existence of OH radical could oxidise soot
particles and soot pockets shifted to be smaller in size and eventually
disappeared.

To suppress soot formation in internal engines, the relevant
strategies including the improvement of the nozzle spray geometry,
injection pressure and etc. were proposed and tested in the research of
soot characteristics from FWI. The properties of flame geometrical
parameters and the ignition delay were obtained through flame imaging
and OH chemiluminescence techniques to study the influence of
included angle between two orifices on combustion performance."™
Results showed that the nozzle spray configuration of the group-hole
could effectively suppressed soot formation over wide engine loads due
to the asymmetric flame structure. The effects of micro-hole nozzle and
ultra-high injection pressure on properties of soot from the impinging
diesel spray were experimentally investigated by Wang et al..'” The
parameter of KL which was proportional to the soot concentration was
used to evaluate soot production. Both of soot temperature and the KL
factor were measured according to two-color pyrometry. It exhibited
that the flame-wall impingement obviously inhibited soot formation for
the conventional nozzle. The decrease of soot concentration was
observed with the augment of injection pressure. Less and smaller size
soot was found in the impinging spray flame with the micro-hole nozzle
at the injection pressure of 100 MPa. Kiplimo et al.'” mainly studied
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the combustion and soot emission behaviors in a premixed charge
compression ignition (PCCI) diesel engine under various spray
impingement, injection parameters and EGR conditions. Less soot
formation was found for both the late and early injection timings under
the flame-wall impingement conditions. The decrease of soot
concentration was more obvious with the adoption of EGR in the
impinging spray flame. This phenomenon was attributed to the
improvement of air-fuel mixing from the interaction between the flame
and walls. In the research of Tripathi and Subramanian,” they found
that palm acid oil (PAO) biodiesel which had higher spray penetration
induced larger probability of wall impingement than that of base diesel.
The strategy of retarding the injection timing obviously reduced the
probability of wall impingement and the emission of NOx.

Based on the application of multiple laser diagnostics techniques in
visual accessible engines, the variations of several major and
intermediate species in FWI were also measured. To study the flame
development and unburned hydrocarbon formation under the spray-wall
impingement situation in an optical engine with low engine load, the
combustion luminosity images and emission spectra which were
obtained via multiple laser diagnostics measurements were presented."’
The PLIF of formaldehyde was used to illustrate the UHC formation in
gasoline partially premixed combustion (PPC). Results showed that the
spray impingement reduced the combustion efficiency and the remains
of CH,O in the fuel-lean regions led to the production of UHC during
the power stroke for fuel injection timing of -35°. Tang et al."
subsequently investigated the in-cylinder combustion processes of
gasoline PPC and four different combustion stages were recognized and
divided. The combustion emission spectra of various species including
OH, CH, CH,0, C, and CO were also offered. The “burn-out” stage
was filled up by the spectra of OH and soot radiation.

Overall, the characteristics of soot formation in FWI have been
widely analyzed (shown in Fig. 5) in diesel engines with different
operating factors because the spray wall impingement prevalently
occurring in internal combustion engines provided the well
development of FWI. Some relevant strategies to reduce the soot
formation in interaction between flame and walls were also studied in
diesel engines. Various laser diagnostics measurements including OH-
PLIF and fuel-PLIF were adopted to obtain the relevant flame structures
and nature flame luminosity. Meanwhile, the distributions of other
major and intermediate flame species were also measured. The
properties of soot were extracted from the flame luminosity images
which were captured because of soot radiation. In some extent, larger
flame size represented the larger soot formation area and more soot
concentration. These studies mainly quantitatively measured soot
concentration variations in FWI. Other relevant characteristics of soot
particles in FWI are also required in the future work.

4.2 Effects of various chamber geometries on soot formation
The above section of 4.1 presented that the flame impingement
exhibited significant influence on soot properties in internal combustion
engines by various laser diagnostics techniques. The reduction of soot
formation was observed in impinging spray flames due to the
improvement of fuel-air mixing in FWI. Based on the behaviors of soot
in FWI, several researchers also proposed the utilization of various
kinds of combustion chamber geometries which could intensify the
interplay between flame and walls to reduce soot emission and improve
combustion efficiency in internal engines."*'” Table 4 showed the
summary of multiple strategies adopted in previous studies to improve
soot emissions in flame-wall interactions.

The rapid development of computational fluid dynamics (CFD)
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Fig. 5 The investigation of soot behaviors from FWI in practical combustion systems.

Table 4 The analysis of multiple strategies studied in previous research to modulate soot formation from flame-wall interactions in practical engines.

Relevant strategies to modulate soot formation Analysis method Analyzed species
Simulated Experimental
Changes of re-entrancy and central Ref'™ - NOx and soot
projection heights
The modification Variations of piston bowl diameter Ref'® - CO, NO and soot
of piston bowl ratio and initial swirl ratio
geometry
Changes of piston bowl depth and Ref"? - NOx, soot, HC and CO
chamfered ring -land
The adoption of Analysis of a new swirl chamber Ref'** - NO and soot
swirl combustion combustion system
system The adoption of forced swirl Ref'™ - NO and soot
combustion system (FSCS).
The adoption of lateral swirl Ref'? Ref'"”, Ref'"® and Ref'™  NOx and soot
combustion system (LSCS).
The investigation of a double swirl - Ref'” and Ref'"® NOx and soot
combustion system (DSCS).
Proposal of a novel multi-swirl Ref'?! Ref'?! NOx and soot

combustion system (MSCS)
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offered researchers the convenient way to study the combustion
processes occurring in internal engines with different geometries by
numerical simulations. Several piston bowl geometry models with
different re-entrancy and various central projection heights were
simulated to study the effects of the new design of re-entrant piston
bowl geometries on flow properties and pollutants emissions."” Results
indicated that the optimization of piston bowl geometry could achieve
27% reduction of NOx emission and 85% decrease of soot
concentration as compared to that of the baseline configuration. The
influence of piston bowl diameter ratio and initial swirl ratio of a
rectangular bowl on the engine performance and emissions was
presented in the work of Abdul Gafoor et al.." The total thirty-five sorts
of configurations with various d/D ratio and initial swirl ratio were
considered and analyzed to acquire the optimum configuration with
better combustion and pollutants emission behaviors. The augment of
NO emission combined with the reduction of soot were found at the
low d/D ratio because of the good combustion rate at TDC (top dead
centre). They found that B3S1 was the best configuration for the
minimum emission purpose and the case of B6S3 was the optimum
design to gain the good combustion efficiency and low pollutants
emissions. Considering that geometries of piston bowl significantly
influenced the combustion and emission properties of engines, Kakaee
et al"” numerically examined the reactivity controlled compression
ignition (RCCI) engine performance and emissions with three different
piston bowl geometries. Results showed that the influence of bowl
profile on NOx emission was more obvious than that on UHC and CO
emission at low engine speeds. The adoption of chamfered ring-land
could suppress UHC formation at the conditions of chamfer sizes higher
than 3 mm.

Except for investigations of variations of internal combustion
engine geometries, several researchers devised novel combustion
systems to enhance fuel and air mixtures and improve combustion
performance. A new swirl chamber combustion system was proposed
by Wei et al," and they simulated the mixture and combustion
performance in the combustion chamber with different swirl ratios.
Results presented that the lowest value of NO mass fraction was
observed at swirl ratio of 0.8 and soot concentration was lowest at swirl
ratio of 0.2. Overall, the better emission performance of the new
combustion system was found at swirl ratio of 0.8. The numerical
simulation to study the combustion and emission properties of the direct
injection engine equipped with a new forced swirl combustion system
(FSCS) was conducted by Su e al.'” Compared to the emission
characteristics of the traditional omega combustion system, the
significant reduction of soot mass fraction was found in diesel engine
with FSCS due to the improved fuel/air mixture formation at the full
load condition. The discrepancy of soot and NOx emission from
conventional combustion system and FSCS was not obvious at the
lower load. To further investigate the mechanism of lateral swirl
combustion system (LSCS) on combustion and emission characteristics,
Li et al.” carried out numerical simulations to analyze the influence of
LSCS configuration on combustion performance at 2500 r/min and full
engine load. Results showed that the combustion chamber induced the
favorable flow guidance and enhanced the fuel/air mixture process
when the deviation angle of flow-guide ranged between 15-27°. The
optimization configuration of the LSCS could achieve the reduction of
soot emission by 69-75%.

The above mentioned above studies were just numerical
simulations and an array of experiments were also conducted to test the
emission and combustion characteristics of different chamber
geometries. The combustion and emission performance of the single
cylinder engine equipped with double swirl combustion system (DSCS)
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and lateral swirl combustion system were separately analyzed by Su et
al'” to gain the better understanding of mechanism of forced swirl
combustion system. Results showed that devices of DSCS and LSCS
promoted the flame spread space and area compared to that of
conventional combustion system. The better fuel consumption and less
soot formation were found in LSCS than that in DSCS because of the
better fuel/air mixing. The research of Li et al."™ indicated that the
utilization of LSCS could decrease 63.4-70.8% of soot formation and
the configuration of LSCS has better application in practical diesel
engines than that of DSCS because of good fuel consumption and low
soot emission at the low excess air ratio. The spray and combustion
properties of the wall-impinging jet with lateral swirl (LS) and current
enveloping () combustion systems in the constant volume combustion
vessel were comparably investigated.™ It was observed that more soot
was formed at the late stage and the distribution of soot was mainly
around the wall of the ® chamber. Whereas, the formation of soot was
enhanced at the early stage and it distributed away from the wall in the
LS chamber. Consequently, the soot from LS chamber was more easily
mixed with air and oxidized. Li e al."”' analyzed the combustion and
pollutants emission characteristics of a novel multi-swirl combustion
system (MSCS) from experimental and numerical aspects. The
experimental results which obtained in the diesel engine showed that the
soot emission from MSCS reduced 60% compared to that from the
DSCS. The relevant simulation results exhibited that the reduction of
soot emission in MSCS was attributed to the enlargement of the fuel
diffusion space and the promotion of the fuel/air mixture.

Based on the fact that the interaction between fuel spray jets and
wall surfaces could significantly affect the fuel diffusion around the
combustor walls and further influence the engine performance, several
researchers proposed various combustor configurations to improve the
pollutants emission performance (shown in Fig. 6). Multifarious
combustion systems were devised according to the forced swirl
combustion phenomenon and they were analyzed via experiments and
numerical simulations from the fuel consumption, NOx and soot
emission aspects to acquire the optimum combustion system. The
relevant information of flame structures and soot luminosity were also
obtained with the use of various laser and optical diagnostics
measurements in optical accessible diesel engines. The design of LSCS
and DSCS could significantly reduce the fuel consumption and suppress
soot formation because the utilization of various wall shapes enhanced
the mixing of fuel and air. The results proved that these devices with
good energy utilization and low soot emission had better application
prospects in practical combustion systems.

4.3 Nanostructure of soot in flame-wall interactions

The effects of flame-wall interactions on soot properties from internal
combustion engines were widely studied in aforementioned studies by
laser diagnostics methods such as soot-PLII and etc. The measurement
of soot area, soot volume fraction and optical thickness were obtained
to get the information of soot spatial distributions in the boundary
region near the wall surface. The obtained limited information just
provided the coarse data of soot quantity because of the questionable
assumption of soot particle optical properties. Recently, some
researchers proposed the novel sampling method that acquired soot
particles directly from diesel flames based on thermophoretic soot
sampling techniques which were generally used in different laboratory
flames.™"” Then more detailed knowledge of soot sizes and structures
could be obtained with the help of transmission electron microscope
(TEM). The analysis of soot structures including the physical
dimensions of soot aggregates, primary particles and carbon lamella
helped to gain the deep insight of soot formation and oxidation
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processes at various combustion stages in flame-wall interactions.

The combination of TEM images of soot particles from different
locations and the statistics analysis method provided the detailed
information of soot formation and evolution in FWI of practical
engines. In the study of Zhang ef al.,” soot samples from diesel flames
were captured through the TEM gird probe which was installed on the
combustor walls. The morphology of soot was examined by the TEM.
Soot particles from different combustion stages were sampled and
analyzed to acquire the effects of flame-wall interactions on soot
particle morphology. The soot particle number concentration, size
distribution and fractal morphology were analyzed with statistics
methods. It showed that soot aggregates were more easily oxidized in
flame-wall interactions and led to the increase numbers of small
particles in the post-impingement stage because of the fragmentation of
soot aggregates. More compacted soot particles were observed in the
burn-out stage due to the further oxidation of soot. The morphological
variations of soot particles from jet-to-jet variations and jet-jet
interactions in single-cylinder diesel engine were experimentally
investigated by Zhang et al.”’ with thermophoretic soot sampling and
TEM imaging analyzing method. Results exhibited that soot sampled
from jet-jet interactions presented higher particle number counts than
that from the single-jets. Soot from the jet-jet interaction region was

© Engineered Science Publisher LLC 2019

observed to be much smaller than those from single-jet head region.
Few variations of soot sizes and fractal dimension were found for soot
sampled from the in-flame and exhaust flues due to jet-jet interactions.
The information of soot nanostructures including fringe length,
tortuosity and separation distances was acquired to evaluate soot
internal structure variations in FWI. To get the deep understanding of
soot size and structure variations in jet-jet interactions from diesel
flames, soot samples from the diesel engine were imaged by TEM
instruments to acquire soot morphology and nanostructures.™ The
crucial parameters of soot nanostructures such as fringe length,
tortuosity and separation distances combined with primary particle
diameter and fractal dimension were acquired. Compared to soot in the
wall-impingement region, the faster initial growth of soot was found in
the fuel-rich region due to jet-jet interaction. Moreover, the soot with
larger aggregates and primary particles sampled in jet-jet interactions
also presented the larger fringe separation distance and indicated higher
particle reactivity. Zhang et al.”” sampled soot particles in the small-
bore diesel engine at five different locations via the soot sampling probe
to investigate the soot formation processes in flame-wall interactions.
The TEM images of soot from various locations showed that small soot
particles with amorphous structures like precursors were found in the
initial flame impingement region. These particles tended to be large and
long—stretched aggregates as the soot travelled along the walls. The
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typical core-shell structure was also observed at the downstream
locations. At the further downstream place which located at the outer
region of the flame, the size of soot aggregates decreased due to the
intensive oxidation of hydroxyl radical. The same group of Zhang et
al.”** continued to analyze the influence of oxygenated biodiesel on soot
formation in small-bore optical diesel engine. Compared to soot from
traditional petroleum diesel, soot aggregates with less agglomerated and
more stretched structures were found in methyl decanoate flames. The
soot from methyl decanoate exhibited lower fringe separation distance
and implied the more graphitized structures than those from petroleum
diesel.

Except for the traditional investigation of soot concentration
variations in FWI, the characteristics of soot particles from FWI such as
size and structures which contributed to the improved understanding of
soot formation and oxidation processes were studied and summerized in
Fig. 7. The installment of sampling probes on the combustors walls
combined with the utilization of TEM imaging devices provided
researchers an opportunity to gain the essential knowledge of soot
particle size and structures from multiple combustion stages in diesel
engines. The laser diagnostics techniques were used to distinguish
various combustion stages. The effects of flame-wall interactions on
soot characteristics such as soot morphology, fractal dimension, primary
particle diameter, and fringe parameters were also explicitly analyzed.
Soot particles with precursor-like structures were mainly found in the
initial impingement region. The more complex fractal structures and

smaller size of soot were observed at the downstream region as the
flame propagated along the wall surface. Meanwhile, the intensive
oxidation of soot in the wall-jet head region diminished the tiny and
simple particles and led to the fragmentation of large aggregates. The
detailed information of soot morphology and nanoscale internal
structures revealed the soot formation and evolution processes in FWI
and it was also the supplement of previous studies.

Considering the wide existence of flame-wall interactions in
practical combustion engines, many experiments were carried out in
optical accessible diesel engines to examine the soot behaviors in the
interplay between flame and walls with the aid of multiple laser-based
diagnostics techniques. The relevant strategies to reduce soot formation
in FWI under different operating engine conditions were also proposed.
Taking advantage of the significant influence of FWI on soot formation
behaviors, researchers proposed multifarious combustion systems such
as MSCS and DSCS to modulate soot production and improve the
combustion efficiency in confined combustion vessels because of the
improvement of fuel/air mixture. To get deep insight of soot
characteristics in FWI, the morphology and nanostructure of soot in
flame-wall interactions were also studied through the thermophoretic
sampling approaches and TEM imaging techniques. The evolution of
soot morphology along the wall surface and the analysis of soot internal
structure parameters illustrated soot formation and oxidation in FWI. As
all of these studies were conducted in practical combustion systems, the
transient flame condition combined with the complex combustion

To gain the deep insight of soot formation and oxidation in FWI

Fig. 7 The analysis of soot nanostructure from flame-wall interactions.
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processes easily interfered the accuracy of sampling and measurement.
In future work, more characteristics of soot in FWI from steady flames
are urgent to be studied.

5. Soot characterisites in flat stabilized flames

The adoption of direct thermophoretic sampling approaches and TEM
imaging device could offer the explicit knowledge of soot structural
characteristics in FWI from diesel engines. However, the transient and
unsteady flame environment where soot was sampled was easily
influenced by other experimental parameters because of the complex
combustion processes occurring in the confined combustion vessels. It
was also difficult to separate flame-wall interaction from jet-jet or other
complicated interactions occurring in diesel engines. To acquire more
accurate and precise measurements, researchers adopted the burner-
stabilized stagnation (BSS) flame configuration which could offer the
steady flame and the well-defined flow rate boundary conditions to
investigate soot particle size distribution functions (PSDF) and PAHs
formation processes from the laboratory flames.” "

The burner-stabilized stagnation flame configuration which
combined the sampling probe with a water-cooled flat plate was
introduced to examine the soot particle size distributions in
ethylene/oxygen premixed flames.”™ The sampling probe was used to
capture soot for mobility particle sizing. The stagnation plate above the
burner could provide the steady flame and the strict definition of
boundary conditions because of flame-wall interactions. The soot
particle size distribution functions of various burner to stagnation
surface distances were measured. Abid ef al."” continued to study the
evolution of nascent soot particle size distributions from laminar
premixed n-dodecane flames via the similar BBS flame sampling
approach. The variations of PSDF curves from n-dodecane flames were
much similar to those from the previous ethylene flames. Compared to
soot from ethylene flames, the nucleation mode was stronger in the n-
dedecane flames. The experimental data of the PSDF of incipient soot
obtained from BBS flame configuration was also offered to comparably
study the influence of fuel structure and fuel bound oxygen on soot
properties from butanol fuels."™

The distributions of major and intermediate species in BBS flames
were also measured to validate relevant chemical mechanism and
establish soot formation models. In the study of Saggese et al.,” the
experimental data gained from the ethylene/oxygen premixed burner-
stabilized stagnation flame was used to verify the predicted results
including the soot volume fraction and soot size distributions from the
model. It was found that the bimodal size distribution function of soot
from the model was in a good agreement with observations from
experiments. Kang et al'” examined the influence of dimethyl ether
addition on PAHs and soot formation characteristics in ethylene
premixed burner-stabilized flames. The distributions of flame
temperatures, soot number density and soot particle diameters along
different heights above the burner were performed. Results showed that
the augment of soot volume fraction and the bimodal curve of PSDF
which used to be unimodal in the post-flame region were found in the
stagnation boundary layer. This phenomenon was ascribed to the intense
flame-wall interactions which enhanced soot surface growth and
condensation of PAHs. Meanwhile, the decrease of soot number density
and the volume fraction were found with the increasing addition of
DME in CH, premixed BSS flames.

The utilization of burner-stabilized flame configuration was mainly
focused on the investigation of nascent soot particle size distribution
functions from the various laminar premixed stagnation flames and the
verification of relevant kinetic chemical mechanisms of soot formation.
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The presence of stagnation plate above the burner provided the stable
flame environment and the rigorous flow rate boundary conditions
because of the flame-wall interactions. The measurement of relevant
soot size distribution variations were along the axis direction instead of
the radial direction. More characteristics of soot from burner-stabilized
stagnation flames along the radial direction are needed to further
analyze the effects of flame-wall interplay on soot formation and
oxidation processes.

6. Future prospective for pollutants emission studies

from flame-wall interactions
The aforementioned investigations discussed in section 2, 3, 4 and 5
provided the multifarious insights of pollutants emission characteristics
from laboratory and practical combustion systems (shown in Fig. 8).
Judging from the aforementioned studies, limited information of
distributions of major and intermediate species in the boundary layer
which was important to gain the pollutants formation path was offered.
There were few researchers deeply analyzing the kinetic mechanism of
soot formation and examining soot internal structures variations from
physical and chemical aspects in the flame-wall interactions. Moreover,
the correlations between major and intermediate species and soot
formed in flame-wall interactions were also unrevealed. Especially for
the relevant fundamental combustion experiments and chemical kinetic
soot formation models which involving soot formation and evolution
characteristics in the interplay between the flame and walls were
seriously scarce. It not only restricted the comprehension and
understanding of soot formation processes with the presence of flame-
wall interactions but also affected the development of new strategies to
control pollutants emissions from various practical combustion
appliances.

The essential effects of flame-wall interaction on pollutant
emission characteristics were mainly via the reconstruction of chemical
structures and flow fields of flames and the changes of combustion
reaction paths which subsequently influenced the formation and
evolvement of soot and other large PAHs. Thereby, there are several
crucial fundamental scientific issues to be urgently resolved:

e The elaborate mole fraction distributions of more major and
intermediate flames species in the boundary layer near the wall
surface.

e The formation, evolution and distributions of soot in flame-wall
interactions.

e The relevant soot formation chemical kinetic mechanism and model
under the interplay between flame and walls.

e The correlations between PAH precursors and the physical and
chemical characteristics of soot particles in flame-wall interactions.

More work should be done because of the complexity of the
flame-wall interactions. The further investigation of pollutants emission
from flame-wall interactions will improve the understanding of near-
wall combustion phenomenon occurring in modern combustion
systems. It will also provide the guideline for researchers and engineers
to control and reduce soot formation in practical combustion devices
from experimental and theoretical aspects and contribute to the
promotion of fundamental combustion and pollutants control and the
development of advanced combustion technologies.

7. Conclusion

This investigation of the pollutants emissions from FWI in fundamental
and practical energy conversion systems principally concentrated on CO
and soot aspects. The variations of CO mole fractions in various
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Fig. 8 The sketch of pollutants emissions in flame-wall interactions studied in previous research.

impinging flame configurations with different experimental parameters
were presented. The local in-flame layer CO concentration distributions
combined with the overall emission index of CO were adopted to
emphasize the effects of flame-wall interactions on CO emission.
Various laser based diagnostics techniques which could simultaneously
measure multiple parameters and had the high spatial resolution were
used to obtain the accurate and precise distributions of CO in the flame
boundary layer near the wall surface. The studies of soot emissions
from FWI were universally carried out in various diesel engines
because of the prevalent existence of flame-wall interactions in internal
combustion engines. Soot behaviors from FWI were presented and the
relevant operating strategies to reduce soot formation were also
proposed. Taking advantage of the influence of FWI on soot formation,
multifarious combustion systems with different geometries were also
designed and tested from experimental and numerical aspects to
improve the combustion processes and reduce pollutants emissions. It
helped to develop the optimum combustor configuration with the
highest combustion efficiency and lowest soot emission. Moreover, the
development of thermophoretic sampling method and TEM imaging
devices allowed researchers to investigate morphology and
nanostructure of soot from different locations of engine walls and to
gain the profound understanding of soot formation and evolution in
FWI. The soot particle size distribution functions from laboratory
flames were measured through the stagnation plate which offered the
stable flames and the rigorous boundary conditions due to flame-wall
interaction. Several crucial scientific issues which were expected to be
resolved were proposed at the end of this review. To conclude, there are
a lot of work should be done in the future work to gain more
knowledge of the essential effects of flame-wall interactions on
pollutants emissions.
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