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The primary objective of the present study was to investigate the impact of wall film on the
combustion characteristics of premixed flames in internal combustion engines through the
joint experimental and numerical techniques. The interaction between the premixed
methane-air flame and n-dodecane fim attached to the wall of a constant volume
combustion bomb was experimentally examined. The flame propagation processes, as
well as pressure evolution were quantitatively characterized. Then, computational fluid
dynamic (CFD) simulation was performed incorporating the combustion chemistry model.
To enable efficient simulation of the chemically reacting flow in engine chambers, a
simplified modeling approach based on a two-step reaction scheme was developed. A
compact reaction model for the selected model fuel n-dodecane was constructed and
reduced to include 35 chemical species and 180 reactions. The flame propagation
process of the premixed flame and its interaction with dry and wet walls was studied.
The results showed that the propagation of the premixed flame could be divided into four
stages, and the existence of the slit structure increased the instability of the flame structure
in the near-wall region. The wall fim tended to promote emissions, producing more
unburned hydrocarbons, soot precursors and aldehydes.

Keywords: flame-wall interaction, two-step reaction scheme, n-dodecane fuel film, methane-air premixed flame,
flame quenching distance, engine near-wall emissions

INTRODUCTION

Direct injection engines are rapidly dominating the engine market due to the higher compression
ratio, increased thermal efficiency and fuel economy. For small and medium-sized high-speed direct
injection diesel engines, the fuel spray is likely to collide with the wall of the combustion chamber to
form a wall-mounted film due to the limitation of the combustion chamber geometry (Brandriss
et al,, 1998; Zhao et al,, 1999; Shim et al., 2009; Zhang et al., 2016). In particular, during the engine
cold start, or at low speed and high load conditions with a large amount of fuel being injected, under
which conditions, the evaporation of fuel spray is reduced, which forms a liquid film on the surface of
the piston or cylinder liner, resulting in the “wet wall” phenomenon. Meanwhile, in order to further
reduce emissions and improve fuel efficiency, early injection technology has been widely used,
through which injection strategy, part of the fuel is injected into the cylinder early in the compression
stroke. At this moment, the temperature and pressure inside the cylinder are relatively low and the
evaporation rate slows down, which increases the spray penetration distance in the cylinder chamber.

Frontiers in Mechanical Engineering | www.frontiersin.org 1

January 2022 | Volume 7 | Article 743342


http://crossmark.crossref.org/dialog/?doi=10.3389/fmech.2021.743342&domain=pdf&date_stamp=2022-01-13
https://www.frontiersin.org/articles/10.3389/fmech.2021.743342/full
https://www.frontiersin.org/articles/10.3389/fmech.2021.743342/full
https://www.frontiersin.org/articles/10.3389/fmech.2021.743342/full
https://www.frontiersin.org/articles/10.3389/fmech.2021.743342/full
http://creativecommons.org/licenses/by/4.0/
mailto:lxy@tju.edu.cn
mailto:kwang5@tju.edu.cn
https://doi.org/10.3389/fmech.2021.743342
https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles
https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org/journals/mechanical-engineering#editorial-board
https://doi.org/10.3389/fmech.2021.743342

Bai et al.

This may also lead substantial amount of liquid fuel attaching the
cylinder liner surface, forming wet wall phenomenon (Kook et al.,
2008; Benajes et al.,, 2012; Yu et al,, 2017; Huang et al., 2019). The
above engine scenarios lead to an inevitable interaction between
the engine combustion flame and the wall liquid fuel film, which
may notably impact the engine combustion as well as emission
characteristics, including variation of flame development/
propagation, quenching distance, and wall heat flux, as well as
elevated production of aldehydes, particulate matters (PM), and
unburned hydrocarbons (UHC) (Benajes et al., 2012; Dreizler
and Bohm, 2015; Liu et al., 2015; Tang et al., 2017). Fundamental
studies on the effect of fuel film on premixed flame combustion
and emissions characteristics can help optimize the design of
diesel engine combustion systems, improve in-cylinder
combustion processes, increase engine thermal efficiency, and
reduce emissions.

The main factors that impact the flame quenching process or
change the quenching distance are the heat loss in the form of
conduction and radiation between the flame and the wall. Due to
heat losses, the temperature of the flame front surface drop
rapidly once it reaches the wall, meanwhile the active chemical
free radicals in the flame are rapidly annihilated. The
consequence from the above joint effects is the interruption of
the combustion chemical chain branching and chain propagation
reactions, which eventually lead to flame quenching in the near-
wall region (Poinsot et al., 1993; Foucher et al., 2003; Kim et al.,
2008; Bai et al., 2013; Bohlin et al.,, 2016; Gauthier and
Bergthorson, 2016). When the quenching phenomenon occurs,
a layer of unburned fuel components or combustible mixture that
has not been completely burned remain in the near-wall area.
Therefore, it contained high levels of UHC, carbon monoxide
(CO), aldehydes and other species (Li et al., 2010; Najim et al.,
2015). Sotton et al. (Sotton et al., 2005) investigated the effect of
interaction between methane-air laminar flame and wall on
quenching distance and wall heat flux in the pressure range of
0.05-1.7 MPa under dry wall condition, in which study the
relationship between the maximum heat flux peak and the
flame quenching distance was examined. Yenerdag et al
(Yenerdag et al, 2017) found that the flame quenching
distance was directly related to the wall temperature, where
the peak heat flow density at the wall was the key factor
affecting the quenching distance, through the utilization of a
direct numerical simulation (DNS) method. Kim et al. (Kim et al.,
2006) investigated the quenching process of a flame inside a flat
plate in a two-dimensional slit burner and found that the wall
temperature had a direct effect on the heat transfer losses of the
flame-wall interaction process as well as the annihilation of wall
radical chemistry.

Compared to dry wall condition, a wet wall with liquid fuel
film impact the near-wall distribution of temperature and active
chemical intermediates, which then control the flame
propagation process. As the temperature in the combustion
chamber increasing, to promote the vaporization of fuel
components, the film surface tends to form a fuel-rich layered
mixture (Kang and Kyritsis, 2005; Liu et al., 2011; Zhao et al,,
20165 Lipatnikov, 2017). When the flame approaches the wall, the
burning rate was determined by the stratification of the upstream
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gas mixture concentration (Qiao et al, 2005; Zhang and
Abraham, 2016; Shi et al,, 2017). Desoutter et al. (Desoutter
et al., 2005) studied the interaction of a premixed flame with a
20 um thick fuel film, using a one-step chemical reaction model
incorporated in a one-dimensional numerical simulation, which
revealed an increase in the flame quenching distance. The authors
also tried to analyze the mechanism(s) leading to suppressed
chemical reactions and heat loss during the quenching
occurrence. Tao et al. (Tao et al,, 2018; Tao et al.,, 2020) used
a numerical simulation to investigate the effect of film on
premixed flame propagation and emissions using iso-octane as
the gasoline surrogate fuel.

As shown by the above analysis, the wet wall condition in the
presence of fuel film made the flame-wall interaction process much
more complicated than these of dry wall conditions. Therefore, the
current understanding of the problem was primarily based on
numerical simulation methods. Furthermore, the numerical
simulation processes either used a minimalistic single-step
reaction model or a single-component surrogate fuel to simulate
the process of liquid fuel mixtures evaporating at the wall and
participating in engine combustion. In the present study, the effect
of fuel film on the combustion characteristics of premixed flames
under both dry and wet wall conditions in a constant volume
combustion bomb was investigated by using experimental and
numerical methods. Firstly, the flame propagation and pressure
evolution of the premixed methane-air mixtures were recorded or
quantitively characterized in a constant volume combustion bomb.
Secondly, a simplified modeling approach based on a two-step
reaction scheme for describing the combustion reactions of large
hydrocarbons was developed. Model reduction and validation of
the reaction kinetic model was carried out to obtain a compact yet
accurate reaction model for the CFD simulations. Finally, the
effects of flame-wall interaction on the flame quenching, wall
heat flux, exothermic rate and emissions during combustion
were investigated in CFD simulations.

EXPERIMENTAL AND THEORETICAL
METHODS

Constant Volume Combustion Bomb
Experimental System

To investigate the effect of “wet wall” phenomenon on the flame
propagation process of the premixed flame, a constant volume
combustion bomb model with slit structure was developed. The
setup of experiment and schematic diagram of the constant
volume combustion bomb was shown in Figure 1. The
experimental equipment included fuel supply and exhaust
system, electronically-controlled ignition system, steady-state
temperature and pressure sensors, constant temperature
heating system, removable oil film impact wall plate structure,
cylinder pressure collection and signal processing system, high-
speed schlieren photography system, and electronical valve devices.
A schlieren system with a Z-type arrangement was used to capture
images of the flame propagation process. As shown in Figure 1, a
light source, a slit, two concave mirrors, a knife and two flat mirrors
were also included. Using a fixed-volume combustion system with
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a removable plate covered by fuel film, the effect of wet wall on
premixed flame propagation characteristics was explored. A high-
speed schlieren photography was used to visualize and record the
flame propagation process and flame morphology, and a
piezoelectric pressure transducer (Kistler 7061C type) combined
with a charge amplifier (Kistler 5018 A type) was installed 8 mm
from the bottom of the channel on the left side of the system
(Zhang et al, 2021).

To perform the wet wall experiment, the end cover of the bomb
was opened to place the fuel film plate. The film plate coated with
uniform thickness of liquid fuel on the right wall surface of the
combustion chamber, so that the wall surface of the slit side of the
constant volume combustion bomb was diesel film. Under actual
engine conditions, the wall film thickness might vary from a few
microns to tens of microns due to the combined effect of gas phase
heat transfer and cylinder wall heat transfer. To mimic the actual
engine conditions, the initial thickness of the fuel film was controlled
to be around 10 microns in the present study. A syringe was used to
inject a small amount of liquid n-dodecane (volume V) onto the
plate and swiped evenly by a short oil painting scraper. Table 1 listed
the experimental parameters, under which concisions at least three
sets of experiments were repeated with the averaged value reported.

The initial oil film thickness distribution determined using an
oil film thickness gauge. An initial film thickness close to 10 um
was achieved by using a fixed initial liquid fuel volume of 0.25 ml
in each test. The oil film was applied evenly on a flat surface by
using a short oil painting scraper, and then left for 60 s to obtain a
uniform distribution of oil film thickness.

Theoretical Methods

Development of Simplified Combustion Reaction Model
The establishment of a kinetic model that could accurately describe
its combustion characteristics was essential to simulate the

TABLE 1 | Experimental parameters.

Initial/Boundary conditions Value/ltem
Initial premixed gas temperature (K) 355
Initial pressure (MPa) 0.2/0.4
Initial equivalent ratio ¢ 1.0

Wall conditions Dry wall/Diesel

Slit width (mm) 8
Initial fuel mixture Methane/air

combustion reaction process of diesel engines, which was of great
help to improve the engine combustion efficiency and reduce
formation of pollutant emissions. However, the conventional
detailed chemical reaction mechanisms might be too complicated
to be incorporated into the computational fluid dynamic (CFD)
simulations. The present study developed a simplified modeling
method to concisely describe the high-temperature combustion
chemistry of large hydrocarbons based on a two-step reaction
scheme (TSRS) (Wang et al., 2019; Shen et al,, 2021).

The two-step reaction scheme (TSRS) has been developed as a
newly advanced simplified modeling approach with simplicity
and accuracy. The two-step reaction scheme was developed based
on the principle of the two-zone characteristic of high-
temperature combustion. Current experimental and theoretical
studies have shown that high-temperature combustion chemistry
can be divided into two processes: pyrolysis and oxidation. The
two-step reaction scheme described the pyrolysis process in terms
of seven lumped reactions and the oxidation process in terms of a
detailed foundational fuel model. Therefore, the model based on
this approach was not only concise but also accurate.

The current common simplified modeling methods, such as
the decoupling method, did not have advantages in model size
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TABLE 2 | The seven-reaction simplified fuel-decomposition model of
n-dodecane.

Reactants Products

RH H CH3 C,H, C3He 1-C4Hg
n-CqoHog — - 0992388 1.00761 3.24939 1.06193 0.326954
n-CioHos + 1 0.226481 0.773519 2.89551 1.29675 0.386301
Re —

R® = He, CH,®, OH®, HO,®, O®, O, et al.

and accuracy compared to TSRS. Moreover, in terms of model
building process, other methods basically relied on detailed
mechanism simplification and were limited by the existing
research. In contrast, TSRS model building relied on the basic
chemical reaction principles and molecular structure analysis. As
long as the structural properties of the fuel molecules are clarified,
the model could be developed by this method.

Specifically, the combustion reaction process of large
hydrocarbons could be divided by two subsequent steps,
driven by thermodynamics under high temperature conditions.
The first step was the decomposition of the parent fuel into a
group of intermediates, including ethylene, propylene, butene,
methane, hydrogen, etc., which generally were ranging from Cy-
C,. The second step was the slower oxidation reactions of these
decomposed products. Among the two reaction steps, the first
step was much faster, thus the second step was the rate-limiting
step of the entire reaction process, according to the quartz-steady
state assumption. To concisely and accurately develop the
reaction model, a seven-reaction sub-model was used to
describe the reaction process of rapid conversion of the parent
fuel into pyrolysis intermediates, while a detailed foundational
fuel chemistry mechanism [e.g., USC mech I (Wang et al., 2007)]
was used to describe the oxidation reactions of the decomposed
products.

More specifically, as one typical fuel components for jet and
diesel fuels, n-dodecane was used as applied as the fuel film in the
present study. A simplified reaction model for n-dodecane was
constructed based on the above two-step reaction scheme, with
the seven-reaction simplified fuel-decomposition model listed in
Table 2. Combined with the detailed foundational fuel chemistry
mechanism, for which purpose, the USC mech II was selected, the
entire reaction model contained 113 chemical species and 799
reactions. During the development of the reaction model, the
kinetic parameters were obtained from (Klippenstein et al.,
2006; Wang et al.,, 2015), and the thermodynamic data were
estimated by group additivity method (Ritter and Bozzelli,
2010). The thus-developed kinetic model of n-dodecane was
further reduced by directed relation graphs with error
propagation (DRGEP) method. The final combustion
reaction model used in the CFD simulations contained 74
species and 552 reactions. The validation of the original and
reduced models was provided in the Results and Discussion
section.

3-D Computational Fluid Dynamic Simulation
In the present study, the geometric configuration of a three-
dimensional constant volume combustion bomb with a slit

Engine Combustion Wall Film Effect
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FIGURE 2 | Left plot: Schematic of the methane-air mixture, ignition
source and fuel film placed on the combustion chamber wall (2D model); Right
plot: Schematic of the computational domain a cylindrical constant volume
combustion bomb (3D model).

structure was developed based on converge to investigate the
effect of n-dodecane film on the propagation characteristics of
methane-air premixed flame. The schematic diagram and
computational domain of the 3-days constant volume
combustion bomb was shown in Figure 2, which included an
upper main combustion chamber and a closed narrow channel
structure at the lower right. As shown in Figure 2, the entire
interior of the cavity was uniformly filled with a premixed
methane-air gas. The ignition source was located at the center
of the left wall surface, 30 mm from the lower wall surface. A
thickness of 0.01 mm #n-dodecane film was placed on the right
wall of the main combustion chamber. The ignition energy was
set to 0.1] for igniting the premixed methane-air mixture to
generate the flame, which propagated through the chamber to the
fuel film on the right wall. And then the total grid number was
about 1.08 million.

The liquid n-dodecane film was heated to evaporate rapidly
into the gas phase to participate in the combustion reactions
occurring in the chamber. Therefore, it was essentially a
homogeneous reaction process in which the controlling
equation for individual substance conservation was solved
only in the gas phase, and the evaporation of the liquid film
changed the source term. The equations for the flame-dry/wet
wall interaction processes including the mass, momentum,
energy and species conservation equations, were expressed as
following:

dp , O(pui) _
ot om0 W
o(pu) , Apus)) _ dp oy -
ot an - ax,« an
9 (pe) a(Peuj)_ Ou; ou;
or *Tax, ~ Pox,t %ax, ©)
0 oT 0 aY,,
+$j (k a—xj> + a—xj p ; Dm’rmlthﬁj + Se (4)
3,  pau;) 2 3,
ZFm -2 (,p, Zim
ot " Tax, " ox; \PPmmigy, ) TS ®)
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TABLE 3 | CONVERGE models used in the simulations.

Model type Physical model
Wall model Wall

Wall temperature model DI Model

Combustion model SAGE

Turbulence model RANS

Soot model
NOx model

Gokul (Vishwanathan and Reitz, 2010)
Zeldovich Mechanism (McGrawHill, 1988)

Where p was density, u was velocity, p was pressure, o,, was the
component of the viscous stress tensor in the x-direction, e was
the internal energy, T was the temperature, Y,,, was the mass
fraction of compound m, k was the thermal conductivity, Dy, mix
was the diffusion coefficient of compound m, h,,, was the enthalpy
of compound m. S, S, and S, were all source terms; S was the
mass changed due to the evaporation of the oil film, S, was the
amount of energy change due to evaporation and chemical
reaction of the liquid phase at the gas-liquid interface, S,, was
the amount of change in the substance involved in the chemical
reaction due to the evaporation of compound m.

Table 3 showed the physical models used for the simulation of
the flame-wall interaction, which demonstrated the
computational principles and solution process to investigate
the flame-wall interaction. Specifically, the wall temperature
model was chosen as a thermal conductivity model, where the
wall temperature was kept constant during the reaction. In order
to accurately and reasonably describe the complicated
combustion reaction processes, the detailed chemical reaction
kinetic solver SAGE was chosen for the combustion model. The
RNG «-¢ turbulence model in RANS (Reynolds Averaged Navier-
Stokes) was chosen for the turbulence model. To investigate the
effect of wall film on emissions, the extended Zeldovich
mechanism was chosen for the NOx generation mechanism
(McGrawHill, 1988). For the soot model, a multi-step
phenomenological ~model  with  polycyclic  aromatic
hydrocarbons PAH as soot precursors, namely the Gokul
model proposed by Vishwanathan et al. (Vishwanathan and
Reitz, 2010), was chosen. The soot model used pyrene
(quadruple ring, A4) as the precursor, C,H, as the surface
growth component of the soot, and OHe and O, as the key
components of the soot oxidation process.

The initial/boundary conditions were varied in the constant
volume conditions to investigate the wall film and premixed
flame interactions and their effects on combustion characteristics
and emissions, including temperature, pressure, wall
temperature, film thickness, and initial equivalent ratio. The
detailed settings were shown in Table 4.

RESULTS AND DISCUSSION

Reduction and Validation of the Simplified
Kinetic Model

There were in fact two reaction systems occurring during the
flame-wet wall interaction process, e.g., the pre-mixed methane-
air reaction system in the chamber and the vaporized n-dodecane

Engine Combustion Wall Film Effect

TABLE 4 | Boundary condition settings.

Initial/boundary conditions Value
Temperature To/K 355
Initial pressure Po/MPa 0.2,04
Wall temperature Ty/K 355
QOil film thickness/um 10
Equivalent ratio ¢ 1.0

fuel reaction system from the wet wall. Therefore, the developed
kinetic model through the above simplified modeling approach
needs to be validated by the data from the two reaction systems,
respectively. As shown in Figures 3, 4, the methane and
n-dodecane combustion chemistry model were validated,
respectively. For the purpose of the application in the present
study, the global combustion properties including the ignition
delay time and laminar flame speed were used for the model
validation. Furthermore, the developed kinetic model, though
already very compact, was still subject for further reduction so as
to efficiently be incorporated into CFD simulations. The well-
established directed relation graph with error propagation
(DRGEP) method was used to reduce the developed model. It
could be seen from the figures that the predicted ignition delay
time and laminar flame speed of methane and n-dodecane by the
present detailed chemical kinetic mechanism and the reduced
kinetic mechanism were in good agreement with the reported
experimental values (Lifshitz et al, 1971; Zhu et al., 1989
Davidson et al., 2008; Ji et al., 2010).

Propagation of Premixed Flame and Wall

Impact Process
The simplified mechanism model was then incorporated into the
CFD simulation in the Converge software. Firstly, a grid-
independent analysis of the computational results was carried
out to ensure that the selected grid size had no or negligible
impact on the simulation results. As shown in Figure 5, the grid
size was set to 1 mm, and three embedded encryption levels were
selected for the grid refinement of the near-wall area around the
oil film on the left side, which were 0.5, 0.25 and 0.125 mm,
respectively. In addition, a comparison of the simulated and
experimental pressure values was also performed as shown in
Figure 5. The variation of pressure in the combustion chamber
were almost the same when using the secondary and tertiary
encryptions. Therefore, on the basis of balancing computational
accuracy and computational efficiency, the grid size was set to
I mm with two-level adaptive grid encryption based on
temperature, velocity, and hydroxyl radical (OHe)
concentration. In addition, the near-wall area around the
oil film on the left side was encrypted with a two-stage
embedding with a grid size of 0.25mm, which could
accurately capture the subtle characteristics of the heat and
mass transfer processes, as well as the flame propagation
toward the wall around the oil film.

The combustion and propagation processes of the premixed
flame in the engine combustion chamber were critical for
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improving the thermal efficiency of the engine and optimizing the
engine structure. In the present study, experimental and
numerical simulations were jointly developed to investigate the
propagation of premixed flames within the slit in a confined space

and their interaction with dry and wet walls under different initial
pressures. Figures 6, 7 showed the propagation of the methane-
air premixed flame in the constant-volume combustion chamber
at an initial pressure of 0.2 MPa, with and without a thin lay of
n-dodecane film on the right-side wall, which was corresponding
to the wet and dry wall, respectively. In the both figures, the upper
plots were the image obtained from the high-speed schlieren
photography during the combustion chamber experiment, while
the lower plots were the images of the flame propagation process
obtained from the numerical simulation after digital post-
processing. The comparison of these images between
experiment and simulation for the recorded combustion
process showed that the numerical simulation reproduced well
the flame characteristics of the methane-air premixed
combustion.

Both the experimental and numerical results in Figure 6
indicated that the propagation of the premixed methane-air
flame in the confined combustion chamber cavity and narrow
passages could be divided into four stages.

The first stage (0-22.1m): the methane-air mixture was
ignited by the spark plug and accelerated to the right.

The second stage (22.1-30.2m): the flame propagated
spherically with a constant flame speed and the time interval
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depended on the distance of the ignition position from the
side wall.

The third stage (30.2-43.3 m): with the increase of flame area,
the flame touched the lower wall surface of the constant volume
bomb. The boundary viscous effect of the wall led to the
appearance of heat loss, thus slowing down the propagation of
the flame compared to the previous stage. Methane-air premixed
flame gradually approached to the right wall surface. In addition,
under the inhibition of wall conditions, the evaporation of fuel
film led to the increase of mixture concentration in the near-
wall area.

The fourth stage (43.3-76.9 m): part of the premixed flame
entered the narrow channel on the right side, forming the flame
edge. The thickness of the flame front surface gradually thickened,
and the flame propagation speed in the main combustion chamber
decreased significantly. methane-air premixed flame spread stably
during its initial access to a narrow channel, then part of the flame

bounced back towards the main combustion chamber, causing the
flame structure to break up.

Furthermore, the flame surface area in the main combustion
chamber was drastically reduced and the flame propagation speed
was reduced. In addition, the flame in the narrow passage not
only propagated vertically downward in the direction of the
passage, but also part of the methane flame in the narrow
passage bounced back toward the main combustion chamber
at the 60m moment of flame propagation, causing the
phenomenon of airflow coiling suction. The upward coiling
airflow could cause part of the reflected flame to enter the
main combustion chamber, so that the flame structure in the
near-wall area became unstable and broken structures appeared.
However, after the bouncing airflow entered the main
combustion chamber, it combined with the ignited airflow in
the main combustion chamber during the diffusion process, so
that the broken flame structure gradually returned to flatness.
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FIGURE 8 | Comparison of temperature variation and products
distribution in the combustion chamber under dry and wet wall
conditions.

Apart from that, the flame inside the slit continued to propagate
downward, yet the propagation rate slowed down as the thickness
of the flame front surface gradually increases. As the heat loss
increasing and the methane-air premixed gas in the channel being
consumed, the flame propagation speed decreased rapidly and
quenching eventually occurred.

Similarly, as shown in Figure 7, the flame propagation process
under wet wall conditions also presented four stages. The flame
propagation rate was faster when n-dodecane film was present,
and the entire combustion process was only about 77 m,
comparing to 120 m in the dry wall condition in Figure 6. As
the methane-air premixed flame approaching the wall, the flame
front surface was pushed away from the right wall surface and the
thickness of the flame front surface was increased. The
involvement of the liquid film vapor in the combustion
reaction sped up the reaction rate and shortened the time in
the combustion process. Thus, the presence of the fuel film
increased the quenching distance of the premixed flame. The
morphological changes and propagation characteristics of the
methane-air premixed flame in the restricted slit space conditions
also presented four stages, which were presented by high speed
schlieren photographs and numerical simulations in the presence
of n-dodecane oil film.

A closer look indicated that the flame propagation rate of
numerical simulation was slightly faster comparing to the
experimental observations. The reason was that the heat
generated by the reaction was rapidly dissipated once the
combustion reaction of the constant volume bomb was
finished during the experiment. In numerical simulations,
there might be reactions with residual intermediate substances,
and these intermediate products from combustion might store
some of the heat that could not be dissipated sufficiently. It made
the energy accumulation in the combustion process slightly
higher resulting in higher combustion temperature, which
accelerated the combustion reaction and consequently led to a
faster flame propagation rate during the numerical simulation.

Effect on Combustion Characteristics
As the methane-air premixed flame propagation and the
temperature inside the combustion chamber increase, the
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FIGURE 9 | Comparison of exothermic rates of the pre-mixed methane-
air mixture between dry and wet wall conditions at different initial pressures.

n-dodecane fuel film evaporated and participated in the
combustion reaction, which consequently affected the
distribution of temperature and combustion chemical
intermediates in the near-wall region. Figure 8 compared the
variations of the average temperature and the distribution of
main combustion products in the chamber, under the same
initial pressure, of dry and wet wall conditions. In the region
away from the wall, the n-dodecane film vapor was not involved
in the methane combustion reaction and the temperature in the
region was similar to that of the dry wall condition. In the near-wall
region, the oil film vapor participated in the exothermic
combustion reaction, which promoted the combustion chemical
reaction and raised the local temperature. In addition, the amount
of methane in the wet wall condition was less because the vapor
accelerated the combustion reactions thus increased the
consumption of methane in the combustion chamber.

Effect on Exothermic Rate

Figure 9 compared the exothermic rate of combustion reactions
in the cavity with time for dry and wet wall conditions at different
initial pressures. In the near-wall region, n-dodecane film vapor
participated in the combustion reaction and thus accelerated the
heat release, which raised the local temperature by promoting the
combustion chemistry and thereby increased the exotherm rate.
At the same pressure, the exothermic rate of the entire
combustion reaction of wet wall condition was accelerated on
the wet wall surface compared to the dry wall surface, and the
peak exothermic rate moment was reduced by about 10 m. The
peak exothermic rate for the wet wall condition was increased by
about 10* J/s compared to the dry wall condition. In addition, the
exothermic rate during combustion was affected by the initial
pressure. The boiling point of n-dodecane increased with the
initial pressure, suppressing the fuel film evaporation. With
the latent heat loss of vaporization and energy loss from
combustion being reduced, the peak of the exothermic rate
increased. However, since the amount of n-dodecane film
involved in the combustion reaction was smaller due to the
pressure increase, the overall rate of the combustion reaction
decreased, hence the time to reach the peak exothermic rate
was also delayed.
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FIGURE 10 | Variation of flame quenching distance at different initial
pressure.

Effect on Flame Quenching Distance
The effect of different initial pressures on the flame quenching

distance was investigated under dry wall and n-dodecane
present wet wall condition. Figure 10 showed the variation
of flame quenching distance with the initial pressure PO of 0.2
and 0.4 MPa. The results showed that the initial pressure had a
substantial impact on the flame quenching distance, especially
when the fuel film was present. The increase in initial pressure
led to a decrease in flame quenching distance, from 0.543 mm
at 0.2 MPa to 0.397 mm at 0.4 MPa, for the wet wall conditions.
This was mainly due to the fact that the boiling point of the
hydrocarbons were usually increasing with the pressure, thus
the evaporation of the fuel film attached to the wall was
inhibited at the same temperature. There was relatively less
n-dodecane component at near-wall region under higher
pressures, so that the flame could be closer to the wall and
the flame quenching distance was reduced. The effect of
pressure variation on flame quenching distance was not
significant under dry wall condition. It indicated that the
flame quenching was controlled by the chemical mechanism
of the oil film evaporation, which brought it to the rich
combustible limit. The above results and analysis showed
that the temperature and initial pressure of the initial
premixed gas affected the quenching of the flame by
controlling the vaporization of the oil film.

Effect on Emissions

During the interaction of the flame with the wet wall in the
presence of n-dodecane, the presence of the wall film allowed for
concentration stratification of the flame during propagation and
quenching, resulting in a richer region of mixture. Furthermore,
the fuel film might also undergo thermal decomposition at high
temperatures, which might result in formation of significant
amounts of UHCs (unburned hydrocarbons), soot precursors
(C,H, and C;H;) and aldehydes. Figure 11 showed the
distribution of intermediate products within the quenching
distance, under dry and wet wall conditions, after quenching
of the flame occurring. As it showed, the wet wall condition led to
notable increase of all types of combustion products.
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FIGURE 11 | Distribution of UHC, CO, C,H, and CsHg in the quenching
aera under dry and wet wall conditions.

Under the wet wall condition, higher temperatures caused
faster evaporation of the liquid fuel film from the wall, which led
to higher concentrations of carbonaceous substances near-wall.
And then, the local equivalence ratio surged to the rich
combustible limit, contributing to the increase in flame
quenching distance. In addition, the increase in the thickness
of the incomplete combustion gas layer resulted in higher UHC
and CO. The production of unsaturated hydrocarbons such as
C,H, and C;Hj;, small molecules associated with carbon soot
production, was significantly increased by the influence of the fuel
film on the wall. The variation in the concentration of
carbonaceous organics in the near-wall area showed that the
wall film was expected to produce more soot.

CONCLUSION

In the present study, the interaction process between the
premixed methane-air flame and the n-dodecane film was
investigated basing on experimental and numerical methods
by a constant volume combustion bomb. The flame
propagation process and pressure evolution were analyzed.
A two-step method was developed to obtain a kinetic model for
the methane and n-dodecane combustion reactions, which was
reduced and validated. The effect of the wall film in the
constant volume combustion bomb on the methane flame
propagation process was investigated by a three-
dimensional model numerical calculation. And the heat
release rate, wall heat flux and the distribution of
combustion materials during the combustion process were
analyzed.

The key findings of this study could be summarized as
follow: The propagation process of methane-air premixed
flame in the constant volume combustion bomb showed
four stages in different operating conditions. The flame
propagation rate was faster in the presence of n-dodecane
fuel film, which was vaporized and participated in the
combustion reaction and accelerated the reaction rate and
shortened the time during the combustion process, as well as
increased the quenching distance of the premixed flame. The
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presence of slit structures was also found to further increase
the instability of the flame structure in the near-wall region.
The wall film tended to undergo thermal decomposition
resulting in formation of significant amounts of UHCs,
soot precursors, aldehydes, etc. thus worsening engine
emissions.
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