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a b s t r a c t
A parametric direct numerical simulation study was conducted to investigate the effects of the initial ﬂow
ﬁeld (quiescent or turbulent), nozzle inlet sharpness and width, main chamber composition (lean and
stoichiometric), and ignition kernel placement in a two-dimensional prechamber (PC) ignition system.
The strongly coupled operating and geometric parameters determine the time at which the ﬂame exits
the prechamber, the transient structure and penetration of the initially cold and subsequently hot reactive
jet and their impingement on the lower main chamber (MC) wall, affecting the combustion mode and
the fuel consumption rate. The temperature of the ﬂame reaching and crossing the nozzle is affected
by the ﬂame exit time and is signiﬁcantly lower than the adiabatic ﬂame temperature of the planar
ﬂame, although no quenching is observed. Interaction with the ﬂow ﬁeld (strong small scale vortices for
narrow and sharp entry nozzles, large vortices for wide nozzles) generated close to the exit increases the
surface area of the ﬂame and its interaction with the MC mixture. Jet penetration and impingement on
the lower MC wall is determined by combustion in the PC and the ﬂow ﬁeld it generates in the main
chamber. Impingement results in large scale vortical structures, which further contribute to the ﬂame
area increase and accelerate the consumption of the MC charge at later times. For the conditions studied,
budget analysis shows that the main combustion mode is premixed deﬂagration with locally enhanced
or reduced reactivity. Local ﬂame–ﬂame interactions which are more pronounced close to the nozzle
exit and the lower MC wall can increase the propagation speed up to six times compared to the planar
ﬂame. The evolution of the probability density functions of different quantities is used to characterize the
strongly transient process.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Lean-burn gas engines offer signiﬁcant advantages in terms of
emissions and engine eﬃciency. The low C/H ratio of natural gas
that is mainly composed of methane compared to liquid hydrocarbons results in low speciﬁc CO2 and CO emissions while its
antiknock properties allow for high engine pressure ratio operation, hence increasing the thermal eﬃciency and reducing fuel
consumption. Compared to stoichiometric, lean natural gas engines
are characterized by reduced heat and throttling losses, higher
compression speciﬁc heat ratio, low NOx emissions due to lower
combustion temperature, and offer the ability for further increase
of the engine compression ratio due to the lower self-ignition
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propensity of lean mixtures. However, lean natural gas engines suffer from unburned hydrocarbon emissions (methane slip) and high
cyclic variations [1].
Many of the drawbacks of lean-burn gas engines can be traced
back to the ignition system and the combustion duration. High
energy ignition systems can increase the probability of successful ignition and reduce cyclic variability through the increase of
combustion speed [2]. Apart from the conventional spark ignition,
other systems such as plasma igniters [2–4], laser-induced ignition [5] and prechamber systems [1,6] have attracted increasing
attention. Prechamber ignition is practicable, reliable and can offer stable and successful combustion of very lean mixtures [7–10],
with the potential to decrease HC and CO emissions signiﬁcantly
[11–14].
In a prechamber system ignition is initiated by a spark plug in
the prechamber (PC), an auxiliary small chamber attached to the
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MC and connected through one or multiple oriﬁces. The reactive
gases or turbulent ﬂames ejected into the main chamber (MC)
generate multiple ignition sources of high thermal energy to initiate combustion of the lean MC mixture. The PC offers a protective
environment for the spark from the large scale turbulent ﬂow of
the main chamber and the ability to control turbulence generation
by the jets ﬂowing into the PC during compression, allowing for
the reduction of cyclic variations even at very lean conditions [1].
Prechamber ignition systems have been reviewed by Toulson
et al. [1] and Alvarez et al. [6]. Different designs have been proposed in terms of size, homogeneous or stratiﬁed charge, single
or multiple oriﬁces and their orientation, but the optimal design
requires understanding of the complex processes involved in a
turbulent jet ignition (TJI) system. Over the last 40 years multiple investigations have focused on optical diagnostics in simpliﬁed test rigs of two-chamber set ups [15–22], in rapid compression machines [23–25], or real prechamber combustion engines
[7–14,26,27]. On the numerical side, simulations using ReynoldsAveraged Navier Stokes (RANS) [28–40], Reynolds Stress Model
(RMS) [41], or Large Eddy Simulations (LES) [42–48] can offer detailed information about the system dynamics. Studies employing
the direct numerical simulation (DNS) methodology are rare in the
literature [49].
In our previous work [50], a parametric DNS study investigated
the effect of initial temperature and main chamber mixture composition as well as wall thermal boundary conditions on turbulent
jet ignition in a 2-D setup. The goal of this study is to investigate
the effect of nozzle size and geometry, initial ﬂow ﬁeld (quiescent
vs. turbulent), prechamber ignition kernel location and initial MC
mixture stoichiometry in the same setup and characterize the combustion phenomenology and mode inside the main chamber.
The effect of nozzle diameter in jet ignition phenomenology
was investigated by Yamaguchi et al. [16] in a divided combustion bomb using propane/air mixtures. They distinguished four ignition mechanisms and combustion patterns, and the nozzle diameter and volume ratio were found to have a strong inﬂuence on
the structure of the torch jet independently of the main chamber
mixture ratio. More recently, Biswas et al. [19] employed a twochamber conﬁguration to study the ignition mechanisms of CH4 /air
and H2 /air mixtures applying high-speed Schlieren and OH∗ chemiluminescence techniques. They distinguished two ignition mechanisms, namely jet and ﬂame ignition. The former is driven by a jet
of hot products while the latter is characterized by a jet of wrinkled turbulent ﬂames. Flame ignition was observed for larger nozzle diameters or at high pressure due to their effect on the quenching distance and ﬂame thickness.
Gentz et al. [23] investigated the inﬂuence of single and multiple nozzle diameter and mixture stoichiometry on a propane turbulent jet ignition system in a Rapid Compression Machine (RCM).
Using combustion visualization they characterized the system performance based on measurements of burn duration and found that
near stoichiometric conditions a single nozzle produces more spatially distributed jets and results in faster combustion progress.
At leaner conditions, a smaller nozzle diameter that produces a
more vigorous jet was required to initiate combustion. This was
attributed to the faster penetration of the jet that increases turbulence and enables the active species to react with the unburned
mixture. Gholamisheeri et al. [51] studied experimentally and numerically the effect of oriﬁce diameter on the ﬂow ﬁeld, burn duration and combustion of a methane-fueled TJI system in an RCM,
and concluded that wide nozzles improve jet penetration while
narrow ones magnify the turbulent intensity in the main chamber and facilitate the later stages of combustion. Using RANS and
LES, the high turbulent kinetic energy region in the main chamber
resulting from the cold jet discharge leads to enhanced mixing and
improved combustion.

The effect of spark location has also been studied experimentally and numerically. Wallesten et al. [52] carried out an experimental study in an optically-accessible constant volume cubic
combustion vessel with a small PC (1% of the MC volume) connected to the MC via a 5 mm oriﬁce that was rounded off at
the inlet. Spark placement close to the wall opposite the oriﬁce
showed the largest increase in reaction rate due to the turbulence
generated by the jet. Central placement generated the strongest jet
prior to the ﬂame exit into the main chamber due to largest ﬂame
area inside the prechamber, but resulted in the highest strain rates
and the smallest improvement in the ability to ignite lean mixtures. The position close to the oriﬁce demonstrated the lowest
reaction rate due to a weak jet of low density combustion products, which offered the best improvement in ignition ability due
to low strain rates and the continuous mixing of hot combustion
products with the fresh mixture. The numerical study of Thelen
et al. [31] found that spark placement towards the nozzle exit
shortened the delay between spark time and the formation of the
reactive jet. The jet lasted longer than in other locations, but its
effectiveness was limited since it was ejected into a core of hot
gases. The spark location at the top produced hot jets of higher
velocity, creating high shear and increased turbulence, which enhanced the initial combustion phase in the main chamber, and
eventually consumed the largest amount of the prechamber fuel.
The effect of hot jet impingement vertically or at an angle on
the opposite wall was studied experimentally and numerically by
Biswas et al. [53]. It was found that “impinging jet ignition” extended the lean limit of H2 /air mixtures and reduced the ignition
delay time compared to “jet ignition” where the mixture ignites at
the lateral sides of the jet. This was attributed to the higher pressure and temperature near the stagnation point, as well as to the
increased vorticity near the impingement region, which enhanced
the mixing between unburned mixture and hot burned gases. The
ratio of impinging distance to the nozzle diameter and the impingement angle were found to determine the ignition mechanism,
with the former being the main determining factor. The impingement angle increased the burn rate due to higher spead of thermal
energy, which facilitated initiation of distributed ignition.
In the recent LES study of Malé et al. [42], the prechamber ignition system in one cycle of an internal combustion engine operating with a lean propane mixture was investigated. Segregation of
the PC mixture was found during the ﬁlling phase, which affected
ignition and emissions. The dilution of the residual gas in the PC
was also controlled by the intake phase and residual gases were
found to be trapped around the PC top due to poor mixing. Signiﬁcant temperature reduction of the PC burned gases was noted
as they passed through the oriﬁces, especially for small diameters.
The authors further characterized the evolution of ﬂame regimes
during the TJI process in the main chamber. A thickened wrinkled
ﬂame regime which tends to wrinkled ﬂamelets was detected with
decreasing turbulent intensity.
Another recent experimental and LES study by Feyz
et al. [43] investigated the temporal evolution of mixture fraction,
its squared gradient, strain rate and intermediate species ﬁelds
to identify conditions supportive of ignition in CH4 –H2 blends.
The strain rate was found to control extinction of ignition kernels
and their subsequent reignition as its value decreased. Heat was
released where the squared mixture fraction gradient exhibited
large variance and especially were eddies roll up, and the highest
ignition probability was observed at regions with zero scalar
dissipation and a speciﬁc value of strain rate magnitude.
Turbulent jet ignition is a highly transient process in which the
interaction of thermochemistry and ﬂow is affected critically by
the geometry and operating conditions. The aforementioned experimental and numerical studies characterized different aspects
of the process such as the effect of geometric factors (e.g. oriﬁce
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diameter and volume ratio of pre- and main chamber), spark location, turbulence of the jet and wall impingement on combustion
phenomenology and on the eﬃcient consumption of main chamber mixture. However, the fast spatiotemporal evolution of the ﬂow
and thermochemical variables cannot be measured experimentally,
while RANS and LES need to resort to modeling assumptions which
may not be valid at the non-standard conditions encountered in
prechamber ignition systems, including local extinction and reignition events as well as strong ﬂame-wall and ﬂame–ﬂame interactions. DNS which avoids modeling assumptions can advance our
understanding of the underlying processes and provide useful data
for model development.
Two-dimensional parametric direct numerical simulations are
used in this work to characterize the processes and compare different effects at reasonable computational cost. Following the description of the setup in Section 2, the turbulent jet ignition processes are discussed in Section 3 separately for the two chambers.
The combustion regime and the ﬂame structure is investigated in
Section 4, while Section 5 turns to local effects on the ﬂame speed
and the statistical analysis of ﬂame speed evolution and other thermochemical quantities. The main ﬁndings are summarized in the
conclusions.
2. Numerical setup

Fig. 1. Schematic of the computational domain. The dashed rectangular regions within −27  x  27 mm, −27.0  y  −87.5 mm (red), −7.44  x 
7.44 mm, −26.56  y  44.62 mm (green) and −4.78  x  −1.06 mm, −30.14 
y  34.13 mm (blue) are considered in the analysis of Sections 3–5. The origin of
the coordinate system is at the midpoint of the upper PC wall and the y-axis is
directed downwards. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

A two-dimensional (2-D) planar geometry was selected in order
to keep the computational cost affordable for a parametric study
while avoiding the symmetry limitations that would have been imposed by a 2-D axisymmetric geometry. Although the 2-D nature
of the turbulence differs from the 3-D, the chosen setup is able to
capture well ﬂame propagation in the prechamber and the effect
of the nozzle restriction on the reactive state of the mixture exiting into the main chamber. It can also capture qualitatively the
enhancement of ﬂame surface growth due to local ﬂame-ﬂow and
ﬂame–ﬂame interactions encountered in a real geometry. The effect of impingement on the lower MC wall and the generated large
scale structures on the consumption rate is also captured.
The effects of the initial ﬂow ﬁeld (laminar vs. turbulent), oriﬁce width and inlet sharpness, and the location of the hot kernel
to initiate the ﬂame are investigated in a 2-D geometry consisting
of a rectangular pre- and main chamber connected via a nozzle of
length l j = 4 mm and width w j = 1.5 mm or 3.0 mm (Fig. 1). The
corners of the PC and the nozzle inlet are rounded to a radius of
1.25 mm, except for the sharp nozzle cases where the lower PC
wall are ﬂush with the oriﬁce. Other than the variation of the nozzle width and the sharpness of the inlet, the domain is the same
as in our previous work [50].
The governing equations are discretized in space using the
spectral element method [54,55]. The geometry and solution are
expressed as Nth -order tensor product Lagrange polynomials evaluated at the Gauss–Lobatto–Legendre quadrature points. The discretized equations are integrated in time using the highly-eﬃcient
code Nek50 0 0 [56] together with an in-house implementation of
a high-order splitting scheme for low-Mach number reactive ﬂows
[57]. A third-order semi-explicit integration scheme is used for the
continuity and momentum equations, while the energy and species
equations are integrated implicitly without further splitting using
the stiff ordinary differential equation solver CVODE from the SUNDIALS package [58]. The integration time step for the ﬂow was
ﬁxed to dt = 10−8 s to accurately follow the periods of high jet velocity at the nozzle exit. Within this time step, composition and
temperature are advanced in time without further splitting using
an adaptive time step that is adjusted by CVODE to satisfy the local error determined by the absolute and relative tolerances. The
timestep chosen by CVODE may be longer or shorter than dt. In
the former case, CVODE interpolates the temperature and species

mass fractions at the chosen external time using the computed solution, while in the latter substepping is used.
The mixture is an ideal gas, and species diffusion is described
by the Curtiss–Hirschfelder mixture-averaged formulation. Optimized subroutines are employed for the evaluation of the transport and thermodynamic properties and chemical source terms using a skeletal reaction mechanism with 21 species participating in
97 reactions [50]. It was constructed from the GRI-3.0 mechanism
[59] after exclusion of the nitrogen submechanism using the entropy production analysis method [60].
The domain was discretized using conforming quadrilaterals,
and, depending on the case, into either 60,415 or 69,471 spectral
elements, distributed to ensure high resolution in the PC, the oriﬁce and in a trapezoidal region in the MC that encompasses the
jet. For the 7th-order polynomials used within each element and
direction, the resolution ranges from 23 μm in the prechamber
and around the nozzle exit region to about 40 μm close to the
lower wall.
The PC is initially ﬁlled with a stoichiometric methane-air mixture, while the oriﬁce and MC are ﬁlled with either a stoichiometric or a lean mixture with equivalence ratio φMC = 0.5. The
whole domain is initially at a temperature Tu = 800 K and atmospheric pressure, while the isothermal, chemically-inert, no slip
walls are kept at Tw =500 K. A circular kernel of radius rk = 2 mm
at Tk = 2500 K is placed either close to the PC top or center (i.e.
at 2.7 or 12.5 mm away from the top wall). The ignition kernel
contains the fully-burned products of a stoichiometric methane-air
mixture at Tu = 800 K and atmospheric pressure. The initial ﬂow
ﬁeld is either quiescent or turbulent. For the turbulent cases, the
velocity ﬁeld is initialized using a synthetic turbulent ﬂow generator based on the algorithm proposed by Orszag [61]. The imposed
synthetic turbulence is characterized by urms /SL = 1.5, lt /δ = 0.5
and urms /SL = 3, lt /δ = 4 for the PC and MC, respectively.
The simulated conditions are summarized in Table 1 and in the
rest of the paper will be referred to using the initials N for the
narrow nozzle (w j = 1.5 mm), W for the wide (w j = 3.0 mm), L
for the lean MC mixture and S for the stoichiometric, while the
subscripts “turb” and “sh” will respectively indicate turbulent initial ﬂow and sharp nozzle inlet. The NL and NS cases have been
presented in detail in our previous study [50]. Unless mentioned
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Fig. 2. Temperature distribution during the three phases of prechamber combustion in the NL case. (a) PC combustion: development of a non reactive jet in the MC (vorticity
magnitude isolines in white for clockwise and purple for counter-clockwise vorticity), (b) PC burned gases penetration in the MC (reactive jet), (c) ﬂow reversal from the MC
to PC. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Table 1
Simulated conditions. The abbreviations indicate: oriﬁce width N: narrow, W: wide; φMC L: lean, S: stoichiometric. The subscripts ‘sh’
indicates sharp nozzle corners, ‘turb’ turbulent initial ﬂow ﬁeld, and ‘mid’ for ignition kernel placement at the middle of the prechamber.
Case

w j [mm]

φMC

Initial ﬂow ﬁeld

Geometry shape

Spark location

NL
NS
NLturb
NSturb
NLsh
NSsh
WL
WS
WLmid
WSmid

1.5

0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0
0.5
1.0

Quiescent

Smooth

Top

3.0

Turbulent
Quiescent

Smooth
Middle

with s = u or b denoting the burning state and YOMC,b taken as the

Table 2
Reference values used for non-dimensionalization.

value at thermodynamic equilibrium.

Tre f
[K]

lre f = δ f
[cm]

ure f = SL
[cm/s]

tre f
[ms]

iHRRre f
[W]

HRRre f
[W/cm3 ]

800

2.656e−2

258.80

0.103

7.777e−2

41.498

The jet ignition process can be divided into three phases
(Fig. 2). During the ﬁrst phase (Fig. 2a), the ﬂame established by
the ignition kernel propagates in the prechamber gas forcing unburned mixture into the MC. The transient non-reactive jet generated in the MC, modiﬁes the ﬂow and enriches the local composition in the lean MC mixture cases. The initial ﬂow ﬁeld in the PC,
the geometry of the nozzle (size and smoothness), and the location
of the hot spot determine the jet momentum and the conditions
close to the nozzle exit, which in turn affect penetration and impingement on the lower wall; the latter generates large-scale ﬂow
structures that bring the MC mixture in contact with the incoming
jet. During the second phase (Fig. 2b), a hot reactive jet containing
the combustion products enters into the main chamber. The ﬂow
ﬁeld from the ﬁrst phase affects mixing with the unreacted gas
through a smooth or strongly corrugated interface between the hot
reactive jet and the MC mixture, and determines locally the mode
of combustion. Finally, when the pressure in the main chamber increases suﬃciently, the ﬂow reverses and brings burned mixture
into the prechamber (Fig. 2c) as has been observed and investigated in RANS and LES studies [45,62].

YAr − YAr,MC
= 103YAr
YAr,PC − YAr,MC

Hence, a value at ξ = 1 or ξ = 0 marks the prechamber or main
chamber ﬂuid, respectively, and the scalar dissipation rate (SDR) is
deﬁned as χ =DAr (∇ξ )2 , where DAr is the diffusion coeﬃcient of
argon. The structure of the propagating ﬂame can be expressed via
the progress variable deﬁned using the oxygen mass fraction that
takes into account the local state of mixing

c O2 ( ξ ) =

YO2 − YO2 ,u (ξ )
YO2 ,b (ξ ) − YO2 ,u (ξ )

(1)

3.1. Prechamber combustion characteristics
Combustion in the main chamber is inﬂuenced by the mixing
driven by the cold and reactive jets generated by ﬂame propagation in the PC. The time at which the ﬂame exits the PC, the ﬂame
temperature at exit, as well as the mean momentum ﬂow and jet
penetration are determined by combustion in the prechamber and

with the subscripts u, b referring to the unburned and burned compositions, respectively, while the local values for the unburned and
burned oxygen mass fractions are computed as

YO2 ,s (ξ ) = (1 − ξ )YOMC
+ YOPC2 ,s ξ
2 ,s

2

3. Phenomenology

otherwise, the results are non-dimensionalized with respect to the
laminar ﬂame speed SL , the ﬂame thickness δ of the planar ﬂame
of the stoichiometric PC mixture, and the initial unburned temperature. The reference values are reported in Table 2.
The progress of combustion will be analyzed in physical as
well as in mixture fraction and progress variable space using both
global and local quantities. In order to investigate mixing, a small
fraction of nitrogen in the PC was substituted by argon so that
YAr,PC = 0.001. The mixture fraction was deﬁned as

ξ=

Sharp

(2)
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Fig. 3. Instantaneous ﬂame fronts in the PC deﬁned by the YCH4 = 6.7 × 10−3 isoline for case (a) NS, (b) NSturb , (c) WS, (d) WSmid ; front plotted every 0.144 ms. The blue
isoline marks the front at the nozzle inlet at the indicated time. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Fig. 4. Temporal evolution of the maximum temperature at the nozzle inlet (dot–dashed lines) and outlet (solid lines).

have a direct inﬂuence on the mixing and propagation in the main
chamber as described below.
Figure 3 shows instantaneous ﬂame fronts in the PC deﬁned by
the YCH4 = 6.7 × 10−3 isoline, which was found to follow well the
maximum heat release rate during the whole process. The time
until the ﬂame exits the prechamber (blue curves in Fig. 3) is determined by the fuel consumption rate and the location of the ignition kernel. As expected, the exit time is signiﬁcantly shorter in
the presence of initial turbulence (Fig. 3b) compared to quiescent
ﬂow (Fig. 3a and c), and becomes even shorter when the ignition
source is placed at the middle of the prechamber (Fig. 3d).
Long ﬂame exit times and initial turbulence (despite the signiﬁcantly shorter ﬂame residence time in the PC) are unfavorable,
since they result in increased heat loss to the colder surroundings and signiﬁcant drop of the burned gas temperature when it
reaches the oriﬁce inlet. The decrease of the maximum temperature ranges between 235 K and 366 K (Fig. 4, dot–dashed lines),
and the passage of the ﬂame through the oriﬁce contributes to a
further noticeable reduction of the temperature by 80 to 100 K,
which is more pronounced for the narrow oriﬁce (Fig. 4, solid
lines) due to the higher surface to volume ratio, leading to increased heat losses. The reduced heat loss in the WLmid case in
combination with the faster pressure increase (see Fig. 6c) results

in an increase of the temperature at the inlet by close to 50 K
above the adiabatic ﬂame temperature of the stoichiometric premixed ﬂame after about 1.7 ms; at the oriﬁce exit it becomes essentially equal to Teq .
The time histories of the ratio of the instantaneous to the initial
mass of methane in the prechamber mCH4 ,PC /mCH4 ,PC (t = 0 ), where

mCH4 ,PC = PC ρYCH4 ,PC dV reported in Fig. 5a show that at the ﬂame
exit time (marked by the vertical lines) about 80% of the PC fuel
was consumed for all cases in which the hot spot was at the top
of the PC compared to close to 37% consumption when the hot
spot was placed at the center.
The temporal variation of the ﬂame front length (Fig. 5b) reﬂects the interaction of the ﬂame with the ﬂow ﬁeld and the PC
walls. As expected, the fastest increase of the front surface is observed for the ﬂame propagating in the turbulent ﬂow ﬁeld (magenta curve) and the peak value is reached when the ﬂame reaches
the nozzle exit; the other three cases follow a similar evolution.
There exist only minor differences between NS and WS, indicating
that the oriﬁce width does not affect combustion in the prechamber. In the NS and WS cases, the front growth rate decreases when
the ﬂame collides head on with the upper wall at t = 0.7 ms. Afterwards, the ﬂame length continues to increase and reaches the
maximum value roughly at the time it exits into the main cham276
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Fig. 5. Temporal evolution of (a) fuel consumption, and (b) ﬂame area in the prechamber. The vertical lines mark the time that the ﬂame exits into the main chamber.
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Fig. 6. Temporal evolution of pressure in the pre- (solid lines) and main chamber (dashed lines). (For interpretation of the references to color in this ﬁgure, the reader is
referred to the web version of this article.)

ber, which coincides with the start of ﬂame quenching on the lateral PC walls.
In the WSmid case, the ﬂame area growth rate decreases when
the ﬂame exits into the MC, and continues to increase almost linearly until t ≈ 1.42 ms, i.e. past the time of head on quenching
on the lateral walls that starts at t ≈ 1.35 ms. At t ≈ 2.14 ms the
fuel in the lower part of the PC is fully consumed and only the
front that propagates upwards continues to consume slowly the
fuel trapped in the upper part of the prechamber.
The pressure traces in the both chambers are depicted in Fig. 6.
In the narrow nozzle cases, pPC differs appreciably from pMC during
the ﬁrst phase. At later times, the fastest increase is observed in
the turbulent stoichiometric case (NSturb ), which reaches the highest pressure of 2 atm at t ≈ 2.8 ms, compared to 1.40, 1.36 and
1.30 atm for the NS, W Smid and WS cases at the same time, respectively. The hot gases enter the MC faster when the ignition kernel
is placed at the middle of PC (W Smid ) leading to early MC combustion and higher pressure increase (Fig. 6c, red line) compared to
the case of ignition kernel placement at the top (W S) (Fig. 6c, blue
line).
The interaction of the ﬂame with the ﬂow ﬁeld and the walls
during propagation in the PC affects the local heat release rate,

HRR = k hk w˙ k . In order to follow its temporal evolution, HRR
is extracted along the ﬂame front and the values are used to
construct non-parametric representations of their PDFs (kernel
distributions). The transition from the ignition kernel to the propagating front is characterized by the increase of the most probable
value towards that of the unstretched laminar ﬂame indicated by
the green line, which is reached roughly by the time the ﬂame
reaches the oriﬁce. The blue lines mark the values of the laminar
ﬂame at the pressure reached at the last time instant reported in
the ﬁgure.

The lower than the planar ﬂame HRR values in the NS and
WS cases (Fig. 7a and b) evolve similarly due ﬁrst to the interaction with the lateral walls that becomes stronger during 1.8 < t <
2.5 ms, and then to the almost complete consumption of the PC
fuel (for t ≈ 2.5 ms). In the presence of turbulence, HRR reaches
higher mean values and displays stronger variation (Fig. 7c). When
the ignition kernel is placed at the PC middle (Fig. 7d), HRR becomes signiﬁcantly higher than that of the planar ﬂame after t ≈
1 ms due to the earlier pressure increase resulting from combustion in the MC, the heating up of the mixture trapped at the top
of the prechamber by about 40 K, thermal diffusion effects and additional feeding of the ﬂame with fresh mixture from the recirculation regions generated close to the upper corners of the PC. The
PDF becomes bimodal and the values remain below the peak value
for t > 3 ms due to ﬂame-wall interactions. It should be noted,
however, that the increased reactivity in the PC does not affect the
structure and development of the non-reactive jet, as will be discussed below.
3.2. First phase: formation of the non-reactive jet
The jet ﬂow induced by the combustion in the PC generates turbulence in the MC and enhances mixing, ﬁrst between the stoichiometric mixture from the PC with the lean MC mixture in the
NL and WL cases, and subsequently of the hot reactive jet with
the MC gas. Jet penetration is determined by the mean momentum
ﬂow, and high values attained for long periods result in deeper
penetration and enhanced mixing. As can be seen in Fig. 8, the

mean momentum ﬂow across the exit, M = (1/w j ) ρv2 dx, attains
its maximum value as the ﬂame enters the main chamber. The
peak values are observed in the turbulent case as well as when
the oriﬁce is narrow and its corners sharp. In the latter case, high
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Fig. 7. Temporal evolution of the PDF of the heat release rate along the ﬂame front in the prechamber. The solid lines mark the peak value of the planar ﬂame at the initial
pressure (green) and at the pressure reached at the ﬁnal times shown for each case (blue). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 8. Temporal evolution of the mean momentum ﬂow at the oriﬁce exit for (a) narrow and (b) wide nozzles.

amplitude ﬂuctuations can be seen (Fig. 8a, black line and Fig. 10c,
red dashed line) due to the vortex shedding induced by the sharp
corner at the oriﬁce entrance as shown below (Fig. 10b).
In the narrow nozzle cases, the non-reactive jet penetrates less
in the presence of turbulence that either exists from the initialization or is generated at the sharp corners as the jet is deﬂected by
the eddies in the area close to the nozzle exit. This can be seen
in Fig. 9a and c, where the location of the cold jet is indicated by
the white (clockwise) and red (counter-clockwise) vorticity magnitude isolines exiting the prechamber. The elongated vortices seen
in Fig. 9c ahead and around the jet is what remains after the decay
of the initial turbulence in the main chamber.
The mean momentum ﬂow for the wider nozzle is, as expected,
lower (Fig. 8b) compared to the narrow nozzle (Fig. 8a), while its
evolution in the WS and WSmid cases is indicative of the inﬂuence of the ignition kernel location. After 0.6 ms, the ﬂame in the
WS case is already close to the top and lateral walls. The conﬁnement results in reduced consumption rate and growth of the ﬂame
area, which in turn, lead to lower mean momentum ﬂow at the
oriﬁce exit (Fig. 8b). In contrast, the effect of conﬁnement is less
pronounced in the WSmid case. Both cases reach almost the same
maximum value, but the duration of the non reactive jet is longer
for WS compared to WSmid . This results in longer penetration of
the non-reacting jet (Fig. 9d and e).

The sharp corners cause detachment of the boundary layers
within the oriﬁce (Fig. 10b), which restricts the ﬂow and result
in signiﬁcantly larger and ﬂuctuating maximum mean velocity at
the exit and generation of more intense turbulence compared to
the laminar jet from the smooth nozzle (Fig. 9b). As already mentioned, the ﬂuctuations are due to the small vortices being shed at
the sharp corners. Despite the higher mean momentum produced
in the NSsh , the penetration is similar as in the smooth nozzle case
(Fig. 9a and b) due to deﬂection of the non-reactive jet resulting
from the interaction with the strong vortices in the main chamber.
In conclusion, the duration of combustion in the PC and the
momentum ﬂow determine the non-reactive jet penetration, which
however is also affected by the ﬂow around the nozzle exit. The
narrow nozzle resulted in longer penetration, while the more intense small vortices generated in the sharp edges case resulted in
lower penetration due to jet deﬂection. Initial turbulence leads to
momentum dissipation and hence to lower penetration. Lower ignition kernel placement resulted in shorter duration, while maintaining the same maximum momentum ﬂow. The size of the vortices generated by the jet is determined by the oriﬁce width and
the shape of the inlet. The shear layer instability is more pronounced in narrow nozzles, and is further accentuated when the
corners are sharp. On the other hand, the wider nozzle creates a
large pair of vortices and the shear layers only roll up as the ﬂame
exits into the main chamber. Despite the heat losses and the high
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Fig. 9. Temperature distribution and vorticity magnitude isolines (white and magenta for clock- and counterclockwise vorticity at the time the hot jet reaches the nozzle
inlet. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 10. Instantaneous velocity magnitude ﬁeld at t = 1.41 ms for cases (a) NL and (b) NLsh . (c) Time history of the mean and maximum velocity at the oriﬁce exit. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

stretch rates that the PC ﬂame experiences as it passes through the
nozzle, no quenching was observed, as also seen in our previous
work [50].

ﬂow structures generated by the non-reactive jet during the ﬁrst
phase, and subsequently with the large scale ﬂow structures created after impingement on the lower wall. Before discussing the
role of both structures on the iHRR evolution under different ﬂow
and geometric conditions, we present an analysis of the base cases
(NS and NL).
Figure 11 a shows iHRR time histories for the NS and NL cases
(black solid and dashed lines, respectively), which share common
characteristics, the most pronounced difference being the expected
larger iHRR for the stoichiometric case throughout the simulation.
When the PC burned gases enter the MC (Fig. 12a), the vortices
produced by the non-reacting jet enhance mixing, by supplying the
ﬂame front with fresh mixture, and, depending on the size of the
vortices, increasing the ﬂame area. As a result, iHRR shows a local maximum at ta1 for the NS case and a similar local maximum
shortly later in time for the NL case (t = ta4 , Fig. 11a). It should
be pointed out that in the lean main chamber cases local heat release is enhanced since the hot jet ﬁnds a mixture that is locally

3.3. Second phase: main chamber combustion
A suitable global metric for the characterization of the combustion progress in the main chamber is the temporal evolution of the
spatial integral of the heat release rate over the whole domain

iHRR =

 
V

hk w˙ k dV

(3)

k

which is directly related to the ﬂame area since the Lewis number
is close to unity for the mixture considered here. Due to the ﬂameﬂow interactions, the local heat release rate varies strongly along
the ﬂame front as discussed in Sections 4 and 5.
The evolution of combustion in the MC is governed by the interaction of the burned gas exiting the PC ﬁrst with the vortical
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Fig. 11. Effect of (a) diameter, (b) sharpness of oriﬁce inlet, (c) initial ﬂow ﬁeld, and (d) ignition kernel location on the temporal evolution of iHRR. The time instants of the
burned gas exit of the laminar and turbulent cases into the MC are indicated by the blue dashed and dot–dashed lines, respectively. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

enriched by mixing with the stoichiometric gas ejected from the
prechamber during the ﬁrst phase. Under the laminarizing effect of
ﬂame propagation, small-scale vortices smear out quickly and the
iHRR decreases for a short time, after which the high momentum
jet of the N(S/L) cases pushes the burned gases towards the lower
wall, where large vortical structures are created after impingement
(t = ta2 for case NS). After ta2 for the NS case, the large scale vortices enhance mixing signiﬁcantly, supplying the ﬂame front with
fresh mixture and stretching the ﬂame, leading to a rapid increase
of iHRR until t = ta3 . Subsequently, the continuous creation and destruction of vortices close to the lower wall result in ﬂuctuations
in the iHRR, while the ﬂame propagates to consume the remaining fresh mixture. It is observed that when the propagating front
is in the vicinity of the lower wall and in more quiescent ﬂow regions, iHRR decreases signiﬁcantly. As expected, the evolution of
the integral rate of heat release for the lean case is slower than
the stoichiometric.

cantly less energy release in the chamber (40% at 3.5 ms, Fig. 13c)
compared to the narrow oriﬁce (more than 50% at 3.5 ms, Fig. 13a
and b).
3.3.2. Effect of oriﬁce sharpness and initial ﬂow ﬁeld
Figure 11 b shows the temporal evolution of iHRR for the N(S/L)
and N(S/L)sh cases. The interaction of the intense, small-scales
vortices generated by the non-reactive jet in the N(S/L)sh cases
(Fig. 12g) with the PC gases results in an earlier increase of iHRR
independent of the MC composition. The enhancement for the NLsh
case is noticeable and when compared with the WL case discussed
above, it is observed that it is more favorable (higher energy release at a faster rate). Due to the shorter penetration of N(S/L)sh
(Fig. 12i) compared to N(S/L) (Fig. 12c), the effect of the lower wall
on iHRR is not signiﬁcant. Thus, sharp corners enhance the iHRR
by producing a vigorous turbulent jet which has a signiﬁcant effect, especially in the NL cases, in agreement with the ﬁndings in
[23].
As expected, the case featuring background turbulence (Fig. 11c)
shows earlier and faster combustion with higher total energy release in comparison to the quiescent case. Similarly to the aforementioned cases, the non-reactive jet enhances the iHRR for both
NS/Lturb cases during the the time interval between 1 and 1.6 ms
(Fig. 11c and Fig. 12j,k). The ﬂuctuating iHRR evolution that follows
is due to the interaction of the reactions zones with the vortical
structures and the inﬂuence of the lower wall. The importance of
the vigorous turbulent jet and the initial turbulence can also be
seen in the temporal evolution of the cumulative heat release in
the whole domain normalized by the enthalpy of the initial mixture. Figure 13a shows that in the NLsh case the energy is released
faster compared to the smooth corner stoichiometric case NS. A
similar behavior is observed in the cases with initial turbulence in
Fig. 13b.

3.3.1. Effect of nozzle width
The wide oriﬁce generates a non-reactive jet with a pair of large
vortices (Fig. 12d), which results in a smooth contiguous propagating front (Fig. 12e) and a monotonic increase of iHRR in both WS
and WL cases (Fig. 11a, red solid and dashed curves). The WS case
follows the same trends as the NS case, but the overall energy release in the narrow nozzle case is considerably larger after the reactive jet hits the lower MC wall due to the higher jet momentum
during impingement.
The ﬂame area growth due to the interaction of the hot reactive
jet with the vortical structures generated during the ﬁrst phase is
more effective for narrow nozzles when combined with the positive effect of the lower wall. In addition, the nozzle width affects
the evolution of combustion in the MC in a different way depending on the stoichiometry. The wide oriﬁce cases lead to signiﬁ280
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Fig. 12. Instantaneous temperature distributions superimposed by isolines of clockwise (white) and counter-clockwise (purple) vorticity magnitude. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 13. Effect of (a) oriﬁce sharpness, (b) initial ﬂow ﬁeld and (d) ignition kernel placement on the temporal evolution of the cumulative rate of heat release in the MC
normalized by the enthalpy of the initial mixture. The time instants of the burned gas exit into the MC are indicated by the blue lines. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

wards the lower wall the almost zero scalar dissipation rate during
that interval indicates that mixing in this region is mild.
3.3.4. Effect of ignition kernel location
The non-reactive jet for the W(L/S)mid cases generates a single pair of vortices (Fig. 12m) in contrast to the double pair of
the W(S/L) cases (Fig. 12d) as a consequence of the shorter time
needed for the burned gases to reach the oriﬁce. As a result, the
ﬂame growth due to the ﬂame-ﬂow interaction is reduced when
the ignition kernel is placed in the middle of the PC and this is reﬂected in the iHRR signal of Fig. 11d. The ﬂame-vortex interaction
is determined by the PC ignition kernel location affecting eventually the shape of the front which then consumes the rest of the MC
mixture (Fig. 12f,o). The hot kernel placement at the top of the PC
resulted in higher iHRR, delayed in time with respect to initiating
the ﬂame at the middle.
4. Combustion regime and ﬂame structure
This section turns to the combustion mode, the ﬂame structure
and the evolution of thermochemical conditions within reacting regions both at selected time instants using local analysis of the balance of terms and during the whole simulated time via statistical
descriptions.
According to Zeldovich [63] and as discussed in [64], the propagation of a normal deﬂagration is controlled by heat and mass
transport at the molecular level, while for a subsonic spontaneous
ignition front the diffusion effects ahead of the front are unimportant. Habisreuther et al. [65] studied the structure of methane laminar premixed ﬂames near the autoignition limit and found that
indeed the energy transported by diffusion becomes signiﬁcantly
lower in comparison to the released heat and convection. Chen
et al. [66] studied homogeneous lean hydrogen-air ignition at high
pressure in a constant volume system in the presence of temperature inhomogeneities and decaying turbulence but without mean
ﬂow. It was reported that the front speed is determined by the
gradient of the ignition delay along neighboring mixture parcels,
which is directly related to the local temperature gradient. However, in a deﬂagration wave an increase in scalar gradient leads to
an increase in diffusive transport and subsequent reaction rate due
to the reaction–diffusion balance mechanism. On the other hand,
lower scalar gradients are conducive to the establishment of ignition fronts as has been observed in different studies [66,67].
Two cases of an intense (NSsh ) and weak (WS) non-reactive jet
were selected to investigate the combustion mode in the main
chamber, and the evolution of the progress variable gradient and

Fig. 14. Temporal evolution of the PDF of (a) mixture fraction, (b) scalar dissipation
rate, for the NS case around the instantaneous ﬂame fronts.

3.3.3. Effect of mixing
The temporal evolution of the PDF of mixture fraction and
scalar dissipation rate (SDR) of the NS case are shown in Fig. 14.
The addition of Ar in the PC allows us to follow the mixing with
the gas in the main chamber, when the ﬂame exits through the
nozzle. The data is extracted in the MC within a narrow region
around the reaction zones deﬁned by 7.64 × 10−4 ≤ YCH4 ≤ 2.54 ×
10−2 , i.e. within the full-width-at-half-maximum of the HRR of the
corresponding planar ﬂame. As it can be observed in Fig. 14a, most
reaction zones that enter the MC are initially in regions of ξ =1
(i.e. PC mixture ejected during the ﬁrst phase), but they quickly
exit into regions with the MC (ξ =0) mixture as a result of (i) the
intense mixing of the hot reactive gases in the region close to the
nozzle exit, and (ii) the propagation of the ﬂame into the main
chamber mixture. As the reaction zones of the hot jet propagate
towards the lower wall they reach regions ﬁlled with the burned
PC mixture pushed out during the ﬁrst phase and higher mixture fraction values reappear for the time interval between 2.5 to
3.1 ms. The SDR plot (Fig. 14a) shows that during the period of fast
ξ decay high values of scalar dissipation rate are found indicating
intense mixing which results in an increase of the iHRR (Fig. 11a,
t=1.5 to 1.6 ms). As the reaction zones of the hot jet propagate to282
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its correlation with heat release rate were examined. High HRR is
expected in regions of large scalar gradients for normal deﬂagrations, while ignition fronts are expected in low scalar gradient regions.
Figure 15 shows instantaneous distributions of HRR (ﬁrst and
third row) and the joint PDF (jPDF) with the progress variable
gradient (second and fourth row) for the NSsh and WS cases.
The green and blue lines are extracted from the planar ﬂame
at the initial pressure (green line) and at the pressure at the
ﬁnal simulation time (blue line). During the initial period of
entrainment of the hot jet from the PC in the non-reactive jet,
case NSsh shows strongly convoluted thin reaction zones interacting with each other together with islands of unburned reactants
(Fig. 15a and b). The progress variable gradient is high when the
front exits into the MC indicating thinner ﬂame fronts accompanied by an increase in HRR as expected in deﬂagration fronts
(Fig. 15e and f). In contrary, thicker fronts with high heat release
rate indicating spontaneous ignition fronts are not statistically
prevalent. At later times, smooth ﬂame fronts are established, exhibiting a clear premixed ﬂame structure (Fig. 15c and g). Finally,
the heat release rate increases due to pressure increase and the
ﬂame fronts become thinner (Fig. 15d and h).
In the wide nozzle case WS, the large-scale vortices that exist
only close to the nozzle exit result in a propagation combustion
mode throughout the second phase. A much lower spread that is
close to that of the planar ﬂame is observed initially (Fig. 15m and
n), while at later times it becomes very similar to the NSsh case
(Fig. 15o and p). The behavior shown for the two cases is qualitatively similar for all investigated conditions, indicating that the
deﬂagration combustion mode is prevalent. Its detailed structure is
investigated in the following.
Following [68], the evolution and structure of the ﬂame fronts,
their reactivity and transport or reaction dominated character can
be assessed by analyzing the balance of the convection, diffusion
and chemical source terms based on the transport equation for the
water mass fraction

∂ (ρYH2 O ) ∂ (ρ uiYH2 O )
∂Y
∂
+
=
ρ DH2 O H2 O + ω˙ H2 O
∂
t
∂
x
∂
x
∂xj

j
 
 i


R:reaction
accumulation

C:convection

of the hot reactive jet in the main chamber, convoluted propagating fronts can be observed consisting of the transport- (black) and
reaction-dominated zone (yellow). No autoigniting regions are observed. Colliding propagating fronts generate regions where reaction zones are dominant as can be seen in the regions encircled in
Fig. 17e–h. In contrast to the ideal steady ﬂame, the reaction and
transport processes do not balance each other out as can be seen
in the proﬁles of Fig. 16c using data sampled along the cyan line
across the propagating front of Fig. 17b. The large contribution of
the strong convection in the main chamber (Fig. 16c) results overall in B > 0 in the ‘C–D’ zone. B turns negative in the ‘R–D’ zone,
where the reaction term dominates. The reason of chemical term
enhancement during the TJI process and the evolution of the thermochemical characteristics of reaction zones are discussed in the
next paragraphs.
Zooming in on the ﬂame region, data is extracted within narrow regions around the instantaneous ﬂame fronts deﬁned as the
area where 7.64 × 10−4 ≤ YCH4 ≤ 2.54 × 10−2 . Investigating the PDF
evolution of B for the cases presented in Fig. 18, it is observed that
B is negative for all cases indicating that propagating fronts dominated by the reaction term are prevalent for most of the simulated
period. Its evolution is not sensitive to the geometric parameters
and initial ﬂow ﬁeld, but is affected mainly by the equivalence ratio in the main chamber. In the NS and NL cases, (Fig. 18a and
f), B decreases towards lower negative values in the stoichiometric case, while the lean cases display an almost constant range of
slightly negative values. In the NS case, the high strain rate generated close to the nozzle exit results in a short period of reduced
reactivity (Fig. 18b).
HRR increases to the level of the stoichiometric planar ﬂame
(solid green line) as it is convected farther away from the nozzle and the ﬂow locally laminarizes as it interacts with the hot
jet. Subsequently, the dominance of the reaction term is reﬂected
in the temporal evolution of the HRR distribution to values significantly higher than that of the planar ﬂame due to pressure increase and particularly after jet impingement on the lower wall
and the formation of a long interface between the burned mixture and the fresh main chamber charge, where local heating and
ﬂame–ﬂame interactions are enhanced. As expected for deﬂagration fronts, the higher HRR corresponds to higher scalar gradients
(Fig. 18c), and therefore to increased diffusive ﬂuxes (Fig. 18d).
In the lean case, the ﬂame exiting into the MC ﬁnds a composition that is locally enriched through mixing of the stoichiometric PC gas with the lean MC charge. Together with local heating
via ﬂame–ﬂame interactions, HRR is initially higher, but quickly
relaxes to the value of the φ = 0.5 planar ﬂame (dashed line in
Fig. 18g) and after the pressure rise the HRR is slightly increased
close to the value of the corresponding planar ﬂame (dashed blue
line for φ = 0.5). The temperature remains signiﬁcantly lower than
both the adiabatic ﬂame temperature and the peak temperature at
the nozzle exit throughout the process in both cases (Fig. 18e and
j) due to stretching and heat loss effects.

(4)

D:diffusion

where ui is the ﬂow velocity component in the xi direction, and
DH2 O , ω˙ H2 O the mass diffusivity and mass production rate of water, respectively. Figure 16a and b shows the proﬁles of the transport and reaction terms of the one-dimensional laminar premixed
ﬂames corresponding to the lean and stoichiometric main chamber
DNS conditions. The balance of the convection (C), diffusion (D ),
and reaction (R) terms can be assessed via [68]

B ≡| C + D | − | R |
which is close to zero throughout steady 1-D laminar ﬂames. The
vertical dashed line marks the location where C = R that separates
the convection–diffusion (‘C–D’) zone where convection counterbalances primarily the diffusion within the preheat zone from the
reaction–diffusion (‘R–D’) zone, where the reaction term balances
out the transport processes.
According to [67,68] who employed B to characterize the combustion mode in a MILD combustion setup, the presence of strong
convection or large velocity ﬂuctuations results in regions around
the ﬂame front characterized by B > 0, whereas regions with B  0
mark areas where the source term is dominant. The latter can result either from autoigniting conditions or observed in regions of
strong ﬂame front interactions where C and D are small.
Figure 17 reports the distribution of B in the region close to
the nozzle exit marked in Fig. 1 at two time instants for four of
the simulated cases; only regions where HRR > 0.01 are plotted
in order to exclude non-reactive conditions. Shortly after the exit

5. Effects of ﬂame topology and ﬂow on ﬂame speed and heat
release rate
For the cases with intense turbulence (Fig. 17e–h), the high vorticity environment results in regions where frequent collisions of
the ﬂame fronts are observed (see merging of the yellow zones
marking regions with high reactivity within the areas marked by
the blue dashed circles). The effect of ﬂame–ﬂame and ﬂame-ﬂow
interactions on the ﬂame speed and heat release rate is discussed
in the following paragraphs.
Different deﬁnitions of ﬂame speeds can be found in the literature [69]. The local displacement speed, the ﬂame front speed
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Fig. 15. Instantaneous distributions of the heat release rate (ﬁrst and third row) and the corresponding scatter plots of its JPDFs with progress variable gradient (second and
fourth row) for the NSsh and W S cases, respectively. The solid green lines correspond to the planar ﬂames at the initial state of the MC and the solid blue lines at the end of
the simulation of the corresponding case. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 16. Proﬁles of the convection, diffusion and reaction terms and of B of 1-D unstrained premixed ﬂames at Tu = 800 K and 1 atm for (a) φ =0.5 and (b) φ =1.0. (c) The
corresponding proﬁles along a line sampled from the NS case (Fig. 17b, cyan line). (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 17. Distribution of B within the reactive region around the ﬂame front deﬁned by HRR > 0.01 at two time instants for four of the simulated cases in the green dashed
rectangle of Fig. 1. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

relative to the local ﬂow velocity, can be expressed as

Sd =

1

ρ | ∇YH2 O |

ω˙ H2 O + ∇ · ρYH2 O DH2 O

∇ XH2 O
XH2 O

sion induced by the ﬂame curvature [70]

κ = −∇ · n

(5)

where n is the ﬂame normal vector pointing towards the unburned
mixture.
Figure 19 focuses on a region close to the oriﬁce exit marked by
the blue dashed rectangle in Fig. 1 at three time instances. The ﬁrst
two columns show the density-weighted displacement speed and
curvature along the ﬂame front. The third column, presenting the
distribution of B with the ﬂame front superimposed (green line), is
indicative of the evolution of the transport and reaction processes
during the interactions of the fronts.

where XH2 O is the water mole fraction and all quantities are evaluated along the ﬂame front. In order to account for density variation, the density-weighted displacement speed S˜d = ρ Sd /ρu will
also be considered.
In the absence of thermal-diffusive instability effects for the
close to unity Lewis number methane mixtures considered here,
the geometric characteristics of the wrinkled ﬂame front inﬂuence
local reactivity through ﬂow non-uniformity and preferential diffu285
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Fig. 18. Temporal evolution of the PDF of (a, f) B, (b, g) heat release rate, (c, h) gradient of progress variable, (d, i) diffusion term (e, j) temperature for case NS (ﬁrst row) and
NL (second row) around the instantaneous ﬂame fronts. The green and blue lines mark the values of the planar premixed ﬂame at the initial and ﬁnal pressure, respectively,
for stoichiometric (solid line) and lean MC mixture (dashed line). The purple solid line is the instantaneous peak temperature at the nozzle exit. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Region ‘A1’ (Fig. 19a and b) encircles a positively-curved (convex towards the unburned mixture) ﬂame front. Convex ﬂame
regions for unity Lewis number mixtures are characterized by
weakened reactivity due to the inﬂuence of positive curvature on
the scalar diffusion processes (i.e. the ﬂame locally looses heat
to a larger area compared to the production area) [70], resulting
in weaker local heating and hence lower reactivity, and the local
displacement speed becomes signiﬁcantly lower than the laminar
unstrained premixed ﬂame. The vortex that interacts with the
front folds and stretches the positively-curved region (Fig. 19d,e,
circle ‘A2’) and curvature at the cusp is so high that the radius
of curvature becomes much smaller than the ﬂame thickness. As
a result, the diffusion length scales become comparable to the
distance between the fronts on either side of ‘A2’ resulting in
the low reactivity transport-dominated region upstream of ‘A2’
(Fig. 19f), and eventually in ﬂame extinction.
The phenomena at the next time instant (Fig. 19g and h) follow
similar albeit intensiﬁed trends. A common characteristic of the
front in regions ‘A2’ and ‘A3’ is that the local S˜d acquires strongly
negative values that can be explained by considering the terms in
Eq. (5). The source term is non-negative both for positively- and
negatively-curved regions as can be seen in Fig. 20 at time t3 of
Fig. 19g–i. The reaction term around the tip of the convex front
circled by ‘A3’ is close to zero, while water from the product side
diffuses into this low reactivity region, resulting in negative values
of the diffusion term in Eq. (5) and overall in the negative ﬂame
speed seen in (Fig. 19d and g).

The opposite occurs along negatively-curved ﬂame regions
(Fig. 19a and b, circle ‘B1’). Concave ﬂame fronts in close to unity
Lewis number mixtures experience enhanced diffusion from the
burned gases (since the heat that is produced in a larger area
is transported to a smaller one, resulting in a focusing effect),
which in turn intensiﬁes local heating and reactivity, resulting in
increased local S˜d . At the ﬁrst time instant considered in Fig. 19,
S˜d is 50% higher than SL . At t2 , the folding of the ﬂame results in
collision of two fronts (Fig. 19d and e, circle ‘B2’). The ﬂame speed
is further enhanced (200% higher than SL ) not only due to the effect of curvature but also due to transfer of energy between the
two yellow-colored reaction-dominated regions as they get close
together (Fig. 19f circle ‘B2’). When the front is curved further the
two reaction zones merge and a reaction-dominated region is created downstream of the negatively-curved region (Fig. 19g–i, circle
‘B3’). Along the merging line, a highly reactive region is created,
which, coupled with the enhanced diffusion processes described
above, leads to a signiﬁcant enhancement of the local displacement speed (more than 6 × SL ), and a rapid consumption of the
mixture.
Such interactions among reaction fronts are more frequent under turbulent conditions, either existing from the ﬂow initialization or generated by the cold jet during the ﬁrst phase. Figure 21
shows the temporal evolution of the PDF of the density-weighted
displacement ﬂame speed for NSturb , NSsh , NS and WS. Initially,
all narrow nozzle cases (Fig. 21a–c) exhibit large variation of S˜d
including negative values, due to effect of the interaction of the
ﬂame with the intense ﬂow ﬁeld in the region close to the nozzle
286
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Fig. 19. Distribution of density-weighted displacement ﬂame speed (ﬁrst column) and curvature (second column) along the ﬂame front for case NSsh in the region close at
the exit of marked by the blue dashed rectangle in Fig. 1 at t1 = 1.83, t2 = 1.88 and t3 = 1.91 ms (ﬁrst to third row, respectively). In the third column, the ﬂame front (green
line) is superimposed on the distribution of the balance of terms indicator B. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 20. Distribution of the reaction and diffusion terms along the instantaneous ﬂame fronts at t3 =1.91 ms of the sharp nozzle inlet case (NSsh ) (Fig. 19g–i).

Fig. 21. Evolution of the probability density function (PDF) of the density-weighted displacement speed for cases NSturb , NSsh , NS and WS. The green lines mark the values
of the planar ﬂame at the initial conditions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

exit. Later, the large vortical structures created after wall impingement in cases NSturb and NS following the longer cold jet penetration lead to intense reaction zones interactions and a broader
variation of S˜d including negative values.

chambers) in the MC. The hot reactive jet exits during the second
phase to initiate combustion in the MC. Finally, when enough of
the MC charge is consumed and the pressure exceeds that of the
PC, the ﬂow direction reverses and feeds the prechamber mainly
with combustion products.
The time at which the ﬂame exits the PC, the ﬂame temperature at the exit as well as the mean momentum ﬂow and jet penetration are affected by ﬂame propagation in the prechamber, which
in turn is determined by the initial ﬂow ﬁeld, ﬂame-wall interactions and ignition kernel placement, and have a direct inﬂuence on
the mixing and combustion in the main chamber. Long ﬂame exit
times are unfavorable since the increased heat loss results in signiﬁcant decrease of the burned gas temperature. At the same time,
it leads to longer penetration of the non-reactive jet, which enhances the growth rate of the ﬂame area during the second phase.

6. Conclusions
A parametric 2-D DNS study was conducted for a prechamber
ignition system to investigate the effects of the initial ﬂow ﬁeld
(quiescent or turbulent), nozzle inlet sharpness and width, main
chamber composition, and ignition kernel placement. Three phases
can be distinguished in such systems. During the ﬁrst, the cold
jet exiting into the main chamber (MC) as the ﬂame propagates
in the prechamber (PC) modiﬁes the ﬂow ﬁeld as well as the local composition (in the case of different stoichiometries in the two
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Initial turbulence and ignition kernel placement closer to the oriﬁce lead to shorter ﬂame exit times. Flame-wall interactions in the
PC decrease the momentum ﬂow at the nozzle and jet penetration
in the MC. Placement of the ignition kernel at the PC middle results in weaker ﬂame-wall interactions, but also leads to a shorter
jet penetration.
The non-reactive jet penetration is also affected by the oriﬁce
geometry (size and sharpness) and the initial ﬂow ﬁeld in both
chambers. Wide nozzles result in large smooth vortex rings while
narrow and sharp oriﬁces produce small-scale intense vortices. The
highest mean momentum is generated in the presence of turbulence and with the sharp narrow nozzle. However, the jet penetration becomes shorter due to its deﬂection by the intense vortices
close to the nozzle exit.
The large vortices generated by the wide nozzle enhance the
ﬂame area growth rate in the area to the exit. For longer jet penetration, impingement of the lower MC wall generates large-scale
ﬂow structures, which enhance mixing of the fresh charge with the
hot reactive jet and ﬂame surface area. Ignition kernel placement
at the top leads to higher integral heat release rate due to interaction of burned gases with the non-reactive jet.
The analysis of the chemical and transport ﬂuxes around reactive regions revealed the prevalence of a deﬂagration combustion mode. The heat release rate is reduced in regions of high
strain rate in the case of stoichiometric main chamber mixture
and enhanced in the lean case, because the intensiﬁed local heating (due to enrichment, mixing and the interaction of the reaction zones) dominates over the ﬂow ﬁeld effects (stretching).
Positively- and negatively-curved regions lead respectively to enhancement and reduction of the local ﬂame speed compared to
the planar ﬂame, due to the corresponding gain or loss of thermal
energy.
The ﬂow ﬁeld generated by the cold jet during the ﬁrst phase
results in strong interactions between the folded ﬂame fronts and
to their local collision. Negative displacement speeds were observed during the collision of negatively-curved fronts, while positive diffusion processes lead to high ﬂame speeds at positivelycurved fronts.
The simulations provide detailed insights into the highly nontrivial phenomenology of turbulent jet ignition in prechamber
combustion systems. In combination with our previous 2-D numerical study [50], it was shown that there is a strong coupling between different operating and geometric parameters, all of which
affect strongly the multiple processes that determine the rate of
fuel consumption in the main chamber.
Three-dimensional effects are currently studied using DNS in
two setups. The ﬁrst one is simpliﬁed by imposing time-varying
conditions directly at the nozzle inlet guided by the simulations
presented here, but without a prechamber. The second considers
a laboratory-scale conﬁguration consisting of both chambers in order to compare with the ﬁndings of the 2-D studies and assess
the importance of three-dimensional ﬂow effects. The high sensitivity to multiple parameters and conditions and the richness of
the phenomenology motivate further numerical and experimental
work.
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