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This work constitutes a numerical investigation of the autoignition of underexpanded methane jets at highpressure conditions. Injection pressures from 125 to 500 bar, back pressures from 40 to 125 bar, and pressure
ratios between 2.5 and 10 have been targeted. The aim is to identify the effect of the main control variables of gas
injection on the autoignition delay and location. To this end, Reynolds-Averaged Navier-Stokes simulations with
the k − ω SST model have been carried out for five broad parametric variations. The computational domain
represents a Constant Volume Cell with a prototype gas injector. A two-stage workflow enables proper ther
modynamic treatment of the conservation equations with real-gas modeling, sufficient resolution for shock
structures in the near nozzle area, detailed kinetics described by the San Diego mechanism and treatment of
turbulence-chemistry interaction with elliptic Conditional Moment Closure model. The results are interpreted
conceptually as an interplay of jet reactivity, effectively described by an exponential dependence on ambient
temperature and a power law dependence on ambient pressure, and of jet aerodynamics, empirically described
by a quadratic dependence on pressure ratio. Injection temperature is introduced by defining an appropriate
characteristic system temperature and a correlation is constructed, whose predictions are juxtaposed against a
modified Arrhenius model and measurements from independent experimental studies in literature. The effect of
injection variations on ignition location in physical space is also examined.

1. Introduction
Substituting natural gas (NG) for petroleum-based fuels is an
attractive option for manufacturers and operators of internal combus
tion engines (ICEs) under legislative pressure to curb emissions of direct
pollutants and greenhouse gases (GHG), as it is cheap, abundant and has
the potential to achieve substantial reduction of carbon dioxide (CO2 ),
particulate matter (PM) and sulfur oxide (SOx ) emissions due to the
molecular structure of methane (CH4 ), its primary component. Sparkignited (SI) homogeneous charge NG engines suffer from knock (i.e.
uncontrolled end gas autoignition) limitations to compression ratio and
therefore from reduced power and efficiency as well as high CH4 slip
under lean burn conditions [1,2], lean operation operation being a
prerequisite for high thermodynamic efficiency, while also showing low
but in view of future legislation non-negligible nitrogen oxide (NOx )
emissions. Due to the poor ignitability of NG, pure compression-ignition
(CI) engine operation is very difficult to achieve; this was recently
demonstrated in the experimental feasibility study of Lee et al. [3],
where very high levels of preheating the intake air to 673.15 ± 20 K
were applied in order to attain ignition, which was still reported to

consistently occur after the end of injection, thereby leading to a
partially premixed mode of combustion. Therefore, CI NG engines
practically always operate in dual-fuel mode with a high cetane fuel
pilot to assist ignition. In such engines there is no relevant influence of
knock, soot and NOx are lower than in conventional diesel engines and
the high thermodynamic efficiency and power output of the latter is
mostly maintained [1,2], wherein lies their main advantage.
Most gas-fed CI engines use port injection (PI) to mix NG uniformly
with air, later igniting the charge through the high cetane pilot. This
system is easier to implement, but like SI gas engines suffers from from
incomplete combustion at part loads, which compromises power and
efficiency and causes significantly increased CO and unburnt HC emis
sions [1,2,4,5]. The alternative of high-pressure direct injection (HPDI)
of NG late in the compression stroke eliminates these problems, but
widespread commercial use of this technology has been so far hindered
by its complexity. Nevertheless, in the last two decades it has gained
more traction thanks to technical advancements and has invited several
experimental [6–8] and numerical investigations [9–11], which recently
culminated into the first attempts at formulation of conceptual models
for dual-fuel HPDI combustion [12,13].
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Related but more fundamental in scope, a handful of experimental
studies have focused on the spontaneous ignition of NG jets at high
pressure conditions, relevant to HPDI dual-fuel operation but aiming to
isolate autoignition and subsequent combustion characteristics from the
chemical, thermal and fluid-dynamic interference of the pilot as well as
the thermodynamic changes induced by the piston motion. The earliest
of these works came from Fraser et al. [14], who carried out measure
ments of ignition delays of underexpanded NG jets in a Constant Volume
Cell (CVC) with a view to exploring practical ignitability limits in terms
of cell temperature and pressure for various methane-ethane blends.
Similar measurements were carried out by Naber et al. [15], who also
developed a kinetic model to interpret their results. They were followed
by Ishiyama et al. [16], who additionally investigated the effect of in
jection pressure and orifice diameter for the first time. Beside ignition
delays, the latter also extracted heat release rates from pressure traces
and studied the complete combustion event, for hydrogen (H2 ) as well as
NG jets. Sullivan et al. [17] ultimately measured NOx and PM emissions
at different ambient temperature, injection pressure, orifice diameter
and fuel composition, naturally reporting ignition delays in the process.
In contrast to the CVC/pre-combustion configuration of the previous
studies, they used a shock tube to generate an ambient environment of
heated up and pressurized air, into which their NG jets were then
injected.
The data generated by these series of measurements were later used
for testing the capabilities of number of different combustion models:
experimental conditions from the work of Fraser et al. have been
simulated with the Conditional Moment Closure (CMC) [18] and with
multiple Representative Interactive Flamelets (mRIF) [19], conditions
from the work of Naber et al. with the Conditional Source Term Esti
mation (CSE) [20] and conditions from the work of Sullivan et al. with
CMC [21] and CSE [22,20], all in a RANS context. As pioneering works,
these numerical studies were primarily preoccupied with the effect of
sub-models, kinetic schemes and particular modeling choices on the
accuracy of the predictions. Following the lead of the experimental
works, they have also reinforced the veracity of the main trends
observed in the experiments: the impact of ambient temperature,
ambient pressure and increased ethane content on ignition delay. More
recently, Lee et al. [23] formulated a transient 1d reacting gas jet model
and reaffirmed these trends.
Nevertheless, there are still important parameters of the injection
strategy, whose effect on ignition delay has not been unambiguously
identified. Notably, Ishiyama et al. [16] showed that ignition delay in
creases for NG jets and remains unaffected for H2 jets, as the injection
pressure is increased while keeping vessel pressure constant, whereas
Sullivan et al. [17] recorded shortening ignition delays and the model of
Lee et al. [23] pointed to virtual independence of the ignition delay from
the injection pressure. The works of Ishiyama et al. [16] and Sullivan
et al. [17] also yielded contradictory results regarding the effect of
nozzle diameter. Furthermore, by varying vessel pressure at a fixed in
jection pressure, jet propagation is also affected and this factor has been
so far overlooked in both experimental and numerical studies inspecting
the effect of pressure-based reactivity changes. Consequently, there is
some uncertainty concerning the role of jet aerodynamics, which stems:
a) partly from the fact that it is less straightforward to physically link
them to ignition delay than reactivity, b) partly from the fact that their
subtler influence is harder to pin down experimentally, c) partly from
the fact that potential effects from injector dynamics can not be easily
disentangled from them. Notably, injection temperature has not been
the subject of dedicated investigation either.
Therefore, the aim of the present work is to clarify, quantify and
incorporate the effect of jet aerodynamics and the various aspects of jet
reactivity into a broader semi-empirical correlation, which is able to
express the autoignition of underexpanded CH4 jets as a function of the
principal variables of the injection strategy: injection temperature, in
jection pressure, vessel temperature and vessel pressure. The effect of
these injection variations on the ignition location in physical space will

be also investigated.
2. Numerical setup
2.1. The computational domain
The computational domain represents an optically accessible, highpressure, high-temperature CVC with a gas injector mounted on the
side, as shown in Fig. 1.The CVC was originally designed as a a test-rig in
which spray combustion could be studied [24], but recently it has been
also used to study non-reactive CH4 jets via Schlieren imaging [25], Mie
scattering [26] and Tracer LIF [27]. The cell has a diameter of 60 mm
and a depth of 110 mm.
The injector modeled is a prototype designed and built for research
purposes by Woodward L’Orange GmbH. It is a single-hole axial injector
operating with a gaseous injection fluid, which in this case is CH4 , and a
control fluid, which in this case is diesel and whose purpose is to keep
the needle closed, while maintaining pressure in the sac. A schematic is
shown in Fig. 2. Vera-Tudela et al. [25] have assessed the effect of in
jection pressure (Pinj ), control pressure (Pctrl ) and chamber pressure (Pch )
on needle dynamics. The needle lift becomes faster for increasing Pinj at
fixed Pch and Pctrl ; it also becomes faster for increasing Pch at fixed Pinj
and Pctrl However, the first effect is much more pronounced. In [26],
different pressure ratios (Π) at fixed Pinj and Pctrl were investigated for
two different injection (Tinj ) and chamber (Tch ) temperatures, with a
view to evaluating the propensity for phase separation either at the
needle seat or in the near-nozzle area. The impact of Tinj and Tch on
needle dynamics was observed to be negligible. Hence, in the present
work, recorded needle lift signals from previous Schlieren [25,28] and
Tracer LIF measurements [27] at various Pinj and Pch with Pctrl = Pinj +
50 bar have been used for simulations with higher Tinj and Tch than in
the experiments. Higher Tinj ensures the absence of condensation at large
Π and higher Tch ensures autoignition within a reasonable time-window,
without sacrificing realism in describing injector behavior.
2.2. The operating conditions
Assuming for reasons of conceptual simplification that CH4 oxidation
can be described by a one-step global reaction, jet reactivity can be
quantified by the global reaction rate:
rglobal = AT β e−

EA
RT

[F]aF [Ox]aOX

(1)

where F stands for fuel, Ox for oxidizer, EA for the apparent activation
energy, aF and aOX are the reaction orders with respect to fuel and
oxidizer respectively, while a modified Arrhenius form has been
assumed for the global reaction rate constant. At fixed reactant con
centrations one obtains:
(
)
( )
EA 1
ln rglobal = −
+ C0
(2)
R T

Fig. 1. The Constant Volume Cell with the injector mounted on the side.
2
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Table 2
M02: Effect of pressure-driven reactivity.
Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [–]

Da [–]

P1

200

40

05

363

1350

1.94 × 106

92.7

P2

250

50

05

363

1350

2.39 × 106

97.5

P3

300

60

05

363

1350

2.78 × 106

91.8

P4

400

80

05

363

1350

3.39 × 106

83.2

P5

500

100

05

363

1350

3.81 × 106

63.2

)1/4
(
, an increase in jet tip penetration rate
other. Calculating Ṁn /ρch

by around 6.51% between P5 and P1 is expected, which will be
mildly augmented by faster needle lift.
3. The operating conditions of M03 are listed in Table 3. Tinj , Tch and Pch
are kept constant, while Pinj is progressively increased. Based on the
(
)1/4
Ṁn /ρch
factors, a massive increase in jet tip velocity by 49.7%

Fig. 2. The prototype injector.

To represent jet aerodynamics, the jet tip penetration, ztip , can be used as
a proxy. During the quasi-steady state and downstream of a distance of
roughly 20Dn from the nozzle exit plane, ztip scales as [29,30,27]:
()
( / )1/4
ztip t = Γ Ṁ n ρch
t1/2
(3)

will take place from A1 to A6. Furthermore, needle dynamics will
contribute notably to faster jet development at higher Pinj . For this
reason, the conditions of M03 are also simulated by enforcing an
impulsive start of the injection, whereby the needle is fully open
from the outset and a 0.05 ms ramp-up from Pch to Pinj level is pre
scribed to guarantee numerical stability. This simulation series can
be used to disentangle the effect of faster needle dynamics from the
effect faster jet penetration rate caused by the thermodynamic de
pendencies outlined in Eq. (3), i.e. jets of higher Mn encountering
identical ambient conditions.
4. The operating conditions of M04 are listed in Table 4. Tinj , Tch and Pinj
are fixed while increasing Pch . This enacts a simultaneous variation in
pressure-driven reactivity and jet aerodynamics. In specific, from the
(
)1/4
Ṁn /ρch
factors a decrease in jet tip velocity by − 20.1% is ex

where Γ is a constant in the range of 3 ± 0.1, Ṁn is the momentum flow
rate at the nozzle exit (which thus incorporates the nozzle diameter,Dn ),
ρch the chamber density and t the time with respect to the start of in
jection. In the near-nozzle area and during the transient phase, pene
tration depth also depends on injector details and shows a linear
progression with t [31]. In order to identify the effects of the main in
jection variables on autoignition, six different matrices of operating
conditions have been designed. In order to quantify these effects and
link them into a predictive correlation, the autoignition delay will be
interpreted as the interplay of jet reactivity, i.e. Eq. (1), and jet aero
dynamics, i.e. Eq. (3).

pected between PA5 and PA1, which will be mitigated to a small
degree by the slightly faster needle opening at higher Pch .
5. The operating conditions of M05 are listed in Table 5. Pinj , Pch and Tch
are kept constant, while Tinj is progressively increased. This will
affect temperature-based reactivity through thermodynamic changes

1. The operating conditions of matrix M01 are listed in Table 1. Tinj , Pinj
and Pch are kept constant, while a parametric sweep in Tch is carried
out. This will affect temperature-based reactivity through thermo
dynamic changes on the oxidizer side. Based on Eq. (3),
− 1/4

1/4

on the fuel stream. Besides, Ṁn changes by − 4.8% from IT1 to IT6,
while injector dynamics are not being affected. Consequently, jet tip
penetration rate changes only marginally.
6. The operating conditions of M06 are listed in Table 6. All of Pinj , Tinj ,
Pch and Tch are varied simultaneously at each operating point. The
purpose of this simulation series is to evaluate interaction effects
between injection parameters.

1/4

ztip ̃ρch ̃Tch ; therefore, a change of 5.73% in jet tip velocity be
tween the two extremes of T7 and T1 is expected, without any impact
from needle dynamics.
2. The operating conditions of M02 are listed in Table 2. Tinj , Tch and Π
are kept constant, while Pinj and Pch are varied in proportion to each

Characterization of the jets in terms of Reynolds and Damköhler
numbers is deferred to SubSection 4.4.

Table 1
M01: effect of chamber temperature.

Table 3
M03: Effect of jet aerodynamics.

Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [–]

Da [–]

T1

250

50

05

363

1200

2.39 ×
106

186.3

Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [-.]

Da [.-]

T2

250

50

05

363

1250

2.39 ×
106

134.9

A1

125

50

2.5

363

1350

1.19 ×
106

663.5

T3

250

50

05

363

1300

2.39 ×
106

87.7

A2

200

50

04

363

1350

1.93 ×
106

101.4

T4

250

50

05

363

1350

2.39 ×
106

97.5

A3

250

50

05

363

1350

2.39 ×
106

97.5

T5

250

50

05

363

1400

2.39 ×
106

50.0

A4

300

50

06

363

1350

2.85 ×
106

73.0

T6

250

50

05

363

1450

2.39 ×
106

31.9

A5

400

50

08

363

1350

3.61 ×
106

103.9

T7

250

50

05

363

1500

2.39 ×
106

25.5

A6

500

50

10

363

1350

4.33 ×
106

80.0

3
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standpoint to simulate the event of jet autoignition through a two-stage
process, as shown schematically in Fig. 3b. In the first stage, a cold-flow
simulation is carried out with deactivated chemistry. In this stage, the
computational domain consists of the CVC and the mounted injector,
including the nozzle, the stud hole, the needle seat and the inlet, where
stagnation boundary conditions are applied. A close-up of the modeled
part of the injector along with the boundary conditions is shown in
Fig. 3a. The needle motion is captured through local cell stretching and
by prescribing a velocity obtained by processing the needle lift signal
from the corresponding experiment. Real-gas thermodynamics are
employed in the entire computation domain. The flowfield quantities at
an appropriately defined notional cross-section are extracted and stored.
These quantities emerge as part of the time-marching solution during
the execution of the cold-flow simulation.
In the second stage, a reactive simulation is carried out. The
computational domain is truncated at the interface previously deter
mined, which now serves as an Artificial Inlet Boundary (AIB), and only
the part of the CVC downstream of this interface is retained. At the AIB,
the flowfield variables extracted from the cold-flow simulation in the
first stage of the process are applied as time-varying boundary condi
tions. In this simulation, the full number of species involved in the
chemical mechanism is present and chemistry is always activated.
Thermodynamics are described with ideal-gas modeling and an appro
priate combustion model is employed to treat TCI. Following [26,27],
the RANS framework is opted for in both stages, because the rotational
symmetry of the configuration can be exploited by applying cyclic
boundary conditions to a 1◦ section of the CVC. Computational resources
can then be directed to the high spatial and temporal resolution neces
sary for capturing shock structures in the cold-flow simulation and to the
application of sufficiently detailed chemical kinetics and TCI description
in the reactive simulation.
The identification of an appropriate notional interface must be done
on an ad hoc basis, as the extent of the region dominated by shock cells
and real-gas effects depends on the operating condition, primarily on Π.
This is illustrated for selected operating conditions in Fig. 4. The axial
̃comp ) and of Mach number
distributions of the compressibility factor (Z

Table 4
M04: Combined effect of pressure-driven reactivity and jet aerodynamics.
Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [.-]

Da
[.-]

PA1

500

50

10

363

1350

4.33 ×
106

80.0

PA2

500

62.5

08

363

1350

4.21 ×
106

67.1

PA3

500

83.3

06

363

1350

3.99 ×
106

99.9

PA4

500

100

05

363

1350

3.85 ×
106

63.2

PA5

500

125

04

363

1350

3.58 ×
106

94.2

Table 5
M05: Effect of injection temperature.
Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [–]

Da [–]

IT1

300

60

05

303

1350

3.34 ×
106

83.8

IT2

300

60

05

333

1350

3.12 ×
106

78.3

IT3

300

60

05

363

1350

2.78 ×
106

91.2

IT4

300

60

05

393

1350

2.46 ×
106

77.9

IT5

300

60

05

423

1350

2.18 ×
106

82.1

IT6

300

60

05

453

1350

1.94 ×
106

76.6

Table 6
M06: Simultaneous variation of multiple injection parameters.
Case

Pinj [bar]

Pch [bar]

Π [− ]

Tinj [K]

Tch [K]

Re [–]

Da [–]

MV1

175

70.0

2.5

440

1475

1.22 ×
106

51.7

MV2

250

62.5

04

410

1410

1.94 ×
106

77.6

MV3

250

41.7

06

400

1430

2.01 ×
106

44.8

MV4

300

75.0

04

340

1275

2.91 ×
106

111.4

MV5

300

37.5

08

350

1325

3.02 ×
106

122.0

MV6

400

66.7

06

370

1225

3.56 ×
106

162.4

MV7

400

40.0

10

380

1375

3.34 ×
106

85.2

2.3. The workflow
Given the high-pressure and low-temperature conditions of the in
jection, real-gas effects are expected to be significant around the needle
seat, the studhole, the nozzle and in the near-nozzle area, i.e. in areas
where kinetics are extremely slow, in part because of the low temper
atures, in part because the mixing state is still very fuel-rich and in part
because the fluid elements are locally subjected to very high shear
stresses across the mixing layer. This in turn suggests that there exists
some separation in physical space of the regions dominated by real-gas
effects and complex shock structures and the regions where chemical
reactions and turbulence-chemistry interaction (TCI) are crucial.
This physical separation can be exploited from a modeling

Fig. 3. (a) Close-up of the part of the injector modeled in the cold-flow simu
lations. (b) Schematic of the two-stage workflow for simulation of the
autoignition.
4
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successfully applied in previous studies of autoignition of diesel spray
surrogates [37,24], wherein the implementation and the two-way
coupling with the CFD code is presented in detail. Briefly, the CMC
solves transport equations for the conditional mass fractions of all spe
cies in the chemical mechanism and for conditional temperature. These
equations are discretized here with the Finite Differences approach.
Mixture fraction space is discretized into 101 nodes, clustered around
stoichiometry, which for a CH4 -air mixture is ξst. = 0.0552. A fractional
step Operator Splitting (OS) approach is applied to integrate the CMC
equations in time, in which first physical transport terms and then
diffusion in mixture fraction space along with chemical reactions are
advanced sequentially. Two such internal CMC steps are taken per CFD
timestep. The conditional scalar dissipation rate is modeled with the
Amplitude Mapping Closure (AMC) model [38], while the mean scalar
dissipation rate, ̃
χ , is computed from turbulence quantities on the CFD
′ ′2
̃
̃
∊
side as ̃
χ = cχ̃ξ , where, following standard practice, cχ is set to 2.0.
k
The CMC grid is two-dimensional and consists of 90 equidistant
nodes in the axial direction and 25 equidistant nodes in the radial di
rection. It also makes use of cyclic boundary conditions to exploit
symmetry. A finer grid of 100 × 50 nodes was tested in case T6, which
showed − 1.5% change in ignition delay and − 3.2% change in the dis
tance of the autoignition location from the nozzle exit. Compared to the
differences with a 0d-CMC grid (i.e. a single CMC node for whole CFD
domain), which showed − 11.1% change in ignition delay and +12.6%
change in ignition location, the 2d-CMC grid of 90 × 25 nodes is
considered sufficiently well resolved. All CMC flamelets are initialized
with frozen mixing between technical air at Tch and Pch on the oxidizer
side and pure CH4 at Pch and at the temperature of the tip of the potential
core of the jet on the fuel side. No heat losses are accounted for in
mixture fraction space, since the walls are adiabatic.
On the CFD side, a constant timestep of Δt = 0.3 μs is prescribed in
the reactive simulations. This value is roughly one order of magnitude
larger than the variable timesteps in the cold-flow simulations. The timestepping restrictions are now relaxed, because the shock structures and
the highest fluid velocities are no longer part of the simulation domain.
For the same reason, the discretization scheme of the convective terms is
switched to Upwind Differencing (UD) and to match jet tip penetration,
Cμ in the turbulence model is set to 0.1100. Ignition delay, τign , is defined
as the first instance that the temperature of any CFD cell in the domain
exceeds 1750 K and the autoignition spot is defined as the location of
that cell.

Fig. 4. Axial distribution of the compressibility factor (top) and the Mach
number (bottom) along the jet centerline at 1 ms aSOI for cases T2, T4/P2/A3,
T6, A6/PA1, P5/PA4 and IT5.

̃ along the jet centerline during the quasi-steady state remain
(Ma)
virtually unaffected by variations of Tch . Variations of Tinj and of pres
sure levels at fixed Π essentially affect Zcomp only. By contrast, both the
real-gas effects as well as the shocks and the sonic core of the jet
penetrate far longer either as Pch decreases at fixed Pinj or as Pinj increases
at fixed Pch .
2.4. Cold-flow modeling
The cold-flow simulations of the present study employ the same
numerical framework with the same grid and solver settings as the
simulations from [27], which is therein validated extensively at highpressure conditions against Schlieren and tracer LIF measurements. In
brief, the core unit of the numerical framework is provided by STAR-CD
v4.30, a fully compressible, finite-volume flow-field solver. The func
tionalities of the solver have been expanded by interfacing it to Chemkin
Real Gas [32] and implementing Chung’s semi-empirical models of
molecular viscosity and thermal conductivity for dense, multicomponent fluids [33]. The Soave-Redlich-Kwong [34] Equation of
State (EoS) underpins the calculation of thermodynamic and caloric
properties. The energy transport equation is formulated in terms of total
enthalpy and local mixture composition is obtained from a single
transport equation for mixture fraction, ̃
ξ, under the assumption of equal
diffusivity of all species (CH4 , O2 and N2 ). A transport equation for
′′
mixture fraction variance, ξ̃2 , is also solved, as this quantity is required

3. Chemical considerations

as AIB by the combustion model used in the reactive simulations. The
k − ωSST model [35] is chosen to close the turbulent Reynolds stresses
and the turbulent fluxes. The proportionality constant in the definition
of turbulence frequency, ω = ∊/Cμ k, is tweaked to the value of Cμ =
0.1075. The total CFD cell count for the full computational domain
amounts to 116, 968, with a nozzle and near-nozzle area resolution of
Δz = Δr = Dn /24. The convective fluxes in all transport equations are
discretized using the second-order accurate MARS scheme with a
blending factor of 0.75 and variable time-stepping between 1ns and 1μs
under the restriction of CFLmax ≤ 1.5 is employed. The solution algo
rithm is PISO with a maximum number of 20 corrector stages. All walls
are modeled as adiabatic. The CVC with the nozzle and the studhole of
the injector (red, orange and dark blue CFD cells in Fig. 3a) are initial
ized with technical air at Pch and Tch , whereas the needle seat (magenta
and light blue CFD cells in Fig. 3a) is initialized with CH4 at Pinj and Tinj .
A linear change in composition, temperature and pressure is prescribed
in between (yellow CFD cells).

Due to the scarcity of available data, chemical mechanisms can
rarely be thoroughly validated at high-pressure conditions. Therefore, a
number of different mechanisms have been considered as potential op
tions, optimized either for CH4 oxidation or for higher hydrocarbon
classes and oxygenated fuels, which contain CH4 oxidation as a subset. A
list of these schemes and their main characteristics is given in Table 7. 1 2
The measurements most easily obtainable under high-pressure con
ditions are autoignition delays in shock tubes, which minimize un
certainties by ensuring insignificance of the non-kinetic processes. In
here, the group of measurements at P between 40 atm to 140 atm from
the experimental studies of [49–53] will be used as benchmark for
evaluating the performance of the mechanisms listed in Table 7. These
measurements amount to a total of 100 different operating conditions,
with mixtures of CH4 − O2 diluted in N2 , Ar or He from 54.5% up to
98.75%, equivalence ratios ranging from lean (Φ = 0.4) to very rich
(Φ = 6) and initial T between 1100 K and 1800 K. An overview is given
in Table 8.

2.5. Reactive flow modeling
TCI is treated with the Conditional Moment Closure (CMC) [36]. This
is a presumed PDF model, originally derived as a mixture fraction based
approach for turbulent non-premixed combustion. It has been

1
2

5

including nitrogen chemistry
reverse and forward reactions counted separately
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with four different cubic EoS (for the San Diego scheme only). Simula
tions are carried out with Chemkin Real Gas and DVODE as the inte
grator. The relative change of the norm-2 error for each cubic EoS is
calculated as:
(
)/
p=2,IG
(5)
∊p=2,IG
diff RG = ∊p=2,RG
rel,τign − ∊rel,τign
rel,τign

Table 7
Chemical mechanisms examined for CH4 oxidation.
Mechanism

Type

Fuel

Species

Reactions

Ref.

Burke
GRI 3.0
San Diego1
Curran
Polymi hept.
Polymi dod.
Narayanaswamy
USC

Detailed
Detailed
Detailed
Detailed
Skeletal
Skeletal
Skeletal
Detailed

Methane-DME
Methane
Methane
n-heptane
n-heptane
n-dodecane
n-dodecane
H2 , CO, C1 − C4
hydrocarbons

113
54
70
654
106
131
255
111

710
325
321
50662
1791
2399
22892
784

[39]
[40]
[41]
[42]
[43]
[43]
[44]
[45]

Aramco 1.3

Detailed

C1 − C2 alkanes,
alkynes,
aldehydes,
alcohols

253

1542

[46]

Aramco 2.0

Detailed

C1 − C4 alkanes,
alkenes, alkynes,
aldehydes,
alcohols, ethers

493

2716

[47]

Polymi

Detailed

C0 − C4 alkanes,
aromatics,
alcohols, ethers,
esters

484

203032

[48]

and the results are presented in Table 9. Inclusion of real-gas effects
compounds the overall norm-2 relative error of the mechanism to a
small degree (1.5–2%) for all cubic EoS. A slight improvement is
recorded in the low-pressure, low-temperature zone, but it small enough
(− 1 to − 1.3%) that its contribution is dwarfed by the accuracy of the
chemical mechanism itself. Furthermore, predictions deteriorate in the
high-temperature, high-pressure zone (7.8 to 9.3%). This is presumably
owed to the fact that pure substance cubic EoS parameters have been
obtained from fits to experimental data collected at very low tempera
tures (< 800 K), focusing primarily on the region close to the critical
point and metrics such as vapor pressure equilibria.Therefore, real-gas
corrections to the kinetic rates are have not been attempted.
4. Results and discussion
4.1. The effect of injection variations on ignition delay

To model the shock tube measurements, simulations of homoge
neous, adiabatic, constant volume reactors are carried out with Cantera2.4 [54]. For this series, ignition delay is defined in the same manner as
in the corresponding experimental operating point. To quantify mech
anism accuracy, the norm-2 relative error is computed as:
⃒
⃒
(
)1/2 /(
)1/2
N ⃒
N ⃒
∑
∑
⃒ exp
⃒ exp 2
mech 2
∊p=2
=
τ
−
τ
τ
(4)
|
|
⃒
⃒
rel,τign
ign,i
⃒ ign,i
⃒ ign,i
i=1
i=1

The simulation results of variation M01 are shown in Fig. 7 in log
arithmic scale as a function of 1000/Tch . Tch exerts very strong influence
on τign and the Arrhenius dependence suggested by the simplified
expression for reactivity in Eq. (2) is preserved by the turbulent jets. At
Tch over 1450 K ignition delays comparable to typical diesel engine
operation can be achieved., i.e. of about 0.5 ms or shorter.
The simulation results of variation M02 are shown in Fig. 5. Pch ex
erts weaker influence on τign than Tch , but its effect is still substantial.
The power law dependence suggested by reactivity alone is again pre
served by the turbulent jets.
The simulation results of variation M03 are shown in Fig. 8. Exam
ining the realistic injection series first, as Pinj increases from 200 to 500
bar at fixed Pch , a decrease in τign by 8.3% is recorded. The modest
impact of Pinj on autoignition through jet aerodyamics arguably explains
why it has not been unequivocally attested to in literature. Examining
the simulation series of impulsively started jets, two important obser
vations can be made: first, the impulsively started jets consistently
autoignite faster than the jets forming under realistic injector operation
and the difference in τign is larger at lower Pinj /slower needle lift. This
occurs because autoignition always takes place on the lean side and a
larger opening at the needle seat enables higher momentum flow rates at
the nozzle exit, which in turn enhance mixing with air by promoting jet
tip penetration and volumetric growth. Second, in the impulsively
started jets series, there appears to exist an inflection point at approxi
mately 275 bar, beyond which τign starts picking up. This suggests that
theoretically two counteracting effects are at play. It is hypothesized
here that these are faster mixing on the one side (promoting auto
ignition) and increased strain rates experienced by the reacting gas

and the CPU-time required for the simulations is normalized with
respect to the CPU-cost of GRI 3.0. The full parametric space is
conceptually divided into four different zones: low-temperature & lowpressure (P⩽75 atm, T⩽1450 K), high-temperature & low-pressure
(P⩽75 atm, T⩾1450 K), high-temperature & high-pressure (P⩾75 atm,
T⩾1450 K), low-temperature & high-pressure (P⩾75 atm, T⩽1450 K).
The results are shown in Fig. 5,6.
The most accurate predictions overall are given by the mechanisms
of Naraynaswamy and of Curran, followed closely by the rest, except for
GRI 3.0 and USC, in which the high-pressure, low-temperature zone
inflates the total error. The San Diego mechanism is the second most
accurate mechanism in the low-temperature, low-pressure zone, where
most operating conditions from matrices M01 to M06 would fall.
Furthermore, at roughly 1.5 times the CPUcost of GRI 3.0, it is also the
second fastest mechanism after GRI 3.0 itself. Therefore, the San Diego
mechanism is chosen as the best combination between accuracy and
computational speed for all subsequent CFD and homogeneous reactor
simulations.
To assess the significance of real-gas effects on kinetics, autoignition
delays at the operating conditions of Table 8 are additionally computed
Table 8
Shock tube measurements of ignition delay.
Group

Points

P [atm]

T [K]

Mixture

Φ [–]

Reference

S01

11

40/85

1173–1592

CH4 /O2 /Ar

3.0

[51]

S02

5

50/90

1104–1539

6.0

[51]

S03

14

50/100

1136–1361

CH4 /O2 /He

0.4

[51]

S04

13

40/65

1214–1562

CH4 /O2 /Ar or N2

3.0

[51]

S05

9

43–50

1369–1659

0.5

[52]

S06

8

53–85

1478–1778

CH4 /O2 /N2

0.5–2.0

[49]

S07

17

103–140

1041–1380

S08

23

40

1435–1721

CH4 /O2 /Ar

CH4 /O2 /N2
CH4 /O2 /Ar or N2
CH4 /O2 /Ar

6

3.0

[50]

0.5–2.0

[53]

V.D. Sakellarakis et al.

Fuel 291 (2021) 120169

Table 9
Relative change [%] in the norm-2 relative error of the San Diego mechanism for
different real-gas EoS (VdW:Van der Waals, PR:Peng-Robinson, RK: RedlichKwong, SRK: Soave-Redlich-Kwong)
Operating range

VdW

PR

RK

SRK

40⩽P⩽140 atm, 1100⩽T⩽1800 K

+1.61

+1.57

+1.89

+1.97

P⩽75 atm, T⩽1450 K

-1.00

-1.13

− 0.99

-1.28

P⩽75 atm, T⩾1450 K

+2.73

+2.86

+2.47

+3.44

P⩾75 atm, T⩾1450 K

+9.27

+8.27

+7.81

+9.05

P⩾75 atm, T⩽1450 K

+2.08

+2.04

+2.44

+2.54

Fig. 7. CFD/CMC results of injection variation M02: τign as a function of Pch at
constant Π = 5 (i.e. Pinj varied accordingly), Tch = 1350 K and Tinj = 363 K. Eq.
(7) is fitted to the data. Predictions of Eqs. (11) and (12) are compared to the
simulations.

Fig. 5. Comparison of chemical mechanisms in terms of (a) relative error in
autoignition delay predictions, ∊p=2
rel,τign , and (b) CPU-time normalized with
respect to that of GRI 3.0.

Fig. 8. CFD/CMC results of injection variation M03: τign as a function of Π (or
Pinj ) at constant Pch = 50 bar, Tch = 1350 K and Tch = 363 K. Eq. (8) is fitted to
the data. Predictions of Eqs. (11) and (12) are compared to the simulations.

Fig. 6. CFD/CMC results of injection variation M01: τign as a function of 1000/
Tch at constant Pch = 50 bar, Tch = 1350 K, Pinj = 250 bar and Tinj = 363 K. Eq.
(6) is fitted to the data. Predictions of Eqs. (11) and (12) are compared to the
simulations.
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particles on the other (retarding autoignition). At any rate, the retarding
effect is masked by the impact of injector dynamics in practice.
The simulation results of variation M04 are shown in Fig. 9. τign
decreases as Pch decreases at fixed Pinj , because the effect of weaker
pressure-driven reactivity, which tends to retard autoignition, domi
nates the effect of jet aerodynamics (here incorporating the effect of
faster needle lift), which tends to accelerate autoignition. However, the
second effect is non-negligible: for example, τign in case PA1 (Pinj =
500 bar) is shorter by 4.8% than τign in case P2 (Pinj = 250 bar).
The simulation results of variation M05 are shown in Fig. 10. Higher
Tinj promotes autoignition. The effect is small in comparison to that of
Tch and Pch but comparable to that of jet aerodynamics in magnitude: as
Tinj is increased from 303 K to 453 K, a reduction in τign by 9.1% is
recorded.
4.2. Construction of a predictive correlation
Starting from jet reactivity, based on Eq. (2) the following depen
dence of τign on Tch is obtained:

τTign = CT eEA /RT ch

(6)

The results presented in Fig. 6 demonstrated that Eq. (6) holds for the
turbulent jets, as evidenced by its very high coefficient of determination
(R2 = 1.000), when applied as a fit. Again based on Eq. (1), at fixed Tch
τign scales with Pch as:

τPign = CP P−chaOX

Fig. 10. CFD/CMC results of injection variation M05: τign as a function of Tinj at
constant Pch = 60 bar, Tch = 1350 K and Pinj = 300 bar. Predictions of Eqs. (11)
and (12) are compared to the simulations.

driven reactivity and jet aerodynamics can be linearly combined. If
this is true, Eq. (7) and Eq. (8) can be merged into a single expression:

(7)

The results presented in Fig. 5 verified the validity of Eq. (7) in the
turbulent flowfield (R2 = 0.998).
Continuing with jet aerodynamics, an analytical relation between τign
and ztip can not be readily derived, but as seen in Fig. 8, empirically a
second order polynomial dependence on Π appears best suited to cap
ture the effect of jet propagation speed (R2 = 0.965):

τAign = CA1 − CA2 Π + CA3 Π2

− aOx
τPA
− CA2 Π + CA3 Π2
ign = CP Pch

(9)

The predictions of Eq. (9), with CA2 and CA3 from the impulsively
started jet series, so as to impose an aerodynamics correction with
minimal interference from injector dynamics, indeed reproduce the
trend of simulation results in Fig. 9 quite well (R2 = 0.963).
Given that temperature- and pressure-driven reactivities stem from
the same multi-factorial product, Eq. (9) and Eq. (6) can in turn be
merged into a single expression:

(8)

Furthermore, the impulsively started jet series indicated that there
are physical reasons to prefer a second order polynomial, i.e. the exis
tence of two competing effects. Variation M04 can be examined to
showcase whether the independently established effects of pressure-

EA /RT ch − aOX
τTPA
Pch − CA2 Π + CA3 Π2
ign = CTP e

(10)

Finally, to introduce the effect of Tinj into Eq. (10), the following steps
are taken:
1. in Eq. (10), Tch is replaced with the “frozen mixing” temperature of
the stoichiometric mixture fraction, Tst , as the characteristic tem
perature of the system.
2. Tst can be readily calculated by assuming adiabatic mixing between
the oxidizer stream and the fuel stream.
3. The oxidizer stream is defined in a straightforward manner as tech
nical air at Tch and Pch .
4. The fuel stream is defined as CH4 at Pch and at the temperature
̃ t.p.c. . This is
prevailing at the tip of the potential core of the jet, T

because a mixing line computed with boundary conditions as defined
in steps (3) and (4) represents the mixing state of all CFD cells in the
computational domain accurately. To demonstrate this, Table 10
lists for each operating condition the conditionally averaged CFD
temperature at stoichiometry during the quasi-steady state of the jet,
⃒
̃ ⃒⃒̃
〈T
ξ = ξst 〉, and the “frozen mixing” temperature at stoichiometry,

̃ t.p.c. as the boundary condition on the fuel side.
Tst , calculated with T
The agreement is very good, deviations being in the order of − 0.3%.
̃ t.p.c. can be approximated with the “Adiabatic Expansion” model
5. T
[55] for an “equivalent jet” (i.e. a correctly expanded jet emanating
from a notional nozzle, which would bring about the same far-field
flow with the underexpanded jet), if the tip of the potential core of
the underexpanded jet is assumed to coincide with the notional exit

Fig. 9. CFD/CMC results of injection variation M04: τign as function of Pch (or
Π) at constant Pinj = 500 bar, Tch = 1350 K and Tinj = 363 K. Predictions of Eq.
(9), Eqs. (11) and (12) are compared to the simulations.
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Table 10

⃒
̃ ⃒⃒̃
̃ t.p.c. , TF02:
Comparison of 〈T
ξ = ξst 〉 with Tst calculated on the basis of adiabatic mixing at P = Pch between technical air at TOx = Tch and pure CH4 at TF01: TF = T
eq.jet

TF = T t.p.c. ).
Case
⃒
⃒⃒̃̃
〈T
ξ = ξst 〉

TF01
TF02

⃒
⃒⃒̃̃
〈T
ξ = ξst 〉
TF01
TF02

⃒
⃒⃒̃̃
〈T
ξ = ξst 〉
TF01
TF02

⃒
⃒⃒̃̃
〈T
ξ = ξst 〉

Case

Case

Case

TF01
TF02

T1

T2

T3

T4/P2/A3

T5

T6

1064.3

1105.1

1145.9

1186.6

1227.4

1267.9

1060.9
1060.5
T7
1308.3

1101.9
1101.6
P1
1187.2

1142.9
1142.6
P3/IT3
1186.5

1183.7
1183.4
P4
1186.2

1224.5
1224.1
P5/PA4
1185.6

1265.1
1264.8
A1
1189.9 K

1305.7
1305.3
A2
1187.7

1183.1
1184.2
A4
1186.7

1184.4
1183.4
A5
1185.7

1183.9
1183.8
A6/PA1
1184.7

1184.2
1184.2
PA2
1185.5

1187.3 K
1187.2 K
PA3
1185.4

1184.1
1183.5
PA5
1185.6

1183.1
1182.6
IT1
1178.1 K

1181.1
1181.6
IT2
1182.3 K

1182.6
1180.9
IT4
1190.1 K

1181.5
1181.9
IT5
1193.7 K

1183.3
1183.2
IT6
1197.7 K

1185.4
1185.3

1180.5 K
1180.5 K

1181.8 K
1184.5 K

1185.7 K
1181.8 K

1187.8 K
1185.5 K

1190.6 K
1187.6 K

where homogeneity exists. Here it will be employed with Tst instead, so
as to enable a consistent comparison with Eq. (11), and since there are
no boundary layers in the simulations, it will be obtained as previously.
Beside this, constant C was associated in [15] with the physical delays of
the finite injection rate and the sound speed correction necessary in
calculating τign from pressure transducer signals. Here, as the injection
mass flow rate, the needle lift and the speed of sound in the CVC vary
considerably over the complete set of operation conditions, C can not be
defined a priori and an average value has to emerge as part of the error
minimization process (under the constraint that it is non-negative).
Hence, coefficients C, Apre , r and EA,st /R are obtained from a simul
taneous regression of Eq. (12) to all data points from variations M01 up
to and including M04. Their values are given in Table 12. Predictions
from Eq. (12) are then appended to Figs. 6 to 10. It is capable of correctly
reproducing all effects, except for that of jet aerodynamics (Fig. 8), for
which it yields a misleading dependence on Pinj . If formulated with Tch
rather than Tst , Eq. (12) would show no effect of Pinj /jet aerodynamics
and it would not show any effect of Tinj either, even if the results from
M05 were included in the calibration data set. By contrast, the fact that
Eq. (12) with Tst , like Eq. (11), reproduces the trend of M05 accurately,
despite not having been calibrated on it, reinforces the validity of using
Tst as the characteristic system temperature and indicates that the
benefits of doing so are not particular to the functional form of the
equation employed. The norm-2 relative error of Eq. (12) with respect to

̃ t.p.c. = Teq.jet
plane of the equivalent jet, i.e. if T
t.p.c. . In here calculations
eq.jet
Tt.p.c.

for
must be made with real-gas corrections (unlike in the
formulation in [55]). Table 10 also lists the “frozen mixing” tem
eq.jet

perature at stoichiometry with Tt.p.c. as the boundary condition on
the fuel side. The results are nearly identical with the mixing line
̃t.p.c. .
obtained from T
The new characteristic system temperature can thus be linked to all
main injection variables: Tst = f(Tinj ,Pinj ,Tch ,Pch ). Consequently Eq. (10)
can be modified as:
)
(
EA,st − aOX
P
τTPA
=
(C
−
C
Π)exp
− CA2 Π + CA3 Π2
(11)
TPA1
TPA2
ign
RT st ch
where constant CTP from Eq. (10) has been expanded into the expression
(CTPA1 − CTPA2 Π), because, unlike Tch , Tst is affected by upstream condi
tions and therefore jet aerodynamics. The values of the coefficients for
Eq. (10) are given in Table 11. aOX , CA2 and CA2 are obtained in a first
step from a regression of Eq. (9) to the data points from variations M02,
M03 and M04, whereas CTPA1 , CTPA2 and EA,st /R are obtained in a second
step from a regression of Eq. (10) to the data points from all variations
up to and including M04. Predictions from Eq. (10) are appended to
Figs. 6–10. Evidently, it is capable of faithfully reproducing all injection
variations, including M05, for which it has not been calibrated. This
shows that the introduction of Tst as the characteristic system temper
ature is valid and the process of calculating it is correct. The norm-2
relative error of Eq. (11) with respect to the simulation results from

p=2,Eq.(12)

the simulation results from matrices M01 to M05 is ∊rel,τign

= 3.30%,

Eq. (12) featured the CVC’s core temperature in its original formu
lation – the core being defined as the inner 90% of the CVC’s volume,

but shrinks to 1.74%, if the cases from M03 are excluded.
Eq. (11) has been constructed step-wise by linking physical or
empirical formulas fitted to variation results for a single injection
parameter at a time. To assess whether it is capable of representing τign
when multiple injection parameters are varied concurrently, its pre
dictions are compared to the simulation results of M06 in Table 13. The
relative error at each operating condition is consistently small and of the
same magnitude as the error in cases from the previous five matrices,
which shows that Eq. (11) is capable of capturing the interactions be
tween injection parameters. Table 13 also lists predictions from Eq. (12),
which are of comparably good accuracy. The norm-2 relative error of Eq.

Table 11
Coefficients of Eq. (11).

Table 12
Coefficients of Eq. (12).

matrices M01 to M05 is ∊p=2
rel,τign , Eq. (12) = 1.73%.

To physically interpret their own measurements, Naber et al. [15]
devised an extended Arrhenius model:
{
[
( )− r
]2 }1/2
Pch
EA,st /RT st
2
τArrh.
=
C
+
A
e
(12)
pre
ign
Pref

CTPA1

CTPA2

0.0021

− 1.071 × 10−

5

EA,st /R

aOX

CA2

CA3

C

Apre

9.736 × 103

0.524

0.0454

0.0026

0.148

4.611 × 10−

9

5

EA,st /R

r

1.1504 × 104

0.671
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Table 13
Comparison of the CFD/CMC ignition delays for Matrix M06 with predictions
from Eq. (11) and Eq. (12) at the corresponding conditions. The relative error of
each prediction, ∊rel , is also reported.
Case

τCFD/CMC
[ms]
ign

(11)
τEq.
[ms]
ign

(12)
τEq.
[ms]
ign

∊rel

MV1
MV2
MV3
MV4
MV5
MV6
MV7

0.292
0.507
0.458
1.157
1.033
0.731
1.576

0.307
0.503
0.466
1.107
1.092
0.738
1.631

0.304
0.539
0.460
1.145
1.011
0.784
1.612

+4.98
− 0.81
+1.76
− 4.32
+5.73
+0.94
+3.51

Eq. (11)

[%]

Eq. (12)

∊rel

[%]

+4.14
+6.22
+0.54
− 1.07
− 2.12
+7.23
+2.27

(11) with respect to all simulation results, including M06, is
p=2, Eq. (11)

∊rel,τign

p=2, Eq. (12)

= 2.46% and that of of Eq. (12) is ∊rel,τign

= 3.26%.

This suggests that the effect of Pinj might be subsumed in practice by that
of Pch and indicates that the more complicated Eq. (11) yields only
slightly better predictions, its major advantage being that it can capture
the effect of jet aerodynamics through Pinj in isolation.
To evaluate the performance of the underlying numerical frame
work, Eqs. (11) and (12) will also be assessed against the independent
benchmark provided by ignition delay measurements from literature.
Only measurements belonging to the parametric space for which the
functional forms and the coefficients of Eqs. (11) and (12) have been
calibrated and tested can be considered: underexpanded, pure CH4 jets
at pressure ratios between 2.5 and 10, ambient temperatures between
1200 K and 1500 K, ambient pressures between 40 bar and 125 bar,
injection temperatures between 303 K and 453 K and injection pressures
between 125 bar and 500 bar. A subset of measurements from the works
of Fraser et al. [14] and Naber et al. [15] fulfill these criteria. It should
be noted, however, that different experimental arrays, including
different injectors, with different control parameters and detection
techniques were employed in these works.
Fig. 11 shows measurements from Fraser et al. [14] as a function of
Tch at two different Pch levels, for fixed Pinj and Tinj . Eqs. (11) and (12)
provide very close predictions: the norm-2 relative error of Eq. (11) with
p=2,Eq.(11)

respect to all experimental data points is ∊rel,τign
p=2,Eq.(12)

that of Eq. (12) is ∊rel,τign

Fig. 12. Predictions of Eq. (11) and Eq. (12) compared to measurements from
the experimental work Naber et al. [15] at Pinj = 207 bar, Tinj = 450 K, Dn =
0.25 mm.

but underpredict τign in the higher Tch range at Pch = 55 atm. However,
these data points yield longer τign than measurements in the same Tch
zone at 40 atm and this reflects the fact that the data scatter in [14] is
quite large, enough to obfuscate the effect of Pch .
Fig. 12 shows measurements from Naber et al. [15] as a function of
both Tch and Pch , for a fixed ambient density in the CVC and for fixed Pinj
and Tinj . The agreement is reasonable at lower temperatures and pres
sures, but Eqs. (11) and (12) underpredict τign at Tch over 1340 K and Pch
p=2,Eq.(11)

over 77.4 bar. Eq. (11) is somewhat more accurate overall: ∊rel,τign
32.7%, while

p=2,Eq.(12)
∊rel,τign

=

= 39.5%. The discrepancy at higher Tch and Pch

might be owed to the fact that the San Diego mechanism becomes more
error-prone at those conditions, as seen in Fig. 5a. It might also be that
the measurements overestimate τign , as around 1400K the ignition
detection technique in [15] approaches a limiting value of 0.41ms and
Fraser et al. measure shorter delays in this temperature range, in spite of
their lower Pch . Another thing to consider is that the injector modeled
here is considerably faster than that from [15]: for example, at a Pinj =
200 bar it requires 0.13 ms instead of 0.33 to inject 0.33 mg of fuel. The
impulsively started jet series from M03 showed that, even beyond lim
itations associated with measurement techniques, earlier effective start
of injection and needle opening also leads to earlier autoignition. The
difference is large enough in this case to have a sizeable impact.

= 25.5%, whereas

= 24.9%. In detail, both equations are in

relatively good agreement with the experimental data at Pch = 40 atm,

4.3. The effect of injection variations on ignition location
Homogeneous reactors simulations show that for CH4 -air mixtures,
the most reactive mixture fraction, ξMR , is always lean [19]. This feature
is also retained in stretched laminar flamelets, as captured by standalone
0d-CMC calculations [18,27], and in the turbulent flowfield of auto
igniting jets, as captured by multidimensional simulations with various
kinetic schemes and combustion models [19,21]. The present study
confirms that the first autoignition kernel will consistently appear on the
lean side of the jet: for all operating conditions, ̃
ξ of the CFD cell at the
ignition location and at the point of ignition falls within a range of
0.0206⩽̃
ξ⩽0.0365, far from the stoichiometric value of ξst. = 0.0552.

Fig. 13 shows the ̃
ξ field at the point of ignition for 5 representative
operating conditions, with the location of the first autoigniting CFD cell
marked. In physical space, ignition always takes place on the lateral jet
side because of the confluence of the three factors: lean mixtures, high

Fig. 11. Predictions of Eqs. (11) and (12) compared to measurements from the
experimental work of Fraser et al. [14] at Pinj = 206.7 bar, Tinj = 444 K, Dn =
0.57 mm.
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Fig. 14. Axial location of the autoignition location, zign , relative to the jet tip
penetration during ignition, ztip , for injection variations M01 to M05.

56% of the jet’s tip. Only cases from M01 deviate from this zone and this
fact suggests that essentially Tch determines at which relative length will
ignition take place, with higher Tch shifting it closer to the jet origin.
Still, the fact autoignition takes place at roughly half the jet’s axial
extent and at the periphery reveals a markedly different behavior than
diesel sprays, which have been shown to autoignite very close to the
centerline and a lot closer to the spray tip [56], typically at around 90%.
Fig. 13. Mixture fraction field at the point of ignition for cases: (a) P1, (b) T4,
(c) PA1, (d) PA5 and (e) T6. The shoichiometric isoline (̃
ξ = 0.0552) and the

4.4. Jet characterization

jet boundary (̃
ξ = 1%) are shown in red and black respectively. The ignition
location is marked with a white cross. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

In order to characterize the jets, a global Reynolds number, Re, and a
local Damköhler number, Da, were introduced in SubSection 2.2. Ve
locity and length scales at the nozzle exit plane can not be used for the
estimation of Re, because the flow becomes choked within the nozzle
and thus it will be identical in all cases with identical Pinj and Tinj . To
account for the influence of Pch , the concept of the equivalent jet can be
invoked and the “Adiabatic Expansion” model [55] can be used to
calculate the equivalent jet’s diameter Deq.jet. , temperature Teq.jet. , pres
sure (equal to Pch ) and velocity Ueq.jet at the notional exit plane. Based on

temperatures and very low scalar dissipation rates. Specifically, ̃
χ at the
ignition location during autoignition was found to range from 105.0 s− 1
to as low as 1.4 s− 1 , with more reactive cases being able to sustain higher
̃
χ levels.
Comparison of Fig. 13b with Fig. 13a and with Fig. 13e shows that as
jet reactivity is increased for a given Π, either because of higher Tch or
Pch , autoignition takes place closer to the nozzle exit plane. This occurs
because a shorter τign allows less time for jet penetration through the
CVC until ignition.
Comparison of Fig. 13b with Fig. 13c shows that as Pinj is increased
for a given Pch , autoignition takes place further downstream, although
τign is somewhat decreased. This suggests that the combination of higher
jet velocity and faster needle opening outweighs the fact there is less
time for jet evolution.
Comparison of Fig. 13c with Fig. 13d shows that as Pch is increased
for a given Pinj , the location of the autoigniting kernel again shifts closer
to the nozzle exit. This occurs, because both the jet velocity drops due to
the the higher ambient density and the available time for downstream
penetration shrinks, as ignition becomes faster.
Although the axial autoignition location varies considerably with
operating condition, Fig. 14 shows that, when related to the jet tip
penetration at the moment of ignition, the variability is greatly reduced.
In most cases the autoigniting kernels emerge within a range of 50 to

Chung

these, Re has been defined as Re = ρeq.jet Deq.jet. Ueq.jet /μeq.jet , where the

dynamic viscosity μeq.jet is calculated with the aid of Chung’s model for
dense fluids [33] for CH4 at Teq.jet. and Pch . The resulting Re are all in the
order of 106 , as detailed in Tables 1–5, showcasing the fully turbulent
nature of the jets.
Regarding the local Da, it has been defined as Da = τflow /τchem , where

τchem = τCFD/CMC
and τflow = 1/χ st . To calculate χ st , the distribution pre
ign
scribed by the AMC model [38] is applied:
(
(
)]2 )
[
〈 ⃒⃒ 〉
̃
χ exp − 2 erf − 1 2ξ − 1
⃒
(
χ ⃒⃒ξ = ∫ 1
(
)]2 ) ( )
[
̃ ξ dξ
⃒
P
2 0 exp − 2 erf − 1 2ξ − 1

(13)

̃
The presumed beta function PDF P(ξ)
is calculated with the aid of ̃
ξ
′′2
̃
and ξ , which are obtained, along with ̃
χ , from the CFD cell at the
ignition location at the moment of ignition. The resulting Da range be
tween 25 and 670, demonstrating that the flow time scale in the area of
interest is at all operating conditions at least one order of magnitude
longer than the chemical time scale. This in turn verifies the
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applicability of CMC as a flamelet-based TCI model to this type of
combustion problem.
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5. Summary and conclusions
The autoignition of highly turbulent underexpanded CH4 jets in a
CVC with a prototype gas injector has been investigated numerically via
CFD simulations with the k − omegaSST turbulence model, real-gas
thermodynamics based on the SRK EoS and elliptic CMC as the com
bustion model. In the CFD/CMC simulations, various aspects of jet
reactivity and jet aerodynamics (including injector dynamics) were
varied and, based on the results, the semi-empirical Eq. (11) for τign as a
function of Tch , Pch , Pinj and Tinj was constructed. Eq. (11) was compared
to the extended Arrhenius model of Eq. (12) and tested against inde
pendent measurements from literature Subsequently, ignition behavior
in mixture fraction space and in physical space was examined.
The main findings of this work can be summarized as follows:
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• τign shows an exponential dependence on Tch , a power law depen
dence on Pch and a quadratic dependence on Π. The latter empirically
reproduces the effect of jet aerodynamics for both realistic needle
opening and in the limit of impulsively started jets. The effect of jet
aerodynamics is weak but non-negligible.
• The influence of Tinj on τign is much weaker than that of Tch and Pch
and comparable in magnitude to that of jet aerodynamics. To
quantify this effect Tst can be employed as the characteristic system
temperature, which can be obtained under the assumption of adia
batic mixing between the oxidizer and fuel streams. The fuel stream
can be thermodynamically represented by conditions at the tip of the
potential core of the jet and these can be approximated with the
conditions prevailing at the notional exit plane of the “equivalent
jet”.
• Eq. (11) and Eq. (12) were calibrated for Π between 2.5 and 10, Tch
between 1200 and 1500K, Pch between 40 and 125 bar, Tinj fixed at
363 K and Pinj ranging between 125 and 500 bar, while the substi
tution of Tst for Tch as their characteristic temperature was success
fully tested for Tinj in the range of 303–453 K. Both equations are
successful in capturing the effects of Tch , Tinj and Pch , but Eq. (11) has
a modest advantage in that it can correctly reproduce the effect of
Pinj , which is one of the two main ways of affecting jet aerodynamics.
The other is through Pch , as the influence of Tch and of Tinj is
comparatively much weaker. Therefore, Eq. (12) can account for
changes in jet aerodynamics to a certain extent and for this reason it
generally yields predictions of comparable accuracy.
• Predictions from Eqs. (11) and (12) matched the measurements of
Fraser et al. [14] reasonably well, but tended to undershoot the
measurements of Naber et al. [15], particularly in the higher tem
perature and pressure range. Eq. (11) was in somewhat better
agreement with these measurements. Although some part of the
deviations is attributable to shortcomings of the functional forms, the
larger part is likely owed to inaccuracies of the chemical mechanism
and the numerical framework, technique limitations and un
certainties in the measurements, as well as the comparison of in
jectors with different geometry, including Dn , and dynamics.
• Autoignition was consistently found to take place at the lateral side
of the jet, where a combination of lean mixture, low scalar dissipa
tion rate and high temperature creates favorable conditions.
Increasing jet reactivity reduces the available time for jet penetration
until ignition and thus shifts the ignition location closer to the nozzle
exit plane, whereas increasing jet tip penetration rate or accelerating
jet development through faster needle opening shifts the ignition
location downstream. However, all autoignition kernels emerged
within a range of 40–55% of the jet’s tip, the exact ratio being
determined primarily by Tch .
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[49] Petersen EL, Röhrig M, Davidson DF, Hanson RK, Bowman CT. High-pressure
methane oxidation behind reflected shock waves. In: Symposium (international) on
combustion, vol. 26. Elsevier; 1996. p. 799–806.
[50] Petersen EL, Hanson RK. Reduced kinetics mechanisms for ram accelerator
combustion. J Propul Power 1999;15(4):591–600.
[51] Petersen E, Davidson D, Hanson R. Kinetics modeling of shock-induced ignition in
low-dilution ch4/o2 mixtures at high pressures and intermediate temperatures.
Combust Flame 1999;117(1–2):272–90.
[52] Zhukov V, Sechenov V, Starikovskii AY. Spontaneous ignition of methane–air
mixtures in a wide range of pressures. Combust, Explos Shock Waves 2003;39(5):
487–95.
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