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Ignition of a combustible mixture by a transient jet of hot reactive gas is important for safety of mines, prechamber ignition in
IC engines, detonation initiation, and novel constant-volume combustors. The present work is a numerical study of the hot jet
ignition process in a long constant-volume combustor (CVC) that represents a wave rotor channel. The hot jet of combustion
products from a prechamber is injected through a converging nozzle into the main CVC chamber containing a premixed fuel-air
mixture. Combustion in a two-dimensional analogue of the CVC chamber is modeled using a global reactionmechanism, a skeletal
mechanism, or a detailed reactionmechanism for three hydrocarbon fuels: methane, propane, and ethylene. Turbulence is modeled
using the two-equation SST 𝑘-𝜔model, and each reaction rate is limited by the local turbulent mixing timescale. Hybrid turbulent-
kinetic schemes using some skeletal reaction mechanisms and detailed mechanisms are good predictors of the experimental data.
Shock wave traverse of the reaction zone is seen to significantly increase the overall reaction rate, likely due to compression heating,
as well as baroclinic vorticity generation that stirs and mixes reactants and increases flame area. Less easily ignitable methane
mixture is found to show slower initial reaction and greater dependence on shock interaction than propane and ethylene.

1. Introduction

Intentional hot jet ignition of premixed combustible mixture
finds application in internal combustion engines [1, 2] and
pulsed detonation engines [3] and is of particular interest
in wave rotor combustors [4–6]. Chemically active radicals
and fast turbulent mixing in the jets create an explosion that
is more energetic and spatially distributed than a spark [3],
allowing rapid ignition of lean and nonuniform mixtures.

Hot jet ignition involves complex flow phenomena,
including jet stability, vortex evolution, fluidmixing, and tur-
bulence generation.The presence of reactive species in the jet
influences the chemical kinetics of fuel combustion. A high-
speed compressible transient jet is usually accompanied by
shock formation in a confined volume, leading to subsequent
reshaping of flame fronts by shock waves and expansion
waves. The ignition delay time for a jet-ignited CVC may
be defined as the time from jet initiation to the occurrence
of rapid, visible, and pressure-generating heat release in the
CVC chamber [7, 8]. There are many definitions of ignition

delay time used in the literature for varied phenomena.
Autoignition delay in shock tube and rapid compression
experiments depend only on chemical processes, while jet
ignition and spark ignition also include physical processes.
Ignition delay following hot jet injection includes time for
transient jet vortex development, entrainment and mixing
with the gas in the CVC chamber, and chemical evolution.
In addition, the ignition process in the confined space is
influenced by temperature changes due to traveling pressure
waves arising from nearby combustion and distant reflection.

A combustible mixture can be ignited by an inert gas
jet or reactive gas from another combustion source. Prior
experiments mainly addressed mine safety using a steady,
relatively low-speed, nonreactive hot gas jet issuing into an
unconfined well-mixed stationary or quiescent combustible
mixture. In contrast, the hot jet ignition reported here ismore
similar to turbulent jet ignition systems using prechambers
in spark ignition engines, reviewed by Toulson et al. [1].
Such a prechamber mixture is well controlled and reliably
spark-ignited and produces a hot jet that acts as a distributed
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ignition source. The jet allows reliable combustion of the
main CVC charge over a broader range of air-fuel ratios
and more rapid combustion than direct electric spark in
lean mixtures. Chemically reactive radicals and jet-induced
turbulence are equivalent to two orders of magnitude higher
energy than spark ignition [2]. Using various chemically sta-
ble hot gases, Wolfhard [9] observed variations in minimum
jet temperature for ignition, possibly due to different heat
capacities. Vanpée and Wolfhard [10] developed an overall
rate expression for ignition of methane and ethane fuel-air
mixtures by low-velocity hot inert gas jets. Cato and Kuchta
[11] experimented with laminar hot-air jets and concluded
that ignition depends on jet base temperature, jet dimensions,
composition of the combustible mixture, and jet velocity.
Smirnov and Nikitin [12] performed numerical simulation
of turbulent diffusive combustion using only three species:
oxidant, fuel, and products.

Tarzhanov et al. [13] investigated using hot detonation
products to detonate stagnant propane-air mixtures. They
found that detonation initiation depends on the initial vol-
ume concentrations of the mixture, mass fraction of hot
detonation products, and the energy deposited from the
detonation products. Using a jet issuing through a circular
orifice, Mayinger et al. [14] derived correlations between
measured induction time (ignition delay time), the mixing
time of the jet, and the adiabatic autoignition time for the
fuel-air mixtures.

Bilgin [15] developed a constant-volume combustor
(CVC) with long aspect ratio and square cross section,
representing a wave rotor channel [16]. The CVC is ignited
by a jet of hot combustion products from a separately fueled
prechamber that could be spun to cause the jet to traverse one
end of the CVC.The relative motion reproduces the action of
a wave rotor channel, and prechamber may be representative
of a previously combusted channel supplying hot gas. Bilgin
proposed a correlation between the Damköhler number and
ignition of a fuel-air mixture in the CVC. For the geometry
of this CVC, Baronia et al. [17] performed numerical simu-
lations for a stationary (nontraversing) torch jet using global
reactionmechanisms (one-step and four-step) for a propane-
air mixture. Bilgin’s measurements were not well matched
by Baronia’s simulations, possibly due to lack of detailed
chemistry and matched jet composition. Perera [8] carried
out experiments on the same CVC test rig for three fuels,
methane, ethylene, and propane, with varying equivalence
ratios in the prechamber and the CVC chamber.The ignition
delay time variation and the ignitability limits, both lean
and rich, were investigated for each fuel under fixed initial
temperature and pressure conditions in the CVC chamber.
The variation of ignition delay time for fuels with different
prechamber equivalence ratios and nozzle geometries were
also observed, with nonobvious trends.

The ignition of combustible mixture using hot inert jet
or combusted products has been rarely studied numerically
using global reaction mechanisms, and very few studies that
use detailed or skeletal reaction mechanisms are known
[18–20]. The present work seeks to use detailed numerical
simulations to investigate the ignition by a hot jet and ensuing
combustion of three hydrocarbon fuels (methane, propane,
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Figure 1: Constant-volume combustor rig.

and ethylene). Chemical kinetics are modeled using detailed
reaction mechanisms for the three fuels after verifying the
inadequacy of a four-step global reaction mechanism for
propane. The hot jet is modeled as the equilibrium major
products of rich ethylene combustion in the prechamber.
The role of shock-flame interaction on ignition in the CVC
chamber is also studied. The reaction pathways are discussed
for the detailed methane mechanism. The predicted ignition
delay times have been compared with the published experi-
mental data [5].

2. Problem Description and
Numerical Methodology

This work was motivated by the ignition delay studies of
Perera et al. [7] in a constant-volume combustor (Figure 1)
which is an evolution of the rig initially used by Bilgin et
al. [16]. Its main CVC chamber had a square cross section.
A converging round nozzle delivers a jet from a cylindrical
prechamber to the CVC.

In this work, a simple two-dimensional (2D) combus-
tor, prechamber, and jet nozzle are considered to simulate
the transient, turbulent, reacting, and compressible flow at
reasonable computational cost. For 2D calculations to bear
some similarity to the experiment of interest, it was decided to
preserve the volume ratio of the prechamber to the CVC.This
allows the same volumeflow rate between the experiment and
numerical calculations, preserving mass and energy realism
and the nominal pressure history.Theheight and length of the
channel and nozzle are also matched, and the varying width
of the nozzle is taken equal to the corresponding diameter.
While this does not preserve the area ratio, it does retain
the relative height ratio of the confined jet. In the 2D model,
the rectangular CVC is 406.4mm (16.0 inches) long and
39.88mm (1.57 inches) tall, with nozzle exit width of 5.99mm
(0.236 inches) centered on end of the CVC. A rectangular
prechamber internal cavity has an internal volume of 1.293
times the CVC, not including the small nozzle volume. A leak
proof connection between the prechamber and CVC cham-
ber is assumed, as the experiment appears to have negligible
gas outflow at low pressure before ignition in the CVC.

The simulation uses the velocity-pressure coupled,
second-order implicit scheme available in a general-pur-
pose computational fluid dynamics (CFD) program [25].
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Figure 2: Geometry used for simulation.

Table 1: Initial conditions.

Thermodynamic properties and mass fractions Prechamber CVC chamber
Methane Ethylene Propane

Pressure (kPa) 649 101.325 101.325 101.325
Temperature (K) 2770 298 298 298
O
2

0.00691 0.219 0.217 0.218
N
2

0.719 0.725824 0.719 0.721
CO
2

0.142 0 0 0
CO 0.0504 0 0 0
H
2

0.000739 0 0 0
H
2
O 0.0804 0 0 0

CH
4

0 0.0549 0 0
C
2
H
4

0 0 0.0634 0
C
3
H
8

0 0 0 0.060

Turbulence is modeled using the shear-stress-transport
(SST) two-equation 𝑘-𝜔 model [26]. The computational
domain is discretized using polyhedral meshes with varying
mesh density in the prechamber, nozzle, and CVC chamber
(Figure 2). Adiabatic boundary conditions are used for all
walls and wall of law is employed for turbulence.

The flow is driven by the initial pressure difference
between prechamber andCVC chamber when an intervening
diaphragm is suddenly splayed away, similar to a shock
tube. Initially, the CVC has a fuel-air mixture at atmospheric
pressure and temperature. The prechamber has postcombus-
tion products at a diaphragm rupture pressure measured
from experiments [7] and temperature and composition
obtained for chemical equilibrium of ethylene-air mixture at
an equivalence ratio of 1.1, following Depcik [27], verified
with Gordon and McBride [28]. The initial conditions for all
simulations are listed in Table 1.

Combustion is modeled using a hybrid eddy-break-up
model that considers the roles of both turbulent mixing and
finite-rate chemistry. The eddy-break-up (EBU) model was
presented by Spalding [29] and later developed byMagnussen
and Hjertager [30]. The underlying principle behind the
“mixed-is-burnt” EBU model is that the chemistry is fast

compared to mixing and the combustion is controlled by
turbulentmixing. In the simple EBUmodel, reaction rates are
calculated as functions of the mean species concentrations,
turbulent mixing timescale, and, depending on the specific
model used, temperature. In the present hybrid EBU model,
each individual chemical reaction rate is limited by a max-
imum rate based on the local turbulent vorticity timescale.
Species are transported according to individual advection-
diffusion transport equations for species, with diffusive fluxes
accounting for both molecular and turbulent diffusion. It
is intended to identify the rate-limiting process as either
turbulent mixing or chemical kinetics.

2.1. Reaction Rate. In the hybrid EBUmodel, the reaction rate
of each species is computed as the minimum of a turbulent
mixing-controlled reaction rate and chemical kinetic reaction
rate. For illustration, a global fuel-oxidation reaction is
considered to be of the following form:

V
𝐹
𝐹 + V
𝑂
𝑂 → V

𝑃1
𝑃
1
+ V
𝑃2

𝑃
2
+ ⋅ ⋅ ⋅ + V

𝑃𝑗
𝑃
𝑗 (1)

Themolar rate of fuel depletion 𝑅
𝐹,mix based on the turbulent

micromixing process depends on the mass fractions of
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reactant and product species and the turbulent mixing rate,
which is taken to be the turbulent specific dissipation, 𝜔:

𝑅
𝐹,mix =

𝜌

𝑀
𝐹

𝜔𝐴EBU

⋅ min[𝑌
𝐹
,
𝑌
𝑂

𝑠
𝑂

, 𝐵EBU (
𝑌
𝑃1

𝑠
𝑃1

+
𝑌
𝑃2

𝑠
𝑃2

+ ⋅ ⋅ ⋅ +
𝑌
𝑃𝑗

𝑠
𝑃𝑗

)] moles/m3-s.
(2)

Equation (2) states that the overall reaction requires both
reactants and products to be present in proportion to their
mass stoichiometric coefficients, given by

𝑠
𝑂

=
V
𝑂
𝑀
𝑂

V
𝐹
𝑀
𝐹

,

𝑠
𝑃𝑖

=

V𝑃𝑖
𝑀𝑂

V
𝐹
𝑀
𝐹

.

(3)

The products have lower weighting, with the values of 𝐴EBU
and 𝐵EBU being kept at the nominal values of 4.0 and
0.5, respectively, for all the reactions [30]. When a detailed
mechanism or anymultistep reactionmechanism is used, the
EBUmodel is applied to each of the reactions. For each reac-
tion rate, a turbulence-limited reaction rate 𝑅

𝑗,mix is calcu-
lated based on its own reactants and products.

The reaction rate for reaction 𝑗 predicted from finite-rate
chemistry is obtained using modified Arrhenius form, using
the detailed chemical mechanism selected for a particular
fuel:

𝑅
𝑗,kin = −𝐴

𝑗
𝑇
𝐵𝑗 ∏

all reactants
(

𝜌𝑌
𝑖

𝑀
𝑖

)

𝑝𝑖𝑗

𝑒
−𝐸𝑎𝑗/𝑅𝑇. (4)

In the species transport equations, the reaction source term
for each species is

𝑆
𝑖
= 𝑀
𝑖

𝑛𝑅

∑

𝑗=1

V
𝑖𝑗
𝑅
𝑗
, (5)

where the actual reaction rate is the minimum of the reac-
tion rates from the Arrhenius kinetic rate of (4) and the
turbulence-mixing rate of (2). This can be expressed math-
ematically as

𝑅
𝑗
= −min (


𝑅
𝑗,kin


,

𝑅
𝑗,mix


) . (6)

One-step global reaction mechanisms validated for a par-
ticular flame propagation phenomenon, such as a laminar
flame, are generally not applicable to ignition phenomena.
The hot jet ignition process in the CVC is a complex
transient reaction-mixing-diffusion problem that requires
detailedmodeling of chemistry. Nevertheless, somemultistep
reaction mechanisms, skeletal mechanisms, and reduced
mechanisms may be adequate for estimating ignition delay
and justifiable relative to the computational cost of a detailed
mechanism. Table 2 is a list of the reaction mechanisms used
in the present study for the three fuels. Reduced mechanisms
include algebraic equations for minor species concentrations
assumed to be in the steady state, which must then be added
to the main time-integration computation.

Table 2: Reaction mechanisms.

Fuel Mechanism reference Number of
reactions

Number of
species

Methane GRI-Mech 3.0 [21] 325 53
DRM19 [22] 84 21

Ethylene Luo et al. 2012 [23] 206 32
Propane UCSD [24] 173 40
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Figure 3: Fuel consumption rate integrated over the CVC chamber
for the two grids for methane mixture using DRM19 reaction
mechanism.

2.2. Grid Sensitivity. A grid-sensitivity study is presented
considering a methane-air mixture in the CVC chamber
and using a 21-species reaction mechanism, DRM19, in the
hybrid approach described above. Two different grid sizes
were used for the CVC chamber with minimum cell sizes
of 1.0mm (20,834 total cells) and 0.5mm (63,728 total
cells). The fuel consumption rates predicted with the two
grids were found to differ slightly and only after ignition
occurs, as presented in Figure 3. Although details of the
jet structure and flame propagation have visible differences,
the two grids also show similar history of jet penetration
and flame position (Figure 4). The critical feature of ignition
delay time as characterized by the rapid acceleration of fuel
consumption rate beginning at about 1.2ms from the start is
not significantly different between the two grids. Therefore,
it is deemed that the variations are acceptable relative to
the variability observed in experiments, and the grid with
minimum cell size of 1.0mm in the CVC chamber is used
henceforth. It should be noted that the present study is not
intended to resolve the flame thickness or to estimate flame
speed after ignition.Themesh used here is intended to predict
the ignition delay time influenced by mixing in relatively
large-scale jet vortex structures but may not be adequate
for predicting subsequent flame propagation controlled by
relatively smaller turbulence scales.

3. Mechanisms and Ignition Delay Predictions

The prediction of ignition behavior using appropriate chem-
ical kinetic mechanisms is a limited goal of this work. It is
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Figure 4: Methane mass fraction levels for two different grids
for methane mixture in the CVC chamber using DRM19 reaction
mechanism.

intended to elucidate the major determinants of ignition and
combustion acceleration, as a first step towards a definition
and measurement of ignition delay time for a transient jet.

3.1. Types of Reaction Mechanisms. Single-step mechanisms,
few-step global reaction mechanisms, and quasi-global
mechanisms that oversimplify key initiation steps are gen-
erally not validated for ignition delay prediction, and their
application for hot jet ignition study will be of limited
usefulness.With this caution inmind, a 4-step global reaction
mechanism for propane that is reported to be validated for
ignition delay in flow reactors and shock tubes [31] was
evaluated early in the present study. Using the modeling
approach for the CVC hot jet ignition system described
above, the reactive flow in the combustion chamber was sim-
ulated using the four-step reactionmechanism and a detailed
propane combustion mechanism [24]. The history of total
reaction rate of fuel in the CVC chamber predicted by the
two mechanisms (Figure 5) differs significantly, qualitatively,
and quantitatively in the first 3ms considered. Single-step and
few-step global mechanisms have implied representations of
flame species diffusion and intermediate species chemistry
that generally do not apply to jet ignition.Moreover, autoigni-
tion effects during shock-flame interaction require detailed
representation of initiation reactions. Henceforth, detailed or
skeletal reaction kinetic mechanisms are used for the further
detailed investigation presented here.

3.2. Ignition Chemistry for Methane. The detailed reaction
mechanism used in the present work for methane is GRI-
Mech 3.0 [21]. Incorporating the well-studied and unusual
reaction pathways and autoignition timescale of methane,
it involves 53 species among 325 elementary reactions. For
lower computational expense, a skeletal mechanism of 21
species, DRM19 [22], derived fromGRI-Mech 3.0 is also used.
A review of DRM19 is given by Mardani et al. [32]. The
average fuel consumption rate in the CVC chamber predicted
by GRI-Mech 3.0 and DRM19 is presented in Figure 6. It is
noted that, with either mechanism for methane, the reaction
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Figure 5: CVC chamber-integrated fuel consumption rate for
propane-air mixture, predicted using 4-step global reaction mecha-
nism and detailed reaction mechanism.
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Figure 6: CVC chamber-integrated reaction rate for methane-air
mixture, predicted using GRI-Mech 3.0 and DRM19.

rates are relatively small until the shock-flame interaction at
about 𝑡 = 1.2ms. The two mechanisms are in good agree-
ment on the peak value of fuel consumption rate but show
important differences. Examination of the history of CH

3
, an

important intermediate species, showed that DRM19 over-
predicts the CH

3
concentration beyond 𝑡 = 1.3ms, but the

timing of peak CH
3
corresponds closely with peak fuel con-

sumption with either mechanism. Considering the compu-
tation cost savings and typical variations observed in exper-
iments [8], predictions using DRM19 are deemed adequate
and are the basis of discussion henceforth.

3.3. Kinetic Mechanisms for Ethylene and Propane. The skele-
tal reaction mechanism used for ethylene involves 32 spe-
cies in 206 reversible elementary reactions [23] and is derived
from the USC Mech-II detailed mechanism [33]. For pro-
pane, the detailed reaction mechanism from the University
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Figure 7: Combustion progress for stoichiometric methanemixture in the CVC chamber. (a) Temperature levels from simulations. (b) Flame
luminosity in high-speed video images [8].

of California, San Diego, is used, which involves 40 species
[21]. The reaction rates for different fuels are compared and
discussed further in later sections.

3.4. Ignition Delay. The ignition delay for room-temperature
CVC fuel-air mixtures using methane, ethylene, and propane
will be discussed in this section. While there are many
definitions of ignition delay time for different modes of
ignition, the estimation of ignition delay time generally
requires interpretation of the evidence for accelerating reac-
tion. For shock-initiated ignition of premixed gas, Davidson
and Hanson [34] reported that pressure is a good indicator
of ignition at high fuel concentrations. They also found that
CH∗ and OH (and intermediate species C

3
H
6
) mole fraction

histories show clear evidence of a change owing to ignition.
In hot jet ignition, where the chemically active hot gas mixes
with the cold combustible mixture, the definition of ignition
delay must ideally consider all steps from the mixing process
to the release of substantial fuel energy. With this caveat, the
ignition event could reasonably be defined as occurring either
at the time of maximum rate of change or at the time when
the peak value of some species or variable such as [OH], [CH],
or pressure is reached. Alternatively, it could be based on an
extrapolation of the maximum slope to the zero signal level.

A goal of this work is to understand the main features of
ignition observed in experiments. High-speed video images
of the experiments [8] are presented in Figure 7 for the meth-
ane mixture. Despite geometry differences, there is some

qualitative similarity in stages of the jet, its penetration,
and regions of high flame (soot) luminosity when compared
alongside with predicted flame temperatures over about
2000K. In particular, despite jet penetration and mixing,
there is significant reaction progress; that is, ignition does
not occur in both experiment and simulation until the arrival
of the first reflected shock at about 𝑡 = 1.2ms. In contrast
with methane, experiments [7] using propane and ethylene
show relatively little influence of any specific shock wave
interaction. A comparison of the predicted spatial and tem-
poral fuel concentration for methane and ethylene (Figure 8)
supports this experimental observation. Despite remarkable
similarity of jet development and even of the shape evolution
of the leading edge of fuel consumption front, the timing of
substantial fuel consumption is very different (Figure 9(a)).

These observations must be interpreted carefully, consid-
ering the spatial distribution of fuel over time, the expected
chemical kinetics in a mixture which is initially at room tem-
perature, and the limitations of the computational method.
During the computed time period, high rates of fuel con-
sumption occur in a spatially broad region of CVC mixture
entrained in the jet, for both ethylene and methane, though
at later times for methane. Even the postshock increase in
reaction rate of methane is primarily associated with the
temperature and concentration changes of the partiallymixed
gas region, due to bulk stirring driven baroclinic vorticity
deposited in the region and by shock compression heating.
Mainly transverse temperature gradients (Figure 7(a)) before
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Figure 8: Fuel mass fraction: (a) methane-air combustion predicted using DRM19 (21 species) reaction mechanism; (b) ethylene-air
combustion predicted using detailed reaction mechanism (32 species).

shock arrival are later smeared away. The shock interaction
with the density gradient at the leading edge of this region is
dramatic but probably secondary for fuel consumption until
a “flame” exists there.

The computed fuel and oxygen consumption rates for
methane, ethylene, and propane integrated over the CVC
chamber are revealing. In Figure 9(a), the consumption rate
of fuel mass over time confirms the slower kinetics of meth-
ane relative to other fuels. For methane, consumption accel-
erates rapidly after shock arrival at the reacting region at
1.2ms. This is attributed to the temperature increase by com-
pression of the interior bulk of this region and smaller-scale
mixing and homogenization due to baroclinic vorticity depo-
sition within this region. For ethylene and propane, at the
same initial temperatures, the fuel consumption occurs rather
steadily from the time the hot jet enters the CVC chamber
(𝑡 = 0.2ms), and no sharp increase is seen upon shock com-
pression. However, in Figure 9(b), it is seen that oxygen con-
sumption rate in the CVC chamber undergoes rapid increase
at shock compression for all three fuels.This reflects oxidation
of intermediate hydrocarbon species that had already been
created from ethylene and propane, while for methane it is
primarily the initial oxidation of the fuel. Thus the shock
does influence the heat release phase of reaction for all three
fuels, but it is decisive in initiating the reaction of methane.

Experiments with hot jet ignition [7, 8] using high-speed
video images tend to support this interpretation, in that hot
soot incandescence appears to occur only after shock arrival
for all three fuels.

The chamber-integrated histories of some intermediate
species are shown for methane, propane, and ethylene fuels
in Figure 10. Comparing the histories of intermediate species
concentration in the CVC chamber for different fuels, it is
seen that C

1
and C

2
species history exhibits slower ignition

activity for methane when compared with ethylene and
propane.Thehistory ofOH,H, andHO

2
shows similar trends

for all three fuels. In the next section, we use detailed maps of
the distribution of some species to explain the above trends
from the reaction pathways for conversion of a fuel mixture
into final products CO

2
and H

2
O.

Examining methane combustion in more detail, the
history of molar concentration of important intermediate
species in the CVC chamber is presented in Figures 10(a) and
10(b). The CH

3
concentration appears to be a useful indi-

cator for ignition delay time quantification; it is seen in
Figure 10(a) that a rapid increase of CH

3
occurs between 𝑡 =

1.2ms and 𝑡 = 1.5ms. Observing the molar concentration
histories of OH, H, and HO

2
(Figure 10(b)), it appears that

the production of these species peaks near 2.5–3ms, which
is about a millisecond later than when the hydrocarbon
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Figure 9: Comparison of fuel and oxygen reaction rates in the CVC chamber for three fuel mixtures, integrated over the chamber volume.
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Figure 10: CVC chamber-averaged molar concentrations of intermediate species for different fuel-air mixtures.

intermediate with one or two carbon atoms (C
1
and C

2
)

species shows peaks. To understand these trends better, the
distribution of representative species is examined. In Figure
11, it is observed that the small hydrocarbon species CH

3

is concentrated in the “flame” at the boundary between the
jet mixing region and the unburned region, and similar dis-
tribution is observed for CH

2
OandHCO.On the other hand,

CO (Figure 12) persists in the jet mixing region for a brief
time and is always present in the flame. In contrast, OH
(Figure 13) andHare formed and persist for a relatively longer

period throughout the jet mixing region; thus the quantities
of H and OH are overall greater than the minor C species.

These observations point to the need for studying the
chemical activity in the mixed region and in the boundary
region separately, as both can be important for ignition and
combustion activity in the chamber. In particular, the arrival
of the shock wave triggers the formation of H, OH, and HO

2

in the bulk of the mixing region for all three fuels. Thus, even
in the case of ethylene and propane, where there is quicker
initial reaction of the fuel molecule within the mixing region,
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Figure 11: CH
3
mass fraction during methane-air combustion

predicted using DRM19 mechanism.

the formation of H, OH, and HO
2
is significant only after

shock arrival.

3.5. Reaction Pathways. In this section, reaction pathways are
discussed for methane, ethylene, and propane combustion.
For methane fuel, the temperature predicted in the CVC
chambermixed region, before ignition occurs at about 1.2ms,
is found to be in the range of 1600–1800K.The reaction path-
ways for the combustion of methane are dependent on
the initial composition and temperature. The jet composed
of combustion products entrains fuel and air into vortical
structures that may be treated as stirred reactors. In well-
stirred reactors at high temperature (>2000K), the main
pathway for CH

4
combustion is [35, 36]

CH
4
→ CH

3
→ CH

2
O → HCO → CO → CO

2 (7)

At low temperature (<1500K), an additional reaction path-
way of methane combustion is [33]

C
2
H
6
→ C

2
H
5
→ C

2
H
4
→ C

2
H
3
→ C

2
H
2

→ CO,CH
2

(8)

The reaction mechanism used in this work for methane,
DRM19, does not include C

2
H
3
and C

2
H
2
. It does include

C
2
H
6
, C
2
H
5
, and C

2
H
4
, and these may be used to infer the
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Figure 12: CO mass fraction during methane-air combustion
predicted using DRM19 mechanism.

importance of the low-temperature pathway. From Figures
10(a) and 10(b), it is observed that the relative stability ofC

2
H
4

appears to limit rapid fuel consumption until reflected shock
interaction about 1.2ms. CH

2
, CH
3
, CH
2
O, and other higher

hydrocarbons attain their maximum molar concentrations
between 1.5ms and 1.7ms and then decrease through the
oxidation of these species into CO and eventually into CO

2

at about 3.0ms, as seen later. It is noted that there is again a
slight increase in CH

2
O and HCO around 2.6–3.0ms.This is

consistent with the above mechanisms and with examination
of the distribution of these two species (not shown here).
The molar concentration of H, OH, and HO

2
is observed to

increase from about 1.2ms to about 2.9ms.
The appearance of hydrocarbonmolecules larger than the

initial reactant hydrocarbon is a feature of low-temperature
oxidation [35]. The relative levels of C

2
H
4
and other C

2

species (Figure 10) indicate that the low-temperature reac-
tions pathways may be active in the CVC jet ignition. It can
be thus inferred that the two reaction pathways described
above are probably both important. It can be observed from
Figure 10(a) that the intermediate species C

2
H
4
continuously

increases from the time the hot jet enters the CVC chamber.
This behavior is very different from other C

1
/C
2
species for

methane combustion.
The level plots of CH

3
, OH, and CO in Figures 11–13

allow deeper understanding of the processes in the mixed
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Figure 13: OH mass fraction during methane-air combustion
predicted using DRM19 mechanism.

region near the jet and the boundary between the mixed
region and unburned region. The distribution of CH

3
in

Figure 11 shows concentrations in the mixing region initially,
with rapid formation in several localized areas when the first
shock compresses the mixed region at 1.2–1.3ms. After about
2ms CH

3
is concentrated at the boundary flame between

the mixed and unburned regions. The CH
3
concentration

within the flame is observed to increase again when the next
shock reflection arrives from the unburned region at about
2.6ms. This is expected as the freshly burning fuel produces
CH
3
and it is quickly consumed; the enhanced mixing and

compression heating by the shock increases the rate of fuel
consumption locally, producing CH

3
.

In contrast with the minor hydrocarbon intermediates,
the distribution of OH and CO is more uniform and persis-
tent throughout the jet mixing region.TheOH concentration
(Figures 10 and 13) grows slowly within the mixing region,
intensifying with themultiple shock interactions, throughout
the simulation period until 3.0ms. The CO concentration
(Figure 12) also grows throughout the mixing region, reach-
ing highest levels around 1.6–1.8ms and then falling with
oxidation to CO

2
.

These observations point to the need for carefully mod-
eling the ignition process by considering the mixing and
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Figure 14: Fuel consumption rate for original CVC chamber and
extended CVC chamber.

chemical kinetic processes in the jet mixing region. For
methane mixture that is initially at room temperature, the
heat-releasing processes that involve CO and OH appear to
be relatively slow compared to the mixing processes. The
relatively mixed region undergoes chemical changes that are
sensitive to shock heating in the experienced temperature
range. These shock events are important in the success of
ignition in this region.

The chemistry at the boundary between the mixed region
and the unburned region must be considered separately
to understand the formation of a propagating flame. The
flame behavior is also influenced by shock interaction and
by preexisting and generated turbulence. This shock-driven
flame acceleration is a separate phenomenon [37, 38] beyond
the scope of this work.

For propane combustion (Figure 10), the chamber-
integrated trends for C

1
/C
2
species are seen to be rather dif-

ferent from that for methane, but the trends for OH/H/HO
2

are quite similar. The spatiotemporal distribution of several
species was examined for propane or ethylene but was
not shown here for brevity. A consequence of the propane
reaction pathways is the high production of ethane, C

2
H
6
,

with peaks corresponding to the two major shock-flame
interactions, while other C

2
/C
1
species are seen to be con-

sumed. C
2
H
6
is generated and remains as a stable species for

some time in the combustion of propane.
For ethylene combustion, Westbrook et al. [39] reported

that H-atom abstraction from ethylene by OH attack domi-
nated fuel consumption based on well-stirred reactor exper-
iments operating at atmospheric pressure and temperature
in the range of 1003 to 1253K. The initial reaction during
the combustion of higher alkane and alkene compounds
is dominated by the 𝛽-scission process [40], which leads
to the production of ethylene. While a substantial amount
of ethylene is oxidized to C

1
species and formaldehyde,

acetylene may form as a result of pyrolytic reactions of
ethylene. For stoichiometric to fuel rich flames, acetylene is
the dominant intermediate.
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A pressure-gain constant-volume combustor using hot jet
ignition (such as a wave rotor) may be required to start up
and operate with various fuels (such as natural gas and jet
fuel) at low mixture temperature, more so than combustion
engines withmechanical compression.The different behavior
of ethylene and propane combustion compared to methane
at low initial temperature underlies the need for applying
detailed kineticmodels to hot jet ignition considering specific
fuels and operating temperature range. These are topics of
ongoing and future investigations.

3.6. Shock Interaction Timing. The ignition delay in the com-
bustion of mixture in the CVC chamber is dependent on the
delay time due to chemical kinetics as well as the delay time
due to mixing and jet penetration.The internal gas dynamics
of a long closed chamber typically gives rise to the discussed
shock wave that reflects and returns to the region of ignition.
The chemical ignition delay time may be shortened by shock
compression and vorticity deposited in nonuniform density
regions.

It is useful to verify that the timing of shock arrival
controlled the timing of significant chemical reaction in the
jet mixing region. For this, the length of the CVC chamber
was increased to 20 inches from original 16 inches, which
would delay the reflecting shock return.This case is simulated
for the combustion of methane using DRM19, and results are
compared with the original geometry. Shock wave reflection
for the extended length CVC chamber was seen at time 𝑡 =

1.0ms, later than for the original geometry (𝑡 = 0.8ms).
Similarly, the deformation of the flame front was seen at
about 𝑡 = 1.8ms for extended length CVC chamber, later
than 𝑡 = 1.4ms for original geometry. The fuel consumption
rates for two cases are presented in Figure 14. The longer
CVC chamber causes a delay of approximately 0.2ms in the
sudden rise of fuel and oxygen consumption rates, but the
peak rate is lower. This is attributed to the fact that there has
been additional time for mixing, resulting in weaker density
gradients and less intensity of stirring by shock-deposited
vorticity. Additional fuel reaction during this 0.2ms delay is
seen to be quite small.

Subsequent flame propagation may also be enhanced by
baroclinic vorticity deposition as the driver of the interface
deformation produced at different scales [41]. Analytical
studies, experiments, and numerical simulations of the classic
Richtmyer-Meshkov instability have been reviewed byRupert
[42], Zabusky [43], and Brouillette [44], respectively. The
interactions of expansion waves as well as shocks to area
increase and amplification of fuel reaction rate has been
reported [37, 38, 41, 45]. Shock-flame interaction study is
beyond the scope of this work.

4. Conclusion and Future Work

Detailed numerical simulations have been performed to
investigate the ignition characteristics of a hot jet igni-
tion in a constant-volume combustor, initially containing
fuel-air mixtures at room temperature. Detailed chemical
kinetic mechanisms have been used to characterize ignition
processes for three hydrocarbon stoichiometric mixtures

considered in the CVC chamber. Initial reactions of methane
are expectedly slowupon jet injection andmixing.The forma-
tion of C

1
/C
2
intermediate species signifies the breakdown of

fuel species but does not necessarily signify that heat release
has commenced. The times of sudden increase in oxidation
rates and OH, H, and HO

2
production rates for all the three

fuelmixtures are seen to be associatedwith observed reflected
shock interaction with the mixed region of injected hot gas
and fuel-air mixture. These observations indicate that the
effect of propagating waves is important in accelerating com-
bustion by shock compression and acceleratedmixing at loca-
tions where fuel-air mixture is being entrained by the hot gas
jet.

Based on the relative levels of C
2
species, it is inferred that

the low-temperature and high-temperature reaction path-
ways of methane combustion are probably both important.
The substantial conversion of intermediate species into CO

2

takes about 1.5ms from the time the intermediate species are
first produced significantly, thus complicating the definition
of an ignition delay time. Computations indicate that the
fuel consumption rate increases significantly due to shock-
flame interactions, which play a major role in ignition. This
has been demonstrated by modeling two cases with different
lengths of the CVC chamber. Ignition of the mixture is
seen to be delayed by the expected additional time for the
initial shock wave to reflect and return to the jet mixing.
There are multiple ways in which the combustion rate is
accelerated by the shock interaction, including baroclinic
vorticity stirring of nonuniform regions within the jet mixing
region and shock compression increase in temperatures. For
the room-temperature mixtures considered, the temperature
increase due to shock compression may be critical. It is
expected that, with higher initial mixture temperature that
may be representative of practical systems and operating
conditions, the shock contribution to faster mixing and flame
acceleration may become more important. The experimental
and numerical assessment of ignition over a wider range of
initial temperature is a needed area of investigation, ideally
with fully three-dimensional modeling of the jet mixing
process.
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