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Abstract 

An ignition time model is developed to model super knock in a compression engine. The model assumes 
that thermoacoustic interaction is the primary mechanism for the onset of super knock. By ignoring diffusive 
effects, a simple transport equation for the time to ignition of a fluid particle is derived. The significantly 
reduced cost of the chemistry model allows for complex hydrocarbon fuels to be simulated. Additionally, a 
zonal model for the secondary ignition of a charge due to the action of an expanding flame is developed. 
The flame compresses the unburned gas, causing the temperature and pressure to rise, which yields a pre- 
ignition in the unburned gas before the charge is engulfed by the flame. It is shown that the ignition time 
model compares well to the detailed chemical model with less than 1% difference in the prediction of ignition 

delay. Using this ignition time model, a multi-dimensional simulation of super knock in a rapid compression 

machine corresponding to the configuration of Wang et al. [1] is performed. It is found that interaction of the 
shock with the flame and the side wall of the cylinder significantly enhances the strength of the shock, and 

the in-cylinder pressure exceeds 300 bar. From the pressure rise predicted by the simulation, it is concluded 

that simulated ignition is a super knock event. Since the ignition time model excludes diffusive effects on the 
chemistry, it is proposed that acoustic resonance of the cylinder is the primary driver in the development 
of super knock for the configuration under examination and that inhomogeneous ignition due to transient 
flame compression could be a key mechanism for super knock. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Innovations in the operation of spark-ignition 

(SI) engines have dramatically reduced emissions to 

meet increasingly stringent standards, but gains in 

the fuel economy of SI engines have comparatively 
trailed. Downsizing and super-charging (DSC) [2] , 
has emerged as a means to increase thermody- 
namic efficiency through the reduction of pump- 
ing and friction loads on an engine. However, the 
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nhomogeneous ignition phenomena known as su-
er knock has been found to be a limiting factor for
he practical production of DSC engines. 

Super knock is a rare event that is characterized
y the formation of a high-pressure wave from an

gnition kernel [1,3] . Super knock is far more se-
ere than conventional knock with over-pressures
hat are usually an order of magnitude greater than
he pressure at top-dead-center [4] , and can destroy
ngine components in a single cycle [5] . Qi et al.
ound an increasing propensity for stoichiometric
so-octane to undergo super knock at higher pres-
ures in a rapid compression machine [6] , which
orresponds to a boosted condition in a SI engine. 

Due to the high peak pressures and wave speed,
uper knock is often considered to be a detonative
vent. Theory describing the development of a det-
nation from an exothermic reaction center (also
nown as a hot-spot) typically utilizes Zeldovich’s
calings [7,8] , which compares the acoustic speed to
he reaction front gradient: 

= a ‖∇τign ‖ , (1)

here ξ is the non-dimensional chemical reso-
ance, and a is the sound speed. This param-
ter states that self-excitation is possible when
he chemical resonance is near unity. Lee et al.
9] found experimentally using photochemical de-
osition that gradients in the induction time lead to
etonation formation, which the authors deemed
he Shock Wave Amplification by Coherent En-
rgy Release (SWACER) mechanism. Sharpe and
hort [10] found through asymptotic analysis using
 two-step chemical model that for sufficiently shal-
ow induction gradients, the reaction wave prop-
gates supersonically and is determinable only
rom initial conditions. Furthermore, Bradley and
oworkers [11–13] , extended the scalings of Zel-
ovich to include an acoustic residence parameter,
, which characterizes the interaction of the heat
elease with compression waves: 

 = 

r 0 
τe a 

, (2)

here the excitation timescale, τ e , characterizes
he time over which the majority of the heat de-
osition occurs, and the initial hot-spot radius

s given by r 0 . Qualitative agreement was found
n one-dimensional simulations of hot-spot igni-
ion to the proposed regime boundaries in ξ − ε
pace [11,14,15] . Peters et al. [16] utilized dissipa-
ion element theory [17,18] and the parameters of 
radley to construct a model for the occurrence
f super knock in a turbulent flow; using this, the
uthors found though multi-dimensional numeri-
al simulations that higher boost pressures, higher
all temperatures, lower engine speeds, and lower
ctane numbers increase the probability of super
nock. 

While significant evidence has been found to
upport the self-excitation description of super
knock in one dimension, recent visualizations
of super knock in a rapid compression ma-
chine [1,6] show a significant multi-dimensional
interaction of the ignition kernel with the wall
boundary, including the enhancement of the deto-
nation wave through reflection. Hence, the param-
eters of Bradley are a useful but incomplete de-
scription of the super knock phenomena, and the
predominant dynamics of the chemico-physical in-
teraction in knock-to-super-knock transition is not
well-understood at a fundamental level. That is, an
understanding of the ignition kernel development
and shock wave enhancement is needed. Hence, the
objective of this work is two-fold: to develop a low-
order chemical model capable of simulating gas-
dynamic ignition phenomena, and to employ this
model for a multi-dimensional simulation of super
knock. The chemical model utilized for this work is
discussed in Section 2 . Next, this model is validated
against detailed chemistry for an engine-relevant
configuration in Section 3 . Section 4 discusses the
set-up and results of a multi-dimensional model us-
ing the the ignition time chemical model. Finally,
conclusions of this work are offered in Section 5 . 

2. Chemical model 

The processes of super knock are proposed to
be driven primarily by acoustic resonance in the
cylinder of an IC engine or RCM. While such phe-
nomena may be captured with a detailed chemi-
cal model, resolving a simulation to the necessary
resolution is computationally infeasible for more
than one dimension; additionally, detailed chemi-
cal models for detonative phenomena become du-
bious at super knock conditions as pressures can
regularly exceed 300 bar. With the acknowledgment
that there is significant epistemic uncertainty in the
chemical model at high pressure conditions [19] ,
an ignition time model is developed, which is pro-
posed to capture the germane thermoacoustic igni-
tion phenomena. 

2.1. Derivation of ignition time model 

Let τ be the time until ignition for a control mass
of fluid and the differential increment in a non-
dimensional state vector, s , be defined as 

d s = [d log ρ, (γ − 1) −1 d log T, d Y 

� ] � , (3)

where the mass fraction vector is Y ∈ R 

N sp , and the
specific heat ratio, γ ( T , Y ), is not necessarily con-
stant. Then by the chain rule, 

D τ

D t 
= 

∂τ

∂s 
D s 
D t 

. (4)

The ignition time of a fluid particle at the outset
is given by τ0 = τign (T 0 , p 0 , Y 0 ) , and τ ign is the ig-
nition delay given by an adiabatic, isochoric reac-
tor. Note that while τ ign is the ignition delay of 



K.P. Grogan, M. Ihme / Proceedings of the Combustion Institute 37 (2019) 3487–3494 3489 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

an isochoric reactor from a known state, the ig-
nition time, τ , is more general and may follow a
path which differs from an isochoric reactor (for
instance, in the case of varying density or compo-
sition). 

Neglecting diffusion, viscosity, and gravity, con-
servation of mass, energy, and species yield the fol-
lowing transport equation for the state vector: 

D s 
D t 

= −(∇ · u ) e 1 + 

(
˙ q ′′′ 

p 
− ∇ · u 

)
e 2 + 

N sp ∑ 

i=1 

˙ ω 

′′′ 
i 

ρ
e i+2 , (5)

where ˙ ω 

′′′ 
i is the mass production rate of the i th

species, and the j th unit vector is denoted as e j .
Eq. (5) is exactly separable into the source term due
to the chemistry, f chem , and the gas-dynamics, f gas : 

D s 
D t 

= f chem (s ) + f gas (u ) . (6)

where 

f chem (s ) = 

˙ q ′′′ 

p 
e 2 + 

N sp ∑ 

i=1 

˙ ω 

′′′ 
i 

ρ
e i+2 , (7a)

f gas (u ) = −(∇ · u )(e 1 + e 2 ) , (7b)

and u is the velocity of the fluid. Combining
Eqs. (4) and (6) , the transport equation for the ig-
nition time becomes 
D τ

D t 
= 

∂τ

∂s 
f chem (s ) + 

∂τ

∂s 
f gas (u ) . (8)

Since the chemical source term is equivalent to that
of an adiabatic, isochoric reactor, in the absence of 
gas-dynamic forcing, the particle must progress on
the same path as an isochoric reactor. Hence, 
∂τ

∂s 
f chem (s ) = −1 , (9a)

D τ

D t 
= 

∂τ

∂s 
f gas (s ) − 1 . (9b)

Now, it is clear that in the limit of no gas-
dynamic forcing, D τ

D t = −1 , and τ = 0 at t = τ0 =
τign (T 0 , p 0 , Y 0 ) ; that is, the ignition delay of an iso-
choric reactor is recovered. 

Additionally, if progress of the reaction, C ∈ [0,
1], during the induction step is assumed to be only
a function of the mass fraction, then the ignition
time can be written in following functional form: 

τ (ρ, T, Y ) = C(Y ) τign (ρ, T, Y 0 ) . (10)

Making use of Eqs. (9) and (10) , the ignition trans-
port equation is determined to be 

D τ

D t 
= −

[
∂ log τign 

∂ log ρ
+ (γ − 1) 

∂ log τign 

∂ log T 

]
τ∇ · u − 1 . (11)

Hence, it is shown that the ignition time of the reac-
tion proceeding along an isentropic path is altered
in accordance to the dilatation and the ignition de-
lay sensitivity. In general, the ignition delay may be
a rather complex function such as in fuels exhibit-
ing negative temperature coefficient characteristics
or near limits. However, the following relation is 
presumed to hold well locally: 

τign (ρ, T, Y 0 ) 
τign (ρ0 , T 0 , Y 0 ) 

= 

(
ρ0 

ρ

)n 

exp 
[
	

(
T 0 
T 

− 1 
)]

, (12) 

where the density exponent is denoted by n , and 

	 = E s / (R T 0 ) is the reduced activation energy. Sub- 
stituting Eq. (12) into Eq. (11) , the ignition time 
model is given by 

D τ

D t 
= 

[
n + (γ − 1)	

T 0 
T 

]
τ∇ · u − 1 . (13) 

Hence, given the separability assumption shown in 

Eq. (6) and the neglection of diffusive effects on ig- 
nition, the time to ignition is found to be a func- 
tion of the sensitivity to density and temperature 
changes compounded with the dilatation. 

The definition of the ignition time is arbitrary in 

this model and can be set to any criterion of igni- 
tion delay (e.g., maximum hydroxyl radical, peak 

heat release, etc.). Furthermore, the derived igni- 
tion time transport equation does not explicitly in- 
corporate the excitation time. For calculations re- 
quiring the effects of heat release (e.g., the multi- 
dimensional simulation discussed in Section 4 ), the 
relationship between the heat release and the igni- 
tion time must be defined. 

2.2. Connection to the Livengood–Wu knock 

relation 

The ignition time model described in 

Section 2.1 is qualitatively similar to the 
Livengood–Wu knock relation [20] given by 

D C 

D t 
= − 1 

τign (ρ, T, Y 0 ) 
, (14) 

where it is assumed that the progress rate of the 
reaction is invariant for a given state. Utilizing 
Eq. (10) and the Livengood–Wu knock relation, the 
alternative ignition time transport equation can be 
shown to be 

D τ

D t 
= −

[
∂ log τign 

∂ log ρ
+ (γ − 1) 

∂ log τign 

∂ log T 

]
τ∇ · u 

+ τ (γ − 1) 
∂ log τign 

∂ log T 

˙ q ′′′ 

p 
− 1 , (15) 

which is equivalent to Eq. (11) in the limit of mild 

heat release. In the limit of no dilatation, it is man- 
ifest that this model produces an erroneous igni- 
tion delay in general; however, most applications of 
this model neglect heat release. While this condition 

is approximately true during the induction period, 
the derived model has a more exact accounting for 
the heat release, and is therefore considered to be a 
more complete model. 
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Fig. 1. Super knock configuration. The subscripts “U”
and “B” denote the unburned and burned states, respec- 
tively. The plane used for the multi-dimensional simulated 
is marked with the dotted line. 
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. Validation of the ignition time model 

The ignition time model developed in
ection 2 reduces the multiplicity of combustion
ime scales that exist during the induction period
f an ignition event to a single ignition time, τ .
ence, validation is required to ensure that the

gnition time model has sufficient fidelity to make
 reasonable argument towards its utility. For
his, an idealized zonal model of flame-induced
re-ignition representative of the super knock
vent found by Wang et al. [1] is developed. The
rimary purpose of this zonal model is for general
omparison of the ignition time chemical model
gainst detailed chemistry during transient com-
ression; however, the secondary purpose is to gain
onfidence in the ability of the ignition time model
o replicate the low-order ignition dynamics for
se in the multi-dimensional simulation discussed

n Section 4 . 
Consider a spherical flame in an RCM at the

nd of compression as shown in Fig. 1 . The vol-
me is divided into two zones: a spherical section
ontaining the burned gas with properties denoted
y the subscript “B”, and the remainder of the
olume containing the unburned gas with proper-
ies denoted by the subscript “U.” The flame acts
o nearly isotropically compress the unburned gas
ixture, raising the temperature and density of the

nburned gas mixture from its initial values of T 0
nd ρ0 , respectively. If the ignition chemistry of 
he unburned gas is sufficiently accelerated by the
ame-induced compression, pre-ignition may oc-
ur before the unburned gas is consumed by the
ame; furthermore, if the ignition is sufficiently lo-
alized, super knock may occur. 

Conservation of mass for the entire volume,
onservation of energy across the flame, and the
sentropic relation for the unburned gas give 

B V B + ρU 

(V − V B ) = ρ0 V, (16a)

 p (T B − T U 

) = Q, (16b)
T U 

/T 0 = ( ρU 

/ρ0 ) 
γ−1 

, (16c)

where V B = 4 πr 3 f / 3 is the volume of the burned
gas, V = πR 

2 h is the volume of the cylinder at
the end of compression, γ is assumed to be con-
stant, and the specific heat release is denoted by
Q . Assuming that the pressure is constant across
the flame, the ideal gas equation gives ρB T B /W B =
ρU 

T U 

/W U 

, where W B and W U 

are the molecular
weights for the burned and unburned states, respec-
tively. Using the ideal gas equation and the relations
given in Eq. (16) , the relationship between the ra-
dius of the flame kernel and the density of the un-
burned gas is given by the algebraic relation, 

r f 
R 

= 

{ 

3 
2 AR (ρ0 /ρU 

− 1)[1 + β(ρ0 /ρU 

) γ−1 ] 

W B /W U 

− [1 + β(ρ0 /ρU 

) γ−1 ] 

} 1 / 3 

, 

(17)

where the aspect ratio is given by AR = h/ (2 R ) ,
and β = Q/ (c p T 0 ) is the heat release parameter. It
is assumed that the heat release parameter is con-
stant, and that the specific heat ratio in the un-
burned gas is invariant. 

The ignition delay of the unburned mixture can
be found by first determining the flow divergence: 

∇ · u = −d log ρU 

d t 
= −d log ρU 

d r f 
S f , (18)

where the relation d r f / d t = S f is employed, and
dlog ρU 

/d r f is found using Eq. (17) . Substitution of 
Eq. (18) into Eq. (13) gives the zonal model for igni-
tion. In this simplified zonal model, the flame speed
is assumed to be a representative constant; however,
the transient increase in pressure, curvature, heat
transfer, and the development of turbulent burning
could alter the flame speed. Hence, caution should
be employed if a computed laminar flame speed is
utilized in conjunction with this model. 

A comparison of the zonal model for the igni-
tion time chemistry and a detailed chemical model
is shown in Fig. 2 . The mixture is stoichiomet-
ric iso-octane and oxygen diluted with 77.7% ar-
gon, and the initial density and temperature are
10.2 kg/m 

3 and 932 K, respectively. The initial con-
ditions match the experiment of Wang et al. [1] .
The reacting temperature trace is found by forc-
ing an adiabatic, constant-volume reactor with the
flow divergence given in Eq. (18) . The flame speed is
taken to be the mean value 10.7 m/s as reported by
Wang et al. [1] . As shown in Fig. 2 , only the detailed
chemical model releases heat, and for the ignition
time and Livengood–Wu models, the temperature
and density only change due to the gas-dynamic
forcing of the flame. 

It is shown that the compression of the un-
burned gas causes the ignition time model to
reach a value of zero at t/τign = 0 . 415 , indicat-
ing the 58.5% reduction in ignition delay; this oc-
curs before the flame’s radius reaches the side wall



K.P. Grogan, M. Ihme / Proceedings of the Combustion Institute 37 (2019) 3487–3494 3491 

Fig. 2. Comparison of the ignition time model to detailed 
chemistry and the Livengood–Wu relation for the zonal 
model of flame compression. The mixture is stoichiomet- 
ric iso-octane and oxygen with 77.7% argon dilution. The 
initial density and temperature are 10.2 kg/m 

3 and 932 K, 
respectively. The reacting temperature trace and the chem- 
ical parameters in Eq. (13) are found using the detailed 
iso-octane mechanism due to Mehl et al. [21] . The igni- 
tion delay at the initial state is τign = 4 . 51 ms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

showing that this mixture is likely to pre-ignite.
Additionally, the detailed chemistry predicts a
58.7% reduction in ignition delay, which corre-
sponds quite well with the ignition time model.
Furthermore, the Livengood–Wu relation as given
by Eq. (15) shows similar correspondence with a
60.5% reduction in the ignition delay. Hence, it is
shown that the ignition time model is capable of 
predicting the ignition delay of a fluid undergo-
ing compression at a significantly reduced compu-
tational cost. Compared to the detailed model, the
ignition time model requires one one-thousandth
of the computation time. With this, confidence is
gained that such a model would be effective in a
multi-dimensional simulation. 

4. Multi-dimensional modeling of super knock 

The zonal model discussed in Section 3 can be
employed to predict whether pre-ignition will occur
when the mixture is compressed by a flame. How-
ever, it is incapable of predicting super knock since
this phenomenon is governed by the development
of multi-dimensional ignition time gradients, shock
wave amplification, and wave reflection. Hence, a
multi-dimensional model is employed to capture
the relevant physics of super knock. The configu-
ration is akin to that shown in Fig. 1 and matches
the RCM experiment of Wang et al. [1] . 

The RCM configuration is chosen to minimize
the turbulent diffusion and to isolate the effect of 
flame compression on the observed ignition in the
replicated experiment. Correspondingly, the igni-
tion time model developed in Section 2 is formu-
lated specifically to examine whether gas-dynamic
compression can solely produce an inhomogeneous 
ignition event. While the RCM configuration does 
not contain all the physical processes that are rep- 
resentative of a DSC internal combustion engine, 
it allows us to isolate underlying physical processes 
and examine whether the inhomogeneous ignition 

is due to transient compression rather than the de- 
velopment of a random turbulent hot-spot. Hence, 
the current simulation is of a simplified configura- 
tion utilized to identify the thermoacoustic mecha- 
nism of super knock and to provide further valida- 
tion of the ignition time model. Extensions of the 
model to turbulent conditions may be made but are 
the subject of future work. 

4.1. Set-up 

The flow-field is described by the reacting, com- 
pressible Navier–Stokes equations: 

∂c t + ∇ · (F a + F d ) = � (19) 

where 

c = [ ρ, ρY , ρτ, ρu � , ρe ] � , (20a) 

F a = [ ρu , ρu Y , ρu τ, ρuu � − pI , (ρe + p) u ] � , 
(20b) 

F d = [ 0 , j , 0 , τν, q ] � , (20c) 

� = [0 , ˙ ω 

′′′ , ˙ ω 

′′′ 
τ , 0 , Q ̇  ω 

′′′ ] � . (20d) 

The reactant mass fraction is denoted by Y ; 
e = p/ (γ − 1) + u � u / 2 is the total sensible energy; 
j = −ρD ∇Y and q = −λ∇T are the mass and ther- 
mal diffusion vectors, respectively; and the viscous 
stress tensor is modeled as τν = μ[(∇u + ∇u � ) −
2 / 3(∇ · u ) I ] . 

Heat is deposited into the mixture once the igni- 
tion time reaches zero; hence, the chemical source 
term for the ignition time is given by 

˙ ω 

′′′ 
τ = 

{ 

ρ
[ 
n + (γ − 1)	 T 0 

T 

] 
τ∇ · u − ρ τ > 0 

0 o.t.w 

, 

(21) 

and the reactant depletion is modeled by 

˙ ω 

′′′ = 

{− ρY 
τe 

τ = 0 
0 o.t.w 

, (22) 

where the chemical parameters (i.e., n , 	, τ e ) are de- 
termined using the detailed iso-octane mechanism 

of Mehl et al. [21] at the initial state. In general, 
these parameters depend on the thermodynamic 
state, which progresses due to gas-dynamic com- 
pression during the simulation; however for sim- 
plicity, these parameters are assumed to be con- 
stant. 



3492 K.P. Grogan, M. Ihme / Proceedings of the Combustion Institute 37 (2019) 3487–3494 

Fig. 3. Snapshots of the super knock ignition process. The time origin is the onset of ignition. The simulation condition 
matches the RCM experimental configuration of Wang et al. [1] . Contours in (b) are of the ignition time and are space 
logarithmically. 
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Near the flame front, the one-step chemical
odel, ˙ ω 

′′′ = Aρn Y exp (−	T 0 /T ) , is utilized to al-
ow for diffusive effects. Correspondingly while the
gnition time model assumes a negligible effect of 
iffusion on ignition away from the flame, diffusion
erms are retained in Eq. (20) to model flame prop-
gation. The pre-exponential factor, A , is adjusted
o match the experimentally-reported flame speed
f 10.7 m/s [1] . 

Since the primary focus of the current simu-
ation is the development of ignition away from
he flame front, a highly detailed model for the
ame is considered unnecessary. Additionally, it

s noted that adjustment of the pre-exponential
actor towards the replication of the experimental
ame speed resembles a thickened flame model ap-
roach, which has been employed in simulations
f engine knock [22] . Also, the configuration un-
er examination is a quiescent RCM, and a subgrid
cale combustion-turbulence-interaction model is
ot employed. However, caution should be used if 
he current model is employed in a turbulent simu-
ation of an IC configuration since this could have
n appreciable effect on the flame speed and corre-
pondingly, the compression rate of the unburned
as. 

The domain is a two-dimensional circular cross-
ection with a 50.2 mm radius. Since ignition occurs
hen the flame thickness is small with respect to the
ame radius, it is assumed that three-dimensional
curvature effects are negligible. An adiabatic, in-
viscid wall is the sole boundary condition. The
mixture is stoichiometric iso-octane and oxygen
with 77.7% argon dilution. The initial pressure and
temperature are 20 bar and 932 K, respectively;
these conditions were selected by Wang et al. [1] to
replicate a boosted IC configuration. The viscos-
ity and thermal conductivity are modeled using a
power law centered about the initial state, and the
Prandtl number is unity. Since the mixture is highly
argon-diluted, the specific heat ratio is kept con-
stant throughout the simulation. The calculation is
initialized with a circular kernel of 1 mm radius
burned gas equilibrated at constant volume, with
a 3 mm eccentricity. The eccentricity is found from
the experimental imaging [1] . 

A modified version of Cascade Technologies
compressible reactive flow solver (CHRIS) is em-
ployed. The solver is unstructured, second-order
accurate in space, and third-order accurate in time.
The grid is resolved to 30 μm, which corresponds
to 20 points across the heat release zone. An arti-
ficial viscosity technique is employed to regularize
the ignition time transport equation. 

4.2. Results 

The super knock ignition process is shown in
Fig. 3 . Two hot-spots are shown to form near
the side wall outside the flame at t = 4 . 84 μs.
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Fig. 4. Maximum and minimum cylinder pressures dur- 
ing the super knock event. 

Fig. 5. Comparison of the simulation in the coordinates 
of Gu et al. [11] . The empirical fit of Peters et al. [16] is 
utilized for the Developing Detonation boundary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ignition front grows, and a shock wave trav-
eling at 1100 m/s encircles the flame. The ignition
front strengthens significantly between the times of 
4.84 μs and 27.4 μs as reflection from the wall yields
a Mach stem. Furthermore, the eccentricity of the
flame focuses the shock, yielding higher post-shock
pressures with time; this gives a epicycloidal struc-
ture to the compression waves as shown in Fig. 3 (b).
Additionally, steep, anisotropic induction time gra-
dients are shown to develop near the secondary ig-
nition kernels. 

As shown in Fig. 4 , the maximum pressure in
the cylinder exceeds 300 bar at t = 72 μs, which is
approximately a factor of 10 higher than the min-
imum pressure. This time corresponds to the point
where the two pressure waves encircling the burned
gas collide. Hence, it is clear that the ignition event
is in the super knock regime from the peak cylinder
pressures found. 

The location of the simulation in the coordi-
nates of Gu et al. [11] is shown in Fig. 5 . The chem-
ical resonance and the acoustic residence param-
eters are defined in Eqs. (1) and (2) , respectively.
These parameters are computed at the location of 
the ignition kernels shown in the second frame of 
Fig. 3 using the simulation state immediately before
heat release (i.e., τ = 0 ). Both hot-spots yield ap-
proximately the same values of ξ and ε, and only
one is shown in Fig. 5 for clarity. Since the ignition
time is explicitly computed for the chemistry model,
it is utilized directly for the calculation of the in-
duction gradient. The ignition kernel length scale is
computed in analogy to the set-up of Gu et al. by
deriving an effective temperature fluctuation near 
the ignition kernel, which would lead to the ignition 

time computed in the simulation; the zero-crossing 
of this temperature fluctuation with respect to the 
distance from the hot-spot is taken to be the hot- 
spot radius, r 0 , which is found to be 4.8 mm. The 
simulation is shown to be outside the developing 
detonation regime; correspondingly, the simulation 

does not show the formation of the detonation; 
however, the reaction wave propagates supersoni- 
cally at 1100 m/s in correspondence its predicted 

regime. Hence, the coordinates of Gu et al. are 
shown to be in line with that found from the multi- 
dimensional simulation. 

Since the simulation excludes diffusive effects 
near the hot-spots, pre-ignition occurs due to 

acoustic interaction between the flame and the wall. 
As with the zonal model discussed in Section 3 , 
the zeroth order effect of the expanding flame 
is to compress the unburned mixture; however, 
modal fluctuations in pressure within the cham- 
ber yield localized hot-spots, which induce the nec- 
essary spatial gradients to develop into the super 
knock event shown in Fig. 3 . Hence, it is proposed 

that acoustic interaction between the flame and the 
cylinder is the primary driver in the development of 
super knock in the case simulated. 

5. Conclusions 

A new ignition time model is developed to study 
super knock through zonal modeling and multi- 
dimensional simulation. From this work, the fol- 
lowing conclusions are drawn: 

• It was demonstrated through the devel- 
opment of the ignition time model in 

Section 2 that the gas-dynamic forcing is 
exactly separable from the chemical self- 
excitement under the assumption of negligi- 
ble diffusive effects. Using a presumed Ar- 
rhenius form for the ignition delay, this lead 

to the simple transport equation given by 
Eq. (13) . 

• A zonal model was developed for the pre- 
ignition of a charge due to a flame as a rel- 
evant validation of the ignition time model. 
The flame acted to compress the unburned 

gas causing both the pressure and temper- 
ature to increase. For the case examined, a 
significant reduction in ignition delay was 
found. Furthermore, the ignition time model 
was found to yield a 0.2% difference in igni- 
tion delay compared to detailed chemistry in- 
dicating its applicability. 

• A two-dimensional simulation was per- 
formed to examined the complex shock- 
flame structures arising from pre-ignition 

in an RCM. The flame kernel was found 

to focus the shock wave yielding pressure 
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in excess of 300 bar. Furthermore, the cur-
vature of the wall was found to promote a
Mach stem, which enhances the shock wave.
Since the pressure peaks found are in excess
of 300 bar for the current configuration, it
was concluded that the multi-dimensional
simulation represented a super knock event. 

• The simulation was found to be in agreement
with the diagram of Gu et al. [11] . The com-
bustion wave was found to be supersonic,
propagating at 1100 m/s; however, it did not
develop into a detonation during the course
of the simulation. 

• Since the simulation excluded diffusive ef-
fects in the ignition region, it was proposed
that acoustic resonance in the chamber is the
primary driver for the development of su-
per knock for the configuration under exam-
ination; furthermore, it was argued that gas-
dynamic compression due to the flame could
be a key mechanism for super knock. 

While the current work does not examine com-
lex fuel chemistry where multiple ignition times
ay exist, an extension of the Livengood—Wu

nock relation towards this end has been investi-
ated by Colin et al. [23] , and an analogous ex-
ension of the current model will be the subject
f future work. Furthermore, the current zonal
odel for the multidimensional simulation may be

nadequate for more complex flows, and research
owards a more complete incorporation of flame
hemistry and turbulence-combustion-interaction
s an additional subject of future work. 
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