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Abstract The effects of turbulence on knock devel-
opment and intensity for a thermally inhomogeneous
stoichiometric ethanol/air mixture at a representative
end-gas autoignition condition in internal combustion
engines are investigated using direct numerical simula-
tions (DNS) with a skeletal reaction mechanism. Two-
and three-dimensional simulations are performed by vary-
ing the most energetic length scale of temperature, lT ,

and its relative ratio with the most energetic length
scale of turbulence, lT /le, together with two different
levels of the turbulent velocity fluctuation, u′. It is found
that lT /le and the ratio of ignition delay time to eddy-
turnover time, τig/τt, are the key parameters that con-
trol the detonation development. An increase in either
lT or le enhances the detonation propensity by allow-
ing a longer run-up distance for the detonation devel-
opment. The characteristic length scale of the temper-
ature field, lT , is significantly modified by high turbu-
lence intensity achieved by a large le and u′. The intense
turbulence mixing effectively distributes the initial tem-
perature field to broader scales to support the devel-
oping detonation waves, thereby increasing the likeli-
hood of the detonation formation. On the contrary, high
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turbulence intensity with a short mixing time scale,
achieved by a small le and a large u′, reduces the super-

knock intensity attributed to the finer broken-up struc-
tures of detonation waves. Either τig/τt less than unity
or le = lT even with a large u′ is found to have no signifi-

cant effect on super-knock mitigation. Finally, high tur-
bulent intensity may induce high-pressure spikes com-
parable to the von Neumann spike. Increased temper-
ature and pressure by combustion heating, noticeably

after the peak of heat release rate, significantly enhance
the collision and interaction of multiple emerging au-
toignition fronts near the ending combustion process,

resulting in localized high-pressure spikes.

Keywords Direct numerical simulation (DNS) ·
super-knock · end-gas autoignition · temperature
inhomogeneities · ethanol · deflagration to detonation

transition (DDT)

1 Introduction

Downsized and boosted internal combustion (IC) en-
gines provide higher thermal efficiency and lower emis-
sions compared with the conventional IC engines. How-
ever, the elevated pressure and temperature of the in-
cylinder fuel/air mixture under the high-load operating
conditions may induce undesired pre-ignition, knock,
and even super-knock phenomena [1]. Such abnormal
combustion phenomena are also encountered in shock
tubes, rapid compression machines, and gas turbine en-
gines [1,2]. Super-knock is featured by excessive pres-

sure oscillations and extremely high pressure spikes that
may lead to mechanical failure. Experiments reported
that a piston breaks at pressures exceeding 500 bar in
the groove above the upper piston ring and may also
be overheated due to the dramatically increased heat
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Nomenclature

0-D, 1-D, 2-D, & 3-D Zero-dimensional, one-dimensional, two-dimensional, and
three-dimensional

DNS Direct numerical simulation
ICE Internal combustion engine
LIF Laser-induced fluorescence
HCCI Homogeneous-charge compression ignition
HRR Heat release rate
NTC Negative-temperature coefficient
RMS Root mean square
SI Spark-ignited
PDF Probability density function

Symbols

a Sound speed
BL Baseline cases with no turbulence
L, E, and G Denote three levels of τig/τt being less than, equal to, and

greater than unity, respectively

(.)lelT The subscript and superscript correspond to the most en-
ergetic length scale of temperature, lT , and turbulent ve-
locity field, le, respectively.

FH Fraction of HRR of the regions with pressure greater than
Pe

FCJ Fraction of HRR of the regions with pressure greater than
PCJ

FV N Fraction of HRR of the regions with pressure greater than
PV N

lt The most energetic length scale of turbulence
lT The most energetic length scale of temperature
φ0 Initial mean equivalence ratio
φ′ Root mean square (RMS) equivalence ratio fluctuation
PCJ Chapman–Jouguet pressure
Pe Homogeneous constant-volume equilibrium pressure
Pmax Maximum pressure over the computational domain
PV N Von Neumann pressure (spike)
q̇ Heat release rate
SL Laminar flame speed
Ssp Spontaneous ignition front speed
τig Ignition delay time
τ0

ig Zero-dimensional homogeneous ignition delay time
τex Excitation time
T , P , and φ Temperature, pressure, and equivalence ratio
T0 Initial mean temperature
T ′ Root mean square (RMS) temperature fluctuation
P0 Initial mean pressure
ξ Non-dimensional number defined as the ratio of the speed

of sound to the spontaneous ignition front speed, ξ =
a/Ssp

u′ Root mean square (RMS) velocity fluctuation
ε Non-dimensional number defined as the ratio of the acous-

tic residence time, rhs/a, within the hot spot with a radius
rhs, to the excitation time, τex, ε = (rhs/a)/τex

VCJ Chapman–Jouguet speed

transfer with the breakdown of the thermal boundary
layer [1]. The knock amplitude is found to increase with
advanced ignition timing in spark-ignition engines, and
if a pre-ignition event occurs, the spark timing can no
longer be used to prevent the knock.

Once triggered by local hot spots and surfaces, the
subsequent development of knock and super-knock de-
pends on the mixture inhomogeneities in temperature

and composition. Zeldovich [3] provided a theoretical
framework to classify different ignition regimes based
on the speed of a spontaneous ignition front, defined by
the spatial gradient of the ignition delay time, Ssp =
|∇τig|

−1, relative to the deflagration front and sound
speed.

Urtiew and Oppenheim [4] experimentally observed
different modes of transition to detonation in an explo-
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sive gas with velocity and scalar fluctuations. In another

study, Meyer and Oppenheim [5] proposed a model to
demarcate the boundary between a stable detonation

and a weak auto-ignition, and suggested a threshold

value of ∂τig/∂T of −2 µs/K for H2/O2 mixtures. The

model was then numerically validated by Lutz et al. [6],
and the hot-spot size of ignition kernels, and the exci-

tation time were found to be two important parameters
affecting detonation formation [5,6].

Bradley and coauthors [7,8] identified different com-

bustion modes in terms of two key dimensionless pa-
rameters: ξ = a/Ssp, the ratio of the speed of sound to

the spontaneous ignition front speed, and ε = (rhs/a)/τex,

the ratio of the acoustic residence time, rhs/a, within

the hot spot with a radius rhs, to the excitation time,

τex, defined as the heat release time interval [5,6].

The diagram has been widely adopted to determine

the detonation conditions for different fuels with good

prediction [9,10,2,11,12,13,14,15,16,17,18,19,20]. The

effects of multiple hot spots in terms of their size and

separation distance have also been investigated in one-

dimensional (1-D) configurations [18,15]. Similarly, re-

cent studies [21,22] have demonstrated that combustion
behavior under modern IC engine conditions may ex-

hibit an intricate interplay between deflagration, auto-

ignition, and spontaneous propagation modes, wherein

the level of complexity depends on the length/timescales

of fluctuations in temperature and composition within

the reactant mixture, which affect the time scales of the

flame-ignition interaction. Consequently, knock/super-
knock formation may occur under certain conditions.

Most previous computational studies are largely lim-

ited to a simplified 1-D detonation configuration, thus
lacking in the realistic multi-dimensional effects asso-
ciated with the interactions of temperature and ve-

locity fluctuations that may involve multiple detona-

tion wave interactions [23,24]. Multi-dimensional DNS

studies have mostly been undertaken on the autoigni-

tion characteristics only, without realization of detona-

tion developments [25,26,27,28,29,30,31,32,33,34,35,

36,37,38,39,40,41]. In these studies, a key issue was

to identify the ignition characteristics, which was fur-

ther developed into the ignition regime diagram [42,

43] to predict the occurrence of strong and weak ig-

nition modes in the presence of temperature and tur-

bulence fluctuations. Further extension of the ignition
regime identification to temperature and composition
fluctuations has been proposed and validated [44,45,

46]. In previous multi-dimensional DNS studies, the im-

portance of the ratio of the length scale of temperature

fluctuation to that of turbulence, lT /le, as well as the
ratio of the turbulent eddy turnover time, τt = le/u

′, to

the ignition delay time, τig, has been reported [30,37].

Similar behavior may be anticipated in their effects on

the detonation development.

A few studies have attempted to examine how tur-

bulence affects the intensity of the developing detona-

tion. Wei et al. [47,48,49] used reduced-order turbulent

models and found that increased turbulence intensity

inhibits autoignition formation and reduced hot spot

sizes, leading to different autoignition modes and knock

intensities. Zhang et al. [50] studied the interaction of
turbulent transport and low-temperature chemistry on

knocking formation of an imposed hot spot. They found

that fast turbulent mixing can inhibit autoignition to

detonation transition, consistent with previous studies

[30,37,39], and a larger turbulent mixing scale can re-

duce the knocking strength attributed to broader mix-
ing in the preheated zone in front of detonation waves.
However, a few cases with a limited domain size were

examined [50], and the developing detonation may orig-

inate from the bulk mixture itself, not necessarily in-

duced by an imposed hot spot.

Recently, Towery and coauthors [51] proposed a sta-

tistical model to predict the detonability degree of an
autoignitive gas with the thermodynamic gradients in-

duced by compressible homogeneous isotropic turbu-
lence (HIT) fluctuations, and validated the model with
the DNS results, showing a good agreement. Our re-
cent DNS study [52] with varying lT and the root-mean-

square temperature fluctuation levels, T ′, found that lT
is the key factor affecting the knock intensity, i.e., in-
creasing lT significantly increases the peak pressure by

allowing a longer run-up time. As a first attempt, how-
ever, the effects of different scales of temperature fluc-
tuations were investigated without an additional turbu-
lence mixing. As an extension to represent more gen-

eral turbulent combustion applications, the combined

effects of temperature and velocity fluctuations are now

considered.

Therefore, the objective of this study is to investi-
gate how turbulence affects the detonation intensity of

the bulk mixture by systematically varying the ratio of

lT /le and turbulent velocity fluctuations, u′, with three

different lT , using multi-dimensional direct numerical

simulations. Ethanol is adopted as a fuel in this study.

Different statistical metrics are adopted to characterize
the knock intensity, and their correlation with knock
intensity is examined.

Ethanol is chosen as a representative non-NTC re-

newable biodiesel. Ethanol has been extensively studied
by both experiments and modeling such that the chem-

ical kinetic mechanism of ethanol is more reliable com-

pared to higher hydrogen fuels. Additionally, it has been

widely used in ICE research due to its high resistance

to knock. However, ethanol exhibits a high tendency to
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pre-ignition [53], which has been linked with its small

flame thickness, high laminar flame speed, and surface
ignition tendency [2]. Undesirable pre-ignition phenom-

ena stochastically occur in spark-ignited (SI) engines.

The uncontrolled early flame development increases the

temperature and pressure of the end-gas that may in-

duce a strong end-gas auto-ignition process, even super-

knock under high-load and/or high-temperature condi-
tions [53,2]. Therefore, the end-gas auto-ignition phe-

nomena in the SI engine conditions are investigated.

2 Methodology

2.1 Numerical methods and initial conditions

The KAUST Adaptive Reacting Flow Solver (KARFS)

[54,55] is used to solve the fully compressible Navier–

Stokes, species, and energy equations for gaseous mix-

tures. The diffusive terms are discretized using an eighth-

order finite-difference scheme, while the convective terms

are discretized using a seventh-order mapped weighted
essentially non-oscillatory scheme along with local Lax–
Friedrich flux splitting to capture shocks and detona-
tion waves. The solution is advanced in time using a

second-order operator-splitting strategy with a fourth-

order explicit Runge–Kutta method for transport and

variable-order backward differentiation formulas [56] for

chemistry. Periodic boundary conditions are imposed in
all directions to represent constant volume ignition. In
this study, ethanol is selected as a fuel because it is
known to exhibit a high pre-ignition tendency despite

its high resistance to knock. A skeletal mechanism of

40 species and 576 reactions is adopted for ethanol ig-

nition and combustion [34], which has been validated

over a wide range of equivalence ratios, pressure, and
temperature conditions.

The high likelihood of pre-ignition for ethanol is at-

tributed to its small flame thickness and high laminar
flame speed [2]. In general, the knock amplitude in an
SI engine increases with advanced ignition timing and

is significantly enhanced if a pre-ignition event occurs.

Early pre-ignition increases both the temperature and

pressure of the unburnt mixture, facilitating the end-

gas autoignition that can lead to detonation. As such,

a high initial mean temperature, T0 of 1200 K, repre-
senting the end-gas autoignition conditions is chosen to

increase the likelihood of detonation, and to reduce the

computational cost. The initial and uniform equivalence

ratio and pressure values, φ0 = 1.0 and P0 = 35.4 bar,

respectively, are chosen for all simulations to represent

the conditions at the top dead center of an optical en-

gine [57] that was designed to study knock.

Note that due to the large computational demand

for DNS, the complex thermochemical and physical pro-
cess throughout the entire engine cycle is not repro-
duced in this study. Only the end-gas autoignition pro-

cess is simulated by considering the remaining unburnt

fuel/air mixture already heated up to a high tempera-

ture and pressure. As such, the simulations only capture

the onset of the end-gas autoignition event. Since the

end-gas autoignition occurs at a very short time scale

in order of microseconds, the entire process is assumed

to occur at a constant volume adiabatic condition, thus

neglecting the effect of the piston motion in this study.

The 0-D homogeneous ignition delay time, τ0ig, ex-

citation time (i.e. period of time from 5% HRRmax un-

til the peak of HRR is reached), τex, and equilibrium

pressure, Pe, of the stoichiometric ethanol/air mixture
under a adiabatic condition with the initial tempera-

ture and pressure of 1200 K and 35.5 bar are 75 µs,
0.66 µs, and 100 bar, respectively. Other relevant ideal

one-dimensional detonation parameters associated with

this initial condition are the von Neumann pressure,

PV N of 319 bar, Chapman–Jouguet pressure, PCJ of

187 bar, and Chapman–Jouguet speed, VCJ of 1836
m/s.

An initial homogeneous and isotropic field of ran-

dom velocity fluctuations was prescribed using the Passot–

Pouquet [58] kinetic energy spectrum function and su-

perimposed on the mean velocity field for all the DNS
cases. Likewise, the initial temperature fluctuations were
generated by a scalar spectrum similar to the kinetic en-

ergy spectrum, and superimposed on a constant mean

temperature field. Note that the two random fields are

uncorrelated. For all DNS cases, an initial root-mean-

square (RMS) temperature fluctuation, T ′ of 15 K, is

chosen which is comparable to the experimental value
of 13.3 K that was observed in a HCCI engine [59]. The

initial range of variation for the temperature field is ap-
proximately 100 K, which is commonly observed in IC
engines and rapid compression machines (RCM) [60,61,

62,63]. The selected T ′ and lT are quantitatively com-

parable with the experimental results [64] using two-

dimensional laser-induced fluorescence (LIF) measure-
ment, i.e., the temperature fluctuations in the order of

20 K with their geometrical size ranging from 1 mm
to 10 mm. This is consistent with the experiment by
Kaiser and coauthors [65], which reported that the stan-

dard deviation of temperature at the top dead center,

T ′ of 9.2 K, corresponds to 1.9% of the temperature

difference between wall and bulk gas.

The most energetic length scale of turbulent veloc-

ity spectrum, le, and RMS velocity fluctuation, u′, are

important parameters to describe the flow field in an

IC engine, with le being controlled by the engine ge-
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Case lT le u′ τig/τt FH FCJ FV N Domain size
(mm) (mm) (m/s) (×10−2) (×10−2) (×10−2) (mm)

BL1 1 - - - 6.4 0 0 8× 8
E1

1
1 1 16.6 1.0 6.6 0 0 8× 8

G1

1
1 1 83.3 5.0 13.5 0.5 0 8× 8

L5

1
1 5 16.6 0.2 6.3 0 0 20.48× 20.48

E5

1
1 5 83.3 1.0 25.2 4.7 1.5 20.48× 20.48

BL2 2 - - - 29.2 13.3 7.1 8× 8
E1

2
2 1 16.6 1.0 19.0 2.0 0 8× 8

G1

2
2 1 83.3 5.0 18.6 1.8 0.3 8× 8

BL5 5 - - - 61.7 41.6 19.2 20.48× 20.48
L5

5
5 5 16.6 0.2 58.8 37.2 18.4 20.48× 20.48

E5

5
5 5 83.3 1.0 47.6 24.0 11.4 20.48× 20.48

E1

5
5 1 16.6 1.0 49.1 25.5 12.0 20.48× 20.48

G1

5
5 1 83.3 5.0 33.5 8.3 2.8 20.48× 20.48

BL23D 2 - - - 14.5 4.6 1.6 10.24× 10.24× 10.24
E1

2
3D 2 1 16.6 1.0 23.0 5.0 0.8 10.24× 10.24× 10.24

BL53D 5 - - - 58.7 41.0 10.9 20.48× 10.24× 10.24
E1

5
3D 5 1 16.6 1.0 49.0 29.5 10.0 20.48× 10.24× 10.24

G1

5
3D 5 1 83.3 5.0 57.9 32.1 3.9 20.48× 10.24× 10.24

Table 1: Physical parameters of 2-D and 3-D DNS cases. L, E, and G denote three levels of τig/τt being less

than, equal to, and greater than unity, respectively. BL denotes a baseline case (no turbulence). The subscript
and superscript correspond to the most energetic length scale of temperature, lT , and turbulent velocity field, le,

respectively. For example, E1

5
denotes a 2-D case with τig/τt of 1, lT of 5 mm, and le of 1 mm.

Fig. 1: Representative contours of temperature with T ′ of 15 K, and vorticity for le of 5 mm (second column)

and 1 mm (third column) with u′ of 16.6 m/s. Note that the computational domain of 20.48× 20.48 mm2 covers

approximately four le of 5.0 mm, and twenty le of 1.0 mm in each direction.

ometry and the large-scale structures that shed from

the intake jet flows. Both le and u′ vary over a range

of crank angles, engine speeds, intake pressures, in-

take port geometries and orientations, piston shapes,

tumble-based or swirl-based designs [66,67,68,69,70].
Additionally, there may be at least two different inte-

gral length scales: one in the radial direction and the

other one along the axis of piston motion [70,68,69].

Due to the importance of both parameters, the effect

of le and u′ variation on knock formation is examined

in this study. Three different le values of 1 mm, 2 mm,
and 5 mm are chosen, which lie within the same or-

der of magnitude of le measured in IC engines [66,67,

68,69,70]. Note that the most energetic length scale

corresponds to the wavelength in the energy spectrum

where the kinetic energy is maximum. The correspond-

ing two-point autocorrelation integral scales for three

most energetic length scales of 1.0 mm, 2 mm, 5 mm

are approximately 0.2 mm, 0.4 mm, 1.0 mm, respec-

tively. The computational domain of 20.48×20.48 mm2

is sufficiently large to accommodate four integral scale
eddies in the largest condition of le = 5.0 mm in order

to reproduce statistically significant behavior.

Since the ratio τig/τt has been found to play a key

role in the evolution of the combustion process [42,39],
three τig/τt levels of 0.2, 1.0 and 5.0 are studied. Note

that although the associated u′ values of 16.6 m/s and

83.3 m/s are one order of magnitude greater than those

typically observed in IC engines, such levels of u′ al-

low us to examine to what extent turbulence affects

the developing detonation process. Although a short

τig resulting in a large u′ is selected to save the com-
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putational cost, the selected conditions are still rele-

vant to the SI engines by preserving the relevant length

and time-scale ratios [27,30]. By a theoretical scaling

analysis, and validated by a systematically parametric

set of DNS cases, the previous studies [27,30,37,42,44]

found that the flame-turbulence interaction can be un-
derstood in terms of relevant length and time-scale ra-

tios of the turbulent flow structure compared with those
of the flame. Particularly, τig/τt and lT /le were found

to be the key parameters instead of their absolute val-

ues (i.e., τig, u
′, le and lT ). Details of the physical and

numerical parameters for the eighteen cases are listed in

Table 1. Representative initial 2-D fields of temperature
and vorticity are shown in Fig. 1.

2.2 Quantitative analysis

Three metrics are adopted to assess the knock intensity,
which are defined as follows [52]:

FH =

∑
〈 q̇|P > 1.1Pe〉∑

q̇
, (1)

FCJ =

∑
〈 q̇|P > PCJ〉∑

q̇
, (2)

FV N =

∑
〈 q̇|P > PV N 〉

∑
q̇

, (3)

where the summation is operated over the total num-
ber of computational cells in the DNS domain, q̇ is the

HRR, while Pe, PCJ and PV N correspond to the ho-
mogeneous constant-volume equilibrium pressure, the
Chapman–Jouguet pressure, and the von Neumann pres-
sure, respectively, computed at the given initial condi-

tions of T0, P0, and φ0. Note that FH , FCJ , and FV N

values in Table 1 and Fig. 13 are time-integrated quan-
tities. FH , FCJ and FV N range from zero to unity. The

threshold values of 1.1Pe, PCJ and PV N are selected

such that FH measures the HRR fraction of the re-

gions at above-equilibrium ignition pressure, while FV N

(FCJ) quantifies the HRR fraction of the regions at

high-pressure (low-pressure) detonation level. Note that
the threshold value of 1.1Pe is arbitrarily chosen [51],

but we have confirmed that the results are insensitive

to the choice of the threshold value.

3 Results and discussion

3.1 Effect of lT : baseline cases

In this sub-section, the baseline cases with a quies-
cent initial velocity field are discussed. The temporal

evolution of the normalized Pmax, and the probabil-
ity density functions (PDF) of ξ are shown in Fig. 2.

The contours of temperature, pressure, and HRR at

the time of the peak of FH for these baseline cases are

shown in Fig. 3. By fixing T ′ of 15 K, increasing lT
from 1 mm to 5 mm decreases |∇T |, which in turn de-
creases ξ (ξ = a/|

dτig
dT

∇T |−1), resulting in a shift of the

PDF of ξ toward the developing detonation regime (see
Fig. 2). Consequently, BL5 is more prone to developing

detonation as compared to BL1 and BL2. Consistent

with the PDFs of ξ, Pmax ≤ PV N for BL1, confirm-

ing that this condition corresponds to a spontaneous

ignition process with much larger values of ξ. By in-
creasing lT from 1 mm to 2 mm, a weak detonation

process is observed near the end of the ignition process

for BL2 (FV N ≈ 0.07 and 0.2 for BL2 and BL5, respec-

tively, as listed in Table 1). While the distribution of ξ

is still mostly larger than 10, a sufficient amount of the

unburnt mixture remains during the developing detona-

tion phase (see Fig. 3) such that BL2 eventually reaches

the detonation level. BL5 exhibits the strongest deto-
nation as depicted in the temporal evolution of Pmax

much higher than PV N (see Fig. 2). The fact that Pmax

exceeds PV N indicates that there is a shock-to-shock in-

teraction, as also evidenced in Fig. 3, leading to the ad-

ditional instantaneous pressure rise, signifying a knock
event. Figure 2 also reveals that Pmax of the 3-D cases

has comparable levels of amplitude as compared to the
2-D counterparts; however, the duration of detonation
occurrence of the 3-D cases is shorter. A quantitative
evaluation of detonation intensity is presented in Sec-

tion 3.5. In our previous study [52] without turbulence

effects, no detonation was observed with lT as small as
1 mm for T ′ over a wide range from 0.5 K to 20 K.

Therefore, it was believed that a minimum size of lT
was needed so that a sufficient amount of unburned re-

actants allows a sufficient run-up of detonation develop-

ment [51]. As shown in Fig. 3, the onset of detonation

waves is well established for BL5, while a significant

amount of charge still remains unburned as visually

seen by the low-temperature regions.

3.2 Effect of turbulence: lT of 1 mm

With the understanding that increasing lT enhances the

detonation development, we now investigate the addi-
tional effect of turbulent mixing as le is varied relative

to lT . In this sub-section, the effect of increasing le is

investigated by superimposing turbulence on the BL1
case with lT = 1 mm. A set of four 2-D simulations

are performed by varying le and u′ to examine their
effect on the knock intensity. The values le of 1 mm

and 5 mm, and u′ of 16.6 m/s and 83.3 m/s are chosen
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Fig. 2: Temporal evolution of the normalized maximum pressure, Pmax/PV N , and the probability density functions
(PDF) of ξ for the baseline cases. The gray area in the PDF figure depicts the region of 1 < ξ < 10 determined

by a series of 1-D simulations under the same initial conditions, which is prone to developing detonation.

while fixing lT of 1 mm and T ′ of 15 K. The temporal

evolution of the normalized Pmax, and RMS pressure

fluctuation, P ′, for four cases are plotted in Fig. 4. The
contours of HRR, temperature, and pressure for cases

E1

1
, G1

1
, L5

1
, and E5

1
, are shown in Fig. 5. Three main

points are made from these figures.

First, E5

1
is able to develop into detonation near the

end of the ignition process as featured by its Pmax ≥

PV N (see Fig. 4) and much higher pressure variation,

P ′. This is the consequence of the high turbulence in-
tensity of E5

1
with a large le (i.e., le of 5 mm and u′

of 83.3 m/s, τig/τt of 1.0) being able to significantly
spread temperature inhomogeneities over a broad area,

stretching out the length of the “dissipation elements”

representing the average distance between the peak and

trough of the temperature field [11], leading to a longer

run-up distance for developing detonation. As shown in
Fig. 5, at the onset of detonation for E5

1
, a significant

amount of the unburned mixture (low-temperature re-
gions) still remains and is stretched over a wide area of
the computational domain with a distance greater than

the initial lT of 1 mm, allowing more space to facilitate

detonation formation.

Second, no detonation is observed for both cases

with le of 1 mm as their Pmax ≤ PV N , despite a few
pressure spikes (P approximating PV N ) which result

from the collision and interaction of autoignition waves.

Figure 5 shows that the majority of the fuel/air mix-

ture is consumed by propagating ignition fronts that

annihilate the developing detonation.

Third, under the present autoignitive conditions, in-

creasing turbulence intensity also increases the ampli-

tude of the pressure spikes (collisions of propagating

ignition fronts and/or growing ignition kernels), result-

ing in a higher pressure fluctuation as quantified by P ′

and the temporal evolution of Pmax in Fig. 4, which is

attributed to faster burning rates of turbulent corru-

gated ignition fronts [37,39].
The above results suggest that, in addition to the

high turbulence level by increased u′, the relative ratio

of le/lT plays a crucial role in affecting knock forma-

tion. In the next section, the effect of le/lT is further

investigated.

3.3 Effect of turbulence: lT of 5 mm

The previous sections demonstrate that lT and le are

the two key parameters associated with detonation for-

mation. Either increasing lT or le promotes the likeli-

hood of detonation initiation. In this section, the pos-
sibility of le on alleviating super-knock intensity is ex-

amined. Since case BL5 represents a strong detonation
situation, it is adopted in this section as a baseline for
comparison to turbulent cases with various le and u′.

The set of cases includes le of 1 mm and 5 mm, and u′

of 16.6 m/s and 83.3 m/s, while fixing lT of 5 mm and

T ′ of 15 K. The temporal evolution of the normalized
Pmax and RMS pressure fluctuation, P ′, for these cases

are plotted in Fig. 6. The corresponding contours of
HRR, temperature, and pressure for cases L5

5
, E5

5
, and

G1

5
are shown in Figs. 7–Fig. 9. Several observations are

made from these figures.

First, for the two cases with le of 5 mm, L5

5
and

E5

5
, increasing u′ from 16.6 m/s to 83.3 m/s leads to a

higher global peak pressure. For both u′ levels, no no-

ticeable reduction in the peak of Pmax and P ′ is seen

with respect to the baseline case (Fig. 6). For the small

ratio of τig/τt ranging from 0.2 to 1.0 under consid-

eration, prior to the onset of detonation there is no

sufficient time for turbulence to significantly affect the

detonation evolution. As shown in Fig. 7 and Fig. 8,

turbulence weakly wrinkles and distorts ignition fronts,

resulting in a slight increase in the area of mixtures
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Fig. 3: Contours of HRR (top row), temperature (middle row), and pressure (bottom row) for three baseline cases,

BL1 (first column), BL2 (second column), and BL5 (third column), with lT of 1 mm, 2 mm, and 5 mm, respectively.

The domain size of BL1 and BL2 is 8× 8 mm2, while that of BL5 is 20.48× 20.48 mm2.

burnt by turbulent flames prior to the detonation initi-

ation. Note that for E5

5
(u′ = 83.3 m/s), some hot spots

are precluded from evolving into detonation waves as

compared with BL5; however, finer detonation waves

appear simultaneously during the developing detona-

tion phase (see Fig. 9), subsequently colliding and in-

teracting with each other to result in the high-pressure

spikes that are seen in Fig. 6.

Second, two cases, E1

5
with le of 1 mm and u′ =

16.6 m/s and E5

5
with le of 5 mm and u′ = 83.3 m/s,

have consistent combustion behavior in terms of det-

onation intensity (i.e., a comparable FV N ≈ 0.12 in

Table 1). Both cases have no significant reduction in

the peak of Pmax and P ′ due to τig/τt of 1.0, such

that the turbulent time scale is not fast enough to sig-

nificantly affect the initial temperature field and the

combustion rate. However, increasing turbulent inten-

sity results in a faster turbulence time scale (i.e., G1

5

with u′ = 83.3 m/s and τig/τt = 5) that increases the

area burned by corrugated turbulent flames and igni-

tion fronts, and creates smaller and finer localized deto-

nation waves during the developing detonation process
due to a small le of 1 mm (see Fig. 9). G1

5
features a

lower peak of P ′, and the duration of detonation is two

times shorter than that of BL5, (see Fig. 6). Therefore,

FV N ≈ 0.03 of G1

5
is much smaller than FV N ≈ 0.20 of

BL5.
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Fig. 4: Temporal evolution of the normalized maximum pressure, Pmax/PV N , and the normalized root-mean-square
pressure fluctuation, P ′/P0 for all the cases with lT of 1 mm.

Fig. 5: Contours of HRR (top row), temperature (middle row), and pressure (bottom row) for cases E1

1
(first

column), G1

1
(second column), and for E5

1
(third column). The domain size of E1

1
and G1

1
is 8× 8 mm2, while that

of E5

1
is 20.48× 20.48 mm2.
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Fig. 6: Temporal evolution of the normalized maximum pressure, Pmax/PV N (first column), and normalized root-

mean-square pressure fluctuation, P ′/P0 (second column) for the cases with le of 5 mm.

Third, the results of the 2-D and 3-D cases show

a consistent agreement in terms of the maximum pres-

sure spikes, the duration of process with Pmax ≈ PV N ,

and the level of pressure variation, P ′, although the 3-D

cases exhibit a slightly higher spatial pressure oscilla-

tion during the intense detonation evolution as depicted

by the maximum P ′ in Fig. 6.

3.4 Effect of turbulence: lT of 2 mm

As the baseline case BL2 exhibits a moderate detona-

tion intensity (i.e., FCJ ≈ 0.13 and FV N ≈ 0.07), high
turbulence intensity may be able to suppress the devel-

oping detonation. This is investigated through an addi-
tional set of two 2-D simulations, E1

2
and G1

2
, and one

3-D simulation, E1

2
3D, with le of 1 mm. The temporal

evolution of the normalized Pmax and the root-mean-

square pressure fluctuation P ′, for these cases are shown

in Fig. 10. The results reveal that the developing det-

onation waves are attenuated by turbulent mixing as

quantified by FCJ ≈ 0.02 listed in Table 1 for both E1

2

and G1

2
. Note that although FCJ and FV N nearly van-

ish, high-pressure spikes (Pmax > PV N ) are observed

in Fig. 10. Similar spikes are also seen in the turbulent

cases with lT of 1 mm and 5 mm. The high-pressure
spikes stem from the collision of multiple developing

detonation waves, which do not evolve into fully devel-
oped denotations, and/or emerging autoignition waves

near the end of the intense turbulent combustion pro-
cess.

3.5 Quantitative diagnostics of knock intensity

In previous sections, FH , FCJ , and FV N have been

used to quantitatively characterize the combustion in-

tensity. The temporal evolution of FH and FV N (FCJ

not shown here) together with the temporal evolution

of the volume-averaged HRR are further examined to

discern the combustion modes for all the cases, as plot-

ted in Figs. 11 and 12. Two main points are made from

these figures.

First, the cases with high turbulent intensity fea-
ture a higher peak HRR (i.e., G1

1
, G1

2
, and E1

2
3D) that

is attributed to the acceleration of a faster turbulent

ignition front speed at the early phase of combustion,

which increases both temperature and pressure of the

end-gas more rapidly, leading to a more intense spon-

taneous ignition process with high-pressure spikes. The
latter originates from collisions of multiple spontaneous
ignition fronts at the late combustion phase (after the
peak HRR). Second, the FV N profiles reveal that for

all the cases with lT = 5 mm, high-pressure detonation

waves are formed at the early combustion phase prior to
the peak of HRR, while for the cases with smaller lT of

1 mm and 2 mm, detonation waves are clearly observed
only after the peak of HRR when the pressure and tem-
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Fig. 7: Instantaneous contours of HRR (top row), temperature (middle row), and pressure (bottom row) for L5

5

(lT = le = 5 mm, u′ = 16.6 m/s, and τig/τt = 0.2) with increasing time from left to right.

perature are high enough to facilitate the detonation

initiation. FH , FCJ , and FV N of all the cases from the

previous study without turbulence [52], as well as those

from this study are compiled and plotted in Fig. 13.
Again, a significant level of FV N implies that shock-

to-shock interactions lead to a more detrimental knock

events with higher pressure peaks. A good correlation

is observed for FH and FCJ regardless of the different

curvature effects of 2-D and 3-D cases and the effects

of turbulence. The correlation of FH and FV N shows

some level of scatters due to various factors including
the variation of lT , le, the magnitude of T ′, and also

the multi-dimensional 2-D and 3-D curvature effect as
seen in Fig. 13b and Table 1 for BL5 and BL53D with

FV N of 0.2 and 0.1, respectively. These correlations sug-

gest that the detonability of the mixture increases with

increasing the amount of unburnt mixture in the end

gas. In particular, a sufficient amount of the remain-

ing charge, i.e., FH ≥ 0.3, is required to induce a high

super-knock intensity.

4 Conclusions

The effects of turbulence on the knock formation of

a stoichiometric ethanol/air mixture under the end-

gas autoignitive conditions relevant to IC engines were

investigated using multi-dimensional direct numerical

simulations and a 40-species skeletal mechanism. Para-
metric simulations were performed by systematically
varying the most energetic length scale of temperature,

lT , and of turbulence, le, and varying the velocity fluc-

tuation levels, u′. It was found that lT /le and τig/τt
are the key parameters to affect the detonation propen-

sity. The detonation propensity increases with increas-

ing either lT or le as both effects allow a larger run-up
distance for the detonation development. High turbu-

lence intensity achieved by a large le and a large u′,

i.e., lT /le = 0.2 and τig/τt = 1, effectively modifies

the characteristic length scale of the initial tempera-

ture field, lT , to a broader range that allows a longer

run-up distance for developing detonation, thereby in-

creasing the likelihood of the detonation formation. On
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Fig. 8: Instantaneous contours of HRR (top row), temperature (middle row), and pressure (bottom row) for E5

5

(lT = le = 5 mm, u′ = 83.3 m/s, and τig/τt = 1) with increasing time from left to right.

the contrary, high turbulence intensity achieved by a

small le and a large u′, i.e., lT /le = 5 and τig/τt = 5,

results in a faster mixing time scale of turbulence which
in turn effectively decreases lT in time, thereby reduc-

ing the detonation intensity. No significant mitigation
of super-knock intensity was observed with either τig/τt
less than unity or le = lT even with a large u′. It was

also found that high turbulent intensity may induce

high-pressure spikes comparable to the von Neumann

spike. The localized pressure spikes are found to occur

noticeably after the peak of the heat release rate at

which the increased temperature and pressure enhance

the collision and interaction of multiple emerging au-

toignition fronts near the ending combustion process,

which in turn significantly facilitates the detonation for-

mation.

Future work is needed to study the ignition charac-

teristics of higher hydrogen fuels exhibiting the NTC

behavior which modifies ∂τig/∂T , which would lead to
more complex interactions between turbulence and cool/hot

flames involving additional time scales from multistage
autoignition [30,32,33,39,50].
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Fig. 9: Instantaneous contours of HRR (top row), temperature (middle row), and pressure (bottom row) for G1

5

(lT of 5 mm, le of 1 mm, u′ of 83.3 m/s, and τig/τt of 5.0) with increasing time from left to right.
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