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ABSTRACT

Engine knock remains one of the major barriers to further
improve thermal efficiency of Spark Ignition (SI) engines.
Knock can be suppressed by lowering the compression ratio, or
retarding the spark ignition timing, however, at an expense of
efficiency penalty. SI engine is usually operated at knock-
limited spark advance (KLSA) to achieve possibly maximum
efficiency with given engine hardware and fuel properties, such
as Research Octane Number (RON), Motor Octane Number
(MON), and heat of vaporization, etc. Co-optimization of
engine design and fuel properties is promising to improve the
engine efficiency and predictive CFD models can be used to
facilitate this optimization process. However, difficulties exist
in predicting KLSA in CFD simulations. First, cyclic variability
of SI engine demands that multi-cycle results are required to
capture the extreme conditions. Secondly, Mach Courant-
Friedrichs-Lewy (CFL) number of 1 is desired to accurately
predict the knock intensity (KI), resulting in unaffordable
computational cost, especially for multi-cycle simulations. In
this study, a new approach to numerically predict KLSA using
large Mach CFL number of 50 is proposed. This approach is
validated against experimental data for a boosted Direct
Injection Spark Ignition (DISI) engine at multiple loads and
spark timings. G-equation combustion model coupled with
well-mixed chemical kinetic model are used to predict the
turbulent flame propagation and end-gas auto-ignition,
respectively. Simulations run for 10 consecutive engine cycles
at each condition. The results show good agreement between
model predictions and experiments in terms of cylinder
pressure, combustion phasing and cyclic variation. Engine
knock is predicted with early spark ignition timing, indicated
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by significant pressure wave oscillation and end-gas heat
release. Maximum Amplitude of Pressure Oscillation (MAPO)
analysis is performed to quantify the KI, and the slope change
point in KI extrema is used to indicate the KLSA accurately.
Using a smaller Mach CFL number of 5 also results in the same
conclusions thus demonstrating that this approach is insensitive
to the Mach CFL number. The use of large Mach CFL number
allows us to achieve fast turn-around time for multi-cycle
engine CFD simulations.

INTRODUCTION

Motor gasoline fuel accounted for about 58.8% of total U.
S. transportation energy use in 2017 [1] and is expected to
continuously dominate the transportation market in the near
future. Improvement in the thermal efficiency of gasoline
spark-ignition (SI) engine is therefore critical to the reduction
of total energy consumption and CO, emission. Engine knock
has long been an issue for SI engines and one of the major
barriers to achieving higher thermal efficiency. It is generally
understood that knock is an abnormal combustion phenomenon
that is caused by auto-ignition of fuel/air mixture in the end-gas
prior the arrival of the spark-ignited propagating flame. The
auto-ignition in the end-gas causes rapid heat release and sets
off pressure waves fluctuating inside the cylinder, which
produces noise and could lead to severe damage of the engine
components. The recent trend of downsizing and turbocharging
engines in the automotive industry offers the benefit of
improved fuel economy and increased power density. However,
it also increases the knock propensity by running engine at in-
cylinder conditions that favors end-gas auto-ignition.
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Retarding spark timing is an effective method of knock
suppression. However, late spark timing usually leads to
degraded engine performance and thermal efficiency due to
non-ideal combustion phasing. Use of high knock-resistant fuel
can extend the range of knock-free stable conditions and allow
the knock-limited spark advance (KLSA) to be as close to its
optimum point as possible under knock-limited conditions.
Research Octane Number (RON) [2] and Motor Octane
Number (MON) [3] are the most used rating methods for knock
resistance of fuels in SI engines. A fuel is rated by comparing
its knocking behavior against primary reference fuels (PRF) in
the RON and MON tests, respectively. A practical fuel
generally has different values for its RON and MON, and the
difference is defined as octane sensitivity, S = RON - MON,
while PRF has an octane sensitivity of 0 by definition. It is well
known that neither RON nor MON can truly reflect the anti-
knock quality of fuels used in modern engines [4][5], and much
effort have been focused on refining methods for anti-knock
rating and its  sensitivity on engine  operating
conditions[4][6][7][8][9].

Computational Fluid Dynamics (CFD) has proved to be an
effective tool for engine combustion research, and has also been
applied to understanding the knock phenomenon. Eckert et al.
[10] implemented several sub-models into the KIVA-3V code
to predict the occurrence of knock in SI engines. A Lagrangian
particle ignition model was used to capture the spark ignition
and initial flame development. The propagation of regular
flame was modeled using the characteristic-time combustion
(CTC) model, and the end-gas auto-ignition was modeled using
Shell ignition model with reduced chemical mechanism. This
approach was tested for three different engines at non-knocking
and knocking conditions, and was shown to be able to predict
knock occurrence reasonably well. Liang et al. [11] used the G-
equation combustion model coupled with detailed chemical
kinetics to simulate a boosted Direct Injection Spark Ignition
(DISI) engine, and studied knock mitigation strategies via
cooled exhaust gas recirculation (EGR) and split fuel injection.
This hybrid approach has been widely adopted for simulation
of engine knock since then [12][13][15]. Shao et al. [12][13]
used consumption of intermediate species HO, as an indicator
of knock occurrence and invested the effect of gas addition on
knock suppression. Pan et al. [14] performed Large Eddy
Simulation (LES) engine simulation, and successfully captured
normal knock by advancing spark timing, as well as super
knock by reducing fuel octane number. Recently, a virtual
Cooperative Fuel Research (CFR) engine CFD model was
developed by Pal et al. [15] using a commercial software,
Converge [16] to predict knocking combustion. Mach Courant-
Friedrichs-Lewy (CFL) number of 1 was used to improve the
accuracy in pressure wave prediction. Maximum amplitude of
pressure oscillation (MAPO) analysis of the in-cylinder local
pressure was performed and a criterion of 0.5 bar in knock
intensity (KI) was adopted to capture the critical compression
ratio of knock onset.

Although the studies reviewed above show promising
results on qualitative and quantitative knock prediction, they
did not account for cycle-to-cycle variation (CCV), which is
another intrinsic feature of SI combustion. The cause of CCV is

a combination of factors such as variations in in-cylinder flow,
mixture inhomogeneity, turbulence intensity and spark
discharge characteristics [17], which can also effect the knock
propensity. CCV has drawn increasing interest among the CFD
modeling community due to its importance in understanding SI
combustion, as well as the continuous advancement in
computational capabilities. It is generally accepted that LES
methodology is the proper method to study CCV due to its
transient and stochastic nature [18][19][20][21][22]. However,
several studies observed CCV in multi-cycle Reynolds-
Averaged Navier-Stokes (RANS) simulation, which is
attributed to the use of fine mesh resolution and higher-order
accurate numerical schemes that minimizes the numerical
viscosity and preserves the variation in larger-scale eddies from
cycle to cycle [23][24][25].

In this study, a DISI engine CFD model was developed
within a RANS framework to ensure quick turn-around time,
aiming at practical engineering application. Multi-cycle
simulations were performed to capture the CCV and the results
were validated against experimental data at several operating
conditions. The transition from non-knocking to knocking
condition was observed through a spark timing sweep study.
The key objective is to develop an efficient approach to predict
KLSA, which can be further used to investigate fuel properties
impact on knock mitigation and thermal efficiency
improvement. While several approaches to predict engine
knock have been proposed in literature, our approach can be
easily extended to different engine platforms and fuel blends of
interest.

ENGINE SPECIFICATIONS AND OPERATING
CONDITIONS

The engine modeled in this study is a 1.6 L Ford EcoBoost
engine operated with the production turbocharging and center-
mounted direct injection fueling systems at Oak Ridge National
Laboratory (ORNL). The fuel injection starts during the intake
stroke, and forms a quasi-homogeneous, stoichiometric fuel/air
mixture before the spark ignition. The fuel used in the
experiment was an alkylate gasoline with RON of 98 and MON
of 96.6. External EGR was not used. The engine geometry
details can be found in Table 1.

Table 1. Engine specifications

Engine Ford 1.6 L EcoBoost
Bore / stroke 79.0 mm / 81.3 mm
Connecting rod length 133 mm
Compression ratio 10.1:1

Center-mounted, direct
injection, production injector

Fueling system

Injection pressure 130 bar
Start of injection -300° aTDC
Fuel Alkylate gasoline

(RON/MON: 98/96.6)
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The details of engine operating conditions are presented in
Table 2, which include a slightly boosted condition with 11.5
bar indicated mean effective pressure (IMEP), and a throttled
condition with 7.5 bar IMEP. The spark timing was set at the
KLSA, which was determined in the experiments as the timing
right before a significant increase was observed in the knock
meter reading when gradually advancing the spark discharge. A
spark timing sweep across the experimental KLSA point was
also performed for the 11.5 bar IMEP condition for model
validation purpose.

Table 2. Engine operating conditions

Engine speed (rpm) 2000 2000
IMEP (bar) 11.5 7.5
Intake manifold 1.12 0.79
pressure (bar)

Exhaust manifold 1.29 1.14

pressure (bar)

Spark timing -10.18,-13.47,-14.23 | -23

(° aTDC) (KLSA), -15.21 (KLSA)
Fuel mass 27.4 18.2
(mg/cycle)

MODELING APPROACH

Injector Spark plug 7

Figure 1. Engine geometry used for simulations

The engine CFD simulations were performed using a
commercial software, Converge v2.3 [16]. The engine
geometry was measured by x-ray scan and used in the
simulations, as shown in Figure 1. A modified cut-cell
Cartesian grid generation method was applied to automatically
generate the computational grid at runtime. The base mesh size
was set to be 2 mm. A 1 mm mesh refinement was applied for
the in-cylinder region and a 0.125 mm mesh refinement was
applied for the near spark region. Adaptive mesh refinement of
0.5 mm was enabled for the locations where the sub-grid
velocity is above 1 m/s or sub-grid temperature is above 2.5 K.
The total cell count varies during a full engine cycle and peaks
at 1.3 million near bottom dead center (BDC), due to the change
of in-cylinder volume and velocity and temperature field. A re-

normalized group (RNG) k-& model [26] was used to model the
turbulent flow. Temperature wall function by O’Rouke and
Amsden [27] was used to model the wall heat transfer. The
temperatures for each wall component are summarized in Table
3, which were estimated based on a conjugated heat transfer
(CHT) study on a DISI engine [28]. The fuel injection process
was modeled using a Lagrangian spray model [29], in that the
liquid fuel is injected as Lagrangian parcels with initial size of
effective orifice radius. The Kelvin-Helmholtz Rayleigh-Taylor
(KH-RT) model [30] and No Time Counter (NTC) model [31]
were used to account for drop breakup and collision,
respectively. The drop vaporization was modeled by Frossling
correlation [27]. The alkylate fuel used in the experiments is a
low octane sensitivity (1.4) fuel, and therefore was modeled as
a PRF surrogate consisting of 97.3% iso-octane and 2.7% n-
heptane by volume to match the anti-knock index (AKI).

Table 3. In-cylinder wall temperatures obtained from
CHT calculations

Cylinder head 500 K
Liner 450 K
Piston 450 K
Intake valve 550K
Exhaust valve 600 K

The level set G-equation model was used for modeling
turbulent premixed combustion. According to the flamelet
modeling theory by Peters [32], under both the corrugated
flamelet and thin reaction zone regimes, the inner reactive-
diffusive layer of the flame thickness can be modeled as an
interface of infinitesimal thickness, which is tracked by solving
the transport equation of a passive, non-reacting scalar G [33],
aG
ox;

aG
ox;
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ot t e =Dk
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where ~ denotes the favre-averaged mean value. p and p,, are

the densities of burnt and unburnt flamelet sides, respectively.
D; is the turbulent diffusivity and k is the mean flame front
curvature. S; is the turbulent flame speed, and can be calculated
using a turbulent burning velocity relationship for RANS
turbulence models [34],
1/2
] 2

where ' is the turbulent velocity fluctuation, s; is the laminar
flame speed, and Da is the Damkohler number. a4, by and b3
are modeling constants [16]. Thus, the mean flame front is
defined as the iso-surface where G(x,t) = 0 from the solution
of Equation 1, while G < 0 indicates unburnt region and G > 0
indicates burnt region. The ignition process was modeled by
directly sourcing G value in a spherical volume with radius of
0.5 mm located between the spark gap.

asb?
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A tabular laminar flame speed model [15] was applied to
evaluate s;. In this approach, the Converge 1D solver is used to
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calculate the laminar flame speed a priori, and generate a look-
up table of s; as function of temperature (T), pressure (P),

equivalence ratio (¢) and dilution fraction (¥). Then this look-

Table 4. Details about laminar flame speed tabulation and interpolation

Rang | Interval | Interpolation | Correlation
1.8
500- . T < 500, 5;(T,P,¢,¥) = 5,(500,P,¢,y) * (1/500)
Temperature [K] 1500 100 Linear 37
T > 1500, 5(T,P,$,y) = si(1500,P,¢,y) * (T/1500)™
—0.22
. P <10, 5/(T,P,¢,y) = si(T,10,¢,y) * (F/10)
Pressure [bar] 10-70 | 5 Linear 022
P > 70, s,(T,P,9,y) = si(T,70,¢,y) * (P/70)
3
. . . ¢ < 0.5, 5,(T,P,p,y) = s(T,P,0.5,y) = (#/0.5)
Equivalence ratio [-] | 0.5-2 | 0.1 Quadratic =
¢ > 2,s(T,P,py) =si(T,P2y) * (¢/2)
Dilution fraction [-] | 0-0.2 | 0.1 Linear -
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Figure 2. Measured and predicted pressure traces. Black lines are mean values of 300 cycle experimental measurements. Grey
circles are the peak pressure point for each cycle. Dark blue lines are mean values of 34 to 10™* cycles CFD predictions. Light

blue lines are each cycle CFD predictions.

up table is used in the engine CFD simulation to calculate
laminar flame speed based on local flow condition using
appropriate interpolation scheme. Details about the laminar
flame speed tabulation and interpolation scheme are presented
in Table 4. The table interval and interpolation schemes ensure
less than 1.5% error in laminar flame speed calculation within
the tabulation range compared to the 1D calculation. Power law
correlations were used to provide reasonable estimation when
condition is outside of the table range, which is rarely the case
for the operating conditions in this study. The exponents were
determined by curve fitting against 1D calculations. A reduced
PRF mechanism consisting of 109 species and 543 reactions

[35] was employed for the 1D calculations. This approach is
promising to provide improved accuracy than the empirical
correlation approaches [36][37], and more importantly, is easy
to extend for any fuel blend of interest, provided a reduced
chemical kinetic mechanism exists for the blend.

Engine knock is a phenomenon of end gas auto-ignition
before propagating flame arrival. Therefore, in order to predict
knock in engine CFD simulation, the well-stirred reactor
(WSR) model with detailed chemistry was applied to the
unburnt region in couple with the G-equation model. To be
consistent with the calculation of laminar flame speeds, the PRF
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mechanism [35] was also applied to well-stirred reactor
chemical kinetics calculation. This mechanism has been
validated extensively for engine combustion applications and
provides accurate predictions for laminar flame speed, ignition
delay, species profile, etc. A Multi-zone approach [38] was
used to accelerate the chemical kinetic calculations by grouping
computational cells with bins of 5 K in temperature and 0.05 in
equivalence ratio. Usually a Mach CFL number of 1 is
suggested in engine simulation to accurately predict the
pressure field and capture the knock onset. However, in this
study the maximum Mach CFL number was set to be 50 to
allow larger CFD time step and faster run time. An approach to
still capture knock with higher CFL numbers will be
demonstrated later in this paper. We believe that this is a unique
contribution to the existing literature on knock predictions
using CFD.

MODEL VALIDATIONS
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Figure 3. CA10 and CA50 as function of spark timing for
11.5 bar IMEP condition. Closed symbol lines are
experimental data; open symbol lines are CFD predictions.

10 consecutive open-cycle simulations were performed for
each condition, and the predicted pressure traces in comparison
with experimental measurements are plotted in Figure 2. The
thin lines colored in light blue are the CFD predictions for each
cycle and the thick lines in dark blue are the mean values of 3™
to 10t cycles. The first two cycles are discarded from analysis
to avoid influence from simulation initialization. The
experimental data were measured for 300 cycles at each
condition and the mean values are plotted as the black lines. The
grey circles indicate the locations and magnitudes of each cycle
peak pressure. A good agreement can be found between the
prediction and the measurement showing that the averaged
results match each other very well for all load conditions and
spark timings. The predicted pressure rise is slightly earlier than
the measurement, which can also be observed by comparing the
CA10 and CA50, as presented in Figure 3. The CFD simulation
consistently predicts a slightly early combustion phasing, which
can be attributed to the use of the simple ignition model. The
process from energy deposition to kernel formation and spark
channel stretching are simplified by directly sourcing G value
in a spherical volume, which could lead to early kernel
development. The prediction of ignition process can be

potentially improved by using a more detailed ignition model
[39][40], however at an expense of increased computational
time. Nonetheless, the simple model is computationally
efficient, and is shown to provide reasonably good accuracy in
predicting the location and value of peak pressure.
Additionally, the trend in combustion phasing with spark timing
sweep is also well captured, which is important in KLSA
prediction. With advanced spark timing, the combustion
phasing is advanced towards TDC, and it leads to more efficient
thermal energy-to-work conversion with reduced energy loss
through wall heat transfer and exhaust. However, advancing
spark timing also promotes knock propensity, which will be
discussed in the next section.

—&—-10.18 —8—-12.0 —&—-13.47
—v—-14.23 ——-1521 —<4—-16.2
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Cycle number [-]

Figure 4 Peak pressures at 11.5 bar IMEP condition. Each
line represents a spark timing as indicated by the legend.

The predicted peak pressure at each cycle for the spark
timing sweep at 11.5 bar IMEP is presented in Figure 4 and is
seen to fluctuate stochastically from cycle to cycle without
converging to a stable value, suggesting that CCV is captured
in the current 10-cycle RANS simulations. It is found that the
second cycle is always a high cycle with the highest peak
pressure among 10-cycle results, which is believed to be caused
by the simulation initialization. To remove the influence from
initialization, the first and second cycles are discarded from
discussion.

1.6 . \ :
Il Experiment [l CFD

Span of peak pressure variation
[MPa]
(o]
i

-10.18  -13.47 -1423 -15.21
Spark timing [* aTDC]

Figure 5. Span of peak pressure variation for 11.5 bar
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IMEP condition. Black columns are experimental data;
red columns are CFD predictions.

Figure 5 compares the measured and predicted span of
peak pressure variation. It is seen that the predicted CCV is

-3°aTDC 8°aTDC

about 50% to 80% of the measured value. The source of CCV
in these simulations is considered to be variations in the
turbulent flow field that affects the initial kernel development

11°aTDC

del_P [Pa]
3e+004
2e+004
0e+000
-2e+004
-3e+004

Figure 6. Visualization of in-cylinder process for a knocking case (8" cycle, 11.5 bar IMEP and -16.2° aTDC spark timing).
Top row: the orange surface is the iso-surface of G=0; the green surface is the iso-surface of 2000 K in the unburnt end-gas.
Bottom row: clip plane close to the cylinder head, colored by the difference between local pressure and global mean pressure.

and flame propagation, and variations in the residual gas that
affect the calculation of laminar flame speed, as well as fuel/air
mixing process. As discussed in the literatures reviewed
previously [23][24][25], larger-scale eddies may not be damped
out by the RANS. In fact, due to the turbulent viscosity with
refined mesh resolution with AMR, and 2nd-order spatial
discretization scheme, cycle-to-cycle variations are not being
damped out, which has traditionally been the case with coarse
mesh calculations in the past. We believe that LES would be a
better tool to fully capture CCV, however, it is very expensive
as well. Sufficiently resolved RANS simulation is able to
predict CCV and help capture the extreme condition for knock
prediction, although the predicted range of variation in pressure
is lower than experimental measurements.

PREDICTION OF KNOCK AND KLSA

A knocking condition can be achieved by advancing the
spark timing beyond the KLSA point, which is -14.23° after top
dead center (aTDC) for the 11.5 bar IMEP condition in the
experiment. An example of in-cylinder process at three crank
angles is given in Figure 6 for a knocking case of 8™ cycle of
operating condition with 11.5 bar IMEP and -16.2° aTDC spark
timing, which has a moderate KI among the knocking cycles.
In the top row, the surface colored in orange is the iso-surface
of G equals 0, representing the propagating flame front, and the
surface in green is the iso-surface of temperature equals 2000 K
in the unburnt end-gas (G < 0). In the bottom row, a clip plane

is created right below the cylinder head, and the color contour
indicates AP, which is the pressure difference between the local
value and the global mean value. The intake valves are on the
left side and the exhaust valves are on the right side in the
figures. At -3° aTDC, the spark-ignited flame grows without
any hot-spot in the unburnt region, elevating the in-cylinder
pressure uniformly. The flame is slightly offset from the center
towards the exhaust side, reflecting the tumble flow direction.
At 8° aTDC, as the flame keeps growing and compressing the
end-gas, a hot-spot is observed at the location close to the
cylinder head and exhaust valve, indicating the knock onset.
Correspondingly, a sharp pressure rise is also established at the
same location. Following the knock onset, the end-gas is rapidly
consumed by the auto- ignition event, accompanied by pressure
waves oscillating inside of the cylinder, as can be seen at 11°
aTDC.
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Figure 7 Monitor point location and radar chart of PDF
for maximum pressure oscillation location.

To quantify the KI, 16 monitor points were set along the
liner right below the cylinder head to record local pressure, as
indicated by the blue dots in Figure 7. MAPO analysis was then
performed with a band filter of 4-20 kHz to obtain the pressure
oscillation that is relevant to knock [15]. An example of
pressure oscillation is given as black line in Figure 8 (a), which
is the maximum pressure oscillation in the same engine cycle
as shown in Figure 6 with 11.5 bar IMEP and -16.2° aTDC
spark timing. The end-gas heat release rate is also plotted as
black line in Figure 8 (b) to illustrate the end-gas auto-ignition
process. A low temperature heat release is firstly observed
following the spark discharge from -10 to 0° aTDC, and
negligible pressure oscillation is seen within this duration. A
sharp increase in the end-gas heat release due to high
temperature reaction is then found at ~10° aTDC suggesting the
occurrence of end-gas auto-ignition. At the same time, the rapid
heat release results in significant fluctuation in the pressure
field, as can be seen in Figure 8 (a). The KI is defined as the
maximum absolute value of peak pressure oscillations among
all the monitor point locations. A probability density function
(PDF) of the maximum pressure oscillation location from 48
simulation runs for the 11.5 bar IMEP condition is shown in
Figure 7. It is seen that the maximum pressure oscillation is
most likely to be found at locations that close to the exhaust
valve. The high temperature of exhaust valve has a strong
impact on the end-gas heat release and knock onset that a hot
spot tends to form on the exhaust side, which is also observed
in Figure 6.
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Figure 8. Simulation results for three cases at 11.5 bar
IMEP condition with varying Mach CFLs and spark
timings.
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Figure 9. Calculated convective CFL (CFLy) and Mach
CFL (CFLyjep) from CFD simulation.

As mentioned previously, the simulations in this study use
a maximum Mach CFL number of 50, which does not mean that
a fixed Mach CFL is used, but the CFD time step is limited from
yielding a Mach CFL larger than 50 while the time step is also
subjected to other restrictions [16]. An example of calculated
maximum Mach CFL for the 8% cycle of 11.5 bar IMEP, -16.2°
aTDC spark timing condition is provided in Figure 9 in
comparison with calculated convective CFL. The Mach CFL is
defined as CFLyqcn = €At/Ax. c is the local speed of sound, At
is the time step, and Ax is the local length scale. Convective
CFL is defined similarly as Mach CFL, but is calculated with
the flow velocity (U) instead of speed of sound (¢). It is seen
that the convective CFL is consistently lower than 1, which
ensures a stable solution for the Navier-Stokes equation. The
Mach CFL is lower than the specified value of 50 during the
compression stroke, where the time step is limited by other
factors, such as spray, diffusion calculations, or excessive
iterations in the Pressure-Implicit with Splitting of Operators
(PISO) procedure, etc. The significant downward spikes in both
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convective CFL and Mach CFL around -16.2° aTDC indicate
very small time steps (1~5*10% s) caused by the start of
sourcing G value during the spark discharge. Following that,
the Mach CFL becomes the limiting factor and stabilizes around
50.

A Mach CFL less than 1 is usually suggested to accurately
capture a pressure wave. Two more simulation results are
presented in Figure 8 (a) and (b) to illustrate the sensitivity of
pressure oscillation prediction on Mach CFL number. The red
lines are results with spark timing at-16.2° aTDC, and the green
lines are results with spark timing at -10.18° aTDC. Both cases
use a Mach CFL number of 5. As can be seen in Figure 8 (b),
the early spark discharge at -16.2° aTDC using small CFL also
leads to a knocking cycle, as indicated by the high temperature
heat release, while the late spark timing at -10.18° aTDC is a
much more stable condition. However, both cases with small
Mach CFL present higher intensity of pressure oscillation
compared to the case with large Mach CFL, despite the fact that
the green lines represent a non-knocking condition. Thus,
determining knock onset by a threshold value in the pressure
oscillation is somewhat arbitrary, and strongly depends on the
Mach CFL. While use of a small Mach CFL number less than
1 is expected to achieve convergence in pressure oscillation
prediction, it is also extremely computational expensive,
especially when multi-cycle simulation is desired for SI engine
study. Applying Mach CFL of 1 or 5 only for the combustion
duration (-20 ~ 50° aTDC) while keeping Mach CFL as 50 for
the rest of the cycle, requires longer simulation time by a factor
of 3 or 1.4, respectively, compared to using Mach CFL of 50
throughout the simulation for the current CFD model setup.
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Figure 10. KI vs. Peak pressure for 11.5 bar IMEP
condition. Red dots represent each cycle result. The grey
line is a quadratic regression fitting curve.

Moreover, the prediction of knock propensity is
complicated by CCV of SI combustion. Figure 10 plots the KI
against peak pressure for each cycle simulation at 11.5 bar
IMEP condition. A strong correlation exists between the KI and
the peak pressure that higher peak pressure often leads to
stronger KI, as indicated by the grey line, which is a quadratic
curve from regression fitting. In other words, there is also some
level of cyclic variation in the predicted KI, as in the peak
pressure. Thus, single-cycle simulation is not enough to reflect

its knock propensity even when the averaged experimental
result is well matched. Multi-cycle simulation is then required
to capture the extreme case in the KI prediction.

Figure 11 plots the KI at each cycle as function of spark
timing for both load conditions. As seen in Figure 11 (a), the
extrema points are highlighted as red line, which can be divided
into two sections: a flat section from -10.18 to -13.47° aTDC,
representing non-knocking conditions, and a steep section from
-13.47° aTDC and beyond, representing knocking conditions
with increased KI as spark timing advanced. Therefore, instead
of using an absolute threshold value, the non-dimensional trend
of KI extrema is examined, and the slope change point in the KI
extrema is shown be to a good indicator of the knock onset
point, i.e., KLSA. This approach predicts a KLSA of -13.47°
aTDC, which is very close to the experimental KLSA of -14.23°
aTDC. Similar trend is also found for the 7.5 bar IMEP
condition, and the slope change point predicts a KLSA of -23°
aTDC, which is the same to the experimental measurement. The
accuracy of KLSA prediction can be affected by the spark
timing sweep interval. The currently used 1 crank angle degree
(CAD) interval is considered to be sufficient since the change
in IMEP with spark timing around KLSA is less than 0.7% per
CAD for the studied cases.
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Figure 11. KI as function of spark timing. Grey dots
represent KI at each cycle. Red line is the KI extrema and

8 Copyright © 20xx by ASME



blue line is the KI of 6" cycle using Mach CFL of 50.
Green line is the prediction using Mach CFL of 5, divided
by a factor of 2.

The blue line in Figure 11 (a) is the KI prediction at cycle
6, which shows a completely different trend, suggesting that
single-cycle simulation can not be used alone to identify the
KLSA and multi-cycle results are needed to account for the
influence of CCV on the KI prediction. The current 10-cycle
simulation is a best practice for the two load conditions in this
study to attain a reliable and stable trend in the KI extrema.
Additionally, the simulation results with Mach CFL of 5 is also
plotted as green symbol line in Figure 11 (a). Although the
absolute value of KI predicted using CFL of 5 and CFL of 50
are different by a factor of 2, the trends are quite similar, both
suggesting a KLSA at around -14.23 ~ -13.47° aTDC by the
slope change points. Therefore, the proposed approach is shown
to be less sensitive to the Mach CFL, and also accounts for
influence of CCV.

SUMMARY AND CONCLUSIONS

A CFD simulation study of cyclic variability and knock
prediction in a boosted SI engine was performed. G-equation
combustion model coupled with well-stirred reactor model was
used to capture the turbulent flame propagation and end-gas
auto-ignition. A simple ignition model was used and shown to
give reasonably good prediction. A RANS turbulence model
with a large Mach CFL number of 50 were used to keep the
computation efficient and relevant to engineering application.
10 consecutive engine cycle simulation was performed and
validated against experimental data with several operating loads
and spark timings. Good agreement between simulation and
experiment can be found in terms of averaged pressure traces
and combustion phasing. It is shown that the current multi-cycle
RANS simulation is able to represent the CCV from
experimental measurement. The CCV observed in this study is
considered due to the use of a fine mesh and high-order spatial
discretization scheme which preserves the large-scale flow
structures and their variations from cycle to cycle.

Engine knock was induced in the simulation by advancing
the spark timing beyond the KLSA point. The end-gas is
consumed by the auto-ignition rapidly after the knock onset,
accompanied by significant pressure wave fluctuating inside of
the cylinder, as illustrated by the 3D in-cylinder visualization.
MAPO analysis with a 4 to 20 kHz band filter was employed to
quantify the KI, which shows a significant dependency on the
Mach CFL number, imposing difficulties in determining knock
onset by using an absolute threshold value in KI. Also, a strong
correlation was found between the peak pressures and the
maximum knock intensities, suggesting a similar level of
variation in the KI as in the peak pressure. To address these
difficulties, a new approach to predict KLSA is proposed,
which uses the slope change point in the KI extrema from multi-
cycle simulation as an indicator of KLSA. This approach
accurately predict the KLSA for the studied condition, and is
also shown to be insensitive to the Mach CFL number, and also
accounts for cyclic variability effects with a relatively low
computational cost.
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