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Abstract
Knock is an abnormal combustion phenomena capable of causing serious damage to spark ignition engines, and is a constraint
to reach the maximum potential of the engine, since strategies to increase power output and improve efficiency such as
turbocharging, increased compression ratio and the advancement of spark timing, also increase the possibility of knock
occurrence. Therefore, it is crucial to take into account the limits imposed by knock in the design and operating conditions
of the engine when using an engine computational model. In this article a zero-dimensional two-zone engine model, coupled
with a chemical kinetic model for knock detection through end-gas auto-ignition is developed and validated, for a natural
gas engine. Given the importance of an accurate knock prediction, five heat transfer coefficient correlations are compared
to find the most suitable to predict the knock occurrence, through calculation of a knock criterion. Correlations from Sitkei
and Annand were the most suitable to predict this knock criterion for the experimental data used, and the Sitkei correlation
was later tested in a parametric study to predict the effect of spark timing, compression ratio, equivalence ratio and inlet
temperature in knock occurrence and intensity. Results were in accordance with real engine behaviour when knock occurs.
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List of symbols
AR Flow area of the valve (m2)
As Heat transfer area (m)
B Cylinder bore (m)
CD Discharge coefficient
CR Compression ratio
cp Specific heat capacity at constant pressure

(J/kg K)
cv Specific heat capacity at constant volume

(J/kg K)
DV Valve diameter (m)
dQ Gas-wall heat transfer (J/CAD)
dQchem Rate of energy released in combustion reactions

(J/CAD)
h Specific Enthalpy (J/kg)
hg Gas-wall heat transfer coefficient (W/m2 K)
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kg Thermal conductivity (W/m K)
L Connecting rod length (m)
lv,max Maximum valve lift (m)
m Mass of the gas (kg)
rpm Engine rotational speed (rpm)
p Cylinder gas pressure (Pa)
R Specific gas constant (J/kg K)
S Cylinder stroke length (m)
sL Laminar flame speed (m/s)
sp Averaged piston speed (m/s)
ST Spark timing before top center (CAD)
T Temperature (K)
Tw Wall temperature (K)
u Internal energy (J/kg)
V Cylinder volume (m3)
Vc Cylinder clearance volume (m3)
Vd Cylinder swept volume (m3)
xb Burned gas mass fraction
γ Specific heat capacities ratio
μ Dynamic viscosity (Pa s)
φ Equivalence ratio
ρ Density (kg/m3)
τ Auto-ignition delay (CAD)
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θ Crank angle (CAD)
θknock Knock onset (CAD)

Subscripts
b Burned
in Intake
mot Motoring
st At spark timing
u Unburned
w Wall

Abbreviations
AFR Air–fuel ratio
CAD Crank angle degree
EVO Exhaust valve open (CAD)
EVC Exhaust valve close (CAD)
IVO Inlet valve open (CAD)
IVC Inlet valve close (CAD)
LHV Lower heating value of the fuel (J/kg)

1 Introduction

Spark ignition (SI) engines have been the main power source
for automobiles and other transport vehicles, due to their
versatility, as SI engines can operate in a wide range of con-
ditions using different fuels, and, despite SI engines use is
increasingly restricted because of the need to slow down the
global warning, it is expected to remain relevant for at least
the next 20 years [1].

The regulation of engine pollutant emissions and the
depletion of petroleum resources have boosted the shift of
gasoline to alternative fuels, such as natural gas, which has
gained a lot of attention in the last decades due to its potential
to achieve lower pollutant emissions [2], higher thermal effi-
ciency [3] and lower cost [4] in SI engines. Despite its lower
energy content, natural gas has a higher octane number than
gasoline, and hence a natural gas engine can use turbocharg-
ing and a higher compression ratio to increase power output
or improve efficiency, and can therefore, be a suitable replace-
ment for gasoline as fuel in SI engines.

To improve natural gas engine performance in terms of
energetic efficiency, fuel economy and pollutant emissions
[5], several design and operating parameters must be opti-
mized such as compression ratio, spark timing, inlet pressure
and temperature, and equivalence ratio. This can be achieved
through extensive engine testing, but it can be both expen-
sive and time consuming, especially in early design stages.
The Interactive Design approach makes use of several tech-
niques to achieve its main goal: supply efficient solutions for
leading product engineering [6]. Among them is the use of
numerical methods and computational models to address a

design problem (like the one mentioned before), with which
similar results to those obtained by doing real tests can be
achieved. For the design problem addressed in this paper,
an engine computational model is a valuable alternative as
it can be used to predict pressure and temperature inside
engine cylinders, under several initial conditions in a cheap
and fast way, and from temperature and pressure profiles,
power output, engine efficiency, pollutant emissions, specific
fuel consumption and other important engine parameters and
indices can be obtained.

An engine model can be zero-dimensional, quasi-dimen-
sional ormulti-dimensional [7]. Zero-dimensional and quasi-
dimensional models are based on the application of the
first law of thermodynamics (energy and mass balances)
and ideal gas law on the different stages of the engine
cycle namely intake, compression, combustion, expansion
and exhaust. Depending on the number of zones consid-
ered during the combustion stage in the model, they can be
single-zone, two-zones or multi-zones, being the most com-
mon the two-zones model where a burned gases zone and an
unburned gases zone are considered.While zero-dimensional
models use an empirical correlation to predict combustion
heat release rate and the development of the flame, quasi-
dimensional models do it based on the cylinder dimensions,
flame propagation speed and flame geometry. On the other
hand, multi-dimensional models are based on the full set
of governing partial-differential conservation equations, and
so, spatial and temporal information of the cylinder can be
obtained from this type of model. However this detail level
comes with a substantial increase in the computation time
required to solve those equations [8],whichmakes thismodel
inadequate for parametric studies of the engine.

Knock is an abnormal combustion phenomenon, and its
effects range from reduction of the engine efficiency on light
knock, to severe engine damage on heavy knock like erosion,
holing or melting of cylinder walls [9] and piston surface
[10,11]. It occurs when the temperature and pressure of the
unburned gas mixture in front of the flame in the cylinder
(i.e. end gas) are high enough to promote the increase in the
concentration of highly reactive radicals to a critical level in
which a portion of this gas undergoes spontaneous chemi-
cal reactions known as auto-ignition, releasing most of its
chemical energy 5–25 times faster than the normal combus-
tion, causing a sudden substantial increase in temperature
and pressure [11]. When increasing inlet pressure with tur-
bocharging, increasing compression ratio or advancing spark
timing to increase power output or improve efficiency in natu-
ral gas engines, the likelihood of knock occurrence increases
[12] and this becomes a constraint in further improvement
of SI engines. Hence it is crucial to take into account knock
occurrence in engine computational models.

Engine computational models can predict the onset and
(to a lesser extent) intensity of knock, modelling it as the
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auto-ignition of the end gas, which depends on the tempera-
ture and pressure inside the cylinder [13]. There are mainly
two models to predict knock onset: the knock integral model
and the chemical kinetic model. The knock integral model
uses an empirical Arrhenius-like correlation obtained from
temperature and pressure measurements in a specific engine,
to obtain the ignition delay time τ , the time required for the
end gas to attain auto-ignition. This equation is used in the
integral equation proposed by Livengood and Wu [14] (Eq.
1) to calculate the time or crank angle degree CAD (θknock)
in which the end gas auto-ignition occurs.

∫ θknock

θI VC

dθ

τ
= 1 (1)

In Eq. 1 θI VC is the CAD of Intake Valve Close and θknock is
the CAD of knock occurrence. This model was used by [15],
using a τ correlation like the one shown in Eq. 2, where p
is in-cylinder pressure, T is in-cylinder temperature and X1,
X2 and X3, are experimental constants that must be fitted
to a specific engine. With this model Soylu [15] was able
to predict knock onset with deviations not greater than 0.8
CAD from measured data.

τ = X1 · p(θ)−X2e

(
X3

Tu (θ)

)
(2)

On the other hand, the chemical kinetic model calculates the
knockonset basedon akineticmechanism (global, reducedor
detailed) containing information of the reactions, and trans-
port and thermodynamic properties of a set of species, from
which chemical reaction rates can be obtained knowing tem-
perature, pressure and composition of the end gas. Coupled
with an engine model, that gives temperature and pressure
values at any CAD to the kinetic mechanism, the knock onset
can be calculated.

Gao [16] proposed a knock criterion Kc (see Eq. 3) that
compares accumulated amount of energy release due to end
gas pre-ignition reactions relative to the current volume of
the cylinder, with the total energy to be released normally
throughflamepropagation over thewhole cycle relative to the
swept volume of the cylinder, to detect the knock occurrence.
This ratio can be considered as a knock intensity indicator
too [17].

Kc =
energy released by end gas reactions (θ)

V (θ)

energy released by combustion
Vd

(3)

This equation was expressed in terms of enthalpies by [17]
in Eq. 4 where hst is the air–fuel mixture enthalpy at spark
timing (st), h(θ) is the enthalpy at θ CAD, m(θ) is the zone
(u or b) mass at θ CAD, Vd is the cylinder swept volume,
LHV is the lower heating value of the fuel used,m f uel is the

fuel mass at spark timing and V (θ) is the cylinder volume at
θ CAD.

Kc = hst · hu(θ) · mu(θ) · Vd
LHV · m f uel · V (θ)

(4)

This type of model is more computationally demanding than
the knock integral model, and its accuracy depends on the
kinetic mechanism used, given that kinetic mechanisms are
developed under specific conditions and for a specific range
of temperatures and pressures, and should be used with care
out of their bounds. Even so, if a suitable mechanism is used,
this models can be highly accurate as can be seen in Saikaly
et al. [18] where knock occurrence was calculated for several
initial conditions and several gas natural compositions, and
good agreementwas obtainedwith previouswork.Moreover,
inTrijselaar [19], experimental knock limited spark time for 8
different natural gas mixtures was obtained and compared to
the corresponding knock criterion calculated for every mix-
ture, and it was found as in Saikaly et al. [18], Attar [17,20]
that when the knock criterion equals or surpasses a specific
value, it can be said that knock occurred.

Heat transfer from the gases to the cylinder walls in the
energy balance can account for 30 to 40% of the energies
inside the cylinder [21], and therefore, its correct simulation
is fundamental for an accurate prediction of the temperature
and pressure, and in turn, a correct knock occurrence predic-
tion too. Several correlations like the ones from Eichelberg
[22], Woschni [23], Hohenberg [24], Sitkei and Ramanaiah
[25] and Annand [26] have been developed to calculate the
gas-wall heat transfer coefficient hg in Newton equation (Eq.
5) for heat transfer rate, where k subscript is either u for
unburned air–fuel mixture or b for combustion products. In
this equation As is the heat transfer area, Tk is the k zone
temperature and Tw is the wall temperature.

dQk = hg,k · As,k · (Tk − Tw) (5)

Lounici et al. [27] tried the five heat transfer correlations
mentioned to find the most suitable to predict the in-cylinder
pressure, comparing the heat transfer coefficient obtained
from each of the correlations, with experimental data, and
found that pressure and temperature calculated with the
engine model vary considerably depending on the heat trans-
fer correlation used, being Hohenberg’s correlation the most
suitable for their experimental data. In literature of knock
models, the heat transfer coefficient correlations have been
used without justification regarding its effect in the knock
prediction accuracy. For instance Ghanbari et al. [28], Essen
et al. [29] andGersen et al. [30] used theWoschni correlation,
Michos [31] andSoylu [32] used the correlation fromAnnand
and Saikaly et al. [18] used the one from Hohenberg without
specifying the reason of their choice. This is why in the cur-
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rent study a similar methodology to the one from Lounici is
used, but instead of the in-cylinder pressure, Kc is evaluated
to determine which one of the correlations predicts better
knock occurrence. To calculate Kc, a zero-dimensional two-
zone engine model, coupled with a chemical kinetic model
for end-gas auto-ignition calculation is used and described.
A zero-dimensional model is used because of its simplicity
and the lack of experimental turbulence data needed to cal-
ibrate a quasi-dimensional model; two zones (urburned and
burned) are used during the combustion stage because they
are suffice to model knock occurrence, and chemical kinet-
ics model is used instead of the knock integral one because
the former takes into account that combustion or oxidation
reactions are a sequence of elementary chain reactions with
a large number of intermediate species and the latter doesn’t.

With the correlation found to be the most suitable to pre-
dict Kc, a parametric study is done to evaluate the effect of
spark timing, compression ratio, equivalence ratio and inlet
temperature in knock occurrence and intensity.

Cantera software [33] was used to calculate the net pro-
duction rates, the thermodynamic and the transport properties
of each species inside the cylinder using the kinetic mecha-
nism developed by Petersen et al. [34] which was found by
Trijselaar [19] to be suitable to predict knock in natural gas
engines.

The design problem addressed in this work was intended
to be solved bymeans of the interactive design approach, and
accordingly the engine computational model was considered
as the product meant to solve this problem. According to
this approach, the creation of a product is constrained by 3
factors: the expert’s knowledge, the realization of functions
and the end user’s satisfaction [6]. The expert’s knowledge
was obtained from the engine modeling literature, and was
crucial to develop the model described in this work, and the
realization of functions is well defined for this model in the
last paragraphs. To address the end user’s satisfaction a small
Application programming interface (API) was developed in
the programming language Python, to make use of the model
in an interactiveway.With thisAPI the user can easily specify
the operational and design parameters of the engine, run the
engine cycle simulations and plot or process the results. For
more information on this API, feel free to contact the authors.

2 Model description

Energy and mass conservation equations, and ideal gas law
were applied in every stage of the SI engine cycle, namely
Intake stage where the air–fuel mixture enters the cylinder,
Compression stage where this mixture is compressed, and
pressure and temperature increase, Combustion stage where
this mixture is burned and chemical energy stored in the fuel
is converted into mechanical energy, and expansion stage

Fig. 1 Schematic diagram of the assumptions made in the SI engine
cycle model

where combustion products expand as the pistonmoves away
from the spark plug of the cylinder.

To simplify the SI engine cycle modelling the following
assumptionsweremade: the gasesmixture inside the cylinder
is an ideal gas; during combustion, cylinder volume is divided
in two homogeneous zones, the unburned zone containing
the air–fuel-residuals mixture not burned yet and the burned
zone containing the products of combustion, separated by
an infinitesimal thickness flame; thermodynamic properties
are uniform in each zone; total mass of the mixture inside
the cylinder is constant during compression, combustion and
expansion; pressure in the cylinder is spatially constant since
the speed of sound, at which the pressure is equalized, is
several orders ofmagnitude larger than the speed of the flame
propagation [13] and Wall temperature is spatially constant.
These assumptions are represented in Fig. 1.

Sections 2.1, 2.2 and 2.3 explain the equations obtained
for every SI engine cycle stage, and the additional submodels
necessary to solve the resulting ordinary differential equation
system are described in the remaining subsections.

2.1 Intake process

The present model was developed for port fuel injection
engines, as they aremore likely to knock than direct injection
engines, since in the last ones the charge is cooled when the
fuel is injected in the cylinder, because it evaporates using the
heat of the charge instead of the heat of the walls, and there-
fore, knock occurrence likelihood decreases with the charge
temperature reduction [35]. In port fuel injection engines the
intake process starts at exhaust valve close (EVC) and ends
at inlet valve close (I VC). During this process, the intake
valve is open and fresh air–fuel mixture enters the cylinder
at a rate of dmin . Energy conservation is applied to calcu-
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late the change of temperature (Eq. 6), mass conservation is
shown in Eq. 7, and pressure change is calculated from ideal
gas law (Eq. 8).

dTu = −dQu + p · dVu + uu · dmu − hin · dmin

mu · cv,u
(6)

dmu = dmin (7)

dp = p

(
dTu
Tu

+ dmu

mu
− dVu

Vu

)
(8)

In Eq. 6 dQ is the heat transfer rate, hin is the intake mixture
enthalpy and cv is the specific heat capacity at constant vol-
ume. To calculate dmin the equations for compressible flow
through a flow restriction shown in Eqs. 9 and 10 are used
[11]. Flow area of the valve (AR) is calculated with Eq. 11
and pT , po and To are calculated with Eq. 12. In this equa-
tion subscript in corresponds to intake mixture properties. If
pT
po

≤
(

2
γ+1

) γ
γ−1

is true, Eq. 10 is used instead of Eq. 9.

dmin = s
CD · AR · po
(R · To)1/2

(
pT
po

) 1
γ

√√√√√ 2γ

γ − 1

⎛
⎝1 −

(
pT
po

) γ−1
γ

⎞
⎠

(9)

dmin = s
CD · AR · po
(R · To)1/2 γ 1/2

(
2

γ + 1

) γ+1
2(γ−1)

(10)

AR = π · Dv · lv,max · sin
(

π
θ − θI V O

θI VC − θI V O

)
(11)

{
po = pin, pT = p, To = Tin, s = 1, for pin > p

po = p, pT = pin, To = Tu , s = −1, for pin < p
(12)

In Eqs. 9, 10 and 11 CD is the discharge coefficient of intake
valve, R is the specific gas constant, γ is the specific heat
capacities ratio, Dv is the intake valve diameter and lv,max is
the maximum intake valve lift.

2.2 Compression and expansion processes

Compression starts at I VC and ends at spark timing (ST ),
while expansion starts at the end of combustion and ends
at exhaust valve open (EV O). Same differential equations
were obtained for both processes. Using energy and ideal gas
law, Eqs. 13 and 14 are obtained respectively.

dTk = −dQk + p · dVk
mk · cv,k

(13)

dp = p

(
dTk
Tk

− dVk
Vk

)
(14)

where subscript k is u (unburned) for compression and b
(burned) for expansion.

2.3 Combustion process

Combustion starts at the end of the ignition lag, almost imme-
diately after the spark timing and is considered to end when
unburned mixture is 95% of the total mass in the cylinder.
Ignition lag is calculated with an empirical correlation (Eq.
15) obtained by Rousseau et al. [36] where φ is the equiva-
lence ratio.

θlag = −0.35θst + 6.80/φ − 3.848 (15)

The initial burned zone temperature and the initial compo-
sition of the burned zone are assumed to be the adiabatic
flame temperature and equilibrium composition respectively
of the unburned mixture at spark timing, obtained from equi-
librium calculation carried out adiabatically and at constant
pressure. Both are obtained using the Gibbs energy mini-
mization method included in Cantera.

Energy conservation was applied in both zones, unburned
(Eq. 16) and burned (Eq. 17) and ideal gas law was used
to calculate p evolution (Eq. 18). The composition of both
zones is considered transient and dependent on the chemical
reactions occurring in each one. Equations to calculate this
change are Eqs. 19 and 20 for unburned and burned zones
respectively and the energy contribution of this reactions,
dQchem,u and dQchem,b (Eqs. 21 and 22), is included in the
energy conservation equations. This allows to account for
possible auto-ignition occurrence in the unburned zone, and
thus predict the knock occurrence using the Kc.

dTu = Vu · dp + dQchem,u − dQu

mu · cp,u (16)

dTb = Vb · dp + dQchem,b − dQb + (hu − hb)dmb

mu · cp,u
(17)

dp =

(−cp,b · Rb · Tb + cp,b · Ru · Tu + Rb · hb
− Rb · hu)cp,u · dmb + cp,b · cp,u · p · dV
+ cp,b · Ru · dQu + cp,u · Rb · dQb

− cp,b · Ru · dQchem,u − cp,u · Rb · dQchem,b

−cp,b · cp,u · V + cp,b · Ru · Vu + cp,u · Rb · Vb
(18)

dYi,u = Mi,u · ωi,u

ρu
(19)

dYi,b = Mi,b · ωi,b

ρb
(20)

dQchem,u = −Vu

N∑
i=1

h̃i,u · ωi,u (21)

dQchem,b = −Vb

N∑
i=1

h̃i,b · ωi,b (22)
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In Eqs. 16–22 cp is the specific heat capacity at constant
pressure, ρk is the k zone density, and h̃i , Mi and ωi are the
partial molar enthalpy, molecular mass and net production
rate of species i respectively.

2.4 Cylinder volume

Volume inside the cylinder is calculated with Eq. 23, where
Vc is the cylinder clearance volume, B is the cylinder bore,
S is the cylinder stroke length and L is the connecting rod
length.

V = Vc + π · B2

4

⎛
⎝L + S

2

⎛
⎝1 − cos(θ) −

√
L2 − S2

4
sin2(θ)

⎞
⎠
⎞
⎠

(23)

2.5 Combustion heat release rate

The mass burning rate dmb in the combustion equations is
related to the combustion heat release rate (dQr ) through the
LHV (dmb = dQr/LHV ). The analytical equation fordQr

proposed by [37] which takes into account the turbulence
inside the cylinder through constant CT is used. Equation 24
shows this model, where t ′ is the time elapsed since spark
ignition and xb is the burned mass fraction.

dmb = CT · ρb · sL · t ′2(1 − xb) (24)

sL can be obtained from a free flame model, experimentally
or with correlations. In the current work sL was calculated
for temperatures from 300 to 900 K, pressures from 1 to 90
bar and equivalence ratios from 0.6 to 1.1 with the free flame
model from Cantera and through data fitting a multivariate
polynomial was obtained for sL as a function of these three
parameters.

2.6 Knock occurrence

Derivative of Kc (Eq. 25) is solved alongwith the other differ-
ential equations in the combustion stage to get Kc evolution
in time, and it is considered that knock occurs when Kc is
equal or greater than 1.5, from the results obtained by Attar
[17] who found that borderline knock is foundwhen themax-
imum value reached by Kc is the mentioned value. In Eq. 25
CR is the compression ratio.

dKc = 1

V
(Vc · CR((hst − hu)dmb

+ mu · cp,u · dTu)/LHV − Kc · dV )

(25)

2.7 Heat transfer model

Five heat transfer coefficient correlations are compared to
find the most suitable to predict the knock occurrence. Equa-
tion 26 is the correlation from Woschni [23], Eq. 27 comes
from Eichelberg [22], Eq. 28 is the one from [26], Eq. 29
corresponds to Hohenberg [24] and Eq. 30 to Sitkei and
Ramanaiah [25]. In these equations sp is the averaged piston
speed and units of measurement are those of the International
System of Units (SI), unless otherwise specified.

hg = 129.8 · B−0.2(p[bar] · w)0.8 · T−0.53 (26)

hg = 7.67 × 10−3s1/3p (p · T )0.5 (27)

hg = a
kg
B

(
sp · B · m
V · μ

)0.7

+ 4.3 × 10−9 T
4 − T 4

w

T − Tw

(28)

hg = 130V−0.06 p[bar]0.8T−0.4(1.4 + sp)
0.8 (29)

hg = 2.36 × 10−4(1 + b)
(p · sp)0.7A0.3

s

T 0.2(4V )0.3
(30)

In correlation from Woschni Woschni (Eq. 26), w is the
gas velocity, calculated from the unfired gas velocity (pro-
portional to the averaged piston speed) and the combustion
induced gas velocity (function of the difference between the
motoring andfiring pressures) [27], and is calculatedwithEq.
31, where the subscript st means “at spark timing”; and pmot ,
the motoring pressure, is calculated with Eq. 32. Moreover,
Woschni found thatC1 is 6.18 in intake and 2.28 in compres-
sion, combustion and expansion; and C2 is 0 in intake and
compression and 3.24× 10−3 in combustion and expansion.

Constant a in Eq. 28 from Annand and constant b in Eq.
30 from Sitkei and Ramanaiah are tuning parameters with
ranges of 0–0.35 and 0.35–0.8 respectively. The values of
these parameters were chosen in order to obtain the results
closest to the experimental data used.

w = C1 · sp + C2(p − pmot )
Vd · Tst
pst · Vst (31)

pmot = pst

(
Vst
V

)1.3

(32)

In the Newton’s equation (Eq. 5) the As for intake, compres-
sion and expansion is calculated with Eq. 33 [11]. As,b and
As,u during combustion are obtained from Eqs. 34 and 35
respectively [27].

As = π/(2B2) + 4V /B (33)

As,b = As
√
xb (34)

As,u = As − As,b (35)

123



International Journal on Interactive Design and Manufacturing (IJIDeM) (2018) 12:1423–1433 1429

Table 1 Design and operating
conditions of studied engines

B (mm) S (mm) rpm CR pin (bar) Fuel ST (CAD) φ

Attar 82.5 114 900 8.5 0.87 CH4 10 0.9

Saikaly 152 165 1500 12 1.6 Natural gas 14 0.69

Fig. 2 Experimental and calculated cylinder pressure for studied
engines

2.8 Enginemodel solving

To solve the ordinary differential equations system obtained
from the equations previously explained, the ode solver from
python library Scipy [38] was used, with a method based on
backward differentiation formulas (BDF) for stiff problems,
due to the high stiffness of the set of ordinary differential
equations obtained from Eqs. 19, 20, 21 and 22.

3 Results and discussion

3.1 Model validation

Pressure inside the cylinder was chosen as the compari-
son criterion for overall model validation since, from this
parameter, the performance of an engine can be evaluated.
Experimental pressure data fromAttar [17] and Saikaly et al.
[39] was used to test the performance of the current model at
different design and operating conditions (see Table 1), and
results are shown in Fig. 2 where “ex” means experimental
data and “calc” calculated data.

The CT constant in Eq. 24 was adjusted to fit the experi-
mental data using the least squaresmethod.Thepeakpressure
and the peak pressure CAD predicted by the model, were
close to the experimental data for Saikaly and this was
checked with theMann–Whitney U test [40], a statistical test
to find if two data set’s difference is significant, with which
it was found that difference between experimental and cal-
culated data is not significant. On the other hand the model

Table 2 Design and operating conditions where it was found by [17]
that knock occurred

Test 1 2 3 4 5 6 7 8

φ 1.00 0.77 0.83 0.94 0.90 0.90 0.90 0.90

CR 11 16 15 14 16 15 14 12

ST 28.00 17.00 17.00 17.00 12.74 14.91 17.70 24.32

predicted a peak pressure slightly smaller than the experi-
mental peak pressure for Attar but the peak pressure CAD for
the model is approximately equal in both experimental and
calculated data. Mann–Whitney U test applied to compare
experimental and calculated data resulted in the difference
between the two being significant, due to the overestimation
of pressure during expansion stage. However, this difference
is not significant for the current work since the interest is in
knock prediction and knock occurs during combustion stage
and during this stage pressure prediction was accurate.

Considering that the model used is zero-dimensional and
a lot of assumptions were made to simplify the SI engine
modelling, the results obtained are satisfactory. Nonetheless,
it is important to compare not only the pressure, but also
the Kc to determine if the current model is able to predict
knock occurrence, since this parameter has been found to be
associated directly with the end-gas autoignition.

3.2 Heat transfer model influence on Knock

Attar [17] found several engine design and operating con-
ditions where knock occurred, varying compression ratio,
equivalence ratio, spark timing and initial temperature. At
these conditions the maximum value of the Kc (Kc,max ) was
close to 1.5. Some of these design and operating conditions
are shown in Table 2 and are used in conjunction with the
engine specifications of Attar (see Table 1) to calculate the
Kc,max using the five correlations mentioned in Sect. 2.7.

Figure 3a shows the Kc,max of every test shown in Table
2 calculated with the different heat transfer coefficient cor-
relations, and Fig. 3b shows the difference between the
Kc,max calculated and the reference value 1.5 (ΔKc,max =
|Kc,max − 1.5|).

In Fig. 3a it can be seen that Kc,max calculated with
Annand and Sitkei correlations are closer to 1.5 than those
from Woschni, Eichelberg and Hohenberg, and this is con-
firmed in Fig. 3b where ΔKc,max in the first correlations is
not greater than 0.5 and are far lower than the other corre-
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(a)

(b)

Fig. 3 a Kc,max of tests in Table 2, b ΔKc,max

Fig. 4 In-cylinder pressure calculated for test 2 with the five heat trans-
fer correlations

lations. It was also found that with the Woschni, Hohenberg
and Eichelberg correlations no knock was detected in most
of the tests, whereas with the Annand and Sitkei correlations,
knock was detected in all of the tests, which is in agreement
with what was reported by Attar. This can be seen in Fig. 4
where in-cylinder pressure calculated for test 2 with the five
correlations is shown. In this figure the curves fromSitkei and
Annand have a sudden rise in pressure, indicative of knock,
and the others don’t exhibit this behaviour.

In tests 1, 2, 3 and 5 Sitkei’s correlation performed bet-
ter since ΔKc,max was the smallest of the five correlations,
while in the other four tests the correlation fromAnnand was
better. Sitkei’s correlation seems to overestimate Kc,max and
Annand seems to underestimate it, given that their means
were 1.65 and 1.4 respectively, but more data would be
required to make such a conclusion. On the other hand,
although just in test 1 the Kc,max is equal to 1.5 (with Sitkei),
in all of the tests these two correlations detected the knock
and with values of Kc,max close to 1.5, and therefore, both
equations are able to predict the occurrence of knock for

the experimental data used. This same methodology can be
applied for different engines to find the most suitable heat
transfer coefficient correlation in order to predict as accu-
rately as possible knock occurrence when certain design and
operating parameters are used.

3.3 Knock occurrence

A parametric analysis was performed to study the effect of
spark timing (ST ), compression ratio (CR), equivalence ratio
(φ) and inlet temperature (Tin) on knock occurrence for a nat-
ural gas engine like the one studied by Attar (see Table 1).
Design and operating conditions used in the study include
CR = 13, ST = 18 CAD BTC and φ = 0.8, and the
remaining parameters are those given in Table 1 for Attar
engine. Knock does not occur at these conditions, and there-
fore they were chosen as the starting point for the parametric
study. To study one variable the other ones are held constant
while the one studied is given several values that go from
non-knocking to knocking conditions. The calculation time
to execute the simulation of the engine model with the Sitkei
correlation was smaller than that of Annand and, therefore,
the first one was used in the parametric study.

Spark timing has a substantial effect in knock occurrence,
and is the most commonly changed parameter to avoid it.
Knock increases when spark timing is advanced because
the greater the spark advance, the longer the combustion
takes place in the compression stage, where the pressure and
temperature are increasing and therefore there is a greater
probability of knock occurring. Taking into account the
above, spark timing was advanced from 18CAD until knock
was detected, with intervals of 3 CAD. Results are shown in
Fig. 5 where p versus CAD is plotted. The sudden increase
in pressure indicates knock onset, and difference between
pressure after and before knock onset gives a notion of its
intensity. Results are consistent with theory just explained,
and the greater the spark advance is, the sooner knock occurs
and the higher the knock intensity is.

In SI engines there is a trade-off between knock avoidance
and engine efficiency or power output, since higher tem-
perature and pressure are reached when compression ratio
is increased and therefore, likeability of knock increases
too, but with greater compression ratio a higher efficiency
is attained and more air–fuel mixture enters the cylinders,
with more power output as a result. It is important there-
fore to find the knock limited compression ratio for given
operating conditions and take this into account to design the
engine. With an engine model a starting point to the design
process can be found using a method like the one applied in
the present work in which compression ratio was increased
from non-knocking compression ratio at 13, until knock was
detected at compression ratio of 16. Results are shown in
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Fig. 5 Knock onset and intensity when varying spark timing

Fig. 6 Knock onset and intensity when varying compression ratio

Fig. 6 and as predicted, knock occurred when the compres-
sion ratio reached a sufficiently high value.

When the equivalence ratio approaches 1, stoichiometric
combustion is reached, and the maximum amount of fuel and
air is consumed during the reaction, whereby the maximum
amount of energy is released during combustion as compared
to poor or rich combustion. However, in this condition the
temperature increases and so does the probability of knock.
This can be seen in Fig. 7, where knock intensity is greater
at φ = 1.

Turbocharging increases inlet pressure, so more air–fuel
mixture enters the cylinders andmore energy is obtained from
combustion. One drawback of this technology is the inlet
temperature rise, which as has been stated before promotes
knock occurrence. It is important to find then how much can
the inlet temperature increase in a natural gas engine to get
higher power output, without reaching knock conditions, and
to get an estimate of this condition inlet temperature in the
engine model was increased until knock was found. As can
be seen in Fig. 8 inlet temperature increase of just 40 K from
ambient conditions is sufficient to trigger knock.

Fig. 7 Knock onset and intensity when varying equivalence ratio

Fig. 8 Knock onset and intensity when varying inlet temperature

As it is confirmed with this parametric study, the current
model is in accordance with theory about behaviour of knock
occurrence when spark timing, compression ratio, equiva-
lence ratio and inlet temperature are varied.

4 Conclusions

Developed zero-dimensional two-zonesmodel was validated
against experimental data, and used to predict knock occur-
rence through calculation of Kc,max . To predict knock as
accurate as possible five heat transfer coefficient correlations
were used in the model and the Kc,max values calculated
with each of them at different design and operating con-
ditions were compared to find the most suitable to knock
occurrence prediction. It was found that for the experimen-
tal knock data used the best correlations were those from
Sitkei [25] and Annand [26]. This same methodology can be
applied for different engines to find the most suitable heat
transfer coefficient correlation in order to predict as accu-
rate as possible knock occurrence when certain design and
operating parameters are considered. A parametric analysis
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was made to study the effect of spark timing, compression
ratio, equivalence ratio and inlet temperature on knock occur-
rence and test if the model is coherent with real engine knock
behaviour. Results of this study show thatmodel predictswell
knock occurrence likelihood increase when spark timing is
advanced, compression ratio is higher, equivalence ratio is
closer to 1 and initial temperature is greater. The parametric
methoddescribed canbeused to decidewhichparameters can
be changed to avoid knock occurrence, both during engine
design with spark timing, compression ratio and inlet tem-
perature, and during engine operation with equivalence ratio
and inlet temperature. Further research is needed to deter-
mine which parameter is the most suitable to be varied when
considering certain conditions, taking into account the emis-
sions, the specific fuel consumption and the power output
variation when each of them is changed.
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