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Abstract

A theoretical study about the autoignition phenomenon has been performed
in this article. The hypotheses of the Livengood & Wu integral have been
revised, concluding that the critical concentration of chain carriers is not
constant. However, its validity under engine conditions has been justified.
Expressions to characterize the temporal evolution of the concentration of
chain carriers, as well as the critical concentration of active radicals and the
ignition delay, have been obtained starting from the Glassman’s model. A
new expression to predict ignition delays under variable conditions has been
developed and the results obtained with this expression have been compared
with those obtained from the Livengood & Wu integral. Two different fu-
els have been studied: isooctane (as a gasoline surrogate) and n-heptane

(as a diesel fuel surrogate). The new method to predict ignition delays un-
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der variable conditions has shown, in general, better results than the classic
Livengood & Wu integral, but the inability of the Glassman’s model to re-
produce the negative temperature coefficient regime should be improved in

future works.

Keywords: Livengood-Wu integral, ignition delay, autoignition modeling,

CHEMKIN

1. Introduction

Autoignition is the spontaneous combustion of an air-fuel mixture under
certain thermodynamic conditions. It is a phenomenon with high relevance in
the propulsive systems for transport media and, specifically, in internal com-
bustion engines. In fact, autoignition is the operating principle of the start of
combustion of compression ignition (CI) engines and it is a phenomenon to
avoid in spark ignition (SI) engines, where it can cause catastrophic damages.

Autoignition is present in most of the operating principles of new combus-
tion modes, such as Homogeneous Charge Compression Ignition (HCCI), Pre-
mixed Charge Compression Ignition (PCCI) and Reactivity Controlled Com-
pression Ignition (RCCI). These new low-temperature combustion strategies
are based on the autoignition of a reactive mixture, with a higher or a lower
degree of homogeneity, in an environment with low oxygen content (much
less than in the atmosphere) to reduce the maximum temperature reached
in the cycle [1]. In this way, the soot and NO, formation peninsulas, which
can be seen in equivalence ratio - temperature diagrams, can be avoided [2].
Thus, these modes show virtually zero emissions of soot and NO,, but high

emissions of unburned hydrocarbons (UHC) and carbon monoxide (CO) [3].
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The main challenge to implement these new combustion strategies in com-
mercial engines is the lack of control over the autoignition process and over
the heat release rate [4], whereby it is necessary to improve the knowledge

about the autoignition phenomenon.

2. Justification and objective

There are several experimental facilities designed to study the autoigni-
tion phenomenon. All of them are based on keeping an air-fuel mixture under
certain thermodynamic conditions and measuring the time elapsed between
the instant where these conditions are reached and the start of combustion,
obtaining the ignition delay, t;, of the mixture. It should be noted that these
studies are not typically carried out in single-cylinder engines but in facilities
like rapid compression machines or shock tubes [5, 6].

Rapid compression machines and shock tubes allow obtaining the ignition
delay of a homogeneous air-fuel mixture under constant and full-controlled
thermodynamic conditions [7]. However, the parameter of interest in applied
studies is the ignition delay under variable conditions of pressure and tem-
perature. In the frame of simulation and modeling, there are two different

ways to obtain ignition delays under variable conditions:
e By employing a chemical kinetic mechanism.

e By employing a numerical method such as the Livengood & Wu inte-

gral.

There is a great interest in simulating with accuracy the phenomena that

takes place in the cylinder of an internal combustion engine. Computational
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Fluid Dynamics (CFD) simulations are very useful at the design stage, since
they reduce the number of experiments, prototypes and cost of developing
a new engine. Computing time is the key parameter when CFD simulations
are carried out, and it can be highly increased by linking the physical mod-
els with detailed chemical kinetic mechanisms. This is the reason why the
higher the spatial resolution, the simpler the chemical mechanism employed
to solve the reaction paths. Thus, some CFD applications can be solved with
simple numerical methods that characterize the autoignition and combustion
processes with a quite reasonable computing time.

Although ignition can be reasonably predicted by using advanced CFD
codes with detailed chemistry, the required computing time is too long to
be solved in real time. Thus, simple numerical methods with very short
computing time are the only ones that can be implemented in an engine
control unit. Methods accurate enough allow improving the control of the
engine by making it possible to take decisions in real time.

The Livengood & Wu hypothesis [8], also known as the Livengood & Wu
integral or, simply, the integral method, allows to obtain ignition delays of
processes under variable conditions of temperature and pressure by using
the ignition characteristics under constant thermodynamic conditions, which
are much easier to obtain. The expression proposed by these authors is the

following;:

173 1
/ Sdt=1 (1)
o T

where t; is the ignition delay of the process and 7 is the ignition delay under

constant conditions of pressure and temperature for the successive thermo-

4
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dynamic states.

The Livengood & Wu integral assumes that the oxidation process during
the ignition delay can be described by a single zero-order global reaction and,
therefore, the reaction rate does not depend on time under constant thermo-
dynamic conditions. Moreover, the authors assumed that the autoignition
happens when a critical concentration of chain carriers is reached, being this
critical concentration constant for a given air-fuel mixture. These hypotheses
will be discussed in the following section.

This integral has been traditionally enunciated as a method to predict
the occurrence of knock in Sl-engines [9]. However, it has been extended to
Cl-engines as a way to predict the ignition delay of homogeneous air-fuel mix-
tures as the ones used in HCCI engines [10]. The method has great interest
for the prediction of autoignition due to its simplicity and low computational
cost, but this simplicity is a consequence of the hypotheses assumed for its
development.

The integral method has been used in several CFD studies as the model
to predict the autoignition time. For example, Imamori et al. [11] coupled
the Livengood & Wu integral with Star-CD and KIVA 3 to improve the
performance of a low speed two-stroke diesel engine. And Li et al. [12]
linked the integral method with the CFD code VECTIS to study the effects
of heterogeneities on a two-stroke HCCI engine fueled with gasoline.

A new use of the Livengood & Wu integral is its implementation in an
engine control unit. Several authors such as Ohyama [13], Rausen et al.
[14], Choi et al. [15] and Hillion et al. [16] used the integral method to

predict the start of combustion under HCCI conditions. This method can
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be combined with other simple models to obtain global parameters of the
combustion process allowing the control of the engine in real time.

Bradley et al. [17, 18] used the Livengood & Wu hypothesis to obtain the
octane number of non-PRF fuels by predicting the ignition delay of PRF fuels
under engine conditions, with the aim of relating the octane number with
the ignition delay. Reyes et al. [19] measured the knock time of n-heptane
and of a mixture of 50% n-heptane - 50% toluene in a constant volume
vessel. Knock times, which correspond to ignition delays under variable
thermodynamic conditions, were used with the Livengood & Wu integral
to obtain correlations for the ignition delay under constant conditions, 7.
Finally, these correlations were used with the integral method to predict
ignition delays under engine conditions. In fact, different correlations for 7
have been proposed by several authors in order to take into account the effect
of EGR or of the equivalence ratio, such as the works of Swan et al. [20] or
Hoepke et al. [21].

Several authors have noted that the Livengood & Wu integral loses its
validity under certain conditions [22]. When a two-stage ignition occurs, the
integral method is not able to accurately predict any of the delays because it
is based on a single global reaction mechanism that ignores the cool flames.
Some of these authors as Liang and Reitz [23] or Edenhofer et al. [24] show
the need to create simple algorithms, but more sophisticated than the integral
method, to characterize the autoignition at low temperatures without using
any chemical kinetic mechanism. However, few alternatives to the Livengood
& Wu integral can be found in the literature.

Hernandez et al. [25] analyzed the validity of the Livengood & Wu in-
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tegral by simulations performed with CHEMKIN for several fuels and with
various chemical kinetics mechanisms. They proved that the predictions of
the method are accurate if the fuel do not show two-stage ignition. These
authors also proposed two different alternatives in order to predict the igni-
tion delay of cool flames, one with better and other with worse results than
the integral method. However, to the authors’ knowledge, there is not any
English written paper in which the validity of the Livengood & Wu integral
is not only analyzed, but also justified. Moreover, most of the alternatives
proposed to improve the integral method are based on the method itself or
assume the same hypothesis, which are too simple. Expressions based on
more sophisticated autoignition mechanisms are needed in order to extend
the range of validity of the methods.

In this study the validity of different expressions to determine ignition de-
lays under variable conditions is intended to be solved from a point of view
of simulation and modeling. Simulations have been done for two different
surrogate fuels with reactivities typical of diesel fuel and gasoline: n-heptane
and isooctane, respectively. Despite the fact that more sophisticated surro-
gate fuels for diesel and gasoline can be found in the literature, n-heptane
and isooctane were chosen because extended and fully validated chemical
kinetic mechanisms are available for both. Moreover, n-heptane, isooctane
and their blends are primary reference fuels (PRF) employed to define the
octane reference scale and they are widely used in the literature as surrogates
of diesel and gasoline under engine conditions [26, 27].

Ignition delays and critical concentrations of chain carriers for isooctane

and n-heptane are obtained under different conditions of pressure, tempera-
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ture, equivalence ratio and oxygen mass fraction. The calculations are per-
formed with the software of chemical simulation CHEMKIN. This software,
which is developed by Reaction Design (ANSYS), is consolidated in the world
of engineering investigations and the chemical kinetics mechanisms of several
hydrocarbons are perfectly defined to be used with it. This study is a work

based on simulation and modeling.

3. Theoretical justification of the Livengood & Wu integral method

The theoretical development performed to characterize the autoignition
phenomenon is described in detail in this section. Expressions to charac-
terize the temporal evolution of the concentration of chain carriers, as well
as the critical concentration of active radicals and the ignition delay, have
been obtained starting from the Glassman’s model. Finally, this autoignition
model is linked to the Livengood & Wu integral, highlighting the hypotheses
assumed to obtain each expression and discussing their validity.

The Glassman’s model [28] is a simple model to characterize the autoigni-
tion phenomenon by a chain reactions mechanism. It is composed by the five

following reactions:

R co (R1)
R+CC ™ aCcC+ R (R2)
R+ccBcoc+p (R3)
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R+CC 2 p (R4)

cc B, pr (R5)

where R and R’ represent the reactants, CC represents the chain carriers,
P and P’ represent the main products of the combustion and P” represents
the partially oxidized products such as those formed by wall effects. In this
model, reaction (R1) corresponds to the initiation reaction, (R2) is the chain
reaction that promotes the progression of the autoignition process by the
generation of chain carriers, (R3) is the propagation reaction and, finally,
(R4) and (R5) correspond to the termination reactions: whereas in (R4) the
other main product of the combustion is generated, in reaction (R5) partially
oxidized products are formed due to an incomplete combustion because of
lack of oxygen or quenching caused by wall effects.

The generation rate of the main products P and P’ must stretch to infin-
ity when the combustion starts. Under these conditions, the generation rate
of the chain carriers CC must stretch to minus infinity (it has to be a disap-
pearance rate). Since during the ignition delay there is a generation rate of
chain carriers, which becomes a disappearance rate when combustion starts,
ignition must happen when a maximum of concentration of chain carriers oc-
curs. This maximum is known as critical concentration. With this concept,
the autoignition delay phenomenon can be described as the accumulation
of active radicals thanks to chain reactions, until a critical concentration is
reached, at which time the ignition occurs.

The generation rate of chain carriers has the following expression accord-
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ing to the Glassman’s model:

Lgtc] = k[R) + (ks — 1) — k)[RI[CC] — ks[CC] (2)

The chemical kinetic mechanism will be a chain reactions mechanism
if reaction (R2) introduces a multiplier effect on the generation of chain
carriers. This means that the global generation rate of chain carriers must
be higher than the generation rate corresponding to the initiation reaction.
Imposing this condition on equation (2), there is a critical value of o from

which reaction (R2) is characterized as a chain reaction.

ks[R] + ks
=1 ArH TR
Aerit _I' k’g [R] (3)
If v is written as @ = g + Aa, then, equation (2) can be rewritten as
follows:
dlcC

Assuming that the concentration of chain carriers is always much smaller
than the initial concentration of reactants, [CC] < [R], [R] can be con-
sidered as a constant during the ignition delay period. Considering an air-
fuel mixture under constant conditions of temperature and pressure, the
previous differential equation can be integrated with the initial condition

t=0— [CC] =0 as follows:

exp (tkeAa[R]) =1+ [CC|—Aa (5)



s where —Xi— is a characteristic time of the process and, therefore, it may
k2 Aa[R] , ,

104a be proportional to the ignition delay. If § is defined as the corresponding

105 proportionality constant, the ignition delay 7 can be defined as follows:

)

- _ 6
"~ kAa[R] (6)

196 According to the above definition, Eq.(5) can be rewritten as follows:

t CC
o— =149

e:cp( 7_) + AT (7)
197 Thereby, when t = 7 the start of combustion occurs and the concentration

s of chain carriers is equal to the critical concentration. In this way, the critical
w9 concentration of active radicals can be defined by the following expression

200 obtained from Eq. (7):

_exp(d) —1 B k1
[CClerir = 5 k1[RlT = (exp(d) — 1) N (8)
201 Eq.(8) can be combined with Eq.(7) in order to obtain an expression for

22 the temporal evolution of the concentration of chain carriers that depends

203 only on the ignition delay and the critical concentration:

t [CC]
) =1 —1
exp (57_) + CClom (exp(d) — 1) 9)
204 It should be noted that ignition represents a discontinuity in the model. In

25 fact, the expression deducted for the generation rate of chain carriers loses its

11
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validity: this reaction rate suffers a discontinuity and the fast decomposition
of the fuel by the consumption of active radicals starts. Thus, although
ignition happens when a maximum concentration of chain carriers occurs
(the critical concentration), the generation rate of chain carriers predicted
by the model at this instant is not equal to zero.

The ignition delay, 7, and the critical concentration of chain carriers,
[CCerit, can be correlated by Eq.(6) and Eq.(8), respectively. All the spe-
cific reaction rates and the value of Aa have to be adjusted for each fuel.
Thus, the effect of pressure and temperature will be taken into account by
the characterization of each specific reaction rate. The effect of the equiva-
lence ratio will be taken into account with the concentration of fuel, [R], and
with Aca. Finally, the effect of the EGR rate cannot be directly taken into
account since the Glassman’s model does not consider the oxygen concentra-
tion. However, the EGR rate can be reflected in « since the multiplier effect
of the chain carriers depends, someway, on the concentration of oxygen.

The exponential term in equation (7) can be approximated by a Taylor

series expansion, resulting in the following equation:

1/ t\" [efe]
— =] =9 10
; n! ( 7‘) ki[R|T (10)
which can be truncated in the second term of the series (n=1) to obtain

simplified expressions for the concentration of chain carriers [C'C], their gen-

eration rate d[C'C]/dt and the critical concentration [CC|qi:

[CC] = ky[R]t (11)

12



2

N

6

227

228

229

230

231

232

233

234

235

237

238

239

240

241

242

243

dCcc)
S =R (12)

[CC]crit — ]fl[R]T N d[g;c] — [Cc;]cm't (1?))

Eq. (13) can be integrated for an evolution of the thermodynamic condi-

tions assuming the critical concentration, [C'C|.., as a constant, as follows:

(©Clerieq[CC] bt f
= ——=1=[ -at 14
/0 [CClerit /0 T /0 T (14

where t; is the ignition delay under variable conditions of temperature and

pressure and 7 is the ignition delay for each thermodynamic state. Eq. (14)
is known as the Livengood & Wu integral or, simply, the integral method [8].

Regarding the expression for the critical concentration (8), it depends on
the ignition delay 7 and on the specific reaction rate ki, which are functions
of pressure and temperature. Thereby, the critical concentration of active

radicals has not to be constant, as will be shown in section 5.

4. Methods

The methods employed in this paper to analyze the validity of the Liven-
good & Wu integral are described in the following paragraphs.

A parametric study was carried out with CHEMKIN in order to study the
accuracy of the integral method following these methods: for a certain case,
the evolution of both the in-cylinder temperature and pressure is obtained
by simulating the compression and expansion strokes without solving the
chemical kinetics (under motored conditions). Then, the ignition delay, T,

and the critical concentration, [C'C]..i, is obtained for each thermodynamic

13
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state by simulating in a perfectly stirred reactor. The ignition delay under
variable conditions is then calculated by using the integral method. Finally,
the ignition delay under variable conditions is also calculated by simulating
it in an internal combustion engine reactor and this value is compared with
the one obtained from the numerical method.

As mentioned before, CHEMKIN is the software used to obtain the
different ignition delays and critical concentrations. The version used is
CHEMKIN-PRO. Curran’s kinetic mechanism is used both for isooctane and
n-heptane [29, 30]. This mechanism consists of 1034 species and 4238 reac-
tions, and includes the chemical kinetics of the two hydrocarbons used in this
investigation. Its validity has been checked in several articles [26, 27, 31] by
comparison with experimental results.

The model used to obtain ignition delays under constant conditions and
critical concentrations is a homogeneous closed reactor (perfectly stirred reac-
tor, PSR), which works with constant pressure and uses the energy equation
to solve the temperature temporal evolution. This model is the most ap-
propriate to obtain ignition delays under certain pressure and temperature
conditions [32]. The model used to obtain ignition delays under variable
conditions, as well as the temperature and pressure profiles, is an adiabatic
reciprocating internal combustion engine operating with homogeneous charge
(IC-engine, closed 0-D reactors from CHEMKIN). The rod-to-crank ratio is
equal to 3 and the volume at top dead center (TDC) is equal to 20 cm?,
which are typical values in current engines. The piston starts at bottom
dead center (BDC) and a complete engine revolution is simulated.

In this work the autoignition of the mixture is considered to be produced

14
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when the concentration of CH5O reaches a maximum, since formaldehyde is
widely recognized as an autoignition tracer [33]. This means that when the
critical concentration of formaldehyde is reached, the time corresponding to
this instant will be considered as the ignition delay. Any active radical with
chain behavior can be taken as chain carrier, e. g. HO, or HyOs.

The maximum waiting time for the autoignition of the mixture has been
set to 30 s, which provides accuracy enough in the calculations.

Finally, the ignition delay, 7, and the critical concentration, [C'C].mt,
is obtained for each thermodynamic state with a At = 10™°s, since it was
found that smaller values of the time step result in changes in the predictions
smaller than the selected At.

The performed parametric study was as follows:

e Fuel: isooctane (gasoline surrogate) and n-heptane (diesel fuel surro-

gate).
e Initial temperature: 350 K and 400 K.
e Initial pressure: 0.1 M Pa and 0.2 M Pa.
e Equivalence ratio: from 0.5, 1 and 1.5.
e Oxygen mass fraction: 0.21 (low EGR rate) and 0.13 (high EGR rate).
e Compression ratio: 12 (Sl-engine) and 18 (Cl-engine).
e Engine speed: from 600 rpm to 5000 rpm at steps of 200 rpm.

Although equivalence ratios of 1.5 can seem uninteresting for practical

applications, it must be taken into account that autoignition occurs under

15
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rich local equivalence ratios in direct-injection engines [34]. This concept is
known as most reactive mixture fraction and it arises due to the balance
of reactivities between the fuel-air ratio distribution and the temperature
distribution.

In this study, EGR was considered as the products of a complete com-
bustion reaction between the fuel and dry air in which the amount of oxygen
is the desired by the user. Thus, the EGR is composed by Ny, Oy, CO5 and
H,0 as it is explained in [35].

The same methods are followed to analyze the new procedure proposed

by the authors in this paper.

5. Results obtained from the Livengood & Wu integral and discus-

sion

In this section, the validity of the integral method proposed by Livengood
& Wu is checked and explained.
First, the most outstanding hypotheses assumed by the method are sum-

marized to allow fast and easy references in the following paragraphs.
e Hypotheses of the Livengood & Wu integral method:
— H1-LW: the oxidation process during the ignition delay can be
described by a global 0-order chemical reaction.

— H2-LW: the critical concentration of chain carriers at which the

autoignition occurs does not depend on temperature and pressure.

— H3-LW: the concentration of chain carriers increases linearly with

time under certain given thermodynamic conditions of pressure

16
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Figure 1: Ignition delay prediction versus simulated ignition delay for n-heptane at differ-

ent engine speeds and under various initial conditions. Left.- 1000 rpm. Right.- 2000 rpm.

and temperature.

— H4-LW: the fuel molar fraction is approximately constant during

the ignition delay.

Fig. 1 and Fig. 2 show the comparison between the integral method and
the chemical kinetic simulation for n-heptane and isooctane, respectively, at
different engine speeds and under various initial conditions. Ignition delays
under variable conditions are represented: those obtained from the numeri-
cal method (L — W) in the ordinates axis and those obtained from chemical
kinetic simulations (/C'E) in the abscissas axis. The line y=x, which rep-
resents a perfect match between the numerical method and the chemical
kinetic simulation, is plotted in all graphs. The coefficients of determination,

R?, have been calculated for each fuel, and their values can be seen in the

17
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Figure 2: Ignition delay prediction versus simulated ignition delay for isooctane at different

engine speeds and under various initial conditions.

corresponding figure.

The coefficients of determination for n-heptane are much worse than the
R? for isooctane. n-Heptane presents a high Negative Temperature Coeffi-
cient (NTC) zone, in which the reactivity decreases when the temperature
increases. This effect cannot be described by a global chemical reaction, as
assumed in the Livengood & Wu method, which causes erroneous predictions
in some cases that will be explained in detail below.

The percentage ignition delay deviation with relation to detailed chem-
istry predictions (or prediction deviation), £, was calculated in order to com-
pare more easily the prediction capability of the Livengood & Wu integral

method. This deviation is defined as follows:

18
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where ti represents the ignition time (ignition delay under variable condi-
tions). The subscript IC'E represents a data obtained from a chemical sim-
ulation with CHEMKIN using a closed 0-D IC-engine reactor. Finally, the
subscript LW represents a data obtained from the Livengood & Wu nu-
merical method. Similarly, the difference between the ignition crank angles
obtained with the integral method and with the direct chemical kinetic simu-
lation was calculated. This difference is denoted as A0 = ICApw —ICA;cE,
where IC'A represents the ignition crank angle and the subscripts follow the
same notation as for the ignition time.

Fig. 3 and Fig. 4 show these deviations for n-heptane under different
engine speeds, fuel/air equivalence ratios and oxygen mass fractions. As can
be seen in both figures, the higher the engine speed, the higher the prediction
deviation, i.e., the method is less accurate if the ignition occurs at crank angle
after TDC. This can be easily explained because a higher ignition crank angle
implies that a longer range of the 7 function is used, which results in a higher
cumulated error.

In Fig. 4 the method overpredicts the ignition times for lean mixtures
whereas it underpredicts the ignition delay for the other equivalence ratios.
This tendency only occurs when very pronounced effects of the NTC behavior
on the 7 function appear, since the NTC zone becomes less pronounced if
the fuel/air equivalence ratio is increased. Finally, if comparing Fig. 3 and
Fig. 4 it can be seen that the lower the oxygen mass fraction, the higher

the prediction deviation because the NTC zone becomes more pronounced
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Figure 3: Prediction accuracy of the Livengood & Wu method for n-heptane and various
engine speeds. The engine simulated has a compression ratio of 12 and an initial temper-
ature, pressure and oxygen mass fraction of 350 K, 1 bar and 0.21, respectively. Left.-

Prediction deviation. Right.- Difference in ignition crank angle.
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Figure 4: Prediction accuracy of the Livengood & Wu method for n-heptane and various

engine speeds. The engine simulated has a compression ratio of 12 and an initial temper-

ature, pressure and oxygen mass fraction of 350 K, 1 bar and 0.13, respectively. Left.-

Prediction deviation. Right.- Difference in ignition crank angle.
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Figure 5: Prediction accuracy of the Livengood & Wu method for isooctane and various
engine speeds. The engine simulated has a compression ratio of 18 and an initial temper-
ature, pressure and oxygen mass fraction of 400 K, 2 bar and 0.13, respectively. Left.-

Prediction deviation. Right.- Difference in ignition crank angle.

if the oxygen proportion is reduced. This change of trend in the reactivity
of the fuel is the main cause of the lack of accuracy of the predictions, since
the integral method does not take into account the NTC behavior among its
hypotheses.

Fig. 5 shows the prediction deviation and the difference between ignition
angles by using the Livengood & Wu method for isooctane. The method
underpredicts the ignition delay. As said before, the higher the equivalence
ratio the smoother the NTC zone and better predictions are achieved. Once
again, the method is less accurate if the ignition occurs at higher crank angles
because of the accumulation of errors. Moreover, the deviation is higher for

n-heptane than for isooctane if the combustion starts at the same crank angle
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under the same initial conditions (by varying the engine speed). This result
is quite obvious because isooctane has a much smoother NTC zone than n-
heptane. Besides, the NTC zone appears at lower temperatures and pressures
for isooctane, so their effects affect much less to the numerical method.

Despite the fact that the prediction deviation reaches inadmissible values
for combustions that start after TDC, the Livengood & Wu method can be
used to predict ignition delays for combustions before TDC, which is the zone
of interest of engines operating with premix charge.

The 7 function is presented in Fig. 6 and the [C'C]..;; function is presented
in Fig. 7. As can be seen, the critical concentration of chain carriers is not
constant with pressure and temperature, as it is assumed by the Livengood
& Wu method (hypothesis H2-LW). Furthermore, the NTC zone of both
fuels can be usually crossed during the compression stroke. The authors
assume that the discontinuity of 7, which only appears in some cases, is a
consequence of the chemical kinetic mechanism used. Despite the fact that
the calculations were carried out with a detailed chemical kinetic mechanism,
the transition between the low temperature regime and the NTC zone, as well
as the transition between the NTC zone and the high temperature regime
can result in discontinuities in the 7 function. Moreover, if the autoignition
occurs just after the discontinuity the major contribution to the integral
is made with this data, which can lead to unexpected deviations (e. g.
Fig.4, Fr = 0.5). Therefore, depending on the working conditions, the NTC
behavior can be more or less pronounced and can be located earlier or later,
affecting more or less to the prediction deviation.

Fig. 7 represents the evolution of the critical concentration of chain car-
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riers (in dashed line) for certain engine conditions. Besides, the accumulated
area of the Livengood & Wu integral (Eq. 14) is also represented for the same
conditions. As can be seen, the largest contribution to the integral method
is made in a narrow range of crank angle degrees. Thus, if the variation of
critical concentration corresponding to the last 75% of the accumulated area
of the integral method is plotted (solid length of the dashed line in Fig. 7), it
is found that this variation is not large. Moreover, it can be checked that the
critical concentration of chain carriers decreases with temperature whereas
it increases with pressure. The relationship between pressure and temper-
ature in an engine (simultaneous increase or decrease of both) causes that
the net variation of the critical concentration is soft enough to validate the
method. In fact, the pressure effect is, in general, dominant and the critical
concentration of chain carriers increases during the compression stroke and

decreases during the expansion stroke.

6. Theoretical development of a new method to predict ignition

delays

A new method to predict the ignition delay under variable thermody-
namic conditions is developed in this section. This new procedure intends
to improve the predictions obtained by the Livengood & Wu integral by
rejecting some of its wrong hypotheses.

As it is explained in the first theoretical development, an expression for
the time evolution of the concentration of chain carriers can be obtained
from the Glassman’s model (Eq. (9)). A process under variable conditions

of pressure and temperature can be discretized as a series of thermodynamic
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Figure 6: 7 function. The engine simulated is fuelled with n-heptane, it has a compression

ratio of 18 and an initial temperature, pressure, fuel/air equivalence ratio and oxygen mass
fraction of 400 K, 2 bar, 1 and 0.13, respectively.
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Figure 7: Accumulated area of the Livengood & Wu integral method (solid line) and
critical concentration of chain carriers (dashed line), the variation of critical concentration
corresponding to the last 75% of the accumulated area of the integral method is ploted in
solid line. The engine simulated is fuelled with n-heptane, it has a compression ratio of 18
and an initial temperature, pressure, fuel/air equivalence ratio and oxygen mass fraction

of 400 K, 2 bar, 1 and 0.13, respectively.
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states that remain constant for a time At. The working air-fuel mixture
that has a concentration of chain carriers [CC]; at instant j would reach the
same concentration of active radicals by staying at constant pressure P; and

constant temperature T during a time tp, 7, defined by Eq. (9):

tp 1, = %ln (1 + %(ew(é) - 1)) (16)

Thus, if the working air-fuel mixture stay under constant conditions P;,
T; for a time At, the concentration of chain carriers will be the amount
of active radicals cumulated at time j plus the amount of active radicals
generated from time tp, 7, to time tp, 7, + At following Eq. (9). Furthermore,
the concentration of chain carriers is not only affected by the generation of
new radicals during At, but also by the volume variation of the compression-
expansion process. Thus, the concentration of chain carriers at time j 4+ 1

can be obtained from the data at time j by the following equation:

 ([CC)uiny tpa, + At v,
CClj = (7exp(5) —7 | ewp 577_]_ 1 - (17)

Which results in:

ol = (o) (05) - ) s 09

If RCCC} is defined as the ratio between the concentration of chain carri-
ers and the critical concentration (Relative Concentration of Chain Carriers)
at instant j (RCCC; = [CC);/[CClerit;), the autoignition will occur when
RCCC; =1 and Eq. (18) can be rewritten as follows:
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- CClaay; Y 1 , Aty
RCCCjy, = CClonsr Vrn (3] =1 +RCCCj ) exp (o -

(19)

The details of how Eq. (19) is obtained from the Glassman’s model can be
found in Appendix A.

This new method to obtain ignition delays under variable conditions is de-
fined as follows: if the evolution of pressure and temperature are known, the
evolution of the ignition delay under constant conditions 7 and the evolution
of the critical concentration [CC]..+ can be obtained. With them, the evolu-
tion of the parameter RCCC' can be calculated. Finally, when RCCC; =1,
this instant 7 will correspond with the ignition time and the ignition delay
will be found.

It should be noted that a wide database of critical concentrations and
ignition delays under constant conditions is easily obtainable with a detailed
chemical kinetic mechanism, which is impossible to be used in complex CFD
calculations. This database linked with Eq. (19) allow the obtaining of igni-
tion delays under variable conditions without spending too much computing

time in solving complex chemical kinetics mechanisms.

7. Comparison between the RCCC-method and the Livengood &
Wu integral

Ignition delays under variable thermodynamic conditions are obtained
with the RCCC-method following the same methods as the one described in

section 4. Then, the resulting predictions from both methods (Livengood &
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Wu and RCCC-method) are compared. Finally, the challenges of this new
procedure as well as the necessary improvements are discussed.
First, the hypotheses assumed by the RCCC-method are summarized to

allow fast and easy references in the following paragraphs.
e Hypotheses of the RCCC-method:

— H1-RCCC: the oxidation process during the ignition delay can be
described by five chemical reactions that do not take into account
the NTC behavior (this method is deduced from the Glassman

model, which do not reproduce the NTC zone).

— H2-RCCC: the fuel molar fraction is approximately constant dur-
ing the ignition delay.

The main advantage of this new procedure is discarding the hypotheses of
constant critical concentration of chain carriers and linear growth of the ac-
tive radicals concentration under constant thermodynamic conditions, which
are assumed by the Livengood & Wu integral. Moreover, since the method
works with integrated equations there are not problems of calculation insta-
bilities.

The percentage ignition delay deviation with relation to detailed chem-
istry predictions (or prediction deviation), &, and the difference between the
ignition crank angles obtained with the RCCC-method and with the direct
chemical kinetic simulation, Af, were calculated for the new procedure in
order to compare more easily the prediction capability of both numerical
methods. The definition of these two parameters can be revised in section 5.

The proportionality constant, d, is determined by searching the value that
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Figure 8: Prediction accuracy of both methods for n-heptane and various engine speeds.
The engine simulated has a compression ratio of 12 and an initial temperature, pressure
and oxygen mass fraction of 350 K, 1 bar and 0.21, respectively. Left.- Prediction deviation.

Right.- Difference in ignition crank angle.

optimizes the predictions. Obviously, this constant must be higher than zero,
since the ignition delay 7 cannot be negative. It was found that values of
higher than 1 result in earlier ignition delays, which implies worse predictions.
Besides, it was found that values of § equal or smaller than 1 result in the
same ignition delay, since the changes in the predictions are smaller than the
selected At.

Thus, § = 1 has been selected, since any value in the interval (0 1] has
physical sense and all of them result in the same predictions.

Fig. 8 and Fig. 9 show the prediction deviation and the difference be-
tween ignition angles for n-heptane under different engine speeds, fuel/air

equivalence ratios and oxygen mass fractions. Besides, Fig. 10 shows these
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Figure 9: Prediction accuracy of both methods for n-heptane and various engine speeds.
The engine simulated has a compression ratio of 12 and an initial temperature, pressure
and oxygen mass fraction of 350 K, 1 bar and 0.13, respectively. Left.- Prediction deviation.

Right.- Difference in ignition crank angle.

deviations by using both methods for isooctane. As can be seen in the figures,
the prediction is better for the RCCC-method than for the Livengood & Wu
integral. This reduction in the prediction deviation by using the new proce-
dure proposed is caused by the assumption of a variable critical concentration
of chain carriers.

Fig. 9 shows that the new procedure also overpredicts the ignition times
for lean mixtures whereas it underpredicts the ignition delay for the other
equivalence ratios. As said before, this tendency only occurs when very
pronounced effects of the NTC behavior on the 7 function appear. Moreover,
it is found that better predictions could be achieved with the integral method
instead of with the RCCC-method when autoignition occurs near the NTC
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Figure 10: Prediction accuracy of both methods for isooctane and various engine speeds.
The engine simulated has a compression ratio of 18 and an initial temperature, pressure
and oxygen mass fraction of 400 K, 2 bar and 0.13, respectively. Left.- Prediction deviation.

Right.- Difference in ignition crank angle.
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zone, e.g. the case represented in Fig. 6 and 7. The authors think that this
is caused by, in some degree, compensating errors in the Livengood & Wu
method, since any of both methods do not take into account the NTC regime
in their hypotheses.

Finally, it is interesting to analyze what happens when the mixture does
not autoignite. In Fig. 11 the evolution of the critical concentration (dashed
line) versus the evolution of the concentration of chain carriers (solid line)
can be seen. Assuming that autoignition occurs when the critical concen-
tration is reached, the RCCC-method predicts the start of combustion at
31 CAD ATDC for this particular case, whereas this case does not present
combustion in the direct chemical kinetic simulation. The RCCC-method,
which derives from the Glassman’s model, only takes into account the oxida-
tion process during the ignition delay and it does not have any degeneration
path for chain carriers. Analyzing the concentration of CH5O (as an autoigni-
tion tracer) as well as the heat release, it can be seen that the chemistry is
frozen by the cooling effect of the expansion preventing the progress of the
combustion process. Whereas the RCCC-method describes the frozen effect
of the generation rate of chain carriers (just discarding the effect of volume
on the concentration of chain carriers in Eq. 18), it is not able to predict if
the thermodynamic conditions are appropriate to allow the decomposition of
active radicals. However, if the predicted ignition occurs when the frozen ef-
fect has already arisen, it can be concluded that the combustion process will
not progress. For example, in Fig. 11 the dotted line represents the evolution
of the concentration of chain carriers caused only by chemical effects. As can

be seen, the critical concentration is achieved when the chemical paths are
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Figure 11: Accumulated concentration of chain carriers considering the effect of the expan-
sion (solid line) and considering only chemical effects (dotted line) versus critical concen-
tration (dashed line). The engine simulated is fuelled with isooctane, it has a compression
ratio of 18 and an initial temperature, pressure and oxygen mass fraction of 400 K, 2 bar

and 0.13, respectively.

frozen, therefore, combustion can not occur.

Despite the fact that the RCCC-method and the integral method works
properly in the range of interest for homogeneous-charge engines, a method
that takes into account the NTC zone of the fuel is needed in order to im-
prove the predictions. This new method can be developed following a similar
methods than the used in this paper, but starting from a simple autoigni-
tion model with NTC behavior. The authors are working on these methods,

which will be published in the near future.
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8. Conclusions

In this work a new method to predict ignition delays under variable con-
ditions from those obtained under constant conditions is developed. This
method, which is named as the RCCC-method (Relative Concentration of
Chain Carriers method), is theoretically deducted from the Glassman’s au-
toignition model and it shows, in general, better results than the Livengood
& Wu integral method.

The following conclusions can be deduced from this study:

e The Livengood & Wu integral is valid despite the hypothesis of constant
critical concentration for a temperature and pressure evolution. The
largest contribution to the integral method is made in a narrow frame
of crank angle degrees in which the assumption of constant critical

concentration is not catastrophic.

e Since both methods are deduced from models that cannot reproduce
the NTC zone, the more pronounced the NTC regime, the higher the
prediction deviations. Thereby, prediction deviations increase if the
oxygen mass fraction is decreased, the fuel/air equivalence ratio is de-

creased or if fuels with lower octane numbers are used.

e The prediction deviation increases when the engine speed increases (for
higher ignition crank angles) due to the accumulation of errors caused

by taking more data of the 7 and [C'C]..; functions.

e When autoignition occurs in the NTC regime, better predictions can
be obtained from the Livengood & Wu integral method due to, to some

extent, a compensation of errors.
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e The criterion used to define the autoignition should be reformulated in
order to take into account ignitions after TDC. Not only the critical
concentration of chain carriers must be reached, but also the thermo-
dynamic conditions at this instant must allow the combustion progress,

i.e., the chemical paths must not be frozen.

e A new method should be developed from a simple autoignition model

that reproduces the NTC regime.
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Notation

ATDC  After top dead center

BDC Bottom dead center

CAD Crank angle degrees

cc Chain carriers

CFD Computational Fluid Dynamics

CcI Compression Ignition
CR Compression ratio
crit Referred to the critical concentration

EGR Exhaust Gas Recirculation

Fr Working equivalence ratio

HCCI  Homogeneous Charge Compression Ignition

ICA Ignition crank angle

ICE Referred to a data obtained from CHEMKIN using the internal

combustion engine reactor

37



576

PCCI
PRF
PSR
R2
RCCC

RCCI
ST

70
TDC

Specific reaction rate of reaction 7

Referred to a data obtained from the Livengood & Wu integral
Engine speed

Negative Temperature Coefficient

Initial pressure

Premixed Charge Compression Ignition

Primary Reference Fuels

Perfectly Stirred Reactor

Coeflicient of determination

Relative Concentration of Chain Carriers, referred to the new
method proposed in this paper

Reactivity Controlled Compression Ignition

Spark Ignition

Time

Initial temperature

Top Dead Center

Ignition time (ignition delay under variable conditions)
Unburned hydrocarbons

Volume

Oxygen mass fraction

Prediction deviation

Time step

Difference between predicted and simulated ignition crank angles
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T Ignition delay

—_—r Concentration of the species X;

sz Appendix A. Mathematical development for the RCCC-method

579 The Glassman’s model [28] is a simple model to characterize the autoigni-
ss0 tion phenomenon by a chain reactions mechanism. It is composed by the five

ss1  following reactions:

R cC (R1)
R+CC ™ aCcC+ R (R2)
R+ccBcoc+p (R3)
R+CC 2 p (R4)
cc L pr (R5)
582
583 The generation rate of chain carriers has the following expression:
dcc
A — ka8 + (ol — 1) ~ R)IRICC] ~ hs[CC) (A1)
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The chemical kinetic mechanism will be a chain reactions mechanism if
reaction (R2) introduces a multiplier effect on the generation of chain carriers.
This means that the global generation rate of chain carriers must be higher
than the generation rate corresponding to the initiation reaction. Imposing
this condition on equation (A.1), there is a critical value of a from which

reaction (R2) is characterized as a chain reaction.

k4| R] + ks
iy = 14 AT A2
If «v is written as @ = a + Acy, then, equation (A.1) can be rewritten
as follows:
dlCC
% = k1[R] + Aaks|R)[CC] (A.3)

Assuming that the concentration of chain carriers is always much smaller
than the initial concentration of reactants, [CC| < [R], [R] can be con-
sidered as a constant during the ignition delay period. Considering an air-
fuel mixture under constant conditions of temperature and pressure, the
previous differential equation can be integrated with the initial condition

t=0— [CC] =0 as follows:

k
exp (thaAa[R]) = 1 + [CC]k—zAa (A.4)
1
where m is a characteristic time of the process and, therefore, it may

be proportional to the ignition delay. If § is defined as the corresponding

proportionality constant, the ignition delay 7 can be defined as follows:
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5
"~ kAa[R] (45)

According to the above definition, Eq.(A.4) can be rewritten as follows:

t\ [CC]
exp (57_) =1+ 61{;1[]%]7' (A.6)

Thereby, when ¢t = 7 the start of combustion occurs and the concentration
of chain carriers is equal to the critical concentration. In this way, the critical

concentration of active radicals can be defined by the following expression

obtained from Eq. (A.6):

exp(d) — 1

[CC] crit — S

B[R] = (eap(s) = 1)

(A7)

Eq.(A.7) can be combined with Eq.(A.6) in order to obtain an expression
for the temporal evolution of the concentration of chain carriers that depends

only on the ignition delay and the critical concentration:

t\ [CC]
exp (5;) =1+ [CC]CMt(ezzp(é) -1) (A.8)

or:

[CC] = % (1 — exp (5%)) (A.9)

Equation that is only valid under constant conditions of pressure and tem-

perature.
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A process under variable conditions of pressure and temperature can be
discretized as a series of thermodynamic states that remain constant for a
time At. The working air-fuel mixture that has a concentration of chain carri-
ers [CC]; under variable thermodynamic conditions at instant j would reach
the same concentration of active radicals by staying at constant pressure P;

and constant temperature 7; during a time tp, 7, defined by Eq. (A.9):

[cC); = % (1 — exp (5’”’7;)) (A.10)

that results in:

tp,1, = %ln (1 + %(exp(d) - 1)) (A.11)

Thus, if the working air-fuel mixture stay under constant conditions P;, T;
for a time At, the concentration of chain carriers will be the amount of active
radicals cumulated at time j plus the amount of active radicals generated
from time tp, 1, to time tp, 1, + At following Eq. (A.9). Furthermore, the
concentration of chain carriers is not only affected by the generation of new
radicals during At, but also by the volume variation of the compression-
expansion process. Thus, the concentration of chain carriers at time j 4+ 1

can be obtained from the data at time j by the following equation:

- ( [CCleriry tpr, + ALY V;
CClj = (7exp(5) —7 | exp (5773 1 - (A.12)

Which results in the following equation regarding the expression tp, 1,

(Eq. (A.11)):
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(A.13)

If RCCCj is defined as the ratio between the concentration of chain carri-
ers and the critical concentration (Relative Concentration of Chain Carriers)
at instant j (RCCC; = [CC);/[CClerit;), the autoignition will occur when
RCCC; = 1 and Eq. (A.13) can be rewritten as follows by dividing the
equality by [CClepij:

- [CClaay Y 1 , Aty L
RCCCjy = CClonsr Von (3] =1 +RCCCj ) exp | o - .
(A.14)
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