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Abstract

An alternative procedure to predict both high-temperature stage and cool
flames ignition delays under transient thermodynamic conditions is intended
to be validated in this paper. An experimental study has been carried out
in a Rapid Compression-Expansion Machine (RCEM), using different iso-
octane/n-heptane blends in order to cover a wide range of octane numbers
(from 25 to 75) under a wide range of initial temperatures (from 363K to
423K), compression ratios (14 and 19), Oy molar rates (from 21% to 16%)
and equivalence ratios (from 0.4 to 0.8). The results obtained have been
used to validate direct chemical kinetic simulations, as well as to evaluate
the alternative predictive method and the Livengood & Wu integral method.
Simulations have been performed solving a detailed chemical kinetic mech-

anism in CHEMKIN. The experimental results show good agreement with

*Corresponding author
Tel: +34 963 879 232. Fax: +34 963 877 659. E-mail: jolosan3@mot.upv.es

Preprint submitted to Energy Conversion and Management September 2, 2016



1

2

3

4

5

6

7

8

9

=

0

11

the chemical kinetic simulations and with the alternative predictive method.
In fact, the mean relative deviation between experiments and simulations is
equal to 1.7%, 2.2% and 3.1% for PRF25, PRF50 and PRF75, respectively.
Besides, the alternative method has shown good predictive capability not
only for the high-temperature stage of the process, but also for cool flames,
being the mean relative deviation versus the experimental data lower than
3.3% for all fuels. Better predictions of the ignition delay have been obtained
with the alternative procedure than the ones obtained with the classic Liven-
good & Wu expression, especially in those cases showing a two-stage ignition
pattern, in which the Livengood & Wu integral method is not able to predict
the high-temperature stage of the process.

Keywords: RCEM, ignition delay, autoignition modeling, fuels, chemical

processes

1. Introduction, justification and objective

Regulations about pollutant emissions in internal combustion engines
have become increasingly restrictive during the last years. Moreover, this
trend is not only present in automotive engines, but also for naval and sta-
tionary engines. New European emission standards (Euro VI) for heavy-duty
vehicles equipped with diesel engines, for instance, have reduced the NO,, lim-
its in 80%, while the maximum soot emissions have been reduced in 50%.
Since both NO, and soot emissions cannot be simultaneously reduced in
conventional diesel combustion and due to the high cost of after-treatment
systems for such pollutant species, new combustion strategies have appeared

as an alternative method to achieve simultaneously clean and efficient en-
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gines.

Advanced combustion modes based on the autoignition of a premixed
mixture with a certain degree of homogeneity have been studied for the si-
multaneous reduction of soot and NO, [1]. Their working principle is based
on Low Temperature Combustion (LTC) by avoiding the soot and NO,. for-
mation peninsulas, which can be seen in equivalence ratio - temperature
diagrams [2], and their effectiveness has been proved in several studies [3].
Despite the fact that these combustion modes show virtually zero emissions
of NO, and soot, they are characterized by high emissions of carbon monox-
ide (CO) and unburned hydrocarbons (UHC), which can be easily eliminated
with well-known after-treatment techniques.

Two main challenges appear with the implementation of these advanced
combustion strategies in commercial engines: the lack of control over the
autoignition process and, therefore, over the heat release rate [4]; and the
operating range, which is limited to low-to-medium loads [5]. On the one
hand, ignition is controlled by the chemical kinetics of the charge in these
combustion modes [6]. This control entails higher complexity since there is
not any explicit ignition-controlling available, such as direct injection process
near top dead center or a spark. The reactivity of the mixture is modified
by adjusting the engine operating conditions, including the Exhaust Gas
Recirculation (EGR) rate and the inlet temperature. Therefore, improving
the capability of predicting the autoignition is mandatory to properly modify
the settings of the engine in order to control the heat release. On the other
hand, the operating range in LTC modes is restricted to low-to-medium loads

due to the fast combustion velocity of the autoignition event when the engine
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load is increased, which results in high pressure rise rates and, therefore, in
high combustion noise and mechanical strains.

The autoignition phenomenon can be well predicted by using advanced
CFD codes with detailed chemistry and long computing times. Thus, the
computational cost is too high for the implementation of such methodologies
in an engine control unit, in which only simple numerical methods can be
implemented. If these low computing time predictive methods have enough
accuracy on the prediction of the ignition delay, the control of the engine
can be significantly improved since decisions in real time can be taken. The
Livengood & Wu integral method [7] allows to obtain ignition delays of pro-
cesses under transient thermodynamic conditions by using the ignition times
at constant temperature and pressure conditions, which can be obtained ex-
perimentally and by simulation, and easily parameterized. The expression

proposed by these authors is the following:

ti 1
/ Lar =1 (1)
o T

where t; is the time of ignition of the process and 7 is the ignition delay time
under constant conditions for the successive thermodynamic states.

The Livengood & Wu integral defined the ignition event as the instant
at which a critical concentration of chain carriers is reached, assuming that
the critical concentration is constant whatever the thermodynamic condi-
tions for a certain air-fuel mixture. Besides, the integral method describes
the decomposition of the fuel during the ignition delay by a single zero-order
global reaction that cannot properly model the negative temperature coef-

ficient (NTC) behavior. This predictive method has been enunciated as a
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characterization of knock in Sl-engines [8]. However, nowaday it has become
more relevant for Cl-engines, in which it can be used as a method for the
prediction of the ignition characteristics of homogeneous mixtures as the ones
used in LTC combustion modes [9]. Several authors such as Ohyama [10],
Rausen et al. [11], Choi et al. [12] and Hillion et al. [13] studied the im-
plementation of the Livengood & Wu integral method in an engine control
unit. The integral method has been used to predict the ignition event under
HCCIT conditions, so that it can be combined with some other simple models
to characterize the combustion process, allowing the control of the engine in
real time.

Since the Livengood & Wu integral method is based on a single global
reaction mechanism that ignores the cool flames and the NTC behavior, it
seems to not be able to accurately predict the ignition delay when a two-
stage ignition occurs, as it has been wondered by several authors [14]. Some
of these authors, as Liang and Reitz [15] or Edenhofer et al. [16], show
the need to propose simple numerical methods to predict the ignition time
in a simple way and with low computational cost, but avoiding the most
restrictive hypotheses of the integral method, in order be able to characterize
the low-temperature autoignition phenomenon avoiding any chemical kinetic
mechanism. However, few alternative predictive methods can be found in
the literature.

Hernandez et al. [17] studied the accuracy of the Livengood & Wu integral
by solving different chemical kinetic mechanisms for different fuels by sim-
ulation in CHEMKIN. They checked that, if the fuel follows a single-stage

ignition pattern, quite good prediction capability is shown by the integral



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

101

102

103

104

105

106

107

108

109

method. Two alternative procedures have been proposed by these authors,
resulting one of them in better results than the Livengood & Wu integral.
However, the same hypotheses than the integral method are assumed in most
of the alternative procedures proposed, since they are based on the Livengood
& Wu integral itself.

Desantes et al. [18, 19] have proposed different methods based on the
Glassman’s model to predict ignition delays referred to a critical concentra-
tion of chain carriers. The hypothesis of constant critical concentration is
avoided in both methods, whereas one of them also avoids the description
of the autoignition process by a single zero-order global reaction. However,
since the ignition delay is defined as the time when a critical concentration of
chain carriers is reached, only ignition delays referred to critical concentra-
tions can be predicted accurately. Therefore, the high exothermic phase of
the ignition cannot be obtained, since the critical concentration occurs in a
previous stage. Desantes et al. [20] have also proposed an alternative method
to predict both high-temperature stage and cool flames ignition delays under
transient thermodynamic conditions, which is a previous work related to the
current one. This alternative method has been validated for pure n-heptane
and pure iso-octane. However, both fuels define the extreme values of the
octane number reference scale and a wider validation among all the octane
number scale is needed for a better evaluation of the predictive method.

Dual-fuel combustion based on diesel /gasoline mixtures has shown to be
a good method to increase the operating range of LTC modes. Bessonette
et al. [21] have shown that different in-cylinder reactivities are required for

a proper LTC operation under different working conditions. Specifically, low
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octane fuels are required at low loads, while high octane fuels are needed at
medium-to-high loads. A wide range of octane numbers can be achieved by
using premixed gasoline mixtures in which a direct diesel injection causes an
stratification of reactivities [1]. Thus, a flexible operation over a wide operat-
ing range is possible by modifying both the blending ratio between fuels and
the direct injection settings. Therefore, predictive methods to improve the
engine control should be validated not only for diesel and gasoline surrogate
fuels, but also for a wide range of reactivities (i.e. of octane numbers).

The validity of an alternative procedure to determine both high-temperature
and cool flames ignition delays under transient conditions is intended to be
solved in this work for a wide range of octane numbers. The study has been
done with different n-heptane and iso-octane blends, the reactivities of which
are very similar to diesel fuel and gasoline, respectively. These Primary Ref-
erence Fuels blends (PRFs) are used to define the octane number reference
scale. More specifically, PRF25 (25% iso-octane), PRF50 (50% iso-octane)
and PRF75 (75% iso-octane) have been evaluated in this work, which octane
numbers are equal to 25, 50 and 75, respectively. Besides, PRFs mixtures
were chosen because extended and fully validated chemical kinetic mecha-
nisms are available for them.

Simulations have been performed with the software of chemical simulation
CHEMKIN (Reaction Design, ANSYS), which is consolidated in engineering
investigations, so that the oxidation paths of several hydrocarbons are de-
scribed by chemical kinetics mechanisms ready to be used with it. Finally, the

numerical results are validated experimentally using a Rapid Compression-

Expansion Machine (RCEM).
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The structure of the paper is the following: first, the experimental fa-
cility (RCEM) that has been used in this work is described. Then, the
methodological approach is presented, including the experimental methods,
the alternative predictive procedure, the chemical kinetic simulations and
the parametric study performed. Afterwards, the experimental ignition de-
lays are analyzed, the predictive method is validated with the experimental
results and its predictive ability is compared with the chemical kinetic sim-
ulations and with other methods. Finally, the conclusions of this study are

shown.

2. Materials and methods

An alternative method to predict ignition delays proposed by Desantes
et al. [20] was tested by comparison with the experimental results from a
RCEM. For a certain case, the in-cylinder temperature and pressure were
experimentally obtained under motoring conditions (without combustion).
Then, the ignition characteristics for each thermodynamic state (ignition de-
lay, 7, and critical concentration, [C'C|,q.) Were obtained by simulation in
CHEMKIN solving a detailed mechanism in a perfectly stirred reactor. The
ignition delay under transient thermodynamic conditions was measured di-
rectly form the experiments in the RCEM. Besides, it was also simulated
in CHEMKIN solving the same detailed mechanism in an internal combus-
tion engine reactor (direct chemical simulation). This ignition time is finally
predicted by using the alternative procedure analyzed in this paper and the
Livengood & Wu integral method. Finally, the simulated and predicted ig-

nition delays were compared with the experimental measurements.
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Figure 1: Rapid Compression Expansion Machine schematic.

2.1. RCEM

An RCEM is an useful experimental facility widely used in combustion
studies due to its capability to replicate engine conditions under fully con-
trolled initial and boundary conditions [22]. Not only the in-cylinder engine
thermodynamic conditios can be replicated, but also the combustion phe-
nomenon, while avoiding the complexities associated to engines [23].

Stroke and clearance volume can be modified in order to reproduce differ-
ent engine geometrical characteristics, resulting in the capability of working
with a wide range of compression ratios. Besides, the engine speed can be
simulated by changing the compression velocity. A full diagnosis of the com-
bustion process under engine conditions can be carried out, since not only
the compression, but also the expansion stroke is replicated. Despite the fact
that homogeneous mixtures are usually tested in autoignition studies to be
able to trace the chemical kinetics in a easier way, heterogeneous mixtures
can be also studied in this facility by injecting the fuel during the compres-
sion stroke, as well as new combustion modes such as the dual fuel technology

[24] or LTC modes [25].
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Figure 1 shows a schematic of the RCEM, in which two different zones can
be distinguish: an experimentation zone and a driving zone. Four pistons
compose the driving section. The pushing piston is pneumatically driven
by the compressed air contained in the air piston and hydraulically coupled
to the driver piston, which compresses the test sample into the combustion
chamber. The stroke is selected by changing the position of the displacement
piston, which is hydraulically driven. A wide explanation about the operation

principle of the RCEM can be read in [19].

Bore 84 mm
Stroke 120 - 249 mm
Compression ratio 5-30 -
Maximum cylinder pressure 200 bar
Initial pressure 1-5 bar
Maximum heating temperature | 473 K

Table 1: Technical characteristics of the RCEM.

Table 1 shows the range of operating conditions that can be performed
in the RCEM. The positions of both, the pushing piston and the driver
piston, are measured by two AMO LMK102 incremental position sensors
with 0.01 mm of resolution. This way, the piston position and, consequently,
the combustion chamber volume are known. The experimentation piston
that compresses the test sample into the combustion chamber is composed
by the head of the driver piston, which is 84 mm in bore and includes a
cylindrical bowl, 46 mm in bore and 17 mm in depth.

The initial temperature, as well as the temperature of the walls, are con-

10
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trolled by a PID regulator that acts over an electrical 80 W heater located
in the bowl and two more spire-shape electrical heaters (600 W each) lo-
cated in the liner. the control loop is possible by measuring the temperature
by three thermocouples located in the liner, in the piston and in the bowl,
respectively. The intake and exhaust pipes, which are located in the liner,
are designed to induce a swirl motion into the combustion chamber during
the intake process. A homogeneous environment is guaranteed by the high
level of turbulence generated during the filling, being the initial temperature
equal to the wall temperature (checked by previous CFD studies). A Kistler
6045A uncooled piezoelectric pressure sensor located in the cylinder head
(-45 pC'/bar of sensitivity) is coupled to a Kistler 5018 charge amplifier for
the measurement of the in-cylinder pressure. Besides, the filling of both, the
combustion chamber and the driving gas volume are controlled by three Wika
piezoresistive pressure sensors (0.01 bar of resolution). Finally, a common
rail system that includes a 7-hole nozzle implemented in a BOSCH solenoid-
commanded injector that is controlled by a EFS IPod power driving module
forms the injection system, which has been characterized as explained in [26].

A Yokogawa DL850V system composed by one 10 M Hz-12 bits module
and five more 1 M H 2-16 bits modules with two channels each acts as acqui-
sition system, in which 10 M Hz are fixed as acquisition frequency. Such a
high acquisition frequency is mandatory to be able to measure the electrical
pulses of the incremental position sensor. However, both, in-cylinder and
injection pressures are recorded at 1 M H z.

A heated external tank (up to 5204 K by three electrical heaters, 1200 W

each) is used for the generation of the synthetic air, which is produced by

11



218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

234

235

236

237

238

239

240

241

242

mixing Ny, COy and O, according to their partial pressures. Moreover, HyO
can be added thanks to a syringe pump. Vacuum is created before generating
each mixture and before filling the RCEM to ensure the no contamination
in this tank, nor in the combustion chamber. Finally, the exact composition
of the synthetic mixture is measured by gas chromathography in a Rapid
Refinery Gas Analyser from Bruker (450-GC) in order to ensure the correct
reproduction of the experiments in CHEMKIN.

Figure 2 shows the move law of the RCEM compared to an engine. It
can be seen that both paths are really similar around TDC. Besides, the
pressure signal under motoring conditions is also plotted in the figure. The
time reference (¢t = 0) is taking as the instant at which the piston position
reaches 29 mm, since it coincides with the start of the rapid compression
stroke because of constructive aspects of the RCEM [19].

In this study, the synthetic EGR was considered to be composed by the
products of a dry air/fuel complete combustion reaction in which the oxygen
content is the one selected by the user, as explained in [27]. In order to avoid
stratification problems, the fuel is injected into the combustion chamber at
the beginning of the intake process, in which the turbulence generated, as
well as the duration time (= 40 s), are enough to guarantee a homogeneous
environment when the compression stroke starts.

The ignition of the mixture is defined as the maximum time derivative of
the pressure signal (pressure rise rate), so that the experimental ignition de-
lay is defined as the time between the start of the rapid compression process,
which is unambiguously defined because of constructive aspects of the ma-

chine, and the instant in which the maximum pressure rise is measured. An

12
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Figure 2: Move law of the RCEM compared to an engine and pressure path under motoring

conditions.

example of the ignition delay definition can be seen in Fig. 3, in which cool
flames and the high temperature ignition delay can be distinguished when
a two-stage ignition pattern occurs. Furthermore, the number of repetitions
for each operating condition has been selected so that the semi-amplitude of
the confidence interval with a level of confidence of 95% is smaller than 1%
of the mean ignition delay value. Thus, a representative ignition delay time
measurement is ensured.

Finally, the temperature profile is calculated by solving the equation of
state, in which the in-cylinder pressure and the piston position are measured.
Furthermore, a model for deformations and another one for leaks (explained
in [28, 29]) are taken into account. The heat losses, which are needed to

replicate the experiments in CHEMKIN, are characterized by a model based

13
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Figure 3: Ignition delay definition. The autoignition of the mixture is considered to be

produced when the maximum pressure rise occurs.
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on the Woschni correlation [30].

2.2. Alternative predictive method for ignition delays
The predictive procedure proposed by Desantes et al. [20] is composed

by two different consecutive integrals:

1 ti,cc [Co]mal’
l= ——dt 2
[CC]ma;r,tiycc/o TCC’ ( )
ti2
1= 1 / [Co]max dt (3)
[CC]mazvti,CC t@cc 7—2 - TCC

where ¢; cc is the ignition delay of the process referred to a maximum con-
centration of chain carriers and ¢, 5 is the ignition delay referred to the high-
temperature stage of combustion. Besides, 7o, 7¢¢ and [CC)a, are the
ignition delay referred to the high exothermic stage, the ignition delay re-
ferred to a maximum of chain carriers and the critical concentration of chain
carriers, respectively, under constant conditions of pressure and temperature
for the successive thermodynamic states.

The method is decoupled in two steps depending on the stage of the igni-
tion to predict. On the one hand, a predictive method for cool flames is based
on the accumulation of chain carriers up to reach the critical concentration.
HO, is selected as chain carrier since it seems to be a good tracer of such
phenomenon (CC=HOs). The accumulation of HO, is modeled by Eq. 2, in
which 7co and [C'C),ae are related with this species. The upper limit of the
integral represents the instant at which the maximum concentration of HO,
occurs, which corresponds to the ignition delay referred to cool flames.

On the other hand, a predictive method for the high-temperature stage

of the combustion process is based on the accumulation of chain carriers up

15
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to the critical concentration (Eq. 2), and the subsequent consumption from
this maximum of concentration (Eq. 3). Thus, two different consecutive
integrals have to be solved in this method. CH5O is selected as chain carrier
(CC=CH,0), since formaldehyde is widely recognized as an autoignition
tracer and the maximum heat realease rate occurs when this species is almost
consumed [31]. The instant at which the maximum concentration of CH20
is reached is obtained by solving Eq. 2, whereas the consumption of CH,O
is modeled by Eq. 3. Obviously, 7¢¢ and [C'C),na have to be related with
this species. The upper limit of the integral in Eq. 3 represents the time at
which all formaldehyde is consumed, which corresponds to the ignition delay
referred to the high-temperature stage.

A detailed description about the theoretical development that defines the
method can be found in [19, 20].

2.3. CHEMKIN and chemical kinetic mechanisms

CHEMKIN-PRO is the software used to obtain the different ignition de-
lays and critical concentrations. The Curran’s kinetic mechanism, which
is compsoed by 1034 species and 4238 reactions, is used for n-heptane/iso-
octane blends [32, 33]. This mechanism includes the chemical kinetics of the
two pure hydrocarbons that form the blends used in this investigation, the
validity of which has been checked in different papers by comparison with
experimental results [34, 35].

Different ignition delays are defined in the simulations:

e 7 is the ignition delay under constant thermodynamic conditions re-

ferred to the maximum pressure rise caused by cool flames.

16
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e 7y is the ignition delay under constant thermodynamic conditions re-
ferred to the maximum pressure rise caused by the high-temperature

stage of the combustion process.

e Tcc is the ignition delay under constant thermodynamic conditions
referred to the critical concentration of chain carriers. Different species
are proposed as chain carrier depending on the stage of the ignition to

be predicted: CC=HO, for cool flames and CC=CH50O for the high-

temperature stage of the process.

e t;; is the ignition delay under transient thermodynamic conditions re-
ferred to the maximum pressure rise caused by cool flames. This igni-

tion delay is also experimentally obtained.

e ;5 is the ignition delay under transient thermodynamic conditions re-
ferred to the maximum pressure rise caused by the high-temperature
stage of the combustion process. This ignition delay is also experimen-

tally obtained.

The model used for the calculation of ignition delays under constant con-
ditions (11, 2 and 7¢¢) and critical concentrations is a perfectly stirred reac-
tor (PSR), which is a homogeneous closed reactor that works under constant
pressure and uses the energy equation to obtain the temperature evolution.
As it has been demonstrated by Payri et al. [36], this model is the most
suitable to simulate ignition delays at constant thermodynamic conditions.

The model used for the calculation ignition delays under transient con-
ditions (¢;1 and t;5) is a reciprocating internal combustion engine that op-

erates under homogeneous conditions (IC-engine, closed 0-D reactors from
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CHEMKIN). Both, heat losses and the volume profile are imposed in order to
reproduce the experimental conditions reached in the combustion chamber of
the RCEM. The piston starts at bottom dead center (BDC) and a complete
cycle is simulated, i.e., compression and expansion strokes. The autoignition
is considered to be produced when the pressure rise rate reaches a maximum,
which is the same criterion than the one used in the experiments. Therefore,
the simulated results can be directly compared with the experimental ones.

Finally, the ignition delays and the critical concentrations are obtained
for each thermodynamic state of the transient process with a At of 107%s,
which is a compromise value between prediction accuracy and computing
time. Moreover, 30 s have been selected as the maximum waiting time for

the autoignition of the mixture under constant conditions.

2.4. Parametric study performed

The performed experimental study was as follows:

e Fuel: PRF25, PRF50 and PRFT75.

e Initial temperature (7;): 363 K, 383 K, 403 K and 423 K.
e Initial pressure (F7;): 0.15 M Pa.

e Compression stroke: 180 mm.

e Compression ratio (C'R): 14 and 19.

e Oxygen molar fraction (Xp,): 0.21, 0.18 and 0.16.

e Equivalence ratio (F'r): from 0.4 to 0.8 depending on the fuel and on

the oxygen molar fraction.
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The performed parametric study can be seen in Table 2. The oxygen
molar fraction limits the maximum working equivalence ratio in order to
avoid extremely violent combustions that can damage the facility. It should
be noted that the initial temperature is higher than the boiling point of the

fuel, ensuring that the fuel is always in vapor phase before the beginning of

the cycle.
Xo,
0.21 0.18 0.16
363 | 0.4, 0.5, 0.6 | 0.4, 0.5, 0.6, 0.7
383 | 0.4, 0.5,0.6 | 0.4, 0.5, 0.6, 0.7 | 0.5, 0.6, 0.7, 0.8
g 403 | 0.4, 0.5, 0.6 | 0.4, 0.5, 0.6, 0.7
423 | 0.4, 0.5, 0.6 | 0.4, 0.5, 0.6, 0.7 | 0.5, 0.6, 0.7, 0.8

Table 2: Parametric study performed. Equivalence ratio for different initial temperatures

and oxygen molar fractions. Italic.- exclusively for CR 19. Bold.- exclusively for CR 14.

Underlined.- exclusively for PRF75.

3. Results and validation

The experimental trends of the ignition delay are discussed in this section.
Besides, ignition delays calculated by solving the detailed chemical kinetic
mechanism for n-heptane/iso-octane blends are compared with the experi-
mental results in order to validate the mechanism in the working range. The
experimental ignition delay predicted by means of two different methods:
using the alternative integral method proposed by Desantes et al. [20] and
using the Livengood & Wu integral method. The two different exothermic

19



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

stages of the auto-ignition process have been studied: cool flames and the

high-temperature stage of the process.

3.1. FExperimental trends of the ignition delay

Figs. 4, 5 and 6 show the ignition delay trends versus temperature for
PRF25, PRF50 and PRF75, respectively, under different compression ratios
and oxygen molar fractions. It can be seen that the ignition delay decreases if
the temperature is increased except in the Negative Temperature Coefficient
(NTC) zone [37]. Despite the fact that the NTC behavior can be smooth
enough to avoid an increase of the ignition delay (such as under Fr = 0.6, CR
=19, Xp, = 0.21 for the three fuels), the ignition delay decreasing rate is
usually affected by this phenomenon, changing the slope of the curve. Higher
temperatures imply higher collision frequencies and collision energies and,
therefore, higher specific accumulation rates of chain carriers and shorter
ignition delays. During the NTC zone, the accumulation of chain carriers
competes with the formation of stable long-chain olefins by the alkyl radicals,
which causes a decrease of reactivity that results in longer ignition delays.

The dependence of the ignition delay on the compression ratio can be
also seen in Figs. 4, 5 and 6 for PRF25, PRF50 and PREF75, respectively.
The ignition delay decreases when the compression ratio is increased, since
higher pressures and temperatures are reached. Moreover, Fig. 4 shows that,
in general, the NTC zone becomes less pronounced if the pressure is increased.
The end of the NTC zone is controlled by the unimolecular fall-off reaction
HyOy + M = OH + OH + M, which is a third body reaction the specific
reaction rate of which increases if the pressure is increased.

The effects of the equivalence ratio on the ignition delay under low tem-
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Figure 4: Ignition delay, t; 2, versus initial temperature for PRF25. Both compression

ratios are plotted. Left.- Xp, = 0.21. Right.- Xp, = 0.18.
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Figure 5: Ignition delay, ¢; 2, versus initial temperature for PRF50. Both compression

ratios are plotted. Left.- Xp, = 0.21. Right.- Xp, = 0.18.
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perature conditions are also plotted in Figs. 4, 5 and 6 for PRF25, PRF50
and PRF75, respectively. The ignition delay referred to the high-exothermic
stage of the process decrease when the equivalence ratio is increased, since
ignition is triggered when a critical concentration of chain carriers is reached.
The accumulation of chain carriers depends on the amount of fuel, so that the
higher the equivalence ratio, the higher the generation rate of chain carriers
and the shorter the ignition delay. Moreover, the lower the compression ratio
or the lower the amount of oxygen, the higher the effect of the equivalence
ratio on the ignition delay. L.e., the ignition delay is more sensitive to changes
in the equivalence ratio if the reactivity of the mixture is reduced, since the
low-temperature chain branching reactions, which depend on the amount of
fuel, are more dominant. Besides, it can be seen in the figures that the NTC
zone becomes less pronounced if the equivalence ratio is increased.

Fig. 7 shows the dependence of the ignition delay on the oxygen concen-
tration. Ignition delay increases when the molar fraction of oxygen of the
mixture is reduced, since lower amount of oxidizer implies lower reactivity.
Moreover, the effect of the oxygen molar fraction becomes stronger if the
equivalence ratio or the compression ratio are decreased. I.e. the ignition
delay is more sensitive to changes in the oxygen content if the reactivity of
the mixture is reduced, since the low-temperature chain branching reactions,
which include the Os addition, are more dominant. In the same way, it can
be clearly seen in Fig. 5 that the NTC zone is moved to lower temperatures
and it becomes more pronounced if the oxygen content is reduced.

Finally, the effects of the octane number on the ignition delay can be seen

by comparison between Figs. 4, 5 and 6. The higher the octane number, the
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Figure 6: Ignition delay, t;2, versus initial temperature for PRF75. Both compression

ratios are plotted. Left.- Xp, = 0.21. Right.- Xp, = 0.18.
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longer the ignition delay, since the octane number represents, with strong
non-linearity, the resistance of a certain fuel to autoignite. Differences in
octane number are reflected in differences in cool flames intensity. Higher
amounts of low-temperature heat release and higher quantities of HyO, are
correlated with earlier ignition and lower octane values [38]. Furthermore,
the fuel composition strongly affects the existence or not of a NTC behavior
smooth enough to avoid a two-stage ignition pattern. In general, the higher
the octane number the less prone is the fuel to show an NTC zone. Thus, the
NTC behavior is a common phenomenon for alkanes. Finally, it should be
noted that all fuels auto-ignite under low temperature conditions following
chemical paths that include the NTC behavior. However, if the character-
istic time (or relevance) of such phenomenon is short enough, it cannot be
distinguish and a single-stage ignition pattern occurs.

According to cool flames, this phenomenon has shown to be highly de-
pendent on temperature. The ignition delay referred to cool flames is always
shorter if the temperature is increased. Obviously, cool flames are not af-
fected by the loss of reactivity of the NTC behavior since it occurs before the
NTC zone. Besides, the ignition delay referred to cool flames is also shorter
if the compression ratio is increased, since higher temperatures and pressures
are reached. Moreover, the ignition delay sensitivity to the equivalence ratio
of the mixture is really low. On the one hand, the higher the equivalence
ratio, the higher the reactivity of the mixture at low temperatures. However,
on the other hand, the higher the equivalence ratio, the higher the heat capac-
ity of the mixture and, therefore, the higher the thermal sink effect, leading

to lower temperatures. The result of these two facts is that cool flames are
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only slightly affected by the equivalence ratio. It should be mentioned that
differences in heat capacity associated to different equivalence ratios are not
important enough to see any effect on the ignition delay referred to the high
exothermic stage. Finally, the ignition delay referred to cool flames is also

shorter if the percent of oxygen is increased.

3.2. Validation of the detailed chemical kinetic mechanism. Predictive meth-

ods applied to cool flames

Cool flames is only present in the cases performed with PRF25 and
PRF50. The high octane number and the percentage of iso-octane of PRE75
cause that cool flames cannot be clearly identified. As said before, two dif-
ferent predictive methods have been tested. On the one hand, the integral
method defined by Eq. 2 has been applied assuming HO, as chain carrier.
On the other hand, the Livengood & Wu integral method (Eq. 1) has been
solved using 71 values referred to cool flames.

The relative deviation in ignition delay, €, was calculated in order to more
easily compare experimental and simulation results. This deviation is defined

as follows:

ti1e — 1
L LRCEM 1 (4)

tcompression

where t;; represents the ignition delay under transient conditions referred
to cool flames. The subscript RCEM represents data obtained experimen-
tally from the RCEM, whereas the subscript x can represent either results
obtained from a chemical simulation with CHEMKIN using an IC-engine re-

actor, IC'E, from the alternative predictive method, Int, or from the Liven-
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Figure 8: Percentage deviation in ignition delay referred to cool flames for PRF25 and
PRF50. The mean absolute deviation, |E|7 shows good agreement between both experi-

mental and simulated results.

good & Wu integral method, LW. It should be noted that the previous
definition for the deviation compares a difference between chemical times,
ti1e — tiirceEm, With the physical time of the process, teompression- Therefore,
€ represents the difference of the inverse of the Damkohler number of both,
simulation and experiment (¢ = 1/Da, — 1/Dagrcpum)-

The ignition delay deviations referred to cool flames between the chemical
kinetic simulations and the experimental results are shown in Fig. 8 for all
cases that show a two-stage ignition pattern. The mean absolute deviation,
€|, has been also calculated.

The confidence intervals for the mean absolute deviation, |e|, with a

confidence level of 95% are equal to [1.633,2.362] % for PRF25 and to
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[1.344,1.984] % for PRF50, which means that the direct chemical simulations
performed with a detailed mechanism are able to replicate the experimen-
tal ignition delays. The predicted ignition delays also show to have quite
good accuracy. The confidence intervals for |e| with a confidence level of
95% are summarized in Table 3 for the predictive methods. The values of
|E\ are very similar to each other, meaning that both predictive methods are
able to predict the ignition delay referred to cool flames with approximately
the same accuracy than the detailed chemical kinetic mechanism. Therefore,
HO, seems to be a good tracer of cool flames. Furthermore, it should be
noted that the Livengood & Wu integral method can be used to predict cool

flames without having high deviations, even if a two-ignition pattern occurs.

PRF25 PRF50
ICE | [1.633, 2.362]% | [1.344, 1.984]%
New integral proposed | [1.581, 2.238]% | [1.535, 2.351]%
Livengood & Wu | [1.616, 2.227]% | [1.266, 2.001]%

Table 3: Confidence interval for the mean absolute deviation referred to cool flames, |e|,
with a confidence level of 95% for the chemical kinetic simulations (ICE) and for the

different predictive methods.

Fig. 9 shows the ignition delay simulations and predictions versus the
experimental ignition delay referred to cool flames. The line y = x (per-
fect match between values), as well as the Pearson’s coefficient of correlation
(R?), has been also plotted in the figure. As it can be seen, numerical ig-
nition delays follow an aleatory distribution around the line y = z, which
means that ignition delay deviations are caused partly by the chemical ki-

netic mechanism used and partly by the experimental uncertainties mainly
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Figure 9: Ignition delay referred to cool flames, ¢;;,, from a chemical simulation with
CHEMKIN using a closed 0-D IC-engine reactor, IC'E, from the new predictive method,
Int, and from the Livengood & Wu integral method, LW, versus the experimental ignition

delay referred to cool flames, t; 1rcrnm. Left.- PRF25. Right.- PRF50.

associated to the calculation of the effective volume and the heat losses in

the RCEM.

3.3. Validation of the detailed chemical kinetic mechanism. Predictive meth-
ods applied to the high exothermic stage
Ignition delays referred to a maximum pressure rise rate are measured
experimentally in the RCEM and calculated by direct chemical kinetic sim-
ulations in CHEMKIN. The same two different predictive methods than the
ones used for cool flames have been evaluated. On the one hand, the alterna-

tive integral method proposed by Desantes et al. [20] (Eq. 2 and Eq. 3) has
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been tested, assuming formaldehyde as chain carrier. On the other hand, the
Livengood & Wu integral method (Eq. 1) has been solved by using 7, values
referred to a maximum pressure rise.

The percentage deviation in ignition delay, €, was again calculated, the
definition of which is analogous to the one used for cool flames (Eq. 4). Obvi-
ously, in this case the relative deviation is calculated using the ignition delays
under transient thermodynamic conditions referred to the high-temperature
stage of the process.

The ignition delay deviations referred to the high-temperature stage be-
tween the chemical kinetic simulations and the experimental results are
shown in Fig. 10 for all cases. The mean absolute deviation, |e|, has been
calculated and its value can be seen in the figure.

The confidence interval for the mean absolute deviation, |e|, with a confi-
dence level of 95% is equal to [1.344, 1.984] % for PRF25, [1.809, 2.648] % for
PRF50 and [2.463,3.765] % for PRE75. It can be seen that the higher the
octane number, the worse the simulation capability of the mechanism, which
means that the accuracy of the n-heptane sub-mechanism is higher than the
accuracy of the iso-octane sub-mechanism . The confidence intervals for |e|
with a confidence level of 95% are summarized in Table 4 for all the predic-
tive methods. The alternative predictive method tested in this paper shows
to be quite accurate comparing to the experiments. However, the predictive
capability of the Livengood & Wu integral method shows a strong depen-
dence on the type of fuel. It can be seen that the Livengood & Wu integral is
able to predict accurately the ignition delay referred to the high exothermic

stage of combustion if the fuel shows a single-stage ignition (PRF75), but
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Figure 10: Percentage deviation in ignition delay referred to the high-temperature stage
for all fuels. The mean absolute deviation, |E|7 shows a good agreement between both

experimental and simulated results.
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PRF25

PRF50

PRFT75

ICE

[1.344, 1.984)%

[1.809, 2.648]%

[2.463, 3.765]%

New integral proposed

[2.061, 3.424]%

[2.635, 4.018]%

[1.740, 2.477]%

Livengood & Wu

[4.603, 6.094]%

[6.513, 9.884]%

[1.901, 2.702]%

Table 4: Confidence interval for the mean absolute deviation referred to a maximum
pressure rise, ||, with a confidence level of 95% for the chemical kinetic simulations (ICE)

and for the different predictive methods.

Only ignition delays referred to a critical concentration of chain carriers
can be predicted by means of the Livengood & Wu integral method, since one
of its hypotheses is that autoignition occurs when a maximum concentration
of chain carriers is reached. In the same way, all the ignition characteristics
at constant conditions that are used in the integral (7) have to be referred to
a critical concentration of chain carriers. Therefore, the predictions and the
ignition delays referred to the high-temperature stage are referred to different
stages of the ignition process, leading to a certain deviation. Obviously,
the smoother the NTC zone, the more similar the ignition delay referred
to a critical concentration and referred to a maximum pressure rise rate, so
that the accuracy of the Livengood & Wu integral is increased under these
conditions.

Fig. 11 shows the simulated and predicted ignition delay referred to the
high-temperature stage versus the experimental measurements. The line

y = x (perfect match between values), as well as the Pearson’s coefficient

of correlation (R?), has been also plotted in the figure. It can be seen that
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Figure 11: Ignition delay referred to the high temperature stage, t; 2, from a chemical
simulation with CHEMKIN using a closed 0-D IC-engine reactor, IC'E, from the new
predictive method, Int, and from the Livengood & Wu integral method, LW versus
the experimental ignition delay referred to the high temperature stage, t; orcen. Left.-

PRF25. Medium.- PRF50. Right.- PRF75.

the ignition delay referred to a maximum pressure rise is overestimated for
PRF25 and even more overestimated for PRF50. As explained in [22], this
fact can be caused by the isomerization rates of alkyl-peroxyl radicals and
peroxy-alkylhydroperoxyl radicals, which have been decreased by a factor of
three compared to n-heptane in the case of the iso-octane sub-mechanism.
Thus, higher percentage of iso-octane implies more overestimated ignition de-
lays. However, this trend cannot be seen for PRE75 because this phenomenon
is compensated by wall effects that are not present in the simulations. Thus,
the maximum pressure rise rate is reached much faster in the simulations
than in the experiments, which leads to a certain negative deviation between
models and experiments. The absence of wall effects and heterogeneities

in CHEMKIN causes a faster pressure rise, which leads to shorter ignition
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delays and compensates the effect of the iso-octane sub-mechanism.

4. Conclusions

In this work a detailed chemical kinetic mechanism has been validated for
PRF mixtures versus experimental results obtained from a RCEM. Besides,
the alternative method to predict ignition delays under transient conditions
proposed by Desantes et al. [20] has been also validated by comparison to
the experiments. Both ignition delays, the one referred to cool flames and
the other one referred to a maximum pressure rise rate can be predicted
with quite good accuracy. Finally, the predictive capability of the method
has been compared to the Livengood & Wu integral, showing the alternative
procedure better results than the classic Livengood & Wu method.

The following conclusions can be deduced from this study:

e Both predictive methods tested in this work can predict with quite good
accuracy the ignition time referred to cool flames, demonstrating that
HO; can be taken as a good cool flames tracer under a wide range of
octane numbers and that the Livengood & Wu integral method works

properly for cool flames.

e The alternative integral method has shown to be able to predict the
ignition delays referred to a maximum pressure rise rate when CH,0O
is taken as chain carrier. This ignition delay can be experimentally
measured, allowing a direct comparison between predictions and ex-

periments.
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572 e The high-temperature stage of the ingnition can be predicted by means

573 of the Livengood & Wu integral method only for fuels that do not
574 show a two stage ignition pattern. l.e., in the present study the high
575 exothermic stage can be predicted by this method only for PRF75,
576 since the higher the octane number, the more prone is the fuel to show
577 a single-stage ignition. These dependence on the type of fuel can be
578 avoided by using the alternative integral method proposed by Desantes
579 et al. [20].
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Notation

BDC Bottom Dead Center

cc Chain carriers

CFD Computational Fluid Dynamics

CcI Compression Ignition

CR Compression Ratio

EGR Exhaust Gas Recirculation

Fr Working equivalence ratio

HCCI Homogeneous Charge Compression Ignition

ICE Referred to data obtained from CHEMKIN using the internal
combustion engine reactor

Int Referred to data obtained from the new integral proposed in
this paper

LW Referred to data obtained from the Livengood & Wu integral
method
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LTC
max

NTC

PRF
PSR
RCEM

Low Temperature Combustion

Referred to a maximum concentration of chain carriers
Negative Temperature Coefficient

Initial pressure

Primary Reference Fuels

Perfectly Stirred Reactor

Rapid Compression-Expansion Machine

Spark Ignition

Initial temperature

Top Dead Center

Ignition delay under transient conditions

Ignition delay referred to the critical concentration of chain
carriers

Ignition delay referred to the maximum pressure rise of cool
flames

Ignition delay referred to the maximum pressure rise
Unburned hydrocarbons

Oxygen molar fraction

Percentage deviation in ignition delay between experimental
and simulation or predicted results

Mean absolute deviation between experimental and simula-
tion or predicted results

Ignition delay under constant conditions of pressure and tem-

perature
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605

Teo Ignition delay under constant thermodynamic conditions re-
ferred to the critical concentration of chain carriers

T Ignition delay under constant thermodynamic conditions re-
ferred to the maximum pressure rise of cool flames

Ty Ignition delay under constant thermodynamic conditions re-
ferred to the maximum pressure rise
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