UNIVERSITY OF LEEDS

This is a repository copy of Computation of Methane/air Ignition Delay and Excitation
Times, using Comprehensive and Reduced Chemical Mechanisms and their Relevance in
Engine Autoignition.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/118598/

Version: Accepted Version

Article:

Bates, L, Bradley, D, Gorbatenko, | et al. (1 more author) (2017) Computation of
Methane/air Ignition Delay and Excitation Times, using Comprehensive and Reduced
Chemical Mechanisms and their Relevance in Engine Autoignition. Combustion and
Flame, 185. pp. 105-116. ISSN 0010-2180

https://doi.org/10.1016/j.combustflame.2017.07.002

© 2017 The Combustion Institute. Published by Elsevier Inc. This manuscript version is
made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Computation of Methane/air Ignition Delay and Excitation Times, using Comprehensive and

Reduced Chemical M echanisms and their Relevancein Engine Autoignition.
Luke Bated Derek Bradley; Inna Gorbatenkd< Alison S. Tomlifi
aSchool of Mechanical Engineering, University of Leeds, Leeds, LS2 9JT, United Kingdom
®School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, United Kingdom
‘EPSRC CDT in Fluid Dynamics, University of Leeds, Leeds, LS2 9JT, United Kingdom

Corresponding author: d.bradley@Ieeds.ac.uk

Abstract

Ignition delay time s, and excitation timezg, for CHs/air mixtures are mathematically modelled, using

a comprehensive chemical kinetic scheme and a reduced global model. A prirjeigial®ls to obtain
relevant data for this important engine fuel, to assess its propensity thingqh@ombustion in
comparison with that of other fuels. Severe knock is associated with an intense heat releasagate duri
the excitation timez., short enough for it to feed into, and strengthen, the pressure wave arising from
the rate of change of the heat release rate at a hot spot. This assisguaeniified by loci of possible

hot spot autoignitions, relative to the detonation peninsulagandgagram based onandz. A second
objective is to assess the accuracy and practical usage of the reducedrgldbhl Appropriate
selection of the controlling parameters for the seven equation global model gave predictictosef

to those of both the complete kinetic scheme and experimental data in the literaturemdliehtime
increments are required for the modellinggbut even with separately selected rate parameterisations
for the prediction ofs, andz values, the global model predictionsmfvere only within an order of
magnitude of those from the comprehensive kinetic scheme. However, computationaiimabout

ten times faster with the global model, rendering it suitable for the conguubdit; within 3D reactive
transport simulations. Stoichiomet@HJ/air displayed very good antiknock properties in comparison
with other fuels under turbocharged engine running conditions. Dataaod z. from several sources

are combined with a tentative hot spot structure, to assess the proafrihg deflagrative and

autoignitive regimes, and the bounds of the transition regime.

Keywords: methane, ignition delay time, excitation time, knocking propensity, kinetic modelling,

global reaction scheme.



Nomenclature

a acoustic velocity ro hot spot radius

A preexponential factor r dimensionless hot spot radius,or/r
E activation energy T temperature

E (E/RT)(vl ) Ua autoignition velocity

F fuel X chain branching species

G reduced global model Y chain propagating species

Ho heat of reaction £ hot spot residence timeF r/(ar)
I product oxygenated radicals 3 alla

Kn rate constant for reaction number, n Te excitation time

P Pressure, and product Ti ignition delay time

r radius within hot spot é equivalence ratio

R gas constant

1. Introduction.

A simplistic model of autoignition assumes that, following instantaneoupression of a flammable
uniform mixture, heat release occurs instantaneously in a thermal explosion at the strong igutition lim
after an autoignition delay time;. During this time, any heat loss or heat release is negligible. In
practice, different rapid compression machines, RCMs, have a range of compmssatuting which

some reaction occurs. There is some release and loss of heat during the delay time. Foesd! of
effects some allowance can be made [1], enabling corrections to be made tophxaiot reciprocal
temperature. Experimentally, there is some support for a simplistic modellirapappin which both

heat release and heat loss can be relatively small, although difficidbtune, and to some extent they
are in balance. However, the mixture can never be completely homogeneous, and hot spot ignition can
be initiated, typically, by a temperature elevation of the order of 1 K. Aftas elapsed, computations
show a subsequent very rapid heat release rate. This necessitates a very sigeifie@se in the
computational time increments in the mathematical modelling. In a seminal papet butf?] were

able to obtain the temporal profile of heat release rate and itsayrdte excitation timez [3].
Sufficiently accurate computation of this time requires a comprehensive ch&metad scheme that
combines the chemical species equations with the energy equation. Values ang instiadi

microsecond range and cannot be measured experimentally.

Both 7z andz are important factors controlling potentially damaging knock in engines.dTinigiated
at a hot spot and requires sufficiently small valueszoénd reactivity gradient to generate an

autoignitive propagation velocity that is greater than the deflagrativeniguwelocity, and approaches
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the acoustic velocity [4]. If the mixture is insufficiently autoignitive, Hadgative flame propagation
may ensue, rather than a full autoignition. This aspect is discussed furextion 5.3. The rate of
change of the heat release rate at a hot spot generates a pressure pulse {5]saschdfl enough to
feed sufficient energy into the pressure pulse, the pulse can be amplified toeandeatloping

detonation.

Methane was studied because of its widespread distribution and usagin dxecipower generation.
The chemical kinetics of its oxidation are reasonably well understood, renderingtiprsdbased on
recently developed chemical mechanisms fairly reliable when compared to many largeatiyair
fuels. Here are compared predictions based on the widely used GRI Mech3.0 mechanismtii] with
more recently developed Mech_56.54 mechanism [7]. Accurate evaluatinasdf. make it possible

to assess the propensity@ifl, to detonag.
The aims of the paper are:

() To study the autoignition and subsequent heat release of methane and the niréintiog

reactions, using detailed chemical kingtic

(ii) Alongside this, to develop sufficiently accurate reduced global reaction sshéwn predictings

and possiblyz, in order to conserve computational effort in large CFD applications.
(i) To provide z data for stoichiometric methane/air.

(iv) To discuss the remaining uncertainties in robustness of both detailed dheeitenisms and

reduced schemes, as well as the definition.of

(v) To demonstrate the practical value of such data, particularly, in thetppeddf engine knock,
detonation, and identification of the characteristics of the deflagrative, autoigaiveransitional

reaction regimes.

The present study of the autoignition of £Z&ir employs the Cantera Code, originally written and
developed by Goodwin [8]. It is open source object orientated software that covers chavatiz,
thermodynamics, and transport processes. It provides a framework for combustion modelling using
detailed chemical reaction mechanisms, with numerous species, their various reabti@ygaind
appropriate reaction rate constants. It is able to read and interpret a rangehafnisms and

thermodynamic data formats, including those used by Chemkin [9] and NASA [10].

The computation ofs and z with comprehensive chemical kinetic schemes is computationally
demanding. In contrast, suitably tuned reduced global reaction schemes, employ much fewer species
and reactions. This allows their use in applications such as reacting flove, latge comprehensive

schemes are often prohibitively computationally expensive. The scheme empldyegiesent study
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requires just five global reactions between six active species. With suitabig airthe global rate
constants, such schemes are capable of predicting ignition delay times over qeiteataygs of
temperature and pressure. The scheme is based on that of Schreiber et al. [11] anddhdareapéity

to predict z for the Primary Reference Fuels, PRF, ioctane and nheptane. The schemataetail
outlined in Table 1. The Octane number scaling factors of the original papenisted, allowing the
model to be adapted for a fuller range of individual fuels. It is applitalléroad range of fuels within
its specified range of conditions. For non PRF, mixtures, the model must be matched ttsthg fue

further adjustment of the global rate constants.

The values ofz and z, together with the computed activation temperatures, are employed in a
comparison of the knocking propensity of different fuels, and also in a tentatwgpato define the

transition regime lying between those of autoignitive and deflagrative propagatie@asidms.

Table 1. Reduced Reaction Scheme. F: fuglo®ygen, P: product, Y: chain propagating species, X
chain branching species, I: product oxygenated radicals, molar ratie: &b ®uel for desired

equivalence ratio, a = 2 for GH

Reaction Number Reaction Reaction Description

1 F—X Breakdown of fuel into branchin
High Temperature intermediates

2 X+aGg— P Reaction of intermediates with oxygen to fo
High Temperature products

3 F+2Q e | Reversible reaction converting between f
Low Temperature and oxygen, and radical intermediate spec
4 | - 2Y Radicals react to form chain propagati
Low Temperature intermediates

5 Y+ 0.5F + (a-1)Q— P Intermediates, fuel and oxygen react to fa
Low Temperature products.

In addition to the generation of new predictionsipt. and heat release rates, a primary purpose of the
present paper is to compare the predictiong ahd z, derived from both comprehensive chemical
kinetic and reduced global schemes, such as might be employed in reactive flow mohgsaim
predict detonation behaviour. Stoichiomet@é&ls/air mixtures are investigated between 0.1 and 10
MPa, and 700 and 1670 K. In the caseipofomparisons are also made with experimental values from
the literature. In the case afthe accuracy of the determination of heat release rates is discussed. This
enables the reliability and accuracy of the reduced global scheme to be assags#ds the antiknock

characteristics of this important fuel, when compared with those of other fuels.
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2. Computational Procedures
2.1 Comprehensive kinetic scheme

The Cantera software toolkit employed the Python programming language and ileel datmical

kinetic mechanism folCHJ/air reaction, Mech_56.54, of Burke et al. [7]. This is based on the
AramcoMech1.3 mechanism [12]. Mech_56.54 [7] was developed in 2015, covering 113 species and
710 reactions. For convenience, for each set of conditions, the reactions are numisezeatigely in

order of increasing endothermicity. The mechanism has been broadly vatidategt measurements

in flow reactors, jet stirred reactors, and shock tubes for predictiagsitbn delay times, burning
velocities, and flame speciations for pressures, P, between 0.71 and 4.15 MPa over af rang

temperaturesl, between 600 and 1600 K, at values of equivalence pafityom 0.3 to 2.0 [7].

For comparison, the present simulationsiafere also performed with the widely used GRI Mech3.0
mechanism [6], developed earlier in 1999. This comprises 325 elementary chemicahseadth

related reaction rate constants and the thermodynamic parameters of 53 spddidact@3R0 [6] has
improved kinetics and broader target data when compared to the earlier versioasnafctiénism. It

has been validated f@H, and natural gas flame speeds and shock tube measurements between 0.001-
1.01 MPa and 1000-2500 K [13].

The simulations were zero dimensional, adiabatic, and at constant volume. Ehstdjps were
adaptive, dependent upon P and T, with sufficiently small time meshes of 17ax01010% s for, 7,

and of 1.0 x 16?— 1.0 x10% s for r, to ensure grid independent solutions. The nonreacting mixture
was compressed instantaneously to P and T at time zera,iau@fined as the period of time between
this instant and the onset of the maximum heat release rate. Following Lutf2ét thie excitation

time, z, is defined as the time from the point where the heat release rate istbB@onahximum heat
release rate to the instant where that maximum value is attained. No expériakaasion of the
computed values of is possible, as it is not possible to measure either compositional or temperature
changes on such a small time scale. This implies a degree of uncertainty in tolirmpietiemistry

and its applications. To ensure high accuracy of the computed heat releasewaettbound, the value

of the heat release was interpolated using cubic splines.

2.2 Reduced global scheme

The global model, outlined in Table 1, is expressed in more detail, with theedegpecies reactions,
and the overall energy equation given in Table 2. The global reaction rate parametefsthe

Arrhenius form:



kn = Avexp(-[E/R]n.[1/T]) (Eqg. 1)
where n is the reaction number, given in Table 1.

The same values were employed initially in the computations of deathd z. The global reaction
equation parameters, A E/R, angl the heat of reaction, for the energy equation, all listed in Table 3,
were adjusted to generate values; @fs close as possible to those from the detailed kinetic mechanism,
using the comprehensive Cantera code and the Mech_56.54 kinetic scheme. Table 3 dists thes

optimised values of Aand E/R fgr = 1.0, that were employed in the G1 Model throughout a regime

extending from 4 to 10 MPa, and 700 to 1400 K, relevant to turbocharged engines and gas turbines.

Table 2. Species reactions and energy equation.

Fuel d[F]/dt = —k,[F] — k3[F][0,][M] + k3g[I]- 0.5 ks[0,][Y] (1)

Oxygen d[0,]/dt = — ak,[0,][X][M] — 2 k3[F][0,][M] + 2 k3g[I] @)
— (a — Dks[0,][Y]

Chain d[Yl/dt = 2k, [I] — ks[0,][Y] )
Propagating
Intermediate

Oxygenated d[1]/dt = k3[F][0,][M] — kagr[I] )
Radicals
Chain Branching - d[X]/dt = ki [F] = k,[0,][X][M] )

Intermediate

Product d[P]/dt = k, [0,] [X] [M] + ks[O,] [Y] ©)

Energy Equation  dE /dt = (Hyky[F1) — (Hyk,[0,1[X][M]) ™
— (Hsks[F1[0,][M]) — (s, ksg[1])
— (Hakal1]) = (Hsks[0,][Y1)




Table 3. Reaction rate controlling parameters for G1 Global Model.

Reaction Rate A (mol m®s) E/R (K) Ho (kJ/mol)
Constant

Ky 4.10 18050 709.9

k2 2.10 7200 -4709.9

ks 3.10 20000 -100

kar 3.1¢3 37500 100

Ka 2.10 5000 -60

ks 5.10 16500 -3920

Temporal computational increments of time steps for botimd . were refined until they gave grid
independent solutions. These were 1.0X4.@r 7, and 1.0 x 18 s for z. The fuel concentration, [F],
was a convenient marker and an optimal indicator for both the ignition delagxaitdtion times,
marked by instantaneous acceleration in [F] consumption. From [14], the generales, Xpeere
attributed to radicals such as H, and.@d well as ethylene .84, while |, was attributed to HQ) CH,
and HO. Ywas attributed to OH, but, as shown in [10], a more accurate descripffevoofd include

further intermediates.

As will be shown, the data in Table 2 were successful in modedlioger a wide range of conditions
in the G1 global model. Not surprisingly, when these optimal data were used teraptdbd modete,

it failed. Completely new numerical values for the reaction rate paranigtéwo sets, one with lower
heat release during preignition, more similar to that of the comprehensive schemarfdrone fore
with amuch more rapid heat release, were manually adjusted to reflect laggerdiffs in heat release
rates betweem andz reaction stages, in an attempt to model kp#imd z.. The change in heat release
needed to reproduce, while maintaining the overall heat release, also necessitated large changes to
reaction rate parameters. These comprised the G2 global model, the humericaforaigch are
given in Table 4. Initially, G2 was operated with just the first paranssgrthat intended for.
Subsequently, upon detection of the initiation of ignition through thresholding dti¢ghespecies
concentration [F], the parameter sets were switched. The parameter set intendeddateactivated

and that for thee parameter employed for the remaining reactions.



Table 4. Reaction rate controlling parameters for G2 Global Model.

Reaction Rate Constant A (mol m®s) E/R (K) Ho (kJ/mol)
ke 2.0x 14 19050 0.05
k 2.0x 16 7200 -99
Ks 5.0x 10 20000 -0.025
i ker 6.0 x 16 37500 0.025
Ka 4.0x 16 5000 -0.025
Ks 1.0x 10 16500 -99
Reaction Rate Constant A (mol m? s) E/R (K) Ho (kJ/mol)
ki 1.05 x 1@° 21050 1000
k2 1.05 x 14° 8600 -10000
ks 6.0 x 10 20000 -1000
ke 3.0 x 16° 36500 1000
Ka 7.0x 10 5000 1000
Ks 7.0x 10 16500 -8000

3. Computed Values of 7z from Comprehensive and Reduced Schemes

Figs. 1 (a) and (b) compare the modelled ignition delay times, using both the Mech_56GRland
Mech3.0 detailed kinetic mechanisms with available experimental data froneth&ulie, at different

T, for stoichiometricCHJ/air, at pressures of 0.1 MPa and 4 MPa, respectively. The plots suggest a nea
Arrhenius relationship between 1000 and 1800 K. In Fig. 1 (a) agreement between these models and
the experimental measurements of Hu et al. [15], Herzler and Naumann [1ahoTaadi Mendez [17]

and Zeng et al. [18] is satisfactory at the higher temperatures. Howetrer laiver temperatures the

GRI Mech3.0 mechanism tends to overpredict reactivity. The earlier values of laltdttend to

underestimate; to a greater extent than GRI Mech3.0.
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Figure 1. Ignition delay time predictions using both detailed schemes, GRh3\e [6] and
Mech_54.54 [7], and comparison with measured values (a) at 0.1 MPa and (b) at 4 MRapkasesnt

modelled results, symbols referenced experimental data.



There is a much greater scatter in the experimental measurementsighénglessures in Fid. (b).

Both mechanisms show significant differences with the experimental measurements of Huang and
Bushe [19], Kim et al. [20], Huang et al. [21] and Merhubi et al. [22]. ThehM®&6.54 mechanism

tends to capture the overall trend nfvariations better than those of the GRI Mech3.0 model,
particularly at the lower temperatures. Mech_56.54 has been validated agaimst brogtder range of
pressures and temperatures than GRI Mech3.0. GRI Mech3.0 has been optimised only up to 1.01 MPa.
The Mech_56.54 mechanism was therefore employed in the current modelling aoid z.
Nevertheless, a severe limitation is that the selected detailed chemistry Bgsesitsaupon shock tube

and RCM data that exhibit significant scatter.

The upper curves in Figs. 2 to 4 show the computed value®othe detailed and both global models,
G1 and G2, for stoichiometric GHiir, plotted against 1000 K/T at pressures of 4, 6, and 10 MPa,
respectively. There is a good agreement between the three sets of valuesrevhiithin the bounds

of the experimental scatter that is evident in Fig. 1. Agreement is ldedactary at the lowest
temperatures. The ignition delay times vary by about five orders of magnitad¢hevfull range of
temperature at all pressures, and by no more than one order of magnitude overahgduf pressures

at fixed temperature.
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Figure 2. Comparison of ignition delay times,and excitation timesg, predicted by Comprehensive
and Global schemes, G1 and G2, for stoichiometrig&@that 4 MPa.
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4. Computed Heat Release Rates and Excitation Times from Comprehensive and Reduced

Schemes
4.1 Comprehensive kinetic scheme computations

During the ignition delay time, chain branching reactions are active will beat release, yet this
period is terminated by the onset of a high heat release rate. The ovenalétrad heat release rate,
VHRR, is the net thermal energy release rate encompassing all 7lidn®alitas been used in
calculating 7= and has been analysed to determine the principal 23 contributory exothermic and
endothermic reactions at different pressures listed in Table 5. Theseardagithree different values

of P and two of T in Table 5. The order in which the reactions appear appmyirfalows the
chronology of the reactions from start to finish. They are selected on the critaticstutting the period
within which the total heat release rate is more than 5% of the maximum heat release ratjdhe rea
should contribute more than 5% of the total. The four most endothermic reaction®lsetedson a
similar basis, within the same regime. The bracketed figures within tHe &agjpress the order of
increasing endothermicity of the 710 reactions. Numbering is consecutive from 1, to ifitheasing
order of endothermicity. These numbers are given in brackets for each listédnreRetcentage

contributions to the maximum VHRR at the time of this maximum heat release are also given.
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Table 5. The 23 principal exothermic and endothermic reactions contributingoteettadl Volumetric

Heat Release Rate.

No. Key Reaction 0.1 MPa 4 MPa 4 MPa 10 MPa
1200 K 800 K 1200 K 1200 K

R1I CH;+OH® CHz +H,O 2.826%  (12) 0.966% (21) 2.077% (18) 1.597% (20)

R2 CHs +H (+M) <& CH; 2.640%  (14) 1.887% (14) 4.923% (9) 3.058% (12)
(+M)

R3 CH;+O® CHO+H 22346% (1) 2477% (10) 6.908% (6) 3.531% (11)
R4 CHO+H® H,+HCO 6.655%  (5) 1.223% (18) 2.997% (15) 1.957% (16)
R5 HCO+M& CO+H+M -10.395% (709) -3.298 % (708) -6.605 % (709) -5.072 % (709)
R6 CH+ 0, HCO+OH 6.739% (4) 1.485% (16) 3.293% (14) 2.227% (14)
R7 HCO+Q® CO+HQ 1.794%  (25) 0.313% (39) 0.588% (35) 0.395% (40)

R8 CH;OH (+M)® CHs+OH 0.522%  (43) 3.005% (9) 4.185% (12) 4.533% (9)
(+M)

R9 H+0, O+OH -22.190 % (710) -14.819% (710) -17.191 % (710) -13.682 % (710)
R10 2CHs (+M) & CHg (+M) 0.151%  (71) 0.011% (114) 0.068% (92) 0.034% (98)

R11 CHs + H (+M) ®CoHs -0.209 %  (699) -0.011 % (687) -0.067 % (691) -0.037 % (690)
(+M)

RIZH+O+M®OH+M 0.092%  (89) 2403% (11) 1.725% (21) 2.183% (15)
R13 H + HO, ¢ 20H 3.606%  (10) 5495% (7) 5.165% (8) 5.231% (7)
R14 H,0 + O 20H -0.988%  (707) -4.535% (709) -2.672 % (708) -3.149 % (708)
R15 H+HCO® CO+H  5728% (6) 0.425% (34) 1.207% (27) 0.567% (33)
R16 H+ O (+M) < HO,(+M) 0.225%  (63) 17.995% (2) 10.104% (2) 14.530% (2)

R17 2HO, & H0, + O, 0.032%  (121) 0.388% (35) 0.245% (53) 0.577% (31)

R18 HCCO+Q=>CO+CQ 0.989%  (31) 0.549% (29) 0.709% (32) 0.585% (30)
+H

R19 HCCO+OH=>2CO+HK7.972% (3) 5509% (6) 7.403% (5) 5.597% (6)

R20 H,+ OH < H + H0 12076 % (2) 6.978% (5) 8.813% (3) 7.275% (5)

R21 CO+OH® CO+H  4562%  (6) 14.605% (3) 7.847% (4) 8.934% (4)
R22 H+OH+M® H,O0+M 0.592%  (39) 23.195% (1) 13.768% (1) 20.824% (1)
R23 HO, +OH® H;0+ O 2.339%  (18) 10.950% (4) 6.550% (7) 8.968% (3)
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At 4 and 10 MPa the principal reactions contributing to the heat release rate are:

H+ OH+ M® HO + M, (R22)
CO+OH&® CO+H (R21)
or

H+ G (+ M) & HO; (+ M) (R16)

with

HO, + OH< H.0 + O (R23)
and

H, + OH & H + HO. (R20)

Not surprisingly, these are predominantly termination reactions, whereas pmoitusas shown that
the time to ignition foICH4«/air mixtures is highly sensitive to chain branching routes such as R24 and
RO [7, 23, 24]:

CHz+ O, <» CH,O+OH, and (R24)
H+ O ® OH + 0. (R9)

However, Nagy et al. [25] noted a high degree of uncertainty concerning R22jadly at high
temperatures [26]. Experimental data points in support of a particular value cefficient are sparse.
Potential inconsistencies also occur in the data for R23, in that Burke et aud@jélsted a temperature
dependence different from that in [26]. In addition, R23 has been shown by Burkergt@hdve a
weak sensitivity for the simulation &@H. ignition delays at high pressure, and to inhibit ignition, as
does R16.

Along with R21, R20 is an important exothermic contributor at the lower presduePa and 1200

K, as shown in Fig. 5. Here it can be seen that the principal contributor to the heat redgase rat
CH; + 0% CHO + H. (R3)

At this lower pressure, R22 and R16 seem to be unimportant, contributing le§<thafithe overall
heat release compared to higher pressure conditions. This is because the rgegedtitions increase
with pressure due to third body effects. The principal contributors are n@mdrB20. According to
Nagy et al. [25] R20 also has a high sensitivity to the calculated burelagjties for hydrogen and
syngas systems at fuel lean conditions. Varga et al. [26] optimised the rate eatsffior this reaction
and showed very small uncertainty in the predictions of this reaction, ahéckiery close to the
experimental data. Consequently, there is a high degree of confidence in the valuatefdbefficient
14



in this reaction. We might therefore anticipate a higher degree of uncerteprgdicting heat release

rates at high pressures than at low pressures.

The contributions of each of the principal reactions to the overall VHRR are compared in Fig. 5 and
These are, respectively, for 0.1 and 10 MPa, the lowest and highest pressures studieshafled
rectangle is indicative of this percentage at the time for the first S#teahaximum total VHRR, a
black rectangle at the time of the maximum total VHRR, and a shadeuhgle at the time of the last
5% of the maximum total VHRR.

CH,+OH <=>CH, + H,0 R1

CH, + H (+M) <=> CH, (+M) R2

CH, + O <=>CH,0 +H R3

CH,O + H <=>H, + HCO R4

HCO+M<=>CO+H+M-------- RS _______

CH, + 0,<=> HCO + OH R6

HCO + 0, <=> CO + HO, R7

CH,OH (+M) <=> CH, +OH (+M) R8

H+0,<=>0+0H R9

2CH, (+M) <=>CH, (+M)________ RO ___________] ————

CH, + H (+M) <=> C_H, (+M) R11 e

H+O+M<=>0H+M R12 —

H + HO, <=> 20H R13

H,0 + O <=> 20H R14 E

H+HCO<=>CO+H, R15. |

H+ 0, (+M) <=> HO, (+M) R16 brrrra

2HO, <=>H,0,+0, R17 |

HCCO + 0,=>CO + CO, + H R18 —

HCCO + OH =>2CO +H, R19

H,+OH<=>H+ HJ:)_ __________ R20. E

CO+0OH<=>CO,+H R21

H+OH+M<=>HO0+M R22 :

HO, + OH<=>H,0 + O, R23 L % . | | 3 . .
20 10 0 10 20 30 40 50 60

Percentage of Total Volumetric Heat Release

Figure 5. Principal reactions contributing to volumetric heat release rate, VHRR, with Mech
56.54 [7], P=0.1 MPa and T=1200 K. Black fill indicates VHRR of the reaction at the point of
maximum total VHRR. No fill indicates contribution at a VHRR of the reaction that is 5% of

this maximum, during the increase in VHRR. Shaded fill indicates contribution at a VHRR that

is 5% of the maximum total VHRR, during the decrease of VHRR.

15



CH, + OH <=>CH, + H,0

CH, + H (+M) <=> CH, (+M)
CH,+0<=>CH,O0+H
HCO+M<=>CO+H+M
CH,OH (+M) <=> CH, +OH (+M)
H+QO,<=>0+0H

2CH, (+M) <=> C H, (+M)
H+O+M<=>0H+M

H + HO, <=>20H

H+ 0, (+M) <=> HO, (+M)
2HO, <=>H,0, + O,
HCCO+0,=>C0O+CO,+H
HCCO + OH=>2CO + H,

CO+0OH<=>CO, +H
H+OH+M=<=>H,0 +M
HO,+ OH <=>H,0 + O,

Percentage of Total Volumetric Heat Release

Figure 6. Principal reactions contributing to volumetric heat release rate, VHRR, for Mech

56.54 [7] at P=10 MPa and T=1200 K. See Fig. 5 caption for key to rectangle fills.

More detailed temporal distributions, of the volumetric total VHRR, atimptiessures of 0.1, 4 and 10
MPa, are shown by the bold dashed curves in Figs. 7 to 10. Other profiles on thesafgfoeshe
four principal exothermic and one endothermic reaction that contribute to thaloe¢e. In these
cases the profiles are only shown at some selected instants. Fig. 8 also shosaheg good
correspondence that was found to exist between the volumetric heat release e predsure

gradient.
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Figure 7. Mech 56.54 [7] heat release profiles for largest contributing reactions to total heat
release at P=0.1 MPa and T=1200 K.
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Figure 9. Mech 56.54 [7] heat release profiles for largest contributing reactions to total heat

release at P=4 MPa and T=1200 K.
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Figure 10. Mech 56.54 [7] heat release profiles for largest contributing reactions to total heat

release P=10 MPa and T=1200 K.
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The temporal profiles of the VHRR, at 4MPa and 1200K, are employed in Fig. ddmtmstrate the
defined value ofr, extending from 5% of the maximum heat release rate to the maximum[2hlue
The heat release rate profile also suggests a possible alternativeahetihiti, as the period of time
during which the heat release rate is more than, say, 20% of the maximum, as alssdiodi¢ag. 11.
This definition might be a better choice ®f since during this time the most intense heat release is fed

into the acoustic wave.

: / - 1.8x10'
ex10'4  Definition of ©_ 1

| 1

by Lutz et al. [2] e e
(ig 5x10" - Possible 4 1.4x10' &
S definition of £
€ 1 @
t - 1.2x10 o
o 4x10" 1 ] =
> < 1.0x10 g
(0] 1_| E =
s D 1 8.0x10° ®
o : ]
X 2x10'- ~ 6.0x10° @
= Heat Release Rate : @
g Pressure Gradient - 4.0x10° @
- a

— 2.0x10°

----------------- 0.0
—
1.511 1.512 1.513 1.514 1.515

Time (ms)

Figure 11. Volumetric heat release rates, at times after the instantacemysession ofa
stoichiometric CHair mixture at initial P= 4 MPa and T = 1200 K.

4.2 Reduced global scheme computations

Although the reduced global G1 model was able to generate sufficiently accurate values of 7, close to
those of the comprehensive scheme, not surprisingly, the same cannot be said of the values of z.. Despite
the employment of sufficiently small time increments in the computations of z., the computed values,
from the same global reaction parameters as for z;, were several orders of magnitude greater than those

from the comprehensive scheme.
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The large differences in 7. between the two schemes are manifest also in the differences in the computed
volumetric heat release rates. The comprehensive scheme shows relatively little heat release during the
preignition period, followed by a rapid increase in heat release rate in a narrow pulse. In contrast, the
reduced global G1 scheme has significantly more heat release during the preignition period, with a more

gradually increasing rate towards the end of the preignition period and into the z. zone.

Both sets of these G2 global equations parameter values are given in Table 4. The numerical values in
the two sets are very different, as they are also when compared with those of the G1 scheme in Table 3.
The two set approach necessitates much higher heats of reaction for the computation of .. In contrast,
for the computation of 7; the heats of reaction were chosen to give very little heat release over the
preignition period, lower than those employed in the G1 scheme. This necessitated higher reaction rate
parameters for the G2 scheme. For both data sets the aims were to approach the predictions of 7, and

., given by the comprehensive scheme, as closely as possible.

The resulting predictions using the G2 scheme are shown in Figs. 2 to 4. It can be seen that the G2
predictions of 7 are close to those of the G1 scheme, but with a tendency to overpredict at the higher
temperatures. Unlike the G1 scheme, the G2 scheme was capable of giving reasonable predictions of
1., although these were generally underpredicted by up to almost an order of magnitude. However, the

general trend with varying temperature was to follow the predictions of the comprehensive scheme.

5. Discussion
5.1 Comprehensive chemical kinetic and global reaction schemes

The key reactions discussed in Section 4.1 at the time of maximum \@rRRore dependent upon
pressure than temperature. Interestingly, immediately after the time at Wwhibkdt release rate is a
maximum, the principal contributors to the overall heat release rate asartiee for all the four
conditions studied, but in slightly varying orders of magnitude, R22, R21, R16 and R12ghhe hi
pressure conditions of 4 and 10 MPa produce large contributions from the three body exothermic
reactions R22 and R16 during the excitation time. This follows from tbegslr dependence of the
maximum VHRR on pressure. Since the rate of these reactions caminotlzt of the rapid chain
branching at higher temperatures, they peak after the instant of peak VHRReHowtpressure
condition of 0.1 MPa, the exothermic reactions R3 and R20 contribute most to tipe retegise. Of

all the conditions tested, reaction R9 appears to be the main endothermic reaction. Thagbranch

reaction, R9, H + @is the principal reaction in combustion.

Both the comprehensive chemical kinetic and the global reaction models provee cdgabticting
values ofz that are sufficiently close to the measured values. However, there are manginthert

involved in simulations and results are highly dependent on the accurdbg ethemes. This is
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particularly so at the highest pressure of 10 MPa, at which there are &y, direct measurements of

7 for stoichiometridCHJ/air. There can be no such practical check on the predicted valaeanafthe
only procedure for its evaluation is through the detailed chemical kinetics Maftsurprisingly, a
single set of global rate parameters and heats of reaction were incapabtessiilly modelling both

7 and . What was surprising, was that when two separate sets of global rate parameter
employed, one for;, and one forz, in the G2 global model, there were good predictions, afhile
those forz. were within an order of magnitude of the values obtained from the comprehensiveathemi
kinetics scheme. While th®1 model presented no problenthe key problems in the overall global
optimisation with G2 were keeping the heat release rate, at realistisalisalues, during the ignition
delay time and minimising any tendency towards a negative temperature coeffigierg the

excitation time

The virtue of the global scheme is its computational speed, an importantifattier modelling of
chemically reacting flow, when the flow equations inevitably compete faaimputing resource. The
reduced global model was able to compute a singlelue, using Matlab’s ODE15s solver for T =
1000 K and P = 6 MPa within 0.83 seconds. For the computations with a much reduced time
mesh, this time was extended to 17.14 seconds. In contrast, the detailed Kiegtie ssing Cantera
software computed a value gf within 6.55 seconds and af using advanced time step, within 199.69
seconds for the same conditions. The global scheme is significantly less complyaiqreaisive than
the comprehensive alternative, but it would require further development to produdiesiyfaccurate
values ofr. Furthermore, in the absence of experimental data,ftre global scheme is dependent on

existing comprehensive schemes.

The excitation times calculated with the complete kinetic scheme decrease slighthcvétsing
temperature and exhibit little change with pressure, a similar trend to that observed ifs[B.iMTh
contrast to the influence of temperature and pressure tipbime ignition delay times, vary by about

five orders of magnitude over the full range of temperature at all pressures, but by no more than one

order of magnitude over the full range of pressures at a fixed temperature.

It is of interest to note the very high magnitudes of some of the peak etoicimeat release rates,
particularly at high pressures and temperatures. At 0.1 MPa and 1200 K the maximum wohsaétri
release rate of 15GWHAs about 2.5 times that of the peak heat release rate in a laminar flame and 75
times that in a gas central heating boiler [28]. What is striking, howevtite ivery high heat release

rate of 120 TW/rhat 10 MPa and 1200 K.
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5. 2 The Detonation Peninsula and knocking propensity of different fuels

The excitation time is featured in the present work because of the growingnasgoé it importance
in the transition to detonation and also the stability of detonation waves [291 883tures in an
assessment of the knocking tendencies of different fuels. It is not based onNDataress, which are
a somewhat limited guide for the assessment of modern engines operating at higherspnegsnew
fuels [31]. Knock originates when the rate of change of the heat releas¢ aal®t spot generatas
significant pressure pulse. The time for the pressure wave to trévetsat spot, is the hot spot radius,
r, divided by the acoustic velocity, a. The ratio of this time to the exwitéithe, gives the value of

a measure of the reinforcement of the pressure pulse by the heat release. dimath&ionless group,
&, comprises a, normalised by the autoignitive propagation velogjtequal to dr/a@ . Values ofé,
when plotted againstat the limit for hot spot autoignitions that lead to developing detonations, create
a detonation peninsula. Within it, detonations can develop [4, 29]. This is shown&ya tii@gramin

Fig. 12, from an earlier study of autoignition in engines [32].
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Figure 12. Isentropic compression curves for different fuels showing propensitydoatiten. Solid
curves indicate compression from 800 K to 1000 K at ~10 MPa. Broken curves show continuation of

this compression to 1100 K at 15 MPa, relevant to turbo charged engines.

Loci of engine compressions for six different fuel/air mixtures, including/&@l at different
equivalence ratiosg , are also shown. Compressions of the mixtures are downwards toward the

peninsula, first with an increasing propensity to engine knock, and, within the ylaninsreasing
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knock severity. This increases with increasing penetration into the the péninsula and increasing

e. It decreases in the thermal explosion regime [33].

The solid line isentropes are compressions to 800 K and 10 MPa. The continuing dashedssametrope
compressions to 15 MPa and 1100 K, representing conditions that might occur in tugbdemagines.
The H and H/CO isentropes do not cross the upper limit of the detonation peninsulaes@dst no
detonation. Those for the two gasolines, one with a Research Octane Number, RON, oftB8y the o
Primary Reference Fuel, PRF98, enter the peninsula in the first compression stagthejhemmain

and detonate at hot spots, with increasingly severe engine knock as the curves penletnaitgdthe

peninsula.

The CHdair ¢ = 1.0, isentrope does not even enter the detonation peninsula during the firstfstage o

compression to 10 MPa. This only occurs during the subsequent compression to 15éAPa. anly
skirts along the upper limit of the peninsula, indicating the relatively stresigtance to knock of
CHydair. TheCHa/air mixtures are characterised by relatively high values of both E/R/agdvhile

the gasoline fuels are associated with lower values of E/R.

The e diagram in Fig. 12 also shows contoursﬁ{f@lnT/&r), which is equal to the producs §)

[4]. Here E/R is the autoignitive activation temperaturerfoE = (ri /reXE/ RT), (aInT/ar) is the
dimensionless temperature gradient at the hot spot, and r the radius witidhgpet of radiuser This

term can be approximated by In(3yT4], with T, the peak temperature at the centre of the hot spot.
Values ofE(aInT/af) equal to 50 and 1500 are shown by the dotted curves in Fig. 12. Values
approach 10 at the strong ignition limit and are conducive to stable detonatibre uwitorm reaction

zone strongly coupled with the shock wave [29]. Low value& dh(T/T,) are associated with the most

stable detonations [11, 29¥igh values, above a threshold of about 1500, were tentatively suggested

in [4] as a regime of increasing deflagration.

5.3 Autoignitive and deflagrative propagation regimes

In the region close tE(alnT/ar) = 1500, direct numerical simulations, DNS, [34], experimental
analysis, [35], and engine performance [32] show both modes of reaction propagatidrofrspots

can coexist, sometimes in about equal measure. For stoichiomeif@rQOFalues oE were calculated

at 0.1, 4, 6 and 10 MPa for different temperatures using the computer codes and the datd itoFig
4. The probable values c(f@InT/ar) will be distributed and, consequently, less definite. The
experimental RCM studies of Mansfield and Wooldridge [36] of the propagationobibrea syngas
mixtures, with¢ = 0.5, showed it became predominantly deflagrative with dT/dr -5 K/mm. More

recently, Mansfield et al. [37] employed the Sankaran criterion [34], thakeddfie autoignitve regime
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as that in which the autoignitive propagation velocity is greater tlealathinar burning velocity, and
showed values of dT/dr of between -5 and -10 K/mm to be in excellent agreemetiitewitkasured

transitions between the two regimes.

The engine experiments of Kalghatgi et al. [38] suggest a most probable engesature gradient

of about -2 K/mm. Combined with an often assumed hot spot ragia$,5 mm, this was used, alomg

with the and the calculated values®fto give E(8InT/or) for stoichiometric Chfair. These values

are employed as a function of temperature for the isobars of 0.1, 4, 6 and 10 MPa in Fig. 13. However,
there is no clear boundary between the autoignitive and deflagrative regimes, which catnéthemi
atransition regime, in which there is also uncertainty about the details of hatsprtires The two
distinctive regimes are indicated in the figure, with the hatched ti@msegime between them. It can

be seen that autoignition is favoured by leiglpressures and temperatures. As will be shown,

experimental evidence suggests a transition regime extending over the hatched limits in Fig.13.
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Figure 13. (a)E(aIn T/ar) as a function of T and P for stoichiometric AZdit. (b) Asterisks indicating

experimental and computed valuesﬂalnT/aF) at given T in the transition regime. (c) Engine

operational data of different fuels. Details in Table 6. (d) Three regimes abrepaipagation.
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The extent of the transition regime for stoichiome@ids/air has been studied experimentally by
Strozzi et al. [35] at pressures close to 4 MPa in an RCM. They employed bothuatiarscence and
planar laser induced fluorescence to visualise the structure of the reaistinge after compression. It
was fond that autoignition was associated with a very rapid rate of pressytieatiseas significantly
reduced, with increased deflagrative burning, and an increase in the apparent valbesf the

temperature was decreased from 945 K to 926 K. The changes at these temperatureschisy rierk

two asterisked Clpoints on Fig. 13, with respective valuesﬁﬁalnT/ or ) of 4729 and 5927.

The transition regime studied by Mansfield and Wooldridge [36] employed syngabttires, see
Table 6, withy = 0.5, became predominantly deflagrative when dT/dr -5 K/mm. With this gtaaien

assumed values of # 3 mm andE = 1.1 x 10 at 1100 K [4],E(6InT/ar) was found to be 1490.

With the present assumed hot spot characteristics this value becomes 996. Botstihesed

transition points are shown by the syngas asterisks on Fig. 13.
Another mixed regime coordinate is provided by the computaadz. data derived in the DNS studies
of hot spot autoignitions in (0.5 CO +0.5)Hir mixtures in [39]. For this, the conditions wefe= 0.6,

T=1000 K, and P = 5.066 MPa. With the present assumed hot spot conditions thiﬁ@m?:/ar)

= 919, marked by the #CO asterisk in Fig. 13. This same study provided anoth&OHtheoretical
point is provided in the Fig.13, for 1350 K, P = 5.066 MPa &nrd..0, this time in the autoignition

regime, well within the detonation peninsula, W@(@InT/&F) = 2.64. The upper and lower asterisk

points in Fig. 13 are tentatively taken as indicators of the limits of the transitioreregim
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Table 6. Data for plots ﬁ(aln T/ar) against temperature at different pressures.

Fuel Conditions and References @ P T 10°
(MPa) (K) E

CHa Present computations RCM [4] 1.0 4.0 926 551.78
Present computations RCM [4] 1.0 4.0 945 449.31

Syngas RCM [36] 0.5 0.8 1100 110

0.59H/0.41 CO/H/air

0.5H+0.5CO Present computations [39] 0.6 5.066 1000 92.34
Present computations [39] 1.0 5.066 1350 0.358

94RON/81.9MON Turbocharged engine [4] 1.0 1045 824 5229

PRF84 Engine running in autoignitive  0.25 6.52 729  6.799
mode [4]

ol 107 Turbocharged engine [4] 1.0 13.3 918 2822

98 RON/ 89 MON

Ol 105 0.62 ioctane/0.29 Turbocharged engine, light 1.0 7.0 800 13.269

toluene/0.09 nheptane autoignition [4]

95 RON/ 85 MON

CsHis Theoretical [4] 893 58.700

C/Hie Theoretical [4] 800 2.450

The data points on Fig. 13 have been extended by the inclusion of existing enginemgedata.
These are predominantly engine operational points and are in the autoiggitive. rlBRF84 was an
engine running on a very lean mixture in the autoignitive mode. The diffaneiutres, of course, would
have different isobars. Values@fP, T, E , and other details for these points are given in Table 6. The
presently assumed hot spot conditions were employed in derﬁ(@gnT/ar). All these data,
predominantly based on Primary Reference Fuels and their blends are, not surpiisiriéy,

autoignitive regime, below thE(aInT/ar) = 1500 line.

The engine heavy knocking regime is at abﬁﬁﬁ InT/@F) = 31, extending from about 910 to 950 K.

It is of interest to note that, while engine operation is impaired byvalyes of E(alnT/ar),

measurements af in RCMs are impaired by high values of this parameter. Values greater than 1500
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might result in hot spot initiated autoignitions, from which a laminar flame propaghiesah create

erratic apparent values af that are inaccurate and usually excessively high.

Conclusions

1. Detailed chemical kinetics, using the Mech_56.54 mechanism and a reduced glabal sehetne,
have been used to computeas a function of P and T. Both schemes, the latter when suitably tuned,
are able to calculate values of these parameters over a large range, whidgthiliethe uncertainty

bounds of the experimental measurements.

2. The values ot that are presented are essentially only those of the chemical kinetic maotthel. |
absence of any experimental data to calibrate the global scheme, any assesssneappatfilities can

only be in terms of the predictions of the detailed chemical kinetic model. AltitbegB2 global

model yields values of. that follow the same trends as the predictions using the detailed scheme over

the same range of P and T, they are underpredicted within an order of magnitude.

3. Calculations ofr require much smaller time increments than thoserfby about five orders of

magnitude for the chemical kinetic model, and four orders for the global model.
4. Calculations of botla and z were about 10 times faster with the reduced global mechanism.

5. The four reactions that contribute most to the overall heat release rate &ravddngified for the
different values of P and T, along with the two principal endothermic reaclitiese are rather
different at atmospheric pressure compared to higher pressures. There is a grestef degertainty

in the reaction rates at the highest pressure.
6. At 10 MPa and 1200 K the computed maximum volumetric heat release rate was 120 TW/m

7. The very good antiknock properties of stoichiome@its/air, in comparison with those of other
fuels, under turbocharged engine running conditions, have been demonstrated/odiftyggam.

8. Both 77 and z data have been employed in attempts to identify the extent of the tramsgiore

between those of autoignitive and deflagrative propagation, in terms Ei(tﬁe T/ or ) parameter.

9. Rapid compression machines should operate within the autoignitive regime.
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