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Abstract

Diethyl ether (DER)as been proposedsa biofuel additivefor compressiorignition engines
asan ignition improver for homogeneous charge compression ign{tt@Clengines andas
a suitable component for duafuel mixturesin reactivity-controlled compression ignition
(RCCI) engineBhe combustion in thesengines is significantly controlled by ldemperature
(LT) chemistryFundamental studies dDEB_T oxidation chemistrgnd of its influencein fuel-
mixture oxidationare thus highly important especially aélevatedpressures.
Elevatedpressurespeciation data were measured ftire LT oxidation oDEEpf its similarly
structuredlinear fiveheavyatom hydrocarbon fueln-pentang, and of a mixture of thetwo
fuels in a jetstirred reactor (JSRih the temperature range of 400100 K and at various
pressure up to 10 bar The pressuranfluenceon the LT oxidationchemistryof DEEwvas
investigatedby a comparison othe measuredprofiles ofoxidaton producs. The results for
DEEand n-pentanewere then inspectedvith regard to fuel structuranfluences on the LT
oxidation behaviorThe newspeciationdatawere usedto test recentkineticmodelkfor these
fuels[Tranet al., Proc. Combust. Inst. 37 (2019) 511 and Bugfled., Proc. Combust. Ins86
(2017) 441] The moded predictthe major features of the LT chemistry of these fuedd| and
could thussubsequently assist in the dataterpretation. Finally the LToxidationbehaviorof
an equimolarmixture of the two fuelswas explored.The nteraction between the twofuels
and the effects of the pressumen the fuel mixture oxidationvere examinedin addition to
reactionswithin the combined model fothe two fuels,about 80crossreactions between
primary reactive species generated frahesetwo fuelmoleculesvereaddedto exploretheir
potential influences

Keywords:Lowtemperature oxidation, diethyl ethen-pentane, duaffuel mixture, elevated
pressure JSR.



1. Introduction

Diethyl ether (DEE) isf increasing interest aan additive for compressiorgnition engines
[1,2]. It has also been proposedas an ignition improver foHCClengines[3], and as a
component forduakfuel mixtures in RCCI enginggl]. The combustion in these engines
significantly controlled byhe low-temperature (LT) chemistryof the respectivefuels The
numerical simulation of fueiixture combustion require suitablemodelsthat must relyon
well-established suimechanisns of each fuelcomponent Detailed, accurately determined
kinetic data, especially in the LT regime, are necessary to develop these mechanisms
Moreover, reliable experimental dateespeciallyspecies profilespf neatfuels as well as fuel
mixtures are a prereqgaite to further develop and tessuchkinetic models This need is
especially acute fathe elevatedpressurerelevantfor the operationof practical engines.

In this studywe providenew, extendedsets ofspeces mole fractiordatafor DEE andor its
mixture with n-pentane (nGHi2), a prototypical molecule for hydrocarbon fueldn the
temperature range of 40Q100K andat pressures up tdlObar. To ensure comparable
conditions,respective datasets were obtained also for nagientane.

Although the recenliterature shows significaninterestin the LToxidation of DEFocusing
on ignition properties[5,6], speciesformation [7 t9], and model developmen{7,8,10t13],
only onestudyreporting species profile8] was performed atlevatedpressure While these
authors[8] havedetermined eout 12 speciem a jetstirred reactor (JSR) at bar (and 1bar)
and discussethe fuel reactivity at elevated pressuradetailed analyses fothe influence of
pressureabovel baron the formation ofL Toxidation products remainerylimited.

d} A%o0}E& SZ ]Jv(op v }( aflditichd eFpeliments]yiipentane
that featuressimilarlinear fiveheavyatom structurewere performedin the present study
While oxidation mechanisms of-C; fuels were extensively investigatetiat of heavier fuels
needto be further inspected14]. Therefore, hese additional experiments with-pentane
contribute alsoto validate recent-pentane mechanism$&Some studies aboutT oxidatiorof
n-pentane were reported [15t22]. However, Bugler et al. [15] have providedthe only
investigationreporting detailed speciation obtainedt @n elevated pressureabove 1bar.
These data consist ghole fraction profiles omore than 30species measured in a J&R
10bar (and 1 bar) and at temperatures of 500L100K using gas chromatography (GC) and
Fourier transform ifrared spectroscopy (FTIRpmparative studie®f the oxidation of DEE
andn-pentane were previouslyreportedfor atmospheric pressurandfocused mainlyon the
fuel reactivityor flammability limits[9,23] rather than ondetails of the speciesformation
chemistry during the oxidatiarMoreover,to the best of our knowledgehe LToxidation of
the mixture of DEE and-pentanehas not yet been investigated

This studytherefore has a thredold objective: itaimsat (i) enriching speciationdata of
both, DEEand n-pentane up to 10 bar and analying their elevated pressure LT oxidation
chemistry as well athe pressureeffectson the respectivespecies formation(ii) investigatng
influences of thechemicalstructureof DEE and-pentaneon the species formation behavior
and (iii) analyzng the oxidation of amixture of these two fuelsn a pressure rangeip to 10
bar.

2. Experimens

Experiments were performenh a JSRExperimental anditions are summarized in Tablelf.
total, four series of measurementsere newly conducted at the samequivalence ration A, i
inlet fuelmole fraction of 0.005andaresidence time of s. The firsserieswasdedicatedto
the oxidation ofDEEat 5 bar and temperaturesof 400-1100K. The second and third series



were performed for the oxidation of-pentanein atemperature range of 500100Kat 5 bar
and10bar, respectivelyThefourth seriesinvestigatedthe oxidation of fuel mixtures @&50K
(the temperature of thehighestfuel reactivityin the LT ranggwith pressurevaried from 2.5
up to10bar.

Tablel. Experimental conditions.

Fuel N P . T Inlet mole fraction c/o
(bar) (s) (K) He O DEE | n-Pentane

DEE 1 5 2 400-1100 0.965 | 0.03 0.005 0 0.308

n-Pentane 1 5,10 2 500-1100 0.955 | 0.04 0 0.005 0.313

DEEh-pentane | 1 2.510 2 650 0.960 | 0.035] 0.0025 0.0025 0.310

Flow rates of liquiduels(SigmaAldrich, purity>99%) werecontrolled using a Coriolis flow
contraller followed by an evaporatofThe flow rates of helium (Messer, 99.99%) and oxygen
(Messer, 99.999%) were controlled by Bronkhorst mass flow controlldrs. liquid fuel
mixture (DEEhA-pentane 50%/50%on a molar basi§ was prepared byweighting the
requested quantities andhixingthem in the same vessélVe considered thatte fraction of
fuels and thdhomogeneity of tis mixturein both gas and liquid phases ameicial parameters
therefore theywere crosschedked using two independent techniquese. GC instruments in
Nancy(for the fuelmixture in liquidandgas phase@sandanuclear magnetic resonan¢slMR)
spectroscopylevice in Bielefelgvith higher accuray (for the same liquidnixture samplethat
was transported fromNancy. Details ofthe resulting NMR spectrurand its corresponding
descriptionare availabléen Supplemerdry Material 1 (SML), Fig. S1Uncertaintiesn mixture
preparation were thus determinedto be <6%based on GC experiments arl.3b6 based on
NMR experimentsdemonstrating thathe prepared fuel mixture wageryfine.

Oxidation products were analyzedainlyusingthe GCtechnique.Sincedetails of the JSR
GC system were previously describedd], only the main features of the experimental
apparatus are summarized below. The J&Rc(® volume)was made of fised silica and
heated by Thermocoax resistances rolled up around it. The reaction temperature was
measured by a thermocoupléype K)located in the intraannular part of the preheating with
its extremity in a glass fingantering slightlyinside the spkrical part.The JSR outlevas
directly connected to three GC instruments, allowing online analyses of oxidation products.
The GC systems were equipped wihiee columns (Carbosphere, PlotQ, and-5lEolumns)
andthree detectors(a thermal conductivity dtector, a flame ionization detector coupled to
a methanizer for quantification, and a mass spectrometric detector with electron ionization
at 70 eV for identificatiop Calibration factors were determined using cglds mixtures when
available. For othespecies, calibration factors were determined relying on hydrogenation by
the methanizer, to be identical to those of the alkanes with the same number of carbon atoms.
This procedure has been successfully used bg¢ias]with estimated uncertaintiesf <15%
Carbon atom balances were checksde SM3andfoundto be good (1.010%), even in the
low-temperature oxidation region, meaning that mostaction products were detected
during the study. Oxygen atom balances are also good under unreactive conditions, but
deteriorate under reactive conditions mainly due to the fact that water was not quantified.

Secies quantification reported in this papegliesexclusively on the GC experimeni®
confirm species identification, howevewne useda second JSRlesigned for atmospheric
pressure) coupled to atunable synchrotron vacuum ultraviolefvVUV) photoionization
molecularbeam mass spectrometry(PEMBMS) instrument located at the National



Synchrotron Radiation Laborato(NSRL)n Hefei, ChinaThese identification experiments
were performed at 1bar for selectedspeciesin the oxidation ofboth neat fuels andhe
mixture of DEEand n-pentane Theapparatusat the NSRbhas been previously described in
[26]. Briefly, gas samples were extracted from the JSRabguartz samplingiozzle The
resulting molecular beam was then imgected and ionized by the tunable synchrotron VUV
light. The ions were transferred by aon guide to a homenade reflectron timeof-flight mass
spectrometer (TOMS) with a massesolving power rfi | 4n) of ~2500. Photoionization
efficiency PIB spectra wee measured in a photon energy range oflB5eV, with
uncertainties in the determination of ionization energies of +®¥&and +010eV for strong
and poor signato-noise ratio, respectivelyWhilethe PIEresultsfor DEEat 1 bar were already
used in the previous study], thosefor n-pentane andhe fuel mixture were newly obtained
in the present study.PE curveswere measured for several reactor temperatures.
Comparisons of Pleurvesbetween DEEp)-pentane, and the fuel mixturéor some species
are exemplarily presented in SM1 (Fig. S2).

3. Modeling

Severalat least sixkinetic modeldor the LToxidation of DEE aravailable in the literature
[7,8,10t13]. In the present study,itese modelsvere preliminarilytested againsthe present
LT data and that df7,8]. The model developedreviouslyin [7] predictedthe fuel reactivity
quite well especially much better than othenodels under the present studg conditions
(see SM1, Fig3p This mode|7] wasthus usedin the current analysesNote that this DEE
model was alreadyimplemented (during the previous work by Tram al. [7]) into the

n-pentanemodel of the NUIGalway groufl5]. Therefore, the use of this modallows us to
simulate DEHy-pentane, andheir mixtures with the samenodel.

Although the reaction subsets of DEE ampentane weredescribed previously if¥] and
[15], respectivelyjt is deemedusefulhereto providesome information on important aspects
regardingthese submechanismsThereaction subsebf DEE incluesboth high-temperature
(HT) and LTchemistries which were already tested againstseveral experimental data
includingflame speedg27 t30], ignition delay timegIDTs)[6,31], pyrolysis specie81,32]
flame specieprofiles[27,33] and LTJSR anglug-flow reactor PFR species profile§7]. In
the present study, theDEEmodel of[7] has alsdbeen tested with the 10 bar JSR data of
Serinyeket al.[8] and shows amverallappropriate prediction capabilityseeFig. 8). The HT
reaction subseincludes7 major classes of elementary reactiomgile the LTreaction subset
includes 31 mairelementaryreaction classegthe detaik for those reaction classs are
availablen [7]). A particular point in this DEE mechanisitihe consideration oftie formation
paths of acetic acid (C#€OOH) and acetic anhydride (AHCO)O) from DEEspecific
ketohydroperoxidesRegardinghe n-pentane mechanisri5], it alsoincludesmajor classes
of elementary reactiondor both HT and LT chemistriegth several simdrities to those
considered for DEBugleret al. [15] improved he n-pentane mechanisnbased on their
previous model34] to account for the formation of £oxygenated specieat LT and the
model waspreviouslyexamined againstxperimentaldata of ignition delay timesIDT3 [34 t
37], flame speedf38], andJSR species profilgs]. In the present study, tha-pentane model
was further tested with new LT species profiles obtained in the JSR at elevated p(&dsare
and 10 bar).

In the initial model version[7], DEE andh-pentane chemistries interact together only
through the reaction®f small speciegH, OH, C# COgtc.). Toinvestigate therole of cross
reactions between the initially generated, primary radicals of both fueéshave thus added



about 80such crosseactionsof primary fuelspecific radicalsThese crossreactionshave
beenconsideredfor a number of reaction classe@) H-abstractionreactiors from fuet (by
fuel radicals R, othefuel-specificradicals and ROO radica)swith rate coefficientsmainly
estimated using rate ruleg39]; (ii) reaction class R+R@=RO+RQ (iii) reaction class
R+GHsO,=RO-€&Hs0 (R=GHi1-1, -2, -3); (iv) reaction classROO+RO0O=RO+RQ+&nd (v)
ROOROG<carbonytalcohol+@ The rate coefficients of theséatter reactions were
estimated by analogyo similar reactionsn the mode) with details availablein SM2. To
explain the approach exemplarily, consider reaction clags lere, four different
combinations with R derived either from DEE or frospentane are possible, of which two
(for each neat fuel) are already included iretmodel, whereas the other two (between one
radicalderivedfrom the first fuel and the other from the second one) are crosactions that
were added Also,in case i{i), note that GHs is a radical that can be formed in the oxidation
of each neat fuel; however, it is a primary radical in DEE decomposition anereaosisrs of
its peroxyradical éthyl peroxyradical, GHsO;) with the three isomerigrimaryfuel radicals
from n-pentane(GH:1) must be considered.

We will refer to he kinetic modelincludingthesecrossreactionsas the present model_ X
Its related files(reaction kinetic, thermodynamic, and transport data) are available in
CHEMKIN format in SM2ote that the newlyadded crossreactions do not influence
simulations with individual fuel.g. either DEE on-pentane). Therefore, simulation profiles
in their respective figurethat are presented in this papeare identical between the present
model and the model of{7]. Potential effects ofthese newly-added crossreactions on
simulationsfor the fuel mixturewill be discussethter in the paper.

4. Results and discussion

Hevated pressurd.-Toxidationof DEE will beliscussedn Section4.1. A comparisonof the
oxidation belaviorbetweenn-pentane and DERill be presented irbectiord.2. The oxidation
of the DEBn-pentane mixture will be addressedn Section4.3. The experimentatiata are
availablein tabulated format in SNa.

4.1. ElevatedpressureLToxidation of DEE

The main objective of thisection is to revealhe elevated pressure LT oxidation of DEEw
experimental speciation data for the oxidation of DEE bar werethus measured which
consist of the mole fraction profiles @ species. Téseinclude reactants (DEE)OCO, CQ
2 G intermediates,7 G species 2 G species, andl G intermediatesspeciesMany of the
detected speciesre LT fuelspecifc intermediates,.e. speciesproduced bythe LTprimary
mechanisnmof DEEThis rew experimental speciation data of Dia@s thenused to test the
present modelnd analyzd the elevated pressureToxidation of DERswill be discusseth
the coming paragraphsfor major and intermediate specie§o permit comparisonthe
previous lbar data (n=1.0, inlet DEE mole fraction of 0.01, and residence times)f73 are
addedin figures of thisection. Every profile is normalized by the inlet mole fractiorD&En
the specific experiment to ensul@mparablescales between the measurementsSincethe
inlet DEE mole fractiowhich is different between the present experimenB3EE at 5 bar:
0.005)and the previousnes (DEE at 1 bar: 0.0dquldinfluenae the reactivity and product
formation, simulations werealso performed for 1 barwith a DEEmole fractionof 0.005
Although the absolute mole fractiorof some species ishangel, the different initial fuel
contents have no significantimpact on the relative trends between 1 bar and Jar (see



examplesin SM1 Fig.$b). The 1bar data of7] maythusbe consideredor further inspecton

of the elevated pressureffect ofthe DEB_Tchemistryin thissection.

4.1.1. Main speces

Figure 1 presents the mole fraction pro§ilas a function of temperaturef DEHa), CO(b),
and CQ(c). Thenewresultsfrom the present worlconfirm that DEE is very reactive and starts
to react at arelatively lowtemperature of about 45 Pressuredoes notaffect significantly
this start of DEEconsumption(Fig. &), butincreasing pressurscreasesstronglythe global
reactivity. For exampleat 750K, ~80% of DEE is consumatl5 bar while only ~30% of DEE is
consumed atl bar (Fig. ). Accordingly, the md fractions of CO and G@hcreasein 5 bar
oxidation(Fig. b,c).The enhancment of fuel reactivity with increasing pressure is expected
because ©@ addition reactiors are favoed when increasingthe pressure. Negative
temperature coefficient (NTC) zonés25600K and 656725K)are weak, especialigt 5 bar
whereonly a change of slope is noted in the DEE profile in the range of the first NTC zone at
525600K The occurrence of two NTC zones during the LT oxidation of DEE at 1 bar was
extensively explaineahi7], and the discussioisthusnot repeatedhere. Overall, the present
model predicts the fuel consumption well and captures the expeniale trends
appropriately. Howevem slightunderprediction ofthe DEEeactivityat 5 barstarting at550

K is notedandthe first NTC still appears fhe simulationat this pressureThissimulatedfirst
NTC results mainly from a competition betwetbe t-scission othe GO bond otthe Q1OOH
radical {(e. QlOOH CHCHO+C¥HO+OH and the second @ addition (i.e.
Q1O0OH+® OOQ100M The structurs of Q1O0OH OOQ100Hand these reactiongre
referred to belowin Section 4.1.2Fig. &).As a short test to inspegtotentialreasorsfor the
noted differences between experiment and simulatjove reduced thebranching ratio
betweenthese two reactions by a factor of twd he result of this test showhke first NTGo

be quite suppressed at 5 basimilar to the experimental observations, whitee model still
reflectsthe two NTC zonewell for 1 bar profiles. However, sucliitting of individual reaction
coefficientsfor improvingagreement between the model and the experimesian approach
that cannot provide further fundamental insighfherefore, we kept the original rate
coefficiens of [7] for the present malel. Acomprehensivenspecton of the branching ratio

of these reactionsat different pressuresisinghigh-level theoretical calculationsiill be a
useful andnteresting topicof future studybeyond the scope of thigivestigation

Fig. 1. Profiles of nole fraction(x) of DEHa), CO(b), and CQ (c) (normalized by thenlet fuel mole fraction
Ty, o wobtained at5 baras a function of temperaturé’he esulisobtained atl bar[7] are shownfor comparison

Both datasets were taken at=1.0 andresidence time of 2. Symbolsexperiment,lines:present model.



4.1.2. htermediate species
Table 2provides an overview byeporting the name and structure of theneasured
intermediate speciess well as their peak mole fractistogether with the temperature at
which their respective maximum mole fraction occurhistable showsthat the oxidatiors at
elevated pressure anddarhavesimilar species categories basedtemperaturecriteria. For
example, & both pressuresall detectedhydrocarbonCH, GHs, GHs, GHs) and ethylene
oxide (GHsO-cy) reachtheir maximum mole fractioain a HT range (frorB00 K beyond the
second NTY indicating that tley are significantlyproduced via either HT chemistry or
secondary reactionsCH and GH; are the most abundantspeciesof this category.
Formaldehyde (CD),acetaldehyde (C4CHO)ethyl vinyl ether (EVEgthyl formate (EF)and
2-methyl-1,3-dioxolane (GHsOz-cy)reach their peak mole fracti@in a temperature range of
550-750K, in which NTC zones ocggeeFig. ). CHO and CECHO were measured with
quite high amounts in this category. Finabigetic acid (C¥OOH), ethyl acetate (EA), and
acetic anhydride (AAkach their mole fractiogin arelatively low temperaturaange (<550
K) in whichthe DEEreactivity increassstrongly with increasing temperaturdmong these
latter species, CG4€OOH occurs with very high mole fraction, aboutl00 times higher than
other species¢onfirmingthat this species is an importairttermediate of LT DEE oxidatiah
both elevated and atmospheric pressures.

Regarding the influence of pressure tirese intermediate speciesit can be noted that
when increasing the pressure frombar to Sbar, species formation is affected differently

(Table 2 and Fig. S@)is eitz & JvZ] 13 ~ o <<](] e $Z M(pdrGHP E}p%o_ L

GH4O-cy, EVE) or enhanced (second group, suchldsOEl, MF, C¥COOH, EF, EA, AA) or
insignificantly influenced (third group, such assCE8BHO, GHs, CHCHQ GHgO,-cy). Peak
mole fractions of the species of the first group experiencing inhibition appear at quite high
temperatures, while those of species in the second group that are enhanced appear at lower
temperature. Their occurrence at LT and increase with increasing pressigests that they
could be produced along with the pathways of @dditions. Species in the first group,
conversely, could be mainly formed along with routes that are in competition with O
]S]1}veU e pusdssiens. The third group species could fleémces by both these routes
or by reaction paths that are less sensitive to press@ecourse, these arguments should be
applicable only for fuetlecomposition species that are mostly controlled by primary
reactions, the main focus of the present studlyey may not be viable for secondary species
because these species depend in a complex way on secondary reactions.

Table 2:Nomenclature, namgeand structure of intermediate species IDEE oxidatiortogether with their
experimentalpeak mole fractionswmax (normalized by the inlet DEE mole fractioff, s,), M: nominal mass.

T:temperature at %ax (K).The results obtained at Bar[7] are shown for comparison.

5 bar 1 bar[7]
M | Nomenclature Name Structure | Xmax/ Xmax/ Groupg?
VA T pas T
Pag pPag

16 |Ch Methane CH 2.2E01 | 800 | 2.0e01 | 900 third
28 | GHs Ethylene = 2.0E01 | 800 | 4.8201| 850 first
30 | GHe Ethane _ 1.1E02 | 800 | 2.3E02 | 850 first

CHO Formaldehyde =0 2.2E01 |575/728°| 1.9E01 | 600 third
42 | GHe Propene 2N 4.0E03 800 | 5.2E03 | 850 third
44 | CHCHO Acetaldehyde ~@ |6.0E01°| 700 |6.1E01°| 650 third




GHiO-cy Ethylene oxide ﬁ\ 6.1E03 | 800 | 9.7E03| 850 first

46 | GHsOH Ethanol ~"“0OH | 3.6E03 | 500 | 2.0E03 | 600 second
0
60 | CHCOOH Acetic acid )J\ 5.8E01 525 | 2.8E01 | 525 second
OH
0
CHOCHO, MF | Methyl formate lo/ 2.0E03 575 1.1E03 | 525 second
72 | GHgO, EVE Ethyl vinylether |~~~ | 5.8E04 | 700 | 2.1E03| 700 second
0
74 | GHsOz, EF Ethyl formate U A~ 1.8E02 550 | 1.2E02 | 500 second
0
0]
88 | GHsOz, EA Ethyl acetate PG 41503 | 525 | 2.8e03 | 525 second
0
GiHO-Cy 2-Methyl-1,3 O/LO 15E02 | 675 | 1.802| 625 third
dioxolane
O O
102 | GHsOs, AA Acetic anhydride 4.8E02 525 1.6E02 | 500 second
A

Note: @ First, second, and third groups indicate species that were inhibited, enhanced, and insignificantly
influenced, respectively, when increasthg pressure from 1 bar to 5 barhis relative comparison toakto
accountthe experimental uncertainty of bothole fractiorvalues assuming conservatively an uncertainty range

of £30% (for a 15% error associated with an individual value) (see Fig. S6 for a graphic visualizaigon of th
comparisoi. ®Two equivalent peak$.Including a fraction of methandlecawse the used GC system could not

separate it from acetaldehyd@ Peak tailing, ambiguous peak location.

The further discussion in ihsection will thus focus on selected examplesdetected
intermediate species formed in th&uel decomposition.Figure 2presents DEE reaction
pathways &) based on the present model arile mole fraction profilesof related fuel-
decompositionspeciesi§-g). Mole fractionprofiles of other species are availaliteSML (Fig.
S7). Figure2a shows that DEE is largely consumed fabbtraction reactions by small radicals
X* (OH, CkD, Hetc.) at G (neighboring the ether group of DEE), yielding the initial fuel radical
R1, while Habstractions at €position (next to ¢ account onlyfor 6-8% of DEEonsumption
yielding the initial fuel radical RBl-abstractions by OH and @b are significant undethe
analysis conditions and accouot 60-90% and 125%, respectively, of DEE consumptiaf.
and R2n turn produceGHs, CHBCHO, C¥€OOHCHOx-cy, EA,and AAvia different stages.
The experimental mole fraction profiles of the three lattepecies were not reported
previouslyin any elevated pressure DEE studythe literature Overall, despite some
deviations the present model reproduceguite wellmajor trends for mole fraction profiles of
these speciesat both studied pressurefFig. d-g). For examplegood agreemenis seen
between the model and the experiment for the absolute peak mole fraction ofFiA 2f)
although the present model undepredicts the formation of this species ihe higher
temperature rangeat 5 bar This observationindicates that a revision of its formation
reactiors (e.g, RILOO+R1Q®ig. &) could be necessary to improve the prediction of this
species inthe higher temperature range. However, more accurate kinetic data of such
reactions are not available.



While the GHs peak position(Fig. 2b)s predictedquite well by the mode] its absolute
mole fractionat 5 baris significantly ovepredicted.To understandhis discrepancy, ate of
production analyss with the present modein a temperature range of 65900 Kfor both
pressures wer@erformed. e resultsindicate thatwhile only a small part of 84 (<10%) is
produced by thezO t-scission of the R2 radic#ig. 2), this species mostly producedrom
GHs chemistry (through the following reactions: GHs+Q GHsO, GHs+HQ and
GHs+Q: GHs+HOG). The @Hs radical is mainly produced from the R1 radigalthe reaction
R1 GHs+tCHCHQFig. 2&).As a test, we reduced the rate coefficienttoé letter reaction by
a factor of 2 (within the calculation uncertainfydnd resulting simulations indicatBat GHs
reducesonlyby 6% indicating thathe GHs formation is not stronty sensitiveo this reaction,
and reactionsin GHs chemistry of the core model could be a subjetdr examiration.
Similarly the CHO predction in the LT range (Fig. S7) could be improved by considering the
reaction CHO+CHCQ CHCOOH+CIE+(Q that is missing from the core model.
Improvement of the core model is beyond the objective of the present study, however.
Despitethese discrepancieshe model predicts the relative tresdetween 5 bar and 1 bar
quite well, allowing further analysesf the influence of elevated pressure.

Figure 2a shows that at higher temperatui large fraction of R1 is consumed btOC
t-scission formingCHCHO and £ which is the source of8.. Atlower temperature,e.qg.
500K and 56, R1 reacts largely by thiest O, addition leading to the formationf the R100
radical The consumption ratio between these two paths (first O ]3]} vddission of R1)
increases with increasing pressure (for example, atk@bis ratio is 24 for 5 bars. 12 at
1 bar), expléning the reduction of the mole fractions @Hs with pressure R100 isomerizes
then to theQ1OOHE | o §Z § } u %s¢issron © formwo CHCHOmMolecules or
reacts by a second x(addition to form the OOQ10O0OH radical. Subsequeagctions of
OOQ10OO0H lead to the production of AACHO, and GGAOOH. Again, the consumption
ratio between the second £addition and thet-scission 0Q1O0OH increases, by a factor of
2-3, when increasing the pressure froniodr to Sbar, explaining whyAA and CkCOOH mole
fractions increase accordingly. As it can be seesCEB can be produceth both t-scissions
and Q-additions, explaining why it was detected at LT and HT, and why its mole fraction
profiles are not significantly affected by pressure.
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Fig. 2.(a) Diagram of eaction pathways foIDEE The species highlighted bghadowed squaretave been
quantified experimentally (see-§§). The numbers are percent contribution to the consumption of the species on
the source side at different temperatures (coded with different foristd: 500K, normal: 56, italic: 715K)

and calculated based on the present model fdveb (upper row)and 1 bar (lower row)under the studied JSR
conditions.(b-g): Profiles of nole fraction(x) of selected species obtained abar. Data at bar[7] are added

for comparison. Values for both datasets werermalized by the inlet fuel mole fractiorT;, 5, and taken at

n=1.0andaresidencetime of 2s. Symbolsexperiment|ines present model

4.2. Comparison othe LT oxidation ofDEEand n-pentane

The aim othis sectionisto reveal the influenc®f the chemical structure of the two fuets
their elevated pressure Ldxidation behaviorby comparindEE and-pentanedataobtained
in the present studyinderidentical conditiong 1=1.0,5 bar,inlet fuel mole fraction 00.005,
compare Table 1).

Prior tousingthem in the comparative study with DEE, the experiments and the mofel
n-pentane were compared with an aim to test tikhosenn-pentanemodel[15] againstthe
elevatedpressure data obtained under theresent JSRconditions About 3 species were
experimentallyidentified and quantified fon-pentane oxidation ab bar and10bar. These
species include reactants, CO,>CC intermediate species G speciesp G species,/ &
speciesand 12 G speciesncluding6 GH:100 isomersA very good agreement between the
experiments and the modevas observediending confidence to our choice of this model for

10



the analyssof n-pentaneoxidation Some important examples of species profiles are provided
in SM1 (Figs.8&and 9). The oxidation oDEE and-pentaneisnow comparedn the following
using the data ob bar.

Figure3 presentsthe mole fraction profiles of fuels, CO, and LBigure3a confirmsDEE
to be much more reactive than-pentane DEEStartsto react ata temperaturethat is 100K
lower than that for n-pentane andit hasa higherconversiorrate (for example at650K, DEE
conversion is-90% whilen-pentaneconversions~60%. TheLT chemistry of DEEEcursin a
larger temperature range (45025K vs.550-725K for n-pentane).Although DEE starts to
react at much lower temperature thampentane, both fuels have an NTC zone located over
a similar range of temperatures (65@5K). The NTC of DEE is much less pronounced,
however.Furthermore, althouglit is quite weak ab bar,the first NTGone for DEEtill exists
(525-600K, Fig. &), while suchbehaviorcannot be seerior n-pentane.The present kinetic
model reflects all trenddescribedabovevery well Figures 3b,c show thathe mole fraction
profilesof CO and C£evolve somewhat differently in LT randestweenthe two fuels but
they reachclosemaximal mole fractioafor the two fuels which is consistent witthe initial
C/O ratio (~0.31, compare Table 1).

Fig. 3.ComparisorbetweenDEE and-pentane(5 bar, n=1.0 andresidence time of 8): profiles of fuels (a), CO
(b), and C@(c). Symbolsexperiment, lines:present modelNormalized by thespecificinlet fuel mole fraction,
ﬁéQBBecause of the same inlet fuel mole fractiore.(0.005), this normalization is performed just to be

consistent with figures presented in Sectiori4.

Figures4 present thechemicalstructure of DEE and-pentane(a), an analogous reaction
diagramsexplainingthe occurrence of the NTC zon&650-725K for the two fuels (b), and
sensitivity analyses fahe consumption ofthese fuelsin this NTC zonasing the present
model (c,d) Figureda shows that he presence of an-@tom in DEH structure lowersthe
bonddissociatiorenergy(BDE)of secondary €4 bonds, whichfavorsH-abstractions from DEE
and facilitates the reactionsR100 Q100H and OOQ1OO0KMH+HOOQ1=@f. reaction
paths shown inFig. @), resultingin a higher reactivityfor DEE.Regarding their chemical
structure, analogous reaction diagrasican be drawn folDEE and-pentane (Fig. 4) to
explainthe occurrence athe NTC zon€é50-725K). The t-scission of fuel radicaR1(reaction
rlin Fig. 4) andHG elimination from R1OQ@eactionr3) reducethe fuel reactivitybecause
they compete withfirst O, addition (reactionr2) and isomerization of R1O@eactionr4),
respectively Sensitivity analyses with the present modslable several conclusions in line
with the discussions above. They confirm, firditat in DEE oxidatio(Fig. €), the t-scission
of fuel radicas (GHsOGHs-A' GHs+CHCHQ andthe subsequent reactions of the resulting
GHs radical GHs+O2 " HO+GHs, GHsO2' HO+GHy) inhibit DEE consumptignwhich is
similar tothe behaviorobservedat 1 bar[7]. Secondlyn the oxidation oh-pentane Fig. 4),
HQ eliminatiors from the R100 radical (GH1102-2' HOQ+GHic-l and GHi10»-
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2' HO+GHi-2) reducen-pentanésreactivity, which is consistent withreviousobservations
[34]. Thirdly, these analysesreveal that even if they exhibit analogousmajor reaction
pathways the mechanisra for the occurrence of the NTC zobhetweenDEE andh-pentane
presentsomesignificantdifferencesbecause of the influence diie ether groupin DEE

(n-Pentane) S
H 981 . . (/Cage)
H -C,H =
SN NN e o)
89.1 a X101.1 Ao (r1)
Xy (R1)
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95.7 \ H ] ) m
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DEE+CH30=C2H50C2H4-A+CH30H
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C2H502+CH3CHO=C2H502H+CH3CO

(c)
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OH+CH20=H20+HCO
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03

0.1
Sensitivity coefficient

| 02+C5H1000H2-4=C5H1000H2-402

0.2
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Fig. 4.(a) Fuel structurs; numbers inbold font on fuel structure are bond eneigp in kcal mot [15,27] (b)
Analogous reaction diagrams fire occurrene ofthe NTC zon€650-725 K). Onlyonefuel radical(R1)of each

fuel is presentedexemplaily. Soecies ofn-pentane oxidation are highlighted byshadowedsquares;non-
highlighted ones are for DE(€,d) Sensitivity analyseat 715K (5 bar, n=1.0, andesidence time of 2) for the
consumption of DEE anmdpentane, respectivelyNegative coefficients indicate a reaction whigltomotesthe
computed fuelconsumptionand vice versaChemical nomenclatures in (c,d) correspond to assignments in the
CHEMKINormat kinetic mechanismForreading facility nomenclature forsome specific specids explained
here C2H50C2HA in (c)and C5H12 in (d) areR1in (b), NC5H12 in (d) is-pentane in(a), C20C2H40A in

(c) and C5H110G2 in (d) are R100 in ()5H1000HZ in (d) is Q1OOH in (b).

Regardinghe species distribution, about@species weraletectedfor n-pentang while
only 19 specieswere detected forDEE In the oxidation of DEE}» species are the most
numerous ones (7 species)while G species(12 specie$ are predominantin n-pentane
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oxidation, whichconfirms thatthe GO bonds of DE&e easier brokethanthe corresponding
GC bonds oh-pentane(see BEsin Fig. 4). Small speciesn the G to G range such as CO,
CQ, CH, CHO, GHs, GHs, GHs, GH4O-cy, CHCHO GHsOH,and CHCOOHKwere commonly
detected for both fuelsWhile CO and CQvere alreadyshownin Fig. 3 profiles of other
species argresented inFig. S10Somewhat gnilar maximalmole fractionvalues between
DEE and-pentaneoxidationare noted for Ckj CHO,and GHs, wheream-pentane produces
GHs and GHs in higher moé fractions, and DEE produc€stCHOand CHCOOHN distinctly
higher mole fractions

Regardingntermediates including at least 4 carbon atoms, those det@dor n-pentane
are different in structure from those measured for DEterefore direct comparisons are not
possible A comparisorbased on the nature dhe fuel decomposgion istherefore proposed
hereto reveal furtherpotential differencesor similaritiesbetween the oxidation of these two
fuels. Exemplarily Fig. 5presentspossibleanalogous reaction pathways from DEE amd
pentane leading to the formation of cyclic ethers (a) aridliones acetone and acetic acid
(b). Mole fraction profiles of these species are added into the correspotiigimges.Figureba
shows that2-methyltetrahydrofuran MTHF and 2-methyt1,3-dioxolane GHsOz-cy) can be
producedby a similar mechanismia H-abstractionsof primary Hatoms ofn-pentane and
DEE, respectivelfuHsOpr-cyis formed in lowemole fractionthan MTHEhowever.FigureSb
shows that AA and GHOOH species oDEE oxidationwere detected with much higher
amounts than2,4-pentanedione NC5dione2fand acetone CHCOCH), the relatedspecies
produced duringh-pentane oxidation, respectiveldthough these products havanalogous
formation mechanism (via the second @ additions starting with Q1OOH)which again
highlights a significant influence tdie O-atom in the chemical structure of DEE. Regarding
CHCOOH in DEE oxidation, it is fouttd be exclusively produceffom OQ1=0Oby the
formation path pesented inFig. ®. Asrecently discussed ir{7,40], this reaction class is
significant inthe LT oxidation of etherfuels. This pathway involves the interaction of a
hydrogen atom with the oxygen of the ether function and the breaking of the adjacént C
bond (seeFig. B) and ispromoted bythe inductive effect of the §Z @xjgen atonthat is
not present in alkane structure3o our knowledge, no kinetic parameters were reported for
this pathway in the case of alkanes, likely becaiige mot relevant for this tass of fuels
NeverthelessFig. B shows thathe model predicts the formation of GEOCEIin n-pentane
oxidation at LT rangealready very wellwithout this reaction type indicatng that this
mechanism is insignificant for gEOCkIin n-pentane LT oxidation Based on the present
model, CHRCOCHlis produced through the LT reactions thle CHCOCH radical that is
% E} p  -sciSsion of the OQ1=0 radidaln-pentane oxidation(see K'Y i A Ksfructure
in Fig. H).
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Fig. 5.Comparison of selectespecies thatould haveanalogous formation pathfrom DEE ancdh-pentane (5

bar, r=1.0, andresidence time of 2). (a) Most abundantcyclic speciesleft panel:formation diagram right

panel: experimental (gmbols)and modeling (lines)mole fraction profiles.(b) Secom-Oz-addition products:
upper panelformation diagram|ower panelexperimental (gmbols)andmodeling(lines)mole fraction profiles.
Formation path of Q1OOH (b) can beseenin Fig. 4. For clarity,a multiplication factor habeen usedor both

experimentl and modeing profiles of CECOCHI

4.3. LToxidation of aDEEh-pentane mixture
The objective of thisection is toaddresstwo scientificquestions,i.e., how increasing the
pressure influences the fuel mixture oxidation (fuel reactivity and product formation), and
how DEE and-pentane interact with each other in their fuel mixture.

The analyses presented before for the oxidation chemistry of neat DEE-pewtane are
a good starting point for studying the oxidation of their mixturéds presented above,
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pressuresignificantlyinfluences theoxidation of DEE and-pentane individuajl. In this
section, the influence of pressure @fuel mixture (DEEhA-pentane: 50%/50%n a molar
basig isfirst examined Here the reactor was kept &0K at which thelargestfuel reactivity
wasobserved(sedFig. %), and the pressure wascreasedrom 25 barup to 10 bar by steps
of 25 bar. Mole fraction profiles of abou40species were measured asumction of pressure.
Figure6a presentsthe experimentalprofiles ofthe two fuels (DEE n-pentare), two main
species CO, Cg), and twoselectedprimary cyclic ethers.e. MTHHknown as a fuespecific
product ofn-pentane)and GHsO»-cy (known as duel-specific product of DBHEt can benoted
that these profiles changsignificantlyat pressure lower tharb bar, but not so much above
this pressureSuch behavior is also seen for the mole fraction profiles of other species that
are provided in SM3The evolutionof fuel consumptionwith pressureseems to besimilarfor
DEE anadh-pentane Figure6b also displaythe predicted temperature dependences the
fuel consumption at different pressures up 10 bar. Similar to the experimenthie resulting
simulatedprofiles confirm a significant differenge reactivitybetween 2.5 and bar, which
is limited however,when increasindhe pressurefurther. Furthermore, n-pentane starts to
react at temperaturess lowas DEFFig. &), which differs from obseationsfor its individual
oxidation[Eig. %), indicatingthat DEEpromotesn-pentane oxidation

Fig. 6.(a): Experimental mole fractionprofilesas a function of pressurder selected speciesieasuredat 650K,
n=1.0, andesidence time of 3, for the studied fuel mixtur DEEh-pentane: 50%/50%)Eperimental results
have been connected by a spline function (thin lines) to guide the(by&imulated mole fraction profilgéines
of fuels as a function of temperature for the fuel mixture at different pressupt 10 bar~#1.0 andresidence
time of 2s)using the present modeBymbolsexperiment from (a) witha normalization by the inlet fuel mole

fraction.

Figure7 presensthe experimentalmole fractiors (650K, 5 barpf n-pentane and selected
LTG intermediatesmeasured in the fuel mixture oxidatipoompared to the oxidation afeat
n-pentane Not unexpectedly, the reactivity afi-pentane increases slightly faster in the
mixture than in neat-pentane oxidation, and its LT oxidation products were detected in
slightly higher mole fractionsThis trend ionsistent withsimulationspresentedaboveand
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with previous obserationsfor other duakuel mixtures[17,41,42] Sensitivityanalysesusing
the present modelfor the n-pentane/DEEnixture [Fig. ) point outthat several reactions of
DEBpromotethe consumption ofi-pentane includingthe decomposition othe DEEspecific
ketohydroperoxide (C20C2KETA.e. HOOQ1=0 ({f¥ig. 3), Habstraction from DEBy OH
and CHO radicals as well as the first andsecond @ additions (GHsOGHs-
A+Q' C50C2H40@,C20CAO02H1+G ' C40A02H102).

Fig. 7.Influence of DEE addition on the oxidatiomgientane (a) Experimentamole fractions oh-pentane and

its selected fuekpecific intermediates obtainedt 650K (5 bar, n=1.0, andresidence time of 2) for the
oxidation ofneat n-pentane and othe studied fuelmixture. For clarity, normalization by the highest value is
performed.(b) Sensitivity analyses afpentane in the fuel mixture é800K (top pane) and650K (bottom pane)
using the present modelNegative coefficients indicate a reaction which promotes the computed fuel
consumption and vice vers&hemical nomenclatures ib)correspond to assignments in tligHEMKINormat

kinetic mechanism.

More species were detecteduring the fuel mixtureoxidation (about 40 specieghan for
n-pentane (about 36 speciesand DEE (about 19 specieddne becausethe two fuelsadd
their fuel-specific intermediatesHowever, in spite of the observed larger species pool, no
additional, previously unidentified species were detected for the mixturéhgpresentGC
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experiments This observation was corroborated byetPIMBMSexperiments.Examples of
measured PIE curvedtained in the fuel mixture compared to those obtained for DEE and
n-pentane individually are available in SM1 (R2y.S

As observed above, the reactivity ofpentane is enhanced when adding DEEs thus
interesting to examinethe influence of thecrossreactionson the oxidation ofthe fuel
mixture. Smulations with and withoutcrossreactionswere performed andthey result in
similar species profile§hangesare seeronlyfor a fewspecieghat are presented irfrig. 31.
However these changes are still quite limite@ensitivity analyses for fuels were also
performed and the results pointed out thata crossreactions of primary fuel-specific
intermediatesappear insensitivity analysesf fuels (see examplsin[Fig. b for n-pentane),
which confirms therelative insignificance of therossreactions in theoxidation ofthe fuel
mixture under the studiectondtions, while the fuels in the mixture influence each other
throughthe small species poahcluding e.g, OH,Ch, HG, CHO.

5. onclusiors
New experimental SRpeciation data were obtainefdr the oxidation oDEEn-pentane, and
a mixture of theséwo fuels at I=1,temperatures 0#400-1100K,and pressures &.5-10 bar.
Theseelevatedpressuredata were comparel with a dedicatedkinetic modelthat contains
the hight and low-temperature sub-mechanisns of both DEH7] and n-pentane[15], with a
resultingverygood agreement

Experimental and modeling results have served gsod base to comparativelyanalyze
the oxidation of these fuels and their mixtudefluences of pressure, fuel structure, and two
component mixture oxidatiorversusthat of the neat fuels were investigadewith the
following main results(i) Comparedto 1 bar, elevatedpressures do not significantly affect
the starting reactiontemperature of DEE (450K), but strongly increase the globlel
reactivity and alter species formatioklevatedoressure redaes both NTC zones of Diaith
the first NTC zone almost suppressédthis reductiorhas beenshownto mainly result from
the change with pressure dlie competition between the thermal decompositiaeactions
~-scissionsand the first/second @additions. (i) Compared ta-pentane, DEE starts to react
at much lower temperatures and it hasvdder but less intenséTCbehavioras well as a
significant difference in LT product distribution. Some analogous reaction cltdssesme very
important for the LT DEE oxidation, do not seem tcslgmificantfor the case oh-pentane.
(i) DEE addition enhanceas expectedihe reactivity ofn-pentane in the fuel mixturend
subsequently modifiethe formationof products.The eactor pressure significantly influences
the fuel reactivity and product formation wheiine pressureis lower than 5 bar, but this
influence becomes very weak when the pressure is hig@evssreactions ofprimary fuel-
specific intermediate®f DEE and-pentane were newly considered in the modelowever,
simulationsdemonstratethe insignificance of theecrossreactons in the oxidation athe fuel
mixture under the investigated conditionsThe fuels in the mixture influence each other
through the smal species pooincludingOH,CH, H®, CHO, etc). Thefundamental study
and new experimental resulfgesented in this worlabout the LT chemistryf two linear five
heavyatom fuels and their mixture at elevated pressure uplidbar can beconsideredas a
solid foundation for further inspection of this chemistry in a higpegssure range closer to
practical engine operations.
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