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Compar ative study of the counterflow for ced ignition of

the butanol isomers at atmospheric and elevated pressures
Kyle B. Brady, Xin Hui, Chih-Jen Sung

Abstract

In support of the development of robust combustion models, the present stahbete
experimental and computational results on the non-premixed countediation of all four
butanol isomers against heated air for pressures of 1-4 atm, pressyinéed strain rates of
200-400 ¥, and fuel molar fractions in nitrogen-diluted mixtures of 0.05-0.25. Compasfson
the parametric effects of varied pressure, strain rate, aeldldading amongst the isomers
facilitates a comprehensive evaluation of the effect of vatredtaral isomerism on transport-
affected ignition. The experimental results are simulated ussoger-specific skeletal
mechanisms developed from two comprehensive butanol models availahéeliterature, and
are used to validate and assess the performance of these.rGauetmrison of the experimental
and computational results reveal that while both models largelyreagite trends in ignition
temperature as functions of pressure-weighted strain rate)ofagihg, and pressure, for all
isomers both models over-predict the experimental data to an eybpeeextent. In addition,
neither model captures the experimentally-observed ignition tetopereankings, with both
models predicting a large spread amonggiso-/secbutanol which does not appear in the
experimental results. Sensitivity and path analyses revealtlibabutene isomers play a
significant role in determining the ignition temperatures of tharmitisomers in both models,
with the relative branching ratios likely accounting for the tigni temperature rankings
observed using each model. It is observed that the reactivitheobutene isomers varies
appreciably between the two butanol models, which may account for sotime wdriability in
predictions between the two models. Furthermore, effects of trangpupéerties and their

uncertainties on ignition temperature predictions are discussed.
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1. Introduction
Despite recent advances in electric vehicle technologies, ithégd range, long recharge cycles,
and limited at-large charging options have constrained their consappeal [1]. Moreover,
while significant advances in terms of energy density oveenttfithium battery technology are
conceivable, attaining such performance will require major techicaldgreakthroughs in terms
of electrode/electrolyte materials and chemistry [2]. Alteveatechnologies such as fuel cell
vehicles can potentially address both range and recharge/teheslissues; however such
vehicles have largely been based upon hydrogen fuel cells, which veguide an entirely new,
world-wide fuel distribution infrastructure to be developed. As altiethere is a clear need for
combustion-based near- and intermediate-term alternative transpoiaergy solutions that
address the pressing issues of improved efficiency, reduced @misand lowered lifecycle
carbon footprint. While both novel engine designs and alternative fuelsiserdm provide
efficiency gains and emissions improvements, their succegwemicated upon a robust
understanding of the coupled effects of chemical kinetics and coresgdfusive transport, and
their accurate representation in predictive reactive-flow models ungereerelevant conditions.
As part of a push towards renewable fuels and reduced emissi@iglalbave emerged as
a leading prospect both for near-term performance and sustdnahiirovements, as well as
for the long-term replacement of fossil fuels in novel enginecepts. Ethanol, the most
successful of these to date, currently comprises up to 10% eaifsallige purchased in the United
States and has facilitated the elimination or phase-out of bothetityl lead (TEL) and methyl
tert-butyl ether (MTBE) as anti-knock additives. Through its lbiggory, ethanol has received
significant research attention and has been investigated in $hbek flame, and reactor

experiments (cf. [3]). However, the fermentation process byhwtiie majority of ethanol is
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produced has been criticized for both its use of food-grade feedsteck®lbas its low
conversion efficiency, and second generation production from cellulosic plaethessyet to be
proven commercially viable. Partly as a result, so-calledofsgayeneration” alcohol-based
alternative fuels such as butanol have recently received sartifiesearch attention. As a stand-
alone alternative transportation fuel or as a fuel blend witvolgee, butanol offers several
advantages over ethanol. Whereas ethanol is fully miscible vatarwbothn- andiso-butanol
isomers exhibit limited solubility with water and are lesg@sive, opening up the possibility of
more efficient distribution methods though pipelines. In addition, its highergy density
allows higher blending ratios with gasoline without engine mattibas, and its lower vapor
pressure would greatly reduce evaporative emissions. Aside fsorpotential impact as a
transportation fuel, chemical kinetics of butanol is scientificateresting as it represents the
smallest alcohol exhibiting all forms of structural isomerighs a result, by comparing the
behavior of the butanol isomers in well-defined combustion configuratibesjnipacts of
molecular structural variations on combustion chemistry can tier henderstood and broadly
applied to the modeling of alcohol-based transportation fuels.

Due to the interest from both practical and scientific points af,véa appreciable body of
fundamental research has been developed for butanol isomers nh yeaes. Though by no
means a comprehensive review, numerous fundamental studies haveobdeated using a
variety of experimental systems including laminar flamesdpd4—7], flame extinction [8-10],
pyrolysis [11], flame structure [6,12-15], species and temperatussurements in a flow
reactor [12], jet-stirred reactors (JSR) [6,16], and ignitionydeiia rapid compression machines
(RCM) [17-19] and shock tubes [20,21]. Several of these studies havagatexsthe impact of

isomeric variations on global combustion properties. Veloo and Egolfopoylage{g@rmined



O©CO~NOOOTA~AWNPE

atmospheric pressure laminar flame speeds of the butanol isiontleesequivalence ratio range
of 0.7-1.5, finding highly similar flame propagation ratesrfdiso-/secbutanol but significantly
lower flame speeds faert-butanol. Guet al. [4] observed laminar flame speed differences
between the various isomers, finding that the isomers followexhidng of n-butanol >iso-
butanol~ secbutanol >tert-butanol for atmospheric pressure. Stragical. [20] investigated
ignition delay times of the butanol isomers in a shock tube at 1050-1600 K31a%m, and
equivalence ratios of 0.5 and 1.0, finding that the butanol isomers exhimticeably different
ignition delay times, with the relative rankings changing asation of pressure. At 1.5 atm,
butanol exhibited the shortest ignition delay times, followedsbyandsecbutanol, withtert-
butanol exhibiting considerably longer ignition delays, whered8 @tm the rankings followed
n-butanol~ iso-butanol <secbutanol <tert-butanol. In an RCM configuration Weber and Sung
[17] found quite different ignition delay trends for stoichiomemnixtures at 715-910 K and 15
and 30 bar pressures. At both pressure conditidnganol exhibited significantly faster ignition
delay times than other isomers, additionally finding that the amitielay ranking followedah-
butanol <iso-butanol~ secbutanol <tert-butanol at 15 bar, but-butanol <tert-butanol< sec
butanol <iso-butanol at 30 bar. In addition to global combustion properties, thet effec
structural isomerism on intermediate species production has bpkmeekby several studies.
McEnally et al [15] conducted speciation studies on the butanol isomers in a doped neethane
flow flame at atmospheric pressure, and concluded that the dominantpietiiom process was
unimolecular decomposition rather than H-abstraction. ORetaddl [14] conducted a molecular
beam mass spectrometry (MBMS) study of the butanol isomersfuelaich low-pressure

laminar premixed flame, noting significant differences amotigstutanol isomers in terms of
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the intermediate species pool. In particular, large dispavitees observed for butene, enol, and
aldehyde species in [14].

From these and similar works, several detailed combustion modelsrbéemetly been
compiled and developed that comprehensively describe the chemicatkiofeiutanol isomers.
The model of Frassoldagt al [22] — an update of the mechanism of Grahal.[13] — includes
all four isomers and has been validated against pyrolysis, shockgniben delay time, and
premixed and non-premixed flame structure data. The model of Merhah{23] — including
all four isomers, and based upon the comprehensive model of Van é&edri24] — has been
validated against pyrolysis, laminar flame speed, low-pregstemixed flame structure, and
shock tube ignition delay data. Additionally, the comprehensive model ath$at al. [25] has
been validated against laminar flame speeds, low-pressurexpreftame structures, RCM and
shock tube ignition delays, and JSR species profiles.

Despite the research attention that butanol isomers have garneredisthelatively little
data exploring limit phenomena in convective/diffusive environmentshset fuels. In fact, to
the authors’ knowledge, the only available forced ignition data caone the stagnation-pool
study of Liuet al.[26] for n- andiso-butanol, while flame extinction data were limited to the
butanol studies of Veloet al. [10] and Hashimotet al. [9], and then-, iso-, andsecbutanol
study of Mitsingas and Kyritsis [8]. Ignition and extinction dat&zonvective/diffusive systems
are relevant to the operation of practical combustion devices, ana@dlsaroffer a highly-
sensitive experimental platform for the validation of both chenkicedtic and transport models.
As such, the present work compares the impact of ambient pressane rate, and fuel loading
on the counterflow ignition temperatures of all four butanol isomrersder to understand the

isomeric structural effects on diffusive ignition. The experimergsults are further simulated
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using isomer-specific skeletal mechanisms derived from commsefee butanol models
available in the literature. A comparison of experimental and abedilresults is then used to
validate and assess the performance of these literature butanol models.

2. Experimental and computational descriptions

2.1 Experimental apparatus

The details of the non-premixed counterflow ignition apparatus, imgudd detailed
experimental characterization, have been previously describédteguthors [27]. Briefly, the
counterflow burner consists of a quartz straight-tube upper section directiiegl laér downward
against a nitrogen-diluted fuel stream emanating from a esairsteel lower section. The air and
fuel streams are surrounded by concentric nitrogen co-flow tatésthe test section from the
ambient atmosphere and improve the quality of the resultiggatian-point flow field. The air
and fuel tubes have inner diametersbDopfl9 mm and the co-flow tubes have 28 mm inner
diameters. The air and fuel streams are separatég2y mm, resulting in ab/D ratio for all
experimental conditions of 1.05. Heating on the air side is accomplisimggli an internal helical
SiC heater, capable of heating the airflow to 1250-1300 K at the tubelepending on
operating conditions, and an external heater that is used to ré@ateoss. The ignition
temperature, measured as the air-side centerline boundary tampeiatietermined from a K-
type bare wire thermocouple with proper radiation correction. Thaidocof the ignition event
is monitored using a Vision Research Phantom v710 high-speed cargeinangcvisible-light
images at a frame rate of 3000 Hz. This frame rate igcwuft to capture the onset of ignition
and facilitates determining its precise location within th& ®ection to ensure consistency
amongst data sets as well as ensure quasi-one-dimensiaoitadnigoehavior. For all the

experimental data reported herein, the onset of ignition was observedtet place near the
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middle of the test section and then propagate radially in & fa-dimensional manner. The
thermocouple design, details of the radiation correction, and discussibie ahportance of
monitoring ignition location have been described previously [27].

Flow control is accomplished through the use of sonic nozzles foasdisg The air stream
is synthesized by a 21%/79%/0, mixture by mole, while the nitrogen-diluted fuel stream
varies between 5-25% fuel by mole. The flow rate of liquid fei@ontrolled using a precision
Teledyne Isco 1000D high-pressure syringe pump, with fuel vaponzatcomplished through
a heated spray system. The fuel vaporization system and the seduskesl lines are heated to
surface temperatures just above the boiling point of the isomguastion to prevent surface
condensation — for the current study, ~140 °C. For all conditions tested ther mixture
temperature at the fuel boundary is maintained at ~380 K. To ensure pegueization, the
partial pressure of the fuel is maintained well below the spoeding saturation vapor pressure
for a given butanol isomer, calculated using the correlation from’'sy@hemical Handbook
[28] at the temperature/pressure conditions within the fuel lineh&umbre, the fuel partial
pressure never exceeds 50% of the calculated saturation vaparr@réssall experimental
conditions in an effort to ensure complete vaporization. It is worthgthat the concentration
validation has been conducted previously [27] usidgutanol as a model fuel. This isomer
represents a “worst-case” in terms of condensation as ibiexithe lowest vapor pressures.
Since no condensation was observed for rifmitanol concentration validation, the fuel line
settings can be presumed adequate for all butanol isomers.

As has been thoroughly described in previous work [27], both systematicaaddm
uncertainties are relevant to the analysis of the present evgueal results. Systematic

uncertainty results from defects in a parameter model (e.g.eNumsnber for thermocouple
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radiation correction) or measuring equipment (e.g., pressure gamigies) cause system-wide
deviations from true behavior. Such uncertainty results in reproduciétcuracies that tend to
impact the entire data set in a largely equivalent manner. Randomrepresents statistical
fluctuations in measured data based upon the precision of the measudaviee, and their
impact can be minimized through averaging of multiple observationseTtefinitions are
important to the present analysis because, while the total untgitiaicluding both systematic
and random errors) is relevant for the comparison of experimanthlnumerical ignition
temperatures, only the random error is applicable when comparoggst the experimental
results since all data should be equally affected by systematrs. As a result, comparisons
amongst the experimental isomer ignition temperature data sheulcbimpared using the
random error (x5 K), while comparisons between experimental andrivamdata are best
compared using the total estimated uncertainty (systematicgidem), which ranges from 20
K for the lowest ignition temperatures to 35 K for the highest [27].

2.2 Experimental procedure

In the present experiments, the oxidizer boundary temperature @igaeof ignition is denoted
as the ignition temperature )l The procedure for acquiring this temperature is as follows: 1)
The internal, external, and flow system heaters are brougbtaipteady-state temperature close
to the ignition state, the desired gaseous mass flow ratep(egcany fuel) for a given strain
rate condition are set on the flow system, and the chamber isifzedsto the desired set point.
2) Fuel is introduced through the flow system and allowed to conteddysstate. 3) The high-
speed camera begins acquiring data, and the air temperagnadislly raised by increasing
power to the internal heater until a flame ignites. 4) Thedupply is shut off to extinguish the

flame. 5) The thermocouple solenoid is activated, rotating the titeuple bead to the center of
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the air duct and the air temperature, along with the fael-gas temperature, is recorded. 6) The
images acquired from the high-speed camera are checked totlatifgnition occurs at or near
the longitudinal axis, and that it occurs near the middle of theséesion, £2 mm. If ignition
occurs too far towards the fuel or oxidizer exits, the flowsraee adjusted to move the
stagnation plane in the appropriate direction while maintaining aardnglobal strain rate. In
addition, if ignition occurs at a temperature more than 10 K away from theagstitemperature
used to compute flow rates for a given global strain rate, tlaerfites are updated and Steps 2—
6 are repeated. Steps 2—6 are repeated a minimum of three tireethe@mproper flow settings
have been achieved to ensure a consistent valug,for T

Here, the global strain rat&) is defined based on the relation of Seshadri and Williams

[29]: K = ﬂ(1 + VFM), whereVl/ is the bulk velocity at the boundarl,is the separation
L Voy/po

distancep is the density, and the subscrigtsand O represent the fuel and air boundaries,
respectively. The adequacy of this global strain rate defmito account for the effects of
varying density due to the temperature gradients inherent to ciboamtégnition has been

demonstrated i127]. Following the work of Fotachet al. [30], the pressure-weighted strain

rate '), defined a%’ = PP—CK , IS used to isolate the chemical effect of pressure \angmty
ref

keeping the spatial scalar structure (temperature and conaemtpabfiles) approximately
constant. In the definition df, P; is the chamber pressure aPd, is a reference pressure,
taken throughout this work as 1 atm.

2.3 Computational specifications

The ignition state is modeled using an in-house counterflow non-préngréion code based
on the potential-flow formulation of Smooke al. [31] and identical to that used previously [27].

As in the work of Kreutzt al.[32], the ignition temperature corresponds to the turning point of

9
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the lower-branch ignition response curve with respect to air boyrndarperature, while the
current navigation of the ignition turning point is achieved using theptwuat flame-controlling
continuation method developed by Nishiakaal. [33]. In this study, the H radical is chosen as
the controlled species due to its crucial role in governing anilthough other key radicals are
equally applicable [33]. For a given strain rate, the use of thepoant H-controlling
continuation requires boundary conditions of the mixture compositions at bot@nfiielxidizer
boundaries and the fuel boundary temperature (380 K in the currek}, wtong with the H
concentration values at two different locations as internal boundadjtons [33]. As such, the
mass fluxes at the fuel and oxidizer boundaries are solved asadgs, while the air boundary
temperature becomes the system response [33]. By varyikfjdbecentration values at the two

selected locations, continuous mapping of the ignition response cuhanishitained. It is also

worth noting thatbecause of the convective/diffusive process involved in the counterflow non-

premixed configuration and the Arrhenius dependence of reaction rat@sndgaa higher
temperature environment, the ignition kernel is located on the aioEidie stagnation surface
and its local stoichiometry is always very lean. This has beemnmigrated in Fotachet al.
[34,35] using G-C, alkanes, for cases with fuel concentrations at the boundary gapefiween
6% and 100%. A similar situation is also observed in the present study of butanol isomers
Similar to the procedure discussed in previous work [27], skeletdtanens specific to
each isomer are created using the Directed Relation GraphEwor Propagation (DRGEP)
implementation of the Mechanism Automatic Reduction Software (MARS) packagemeyer
and co-authors [36-39]. Each skeletal mechanism is reduced usingntamdtizne ignition
delays for equivalence ratios of 0.5-2, pressures of 1-40 atm, and temgsecd 1000-1800 K,

using the fuel, Bl and Q as target species. In addition, the reduction procedure uplerésctly

10
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stirred reactor (PSR) extinction profiles for inlet tempaed of 400 and 500 K, covering the
same range of pressure and equivalence ratio as the autoigegidis.r For both ignition delay
and PSR targets, the maximum error tolerance during the rexumibcess is set at 10%. As
mentioned in the introduction, a number of detailed kinetic mechanisms &rdbigomers have
been developed in recent years, including the models of Frasssl@ht{22], Merchantet al.
[23], and Sarathyet al. [25], each validated for all four butanol isomers. Unfortunately, the
inclusion of non-integer stoichiometric coefficients in the Frassoldagodel makes it
incompatible with both the current Chemkin-based ignition code and the MARS paakagell
as running exceedingly slowly in CHEMKIN-PRO [40]. Hence, ohly Sarathy and Merchant
models are included and compared in the present study. The ressdingr-specific skeletal
mechanisms are referred to hereafter as SN, Sl, SS, an@f8ififig to then-, iso-, see, and
tert-butanol skeletal mechanisms derived from the Sarathy detaibei®l), and MN, MS, and
MT (referring to then-, sec, andtert-butanol skeletal mechanisms derived from the Merchant
detailed model). Due to some issues arising frem¥butanol-relevant reactions in the Merchant
model, which are detailed in Section 2.4.1, the skeletal reduction cancoh@ected foiso-
butanol, and hence “MI” is lacking here.

Validation of the skeletal mechanisms for each of the isormatsown in Fig. 1, by plotting
the computed peak mole fraction of hydrogen radical as a function bbandary temperature
(To) for the cases with fuel mole fraction 0f=0.15 in the nitrogen-diluted fuel stream. For all
isomers, the skeletal Sarathy mechanisms perform nearly idgnta#tie detailed model at both
1 and 5 atm, with a maximum deviation of ~5 K shown by the ST meshat 5 atm where the
skeletal mechanism under-predicts the detailed model. The skdietahant mechanisms also

perform quite well, with a maximum deviation of <1% for the MMamanism at 5 atm, where

11
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the skeletal mechanism over-predicts the detailed model. The MBanmiem over-predicts the
detailed model by <5 K, while the MT mechanism exhibits turningtpassentially identical to
those of the detailed model. In general, the Merchant model pradiber ignition temperatures
than the Sarathy model. Additional validation of the resulting sketetahanisms includes the
targets of ignition delay times, PSR response curves, and laramer $peeds over a wide range
of conditions. Some comparative results febutanol can be found in the Supplementary
Material of [27].

Table 1 summarizes the size of each mechanism used in thysisttetms of number of
species and reactions, including both the detailed and skeletal nszcbadll the skeletal
mechanisms generated in this study are included in the Supplementary IMateria
2.4 Modifications to combustion models
In the course of investigating the butanol isomers numericallyraawgportant issues with the
Merchant and Sarathy models have become apparent, and have rtedessitdification of the
mechanisms and the exclusion of certain data. Due to the sighifigpact of these changes and
their implications on future modeling studies, these modificationsletaled in the following
sections and are incorporated into the respective skeletal mechanisms.

2.4.1 Merchant model

In the course of mechanism reduction, it was discovered that then&iheronodel contains
several reactions in the PLOG format that contain negativexp@aential factors. The PLOG
format provides the flexibility to describe reaction rates ifed#nt pressure ranges by different
Arrhenius coefficient sets. For pressures intermediate bettmeeneaction rate descriptions, a
linear interpolation for Irk) is used to obtain the reaction rate:

Ink = Ink; + (Ink;,; — Ink;) |

InP—-InP; ]
lnPl+1—lnPl !

Egn. 1

12
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wherek is the interpolated reaction ratg,andk;,, are the reaction rates at pressures bracketing
the pressure for which is desired, an® is the pressure, with the subscripts following an
identical nomenclature. Since the logarithm of a negative number idinedjethe PLOG
interpolation cannot be evaluated for negative valuds’ef Such a situation arises for thse-
butanol decomposition reaction, producing methyl radical and 2-hydroXyprapere the
formatting of this reaction as a “declared duplicate” forces interpaolaising a negative reaction
rate. As a result, both the ignition code and the mechanism redaotierfail. It is worth noting
that when the same mechanism is used in CHEMKIN-PRO [40] albalation neither fails nor
displays any warning messages. Given the nature of the int#opolia is unclear what allows
CHEMKIN-PRO calculations to proceed.

For the purposes of the present study, the above-mentisndmitanol decomposition
reaction is problematic in that its reaction rate cannot bieigea. In order to facilitate as broad
a mechanism comparison as possible, this reaction is manuallyvednso that skeletal
mechanisms fon-, see, andtert-butanol can be obtained and used in the ignition code. This
methodology is deemed valid for these isomers given that the redfellsis removed reaction
should at most represent a minor recombination pathway in theseldasever, given that this
iso-butanol decomposition reaction defines one possible pathwagctbutanol destruction, it
cannot be removed from the mechaniarmriori without potentially significant impacts to the
fidelity of aniso-butanol skeletal mechanism. As a result, no computational dateofloutanol
from the Merchant model is shown in this work.

2.4.2 Sarathy model
In the course of evaluating the impact of transport parametetise ignition temperature of the

butanol isomers, it was discovered that, while the Lennard-Jonesgtararforn-butanol were

13
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quite similar between all three models [22,23,25], the parameteisofpsec, andtert-butanol
within the Sarathy model differed significantly from the pagtars used in both the Frassoldati
and Merchant models. While nitrogen-fuel binary diffusion coefficiéotsn-butanol differed
between the Merchant and Sarathy models by only ~5%, the computesodifcoefficients for
the other three isomers were as much as 125% larger in théySaradlel. In fact, the stated
values for collision diameter were almost half that of sinflaspecies, and even smaller than
those of the oxygen and hydroxyl radicals. Following the procedam@ult in Sarathyet al.
[6,25] for the estimation of transport parameters, values mordasitoi those found in the
Frassoldati and Merchant models were obtained, suggesting thapa@ameters included in the
transport database of Sarathy al. [25] were questionable. It is worth noting that different
transport parameters for the butanol isomers were included in a recenthidatate-Cs alcohol
model developed by Saratlet al. [41]. These values result in closer agreement with the
Merchant transport model (~15% larger nitrogen-fuel diffusion cweffts). However, this
change was not described by Saraghgl. [41], and the new transport parameters do not appear
to coincide with the stable-species transport parameter domretaethodology stated in [25].
Thus, it is unclear how these parameters were derived in [41].

As will be shown in detail in Section 3.2, the effect of such ladigerepancies in diffusion
coefficients is significant. As a result, the transport pararador the three butanol isomers — as
well as all related £species that use identical parameters to the respectivet paee — are
modified to the corresponding parameters used in the Merchant em@titie resulting transport
database is used to compute all numerical results presented fBardhy model. Since the

transport properties are otherwise similar, this change not onlyfiesothie transport parameters

14
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to more realistic values, but also facilitates a more do@etparison of the underlying chemistry
of the two models.

3. Ignition results and discussion

3.1 Experimental results

Figure 2 demonstrates the effect of strain rate on thédgniemperature of the four butanol
isomers at 1 and 3 atm fof=0.15. Only a single data point feart-butanol is included at 1 atm
due to the difficulty in igniting this fuel under atmospheric conditiohé.isomers respond
similarly to varied strain rate within the rangek3£200-400 8, with the differences between
the isomers narrowing slightly as strain rate increases. Hawavo interesting features with
regards to isomer ranking are apparent. Hest;butanol exhibits significantly higher ignition
temperatures relative to the other three isomers. This ignérapdrature difference amounts to
43-57 K at 1 atm, and 64-83 K at 3 atm. Second, the relationship basgeandsecbutanol
reverses between 1 and 3 atm. Whge-butanol exhibits the highest ignition temperature
amongst the/isa/secbutanol group at 1 atrsecbutanol occupies this position at 3 atm. Similar
behaviors are observed when comparing the isomers in terms ofebeaffuel loading. As
shown in Fig. 3 fok'=350 &', while all isomers exhibit highly similar behavior as a furrtbf
fuel loading, the relative ranking betwermso- andsecbutanol again changes between 1 and 3
atm and is consistent across the fuel loading range investidgfatediorth noting that while the
differences amongst th#iso/secbutanol group are relatively small (on the order of 5-20 K), in
general the noteworthy trends involve ignition temperature differencesas®rf the maximum
random error estimated from repeated measurements at th@garagng conditions (5 K). In

addition, the aforementioned trends are consistent across a wgke of strain rate and fuel
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loading conditions, suggesting that they are unlikely to be the resekpefimental variability
and therefore merit further investigation.

Figure 4 provides a clearer demonstration ofislesecbutanol ranking switch by plotting
ignition temperature as a function of pressurk’a850 $' and %=0.15. A clear crossover point
for these isomers exists between 2 and 2.5 atm; below this pressiretanol is the more
reactive one of the pair, while above this pressigsebutanol becomes more reactive.
Throughout the pressure rangdett-butanol exhibits significantly higher ignition temperatures
than the other three isomers. It is worth noting that simiéaossover” behavior has been
observed in homogenous experiments involving similar temperaturesrange shock-tube
study of Straniet al. [20] found that at 1.5 atm, the ignition delay timessof andsecbutanol
were quite similar, while at higher pressusessbutanol exhibited noticeably longer ignition
delays thanso-butanol. In addition, in line with the results of the present sttefybutanol
manifested significantly longer ignition delays under all pressure conditivastigated.

3.2 Effect of transport model uncertainties in the Sarathy mechanism

As discussed in Section 2.4.2, the original transport data containednretianism of Sarathy
et al. [25] has apparent discrepancies in the Lennard-Jones parancetss,fsec, andtert-
butanol, as compared to those of Frassolelatil. [22] and Merchanget al. [23]. The effect of
changing these parameters — for both the parent fuel molecuesekated ¢ intermediates
using identical values to the respective parent fueb those used by Merchaet al. [23] is
exemplified in Fig. 5 for 3 atmk’=350 §' conditions. In addition to being shifted upwards by
55-100 K, the sensitivity of ignition temperature to fuel loading @& of change as a function
of fuel loading) is also increased. Comparing the original and reddifansport model results,

the difference between predicted ignition temperatures=0.05 and 0.25 is ~60-70 K for all
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three isomers using the original parameters, however usingdt#ied model this difference
increases to 100-110 K.

Comparing the numerical results to the accompanying experimestats in Fig. 5, it is
clear that this modification results in a greater disagreaemiéh experimental data than the
original model, with the difference between experimental and noatefata rising to between
80-120 K, depending on the isomer and operating conditions in question. While this
modification could hardly be termed an “improvement” in terms odéliily to experimental
results, it does serve to illustrate two important points. Firss imperative to include non-
premixed validation data during combustion model development to provide ngom@us
validation of the transport model. The larger sensitivities of nomigesl systems to transport
properties can help to improve the performance of the complete coombodel in transport-
affected environments, a designation encompassing most practidalstoon devices. Second —
and most relevantly for the present discussion — while transporngges exhibit significantly
larger sensitivities relative to individual reactions (to be dsedisin due course), the fuel
diffusion coefficients of the original model would have to be increbyean excessively large
amount to close the gap between the numerical and experimental oha.tl8 resulting
transport parameters would then be entirely unreasonable — asedutti Section 2.4.2 -
alternative factors must be considered to account for the difesehis observation proves
valuable in the evaluation of the Sarathy and Merchant models, asicawaoif of the fuel
transport parameters — within reasonable bounds — cannot account forpiuatydisetween
numerical and experimental results, and thus the source of thenimgndisparities must lie

within the chemical kinetic mechanism.
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3.3 Numerical results from the Sarathy model

While the accompanying numerical results to Figs. 2 and 3 havecbegruted, the trends in
terms of strain rate and fuel loading are highly similar arebiige various isomers within a
given mechanism set, and largely capture the experimentallyvelds&ends. As a result, the
following description and analysis will focus on the effect ofedpressure. Figure 6 shows a
comparison between the experimentally obtained ignition temperanesiumerical results
computed using the SN, SI, SS, and ST mechanismis$860 &', X;=0.15, and P=1-4 atm.
Several interesting observations can be made from Fig. 6. theshumerical results for all
isomers over-predict the experimental results by an appreestaet, ranging from 70 to 140 K
(6—10%). While such a deviation could be considered relatively small mercentage basis, it
should be noted that the gap between numerical and experimenta iesdlsimilar magnitude
to the difference between 1 and 4 atm experimental ignition tetopesa As such, the
difference between numerical and experimental results should bel@@assignificant within
the context of the experimental data. Second, while the experingmtadn temperature trends
for n/isa/secbutanol as a function of pressure are largely well-capturetdsbgccompanying
numerical results, falert-butanol the difference is more dramatic. At 1 atm the differestands
at 140 K, however at 4 atm the gap shrinks to just 70 K. Interbstihg numerical results for
the butanol isomers exhibit one of two behavior sets corresponditige tsomer types; the
positional isomersnf andsecbutanol) exhibit a highly similar rate of change as a function of
pressure, while the branched chain isoméss- (and tert-butanol) also exhibit remarkable
similarity but with a slightly greater pressure sensitivithird, unlike the experimental data
wheren-, iso-, andsecbutanol exhibit highly similar ignition temperatures, the redutts the

Sarathy model predict a noticeable offset betwebntanol andso/secbutanol. This behavior
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suggests appreciable differences in the modeled fuel breakdownsttyeisubject that will be
explored further in due course. Finally, the crossover betweersd¢handsecbutanol results
observed experimentally is reproduced by the numerical resulksbatih the crossover pressure
and the difference between the two isomers at 1 and 4 atm yclosgthing those seen
experimentally. This suggests that while overall the ignitionpe¥atures are shifted upwards
relative to the experimental data, the Sarathy model nonethedggures some of the isomer-
specific differences in terms of pressure-dependent reactions.

To begin to explore some of the above observations, a sensitivitysgnialgonducted for

reaction rates (by perturbing pre-exponential factdfs) and binary diffusion coefficients (by

6lnTl-g
dlnA;

perturbing the zeroth-order coefficients of the polynomial 6tsCfy’s) defined asS,; =

dInT; . )
—a;;l;g , respectively. Figures 7-10 demonstrate the ten largestaeaetie and
jk

andSpjx =
transport sensitivity coefficients for all four butanol isomers, maoted at the ignition turning
points for 1 and 4 atm pressurks350 §', and %=0.15, ranked by the sensitivity magnitude at
4 atm. Similar to the results previously discussed by the autBd@is fpr each isomer the
sensitivity analysis of binary diffusion coefficients demonstratgsificant sensitivity to the N
butanol and @butanol transport rates as well as those of several importaninigdiates. Of
particular note is the consistent importance of butene isometgHgl 2-C,Hg, andiC,Hg) in

the transport sensitivity analysis for each of the butanol isorBarathyet al. [25] attributed the
lower experimental laminar flame speedsisi+ andtert-butanol relative tan-butanol to the
predominance ofiso-butene (C,Hg), and additionally noted that the branching ratios for
isomerization and beta-scission of hydroxybutyl radicals wamdamnmgrovement to better
predict the formation of butene isomers. Indeed, deficiencies wexd nompared to both low-
pressure flame speciation and JSR experiments. As a résufietsistent appearance of butene
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isomers in the present analysis suggests that further investigd their role in counterflow
ignition merits further examination, and will be discussed in maielde conjunction with path
analyses in due course.

Examination of reaction rate sensitivity analyses in Figs. 7ddfonstrates additional
differences associated with differing isomerism. Comparimgragst the positional isomens- (
butanol andgsecbutanol), noticeable correspondence is apparent in terms of theveeresction
rates, with both isomers primarily exhibiting sensitivity tg@& chemistry. In contrast, while the
branched chain isomens¢-butanol andert-butanol) also exhibit sensitivity to,HC; chemistry,
a number of reactions involved in the early stages of fuel breakdownagfsear in the
sensitivity analysis. Faso-butanol, this includes the initial H-abstraction from éhandy sites,
as well as subsequent H-abstraction and scission reactions fromhguroxybutyl radical.
Similarly, tert-butanol displays substantial sensitivity to fuel breakdown reactioosgh both
iso-butene and propen-2-ol (GEHCOHCHs) pathways. Interestingly, for both branched chain
isomers the fuel breakdown reactions display appreciable pressusgivity in contrast to the
positional isomers where — with the exception of hydrogen peroxide gesdron and H-
abstraction from the parent fuel via hydroperoxyl — most reactispay comparatively less
pressure sensitivity. This difference may account for the differvariation of ignition
temperature with pressure between the positional and branched chaamsisayserved in the
numerical results.

Figures 11-14 show spatially-integrated path flux analysdseaghition turning point for

the butanol isomers &'=350 §', X=0.15, and atmospheric pressure. In agreement with the

sensitivity analysis, the butene isomers feature prominently in thed fioigl breakdown steps for

all butanol isomers, albeit to differing extents. The path amsafgsin-butanol (Fig. 11) shows
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that the majority of the 1-butene produced is throfdtydroxybutyl radical decomposition,
with a minor pathway to 1-butene directly frombutanol. In comparison, noticeably more
butenes production is apparent in the flux maps of the other isomers. Apatelyi 6% ofiso-
butanol (Fig. 12) is converted directly isn-butene, and ~80% of tifehydroxybutyl radical is
consumed through decomposition igp-butene. Thesecbutanol analysis (Fig. 13) shows
significant paths to both 1-butene and 2-butene througB-thalroxybutyl radicals, as well as
minor pathways to each directly from the parent fuel. Findily,averwhelming majority dert-
butanol consumption (Fig. 14) occurs througttbutene, either directly from the parent fuel or
via the hydroxybutyl radical. Interestingly, the ignition tempeeranking of the isomers at 1
atm based on the Sarathy modeln-butanol <iso-butanol <secbutanol <tert-butanol -
correlates well with the relative production of butenes by esaimer. This correspondence
suggests that the butene chemistry plays a significant rplegtribing the ignition temperature
trends observed amongst the butanol isomers, specifically thafiveeranking in terms of
ignition temperature, and may account for the disparity observededetexperimental and
numerical results when comparimgbutanol with iso-/secbutanol. This possibility will be
explored in more detail in Section 3.5.

3.4 Numerical results from the Merchant model

Figure 15 compares the numerical results derived from theNW8\,and MT mechanisms to the
experimentally obtained ignition temperatures k3350 §', X;=0.15, and P=1-4 atm. As
mentioned in Section 2.4.550-butanol results are not shown due to the inability of the MARS
reduction package or the ignition code to interpret the aforementismbdtanol decomposition
reaction in its current PLOG form. The corresponding results ufingskeletal Sarathy

mechanisms are also shown in Fig. 15 for comparison. Similar tcethdts in the previous
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section, the skeletal Merchant mechanisms universally overeprediperimental ignition
temperatures — in this case by ~100-190 K. In addition, the MS misoharedictsecbutanol
ignition temperatures offset from timebutanol results predicted using the MN mechanism by
20-40 K, with the disparity rising as pressure increases. Indfasgd on the skeletal Merchant
mechanisms, theecbutanol results are more similar in magnitude to thoséefébutanol, and
exhibit the highest ignition temperatures for pressures abovem. Z'his behavior runs counter
to the experimental results, whetert-butanol consistently ignites at appreciably higher
temperatures than the other three isomers, which ignitegaiyasimilar temperatures for most
operating conditions. Unlike the results from the skeletal Saratghanismssecbutanol and
n-butanol are not predicted to exhibit similar ignition temperaturiat@n with pressure in the
Merchant model, which in fact seems to capture a slight divergengeition temperature trend
observed experimentally between the two isomers at elevated pressures.

Sensitivity analyses of the ten largest reaction rate andpoat sensitivity coefficients for
n-, sec, andtert-butanol isomers are shown in Figs. 16-18, respectively. The resulargely
similar to those obtained using the skeletal Sarathy mechanmthsthe positional isomers
exhibiting sensitivity to many of the same reactions t@ntbutanol showing strong sensitivity
to early-stage fuel breakdown reactions. Also similar to tkaltse of the previous section, a
consistent dependence upon the transport of butene isomers is observed. Htheeveare
some notable differences. Thdutanol results (Fig. 16) demonstrate sensitivity to H-abstraction
from the fuel molecule via hydroperoxyl to forfithydroxybutyl, as compared to the SN
mechanism which exhibits sensitivity to abstraction at dhearbon. In addition, the MN
mechanism is noticeably less sensitive to the chain-branéhin@, < 0 + OH reaction at 1

atm relative to the SN mechanism.
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With regards tosecbutanol (Fig. 17), while the reaction rate sensitivity resuis cuite
similar aside from minor differences in coefficient magnitude, MS mechanism exhibits a
greater degree of sensitivity to the transport properties of bbttene and 2-butene. Also of
interest is the presence of propen-2-ol in the transport sensiéindlysis of Fig. 17(b). As
pointed out by Sarathst al.[25], the allylic radical of propen-2-ol exhibits resonant stabilization
characteristics and thus is expected to be relatively unrea&linee path analysis on the MS
mechanism predicts that almost a quarter of propen-2-ol is congonf@an the allylic radical
at both 1 and 4 atm, the relatively large negative transport sensitivity ohp2eplemay indicate
that enhanced transport results in migration of propen-2-ol to locatubwese alternative
pathways — e.g., tautomerization to acetone — become more prevalengvbiding the less
reactive allylic radical pathway.

Sensitivity results fotert-butanol (Fig. 18) also display significant similarities to thie S
mechanism, withiso-butene, propen-2-ol, and acetone featuring prominently in the transport
sensitivity analysis, and reactions relatedstsbutene comprising a significant proportion of the
most sensitive reaction rates. Of note in the reaction ratéiggnsnalysis shown in Fig. 18(a)
is the sign change in the sensitivity coefficient for thetew elimination reaction frorntert-
butanol:itC,HyOH < iC,Hg + H,0. While at atmospheric conditions an increase in this reaction
rate tends to inhibit ignition, at 4 atm this trend reverses, suggeatisignificant pressure-
dependent change in this important fuel breakdown reaction. This strosgrpreependence
may be partially responsible for the growing disparity betwéentwo numerical sets dért-
butanol results as pressure increases.

Furthermore, for the sensitive reactions related #&#HC, chemistry shown in Figs. 7-10

and Figs. 16-18, their reaction rates over a temperature ralegant to the present study are
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compared between the Sarathy and Merchant models. This compamse that the reaction
rates of most of them are quite similar except that noticebtbddrences exist for the reactions of
C,H; + 0, & CH,CHO + 0 and OH + C,H, < C,H; + H,O0 . It should be highlighted that
replacing the rate coefficients for these two reactions irSdrathy model with those from the
Merchant model results in better agreement between the two métteiever, a significant
disparity remains, suggesting that additional differences xtbie G sub-mechanism between
the Sarathy and Merchant models

To investigate the isomeric differences further, path anabisée ignition turning point for
n-, see, andtert-butanol using the MN, MS, and MT mechanisms are shown in Fig. 1I9&tm,
k' = 350 &', and % = 0.15. As was the case in the previous section, the butene isiguees f
prominently in the path analysis for each isomer, with the malarpgftoceeding through butene
pathways roughly correlating to the trend in ignition temperatiré @gtm), namelp-butanol <
sechutanol <tert-butanol. However, several noteworthy differences are apparent ipathe
analyses okecbutanol (Fig. 19(b)) antert-butanol (Fig. 19(c)). First, while the MS and SS
mechanisms predict a similar flux of parent fuel to #hleydroxybutyl radical (27% versus
29.3%, respectively) as well as the same major products (propear@tahethyl radical or 2-
butanone), the branching ratios from thkydroxybutyl radical are nearly reversed. Whereas the
MS mechanism predicts 39.4% @fhydroxybutyl is converted to propen-2-ol and 60% to 2-
butanone, the SS mechanism predicts 74.8% proceeds to propen-2-ol whil23ditty is
converted to 2-butanone. It is worth noting that unlike the MS mechariien§S mechanism
does not contain a pathway to propen-2-ol's allylic radical. Secondandter flux through 1-
butene and 2-butene pathways is significantly larger in the M®anexn. Nearly 55% of the

parent fuel in the MS mechanism is consumed through butene-relatechpmthwither directly
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from secbutanol via water elimination or indirectly via tlfehydroxybutyl radicals — as
compared to 12% in the SS mechanism. As other pathways are Igirggty between the two
mechanisms, the large difference in the level of butene involvesékely responsible for the
differences observed between tlkecbutanol ignition temperatures for the MS and SS
mechanisms.

Comparing the MT mechanism path analysis results (Fig. 18§cxhose of the ST
mechanism (Fig. 14), it can be seen that the MT mechanism preditiswhat more water
elimination to directly formso-butene while forming relatively less hydroxybutyl and almmast
hydroxypropyl radicals. The MT mechanism also predicts less csiomeof hydroxybutyl to
iso-butene, instead favoring more production of propen-2-ol. The resulting rtadlar flux
throughiso-butene pathways is fairly similar between the two mechan{s#®2% in the MT
mechanism compared to ~69% in the ST Mechanism), which likely accounts fortthsinuliar
predictions in terms of ignition temperatures at 1 atm. Howevepressure increases the
predicted ignition temperatures begin to diverge, with the MT mesimapiedictingert-butanol
ignition temperature ~ 20 K higher than the ST mechanism at 4Tdtis difference is attributed
to a significant increase in the importance of the ROOH pathwalye MT mechanism as a
result of a simultaneous rise in the proportiotestbutanol reduced to hydroxybutyl (46% at 1
atm versus 68.5% at 4 atm) and a tripling of the branching ratio ffrgosinoxybutyl toiso-
butenyl hydroperoxide (9.5% at 1 atm versus 34.8% at 4 atm), as shdwign i19(c). The ST
mechanism shown in Fig. 14, in contrast, does not contain this pathwayyoyoxybutyl, and

the branching ratios tso-butene and propen-2-ol remain quite similar between 1 and 4 atm.
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3.5 Potential areas for model improvement

The preceding discussion has highlighted a number of important points nggéelidifferences
between the Sarathst al. [25] and Merchanget al. [23] models. First, the transport parameters
for iso-/sec/tert-butanol in the Sarathy model — despite describing unreasonablyutdst
diffusion — still cannot account for the disparity between the nigaleand experimental data.
Furthermore, despite utilizing identical butanol isomer transgpatameters, significant
differences remain between the Sarathy and Merchant modhese Dbservations suggest that,
while the transport model is unquestionably important to the accuretkctioon of ignition
temperatures, modifications to transport parameters can resalverribe disparity between the
numerical results and the experimental data, nor the diffeseolsserved between the Sarathy
and Merchant models. This leads to the conclusion that these discespanust result from the
chemical kinetics. Second, when the skeletal mechanisms frohm readel are compared,
appreciable differences in the fuel breakdown pathways can be ahsEoreexample, as has
been discussed at length in previous study [27], the breakdowbudtinol differs substantially
between the Sarathy and Merchant models, including significamations in the predicted
branching ratios to botjr anddé-hydroxybutyl (cf. Figs. 11 and 19(a)) as well as the presence of
additional pathways involving enols/aldehydes in the Merchant modih Mfgards tosec
butanol, despite describing largely similar chemical pathwawbs @edicting mostly similar
branching ratios directly from the parent fuel, path analysisale that approximately 5 times
more secbutanol is consumed through butene pathways in the Merchant mateleréd the
Sarathy model. Moreover, the butene pathways themselves diffdarstidd. Path analysis
reveals that both the branching ratios from the butene isonsemgselh as the subsequent

breakdown pathways are dramatically different. In fact, aso&ypfor estimating reactivity,
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additional ignition turning point calculations using butene isomersfaslare conducted with
both models, showing that 1- and 2-butene ignition occur at 88 K and 108 K higher temperatures,
respectively, at atmospheric pressure in the Merchant model. Convaitiethe increased flux
through butene pathways, the differing descriptions for butene breakit@yraccounts for the
secbutanol ignition temperature disparity observed between the two moalets likely
contributes to differences observed for other isomers as welllyFirgen where substantial
agreement exists between the models’ ignition temperature foedic- i.e. atmospheriert-
butanol ignition (cf. Fig. 15) — the matching appears to be somewhandgatous. As
demonstrated fotert-butanol by Figs. 14 and 19(c), even under atmospheric conditions the
branching ratios from the hydroxybutyl radical differ dranalc and the Merchant model even
includes an additional ROOH pathway from hydroxybutyl whichbiseat in the Sarathy model.
This ROOH pathway becomes significantly more importanteataged pressures, and likely is a
key factor resulting in the growing disparities between the two modelessupe increases.

Taken as a whole, the above observations suggest that despite reasoa#diling
experimental trends as functions of pressure-weighted strainfuateloading, and pressure,
substantial uncertainties remain in the description of combustion singnaf the butanol
isomers. Based upon the above analysis, it is likely that the ilispdretween the experimental
and numerical results cannot be resolved without additional speaifficaftithe nature of both
butanol and butene breakdown chemistry. With regards to fuel breakd@asu,and Sarathy
[42] provided minor updates te-butanol unimolecular decomposition reactions based on the
shock tube study of Rosado-Reyes and Tsang [43], and additionally imcteasate constant
for H-abstraction from formaldehyde, showing slightly improvedcimag with the data of

Stranicet al. [20]. In a recent review of alcohol combustion chemistry, Saretta). [41] also

27



O©CO~NOOOTA~AWNPE

pointed out that significant uncertainties remain in the descrigifoH-abstraction reactions
from the butanol isomers, particularly by OH andH@Ithough site-specific OH-abstraction
reaction rates developed by McGillet al. [44] were suggested as a possible avenue of
improvement, these reaction rates had yet to be implemented immmbaustion model.
Additional uncertainties exist with regards to abstraction by, H&Q which no experimental
measurements are currently available [41]. Regarding modeling ehédygathways, its sub-
mechanism itself is an area of current research. For exampeent study by Scheekal.[45]
experimentally explored the behavior of the butene isomers in a Esgype premixed flame
configuration and made improvements to an existing hydrocarbon moddyddéfl upon their
results. However, a subsequent study of the ignition of butene nsomenon-premixed
counterflow by Zhaeet al. [47] discovered significant discrepancies between their expatah
data and the model of Scheakal [45], and subsequently developed their own butene model
which exhibited somewhat improved performance. Taking the above intae@i®n, it is
anticipated that further study of the isomer-specific branchigps (particularly better
understanding of H-abstraction reactions) and the development of comgvehdutene
chemistry can help to close the gap between the models, as well as thsotepancies between
the models and the experimental data. Furthermore, recognizirtbethtato models do not share
the same €-C;, sub-mechanism, the foundation fuel chemistry could also play somia tibie
disparities observeletween the Sarathy and Merchant madels

4. Conclusions

The present study comprehensively explores the ignition tempetegnds of the four butanol
isomers as a function of pressure-weighted strain k&t@g0—400 $), fuel loading (%=0.05—

0.25), and pressure (P=1-4 atm) in a non-premixed counterflow configurdiese Trends are
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compared to numerical results derived from isomer-specific skeletabmesois developed from
two comprehensive butanol models available in the literature. WHgketmechanisms largely
capture the experimentally-observed trends, they universally owdicptee experimental data
to an appreciable extent. Additionally, for both sets of skeletahameems the “ranking” of
isomers in terms of predicted ignition temperatures deviagedisantly from the experimental
results. Whereas the experimentaliso-/secbutanol results all lie in close proximity to each
other, the Sarathgt al-based [25] and Merchaset al-based [23] skeletal mechanisms predict
significant separation amongst these isomers. Both ST and Mhamems predict largely
similar tert-butanol ignition temperatures, although the disparity increaspeeasure is raised
from atmospheric pressure to 4 atm. Detailed sensitivity arul galyses suggest that the
butene isomers may play a significant role in determining thaive levels of reactivity
between the butanol isomers, as the relative reactivity dfutanol isomers correlates well with
the relative amounts of parent fuel consumed through butene pathwags.tiénels suggest that
the disparities between simulated results from the diffdrasge chemical kinetic models may be
the result of differing butene chemistry, and that further workeisessary to better define both
the branching ratios of reactions leading from the parent fudiedoutene isomers and the

subsequent butene chemistry itself.
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Tableand Figure Captions

Table 1: Number of species and reactions contained within the detailed and sket¢tahisms
used in this study.

Figure 1: Ignition turning point validation comparing the results condptram the isomer-
specific skeletal mechanisms to those of the detailed Sagt#ly[25] and Merchanet al. [23]
mechanisms. Turning points for (@putanol (b)iso-butanol (c)secbutanol, and (ddert-butanol
are computed at0.15 for 1 atmk’=300 §" and 5 atmk’=500 $". In (b), only the results based
on the Sarathy model are shown (cf. Section 2.4.1).

Figure 2: Experimental ignition temperatures for the butanol isbateP=1 and 3 atm,»0.15,

as a function of pressure-weighted strain rate. Ignition temperatooe bars represent the
random error of +5 K, while pressure-weighted strain rate éaw represent the total estimated
uncertainty.

Figure 3: Experimental ignition temperatures for the butanol ispateP=1 and 3 atrk;=350 $§
! as a function of fuel loading. Ignition temperature error baresept the random error of +5 K,
while fuel loading error bars represent the total estimated uncertainty.

Figure 4: Experimental ignition temperatures for the butanol isp=ieX=0.15 andk’=350 &
as a function of pressure. Ignition temperature error bars repteégerdandom error of £5 K,
while pressure error bars represent the total estimated uncertainty.

Figure 5: Demonstration of the effect of modifying the Lednlones transport parameters for
iso-/sec/tert-butanol and ¢intermediates related to the parent fuel breakdown in theh$aatat
al. [25] to the matching parameters listed in Merchatl. [23]. Conditions: P=3 atm and
k’=350 §'. Experimental data are also included for reference.

Figure 6: Comparison between experimental data and numerical tfesliausing the
SN/SI/SS/ST skeletal mechanisms as a function of pressurg=forL%,k'=350 .

Figure 7: Normalized (a) reaction rate and (b) binary diffusiemsisivity coefficients fom-
butanol computed at P=1 and 4 aki®350 &', X;=0.15 at the ignition turning point for the SN
skeletal mechanism.

Figure 8: Normalized (a) reaction rate and (b) binary diffusensitivity coefficients foiso-
butanol computed at P=1 and 4 akix350 §', X;=0.15 at the ignition turning point for the SI
skeletal mechanism.

Figure 9: Normalized (a) reaction rate and (b) binary diffusensitivity coefficients fosec
butanol computed at P=1 and 4 at%350 §', X;=0.15 at the ignition turning point for the SS
skeletal mechanism.

Figure 10: Normalized (a) reaction rate and (b) binary diffusemsitivity coefficients fotert-
butanol computed at P=1 and 4 aki%350 §', X;=0.15 at the ignition turning point for the ST
skeletal mechanism.

Figure 11: Spatially-integrated path analysis fiebutanol at P=1 atmk’=350 &', X;=0.15,
evaluated at the ignition turning point using the SN skeletal mechanism.

Figure 12: Spatially-integrated path analysis i§mbutanol at P=1 atrmk’=350 &', X;=0.15,
evaluated at the ignition turning point using the Sl skeletal mechanism.
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Figure 13: Spatially-integrated path analysis $esbutanol at P=1 atmk’=350 &', X;=0.15,
evaluated at the ignition turning point using the SS skeletal mechanism.

Figure 14: Spatially-integrated path analysis tient-butanol at P=1 atmk’=350 &', X;=0.15,
evaluated at the ignition turning point using the ST skeletahamsm. Pathways from the
hydroxybutyl radical under 4 atm conditions (in bold) are also included to illusifegeences at
elevated pressure, as discussed in Section 3.4.

Figure 15: Comparison between experimental data and numerical tjoreslicising the
MN/MS/MT skeletal mechanisms as a function of pressure f80.X5,k’=350 $'. Results from
the SN/SS/ST skeletal mechanisms are also included for comparison purposes.

Figure 16: Normalized (a) reaction rate and (b) binary diffusersitivity coefficients fom-
butanol computed at P=1 and 4 aki%350 §', X=0.15 at the ignition turning point for the MN
skeletal mechanism.

Figure 17: Normalized (a) reaction rate and (b) binary diffusemsigivity coefficients foisec
butanol computed at P=1 and 4 aki%350 §', X;=0.15 at the ignition turning point for the MS
skeletal mechanism.

Figure 18: Normalized (a) reaction rate and (b) binary diffusemsitivity coefficients fotert-
butanol computed at P=1 and 4 aki%350 $', X;=0.15 at the ignition turning point for the MT
skeletal mechanism.

Figure 19: Spatially-integrated path analysis at P=1 B850 $', X;=0.15, evaluated at the
ignition turning point (a) fom-butanol using the MN skeletal mechanism, (b) deebutanol
using the MS skeletal mechanism, and (c)téot-butanol using the MT skeletal mechanism. In
(c), some important pathways under 4 atm conditions (in bold) ardralsmled to illustrate
differences at elevated pressure, as discussed in Section 3.4.
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M echanism Number of Species Number of Reactions

Sarathy et al. (2012) 426 2335
Merchant et al. (2013) 372 8723
SN 126 832

Sl 149 953

SS 126 929

ST 84 543
MN 102 1904
MS 108 2197
MT 117 1755

Table 1
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