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Abstract

A recent chemical kinetic mechanism (Sarathy et al., 28&8¢ribing the low temperature
oxidation of n-butanol was investigated using both local afthbluncertainty and sensitivity
methods within the context of predicting ignition delayesnmin a rapid compression machine
(T=678-898 K¢ =0.5-2.Q P = 15 bar) and species profies in a jet stirred reactcer §00-
1150 K,$ =0.5-2.0, P= 10 atm) in order to determine the most important reactions drivin
the predictive uncertainty, and the constraints provided ebgxtperimental measurements. A
global sampling technique was employed for the determinadiopredictive uncertainties
and a high dimensional model representaton (HDMR) methad fwther utilized for the
calculation of global sensitivity indices following the apgtion of a linear screening method.
The calculated global sensttivity indices were used tatifggeand rank the rate parameters
driving the predicted uncertainties across the condiiondiedtu Predicted ignition delay
distributions spanning up to an order of magnitude indicatendbed for better quantification
of the most dominant reaction rate parameters. The cattuleseorder sensitivities from the
HDMR study show the main fuel hydrogen abstraction pathw#g OH as the major
contributors to the predicted uncertainties. Sensttivitiedicate that no individual rate
constant dominates uncertainties under any of the cosditgindied, and that the target
outputs are largely insensitive to the total rate of Oth w-C4HoOH. However, strong
constraints on the branching ratio for H abstraction by Ohkat &nd vy sites are provided by
the RCM measurementsin the JSR simulations, predicted rHGOH and CHO
concentration profiles at ¥ 800 K, were particularly sensitive to H abstraction reacty
HO:2 from thea site. Although abstraction by OH from thesite plays an important role for
predicted n-GHoOH profies at higher temperatures, in general, bettertraamsis provided
on the n-GHyOH + HO, abstraction rate by the measured concentration profiesCalfie©H
and CHO at lower temperatures than for abstraction by OH.

Keywords: n-butanol; ignition delays; rapid compression machine; glskeabtivity;

uncertainty guantification



1.0 Introduction

Due to the need to address issues related to clmategechifuere is interest in seeking fuels
which may be generated from renewable sources includerg lﬁiomassljll]. Alcohols such
as methanol, ethanol and butanol are being projected afactaty fuels that could be

produced from renewable sources, and used successfully mithinal combustion engines.

Alcohols, along with other oxygenated fuels, have been showmave the potential to

improve engine performance and emissions because of sotheirotinique physical and

chemical properties| [214]. There is presently some supporbifebutanol as a potential

replacement for ethanol in spark ignition (SI) and commnesignition (Cl) engines due to
several advantages. Its higher heating value combingdd higher stoichiometric air-fuel
ratio, alow higher blending levels of butanol in gasolinantitan be achieved for ethanol
without changing regulations, engine control systems, dstdoution networks. Moreover,
butanol has a lower latent heat of vaporization thannethseducing issues with fuel
atomization and combustion during cold sﬁt [5]. It is Emsosive and less prone to water
absorption than ethanol, allowing it to be transported usingngxigiel pipelines. It also has
a higher cetane number than ethanol, lower vapour pressoni&r viscosity to diesel and

improved miscibility in diese‘]G].

Experimental testing of bio-butanol in Sl and CI engines $hown promise. However, a
detailed investigation and understanding of the behaviothisohew fuel in real engines can

be greatly assisted through modelli@, particularly to improve our understanding of the

key kinetic processes that drive combustion over a rangenpieratures and pressures. In
order to accurately reproduce the combustion and emissiaractéristics of the target fuel
during the simulation of Sl and CI engines, accurate reli@ble detaled chemical kinetic
models of fuel oxidaton are needed. Whie the combustionmistng of common
hydrocarbon fuels such as ethanol and dimethyl ether aréatiuedy relatvely well

understood, chemical kinetic modelling studies of the larigphals like the butanol isomers

at temperature and pressure conditions of relevance engfiee are limited| [10-12].

A number of recent studies addressing the chemical cin@bdeling of bio-butanol

combustion have been performg¢d [13-19]. Most of the mecharawsloped to date focus

on high temperature (T>1000 K) reaction classes and have ewspecifically designed for
application to the prediction of ignition behaviour at lowemperatures. However recently,
Sarathy et aI] proposed a detailed reaction mechanisinindh@es both low and high
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temperature reaction pathways for the four isomers of dutauith reaction rate parameters
determined from experimental data, ab initio studies andnatstns based on bond

dissociation energies. For certain key reactions, modiatito rate constants were made
(within parameter uncertainties) as part of the vadidatstudy of], in order to improve

agreement with experimental data.

The current work is fundamentally driven by the seaochafsuitable describing n-butanol
oxidation for subsequent simulations of n-butanol combustio€lirand Sl engines. The
detailed chemical kinetic scheme of n-butanol proposed by $arati. ] is investigated
in botharapid compression machine (RCM) and a jet stirred rea@®t) \@ith ignition delays
and concentrations profiles of key species respectivelyinigrithe set of predictive targets.
The predictive capabilty of the Sarathy mechanism, imdeof its abilty to accurately
reproduce the low temperature properties (auto-ignition @edies concentrations) of n-
butanol is investigated by comparing predicted data from gsiowda with measured
experimental data ovexrtemperature range of678-898 K, an equivalence ratio range of
¢ =0.5-2.0, at pressures of 15 and 30 bar.

Kinetic models of complicated fuels are usualy made uparfe Iset of elementary reactions
which are quantitatively described by rate parametersttemthodynamic and transport data
for the species. A large number of the rate parametersbgrnecessity, determined using
semi-empirical estimation approaches (e.g. group addiivigthods) because of the
difficulties associated with the experimental measuremaisuch large numbers of rate
parameters. This however has the disadvantage of pojemtitiducing large uncertainties
in the determined parameter values and therefore the msdaeWhoIe]. As a result, even
if valdated against a range of target experimental deta using more fundamental
combustion apparatuses (such as RCMs, JSRs, premixed asibwulifflames etc.), a model
could easily fail when utiisd under practical engine conditions that are outside ahger in

which it is validated or constrained.

Although local sensitivity methods have been appled to thenblutscheme in previous
modelling work ]for importance ranking of key reactions, isdwt however account
for the impact of the inherent uncertainties in the in@ie parameters on the predictive
uncertainties. On the other hand, global uncertainty anditiggy methods provide an

understanding of the predictive output uncertainties ab &g details on their main
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contributing parameters, even where the relationships eetwiee input parameters and
predicted target output are highly nonline [20]. In additeimce they are based on
estimating the contribution of uncertainties to predictvariance, selecting particular
experimental observations as predictive targets allows usiee of global sensitivities in
exploring the extent to which a particular observable canreem&ey parameters. Therefore,
the sensttivity of predicted ignition delays within anNR@nd species concentratiomsa JSR

to possible uncertainties within the input data of thetikinecheme (in this case, rate
parameters) is investigated here via global uncertaamy senstivity analyses in order to
evaluate the constraints provided by different experimesidups on the key reaction rate
parameters i.e. to what extent experimental observableshaanto narrow the range of

uncertainty for the sensitive input parameters.

2.0 M ethodology

The Sarathy n-butanol mechanism was used as the baglsefsimulations of both RCM
ignition delays and species profies within a JSR. A loeabigvity analysis was first used to
screen for important reactions for the conditions studied @edbeted group of key reactions
was then used within the global analysis. Forthe globartantty analysis, a global sampling
method was used to vary parameters within uncertaintis liproposed in the study based on
available data for each reaction. Variance based methods tven used to propose
uncertainties for predicted targets and these were codnpeitie measured data from the
literature. Global sensitivity methods were subsequentlyl is@entify the main reactions
contributing to the predicted output variance and thereforexpre the chemical pathways

driving the observed responses.

2.1 Ignition delay modelling in RCM s

The Cantera software lbraries (version 2. [22] were witboh the Python environment
to numerically model the n-butanol fuelled RCM in linehwihe experimental conditons and
data given by Weber et ﬂZB] and recent data obtained therRCM in Leeds. The RCM
used by Weber et al. has been described in detﬂ [24]e lexperimental setuEIZ3], n-
butanol/Q/N2 mixtures were investigated over a compressed tempenatoge of 679-925
K, compressed pressures of 15 and 30 barsatf 0.5, 1.0 and 2.0. The modeling approach
adopted here is in line with that of Weber et [23], mclv both compression and post
compression events are accounted for. Volume traces witiehemtly account for the heat

losses during both compression and post compression effectssedrasiinput into the auto-

4



ignition simulations. According t@3], the volume tradesthe full event were determined
from the measured pressure trace of the non-reactiverireepe using the isentropic core
relations and temperature-dependent mixture specific ragas. The volume profles were
implemented during each time step using a python-based subrobtained from the GitHub
account of Webe5] alongside an in-house Cantera basbtidd@@e. The volume traces
used in this study are available fr[26].

2.2 Definition of ignition delay

The computed ignition delay time is defined as the fimen the end of compression (at top
dead centre, TDC) to the point of maximum rate of pressur<€mim(‘“D /dt)>'

Appropriate tolerance criteria were chosen to ensurecieuffiy stable and well converged

solutions for the chosen kinetic scheme.
2.3 Species concentration modelling in the JSR

The modelling of the JSR was also performed within theoRy#nvironment using Cantera
set of libraries according to the experimental spec#icanf Dagaut et a4] at10 atm,
T=2800-1150 K and = 0.5-2.0. The JSR set up fuly describe [14], is compriseal 4of
cm diameter sphere constructed from fused siica to retheceeffect of wall catalytic
reactions and supplied with four 1 mm internal diameterle®zwhich helps to admit the
gases and at the same time facilitate the mixing eogses with the reactants. The JSR was
chosen for the study because of its relevance in fundaiinetics and its capacity for
investigating fuel effects within the low temperatusad intermediate temperature regime.
The aim was to determine whether it provided a differe nbfsatnstraints on the mechanism
when compared to low temperature ignition delays. Moreover,simplicity of the JSR
model, which typically, makes it possible to attain high devaf homogeneity in the reactor
during the steady state experiments, makes it computiyiofessible when coupled with
global sampling techniques even when the sample size cegsiré the order of many

thousands.

For the sensttivity analysis of the JSR simulations,omstant residence time of 1.7 s was
employed at a constant pressure of 10 atm,¢andl with an inttial temperature of 800 K
which was increased stepwise by 30 K. A time step of 0.2 s waslutilieegside appropriate

tolerance Imits in order to attain convergence to stesiahg. In the context of uncertainty



and global sensttivity analysis, only the predicted steady stale fractions of species carbon
monoxide (CO)and formaldehyde (&®) are considered for further investigation because of

their key role as polutants along with the parent fu€shisOH.

24 Chemical kinetic model

The mechanism adopted is the recent butanol mechanism, pioipo. The kinetic

model, containing 426 species and 2335 mainly reversible reach@ssconstructed based
on the 1-butanol kinetic scheme 16] by upgrading the mexha with the primary

reactions of tert-butanol, 2-butanol, and iso-butanol ancdektdical reactions.

Calculations of rate coefficients for pressure dependeattioas were achieved within
Cantera using both the Troe formulati[22] and interpolatbased on the PLOG approach
depending on the requirements of the scheme. Using theGPa@proach, Arrhenius

expressions are given at particular pressures and logarithi@rpolation is used for pressures
in between].

2.5 Screening approach

Since only a few key reactions are likely to greatjudnice the accuracy of the predicted
targets, computational time can be saved if these remci@identified for inclusion in global
sensttivity analysis, whist parameters of low sensgivdire retained at their nominal values.
This allows for smaller sample sizes to be used without comgirgmthe sparsity of the input
space. A screening approach based on the brute force locaVisensethod was therefore
performed for a range of conditions 23] to identify the kesctions that influence the
ignition delay at compressed (TDC) conditions of 15 bar,6¥8-898 K andp = 0.5-2.0 and
the predicted species concentration profles at a pres$d@ atm, for T = 800-1150 K and
¢ = 0.5-2.0. The sensttivity of the target output to each mradti the kinetic model was
calculated based on 30 % increase of the reaction ratesheimméminal value. Normalised
changes to the target quantity were then calculatedi based on a threshold of senstivity
coefficient S; > 2%, a total of 40 reactions were screened for the RCM studyb@uifor the
JSR. Both set of reactions were then taken forward fdwefuranalysis by global uncertainty
and sensitivity methods. The set of screened reactionghainchormalised local sensitivity

indices for selected condttions are presented in section 3.2.



2.6 Global uncertainty and sensitivity analysis

In the global approach, the uncertainty in the selected mprameters is propagated though
the model using global samplng in order to provide distributiand therefore uncertainties
on the predicted ignition delays and species concentratBladal sensttivity analysis is then
performed in order to rank the contribution of each parametbe verall output uncertainty,
represented by the output sample variance. The globalivsgnsibethod allows one to be
able to investigate the impact of model input parametersréacfion rates) across their entire

uncertainty range and also to account for the effect r@inpeter interactions.

Prior to performing global uncertainty and sensitivity asigly uncertainty factors (Gwere

assigned to each of the screened reactions based on valuesedvan the reviews of reviews
of Baulch [[27-29] and Tsang and co-work, 31] where aleaildor reactions without
evaluated uncertainties, data available on Nationaltutest of Standard and Technology

(NIST) webstte representing several studies was emplayestimate the uncertainty of the
input parameter. In situations where there were noaieakis and sufficient studies within
NIST (experimental or theoretical) to determine the miacey of in the rate of a specific
reaction from the spread of data, an uncertainty facta2 whs chosen for the sensitivity
calculations. An uncertainty factor of 2 was specificadhosen for the RCM study as higher
uncertainties resultted in situations where the modkhati producenignition event or would
produce ignition during compression. A factor of 2 may be opitimisr reactions with rates
determined by theory, group additivity or estimation, but thaltsesvil show that it already

leads to quite large uncertainties within the predictagets.

The global technique employed here is buit around a sampipyoach in which many
simulations are carried out with samples covering theeembmain of the defined input space.
A low discrepancy sampling sequenc&olol’s quasi-random sequence) is employed because
of its ability to converge faster (in terms of output mead variance) compared to standard
Monte Carlo random sampling. The Sobol’ sequence represents a set of quasi-random
numbers between 0 and 1 generated for each of the selectedanpineters across the chosen
sample size N. This sequence is then used to createpde saf rate parameters within the
uncertainty range (#Gi, Gi x ki) which is uniform in the space of logixkwhere kis the
orignal rate parameter in the schemgGikis the lower limit and Gx ki is the upper limit.
The log rate constants within the chosen uncertaintgerare uniformly distributed, as they

have been assumed to have equal probabiity of being thel sater parameter value. This
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approach is fairly typical for schemes with estimated petens since insufficient information

is available to take a probabilistic approach.

Folowing the sampling and performance of model runs, ther@eed to estimate the global
sensitivity index - a factor that gives an indication tleé importance ranking of input
parameters that contribute most to the variance in thdighed output. Surface response
methods (SRMs), are commonly employed to investigate ttonship between the input
and output distributionsﬂs]. In the SRM method based on diigkensional model
representatons (HDMR) employed here, the sensttivitycasdiare calculated using a
functional meta-model fitted to sample input-output didiidns that is based on the quasi-
random sample (QRS) of ful model runs. The accuracy ofc#ieulated sensttivities is
dependent on the accuracy of the constructed meta-modéd whitirn is a function of the
sample size, the fitting approach used in constructing éta-model and the complexity of
the surface responﬂSZ]. A total sample size of N = 256 wdsfarséhe uncertainty study
(in order to estimate uncertainties on predicted targettii a sample size N ranging from
2048-4096 was used for the QRS-HDMR study in order to obtain aaechliDMR meta-
model fits based on up to ®Oorder orthonormal polynomials and a coefiicient of
determination R> 90% for ignition delay predictions. A full description of RRS-HDMR

method can be found 4].

3.0 Resultsand Discussion
3.1 Comparison of model predictions with experimental data
3.1.1 RCM studies
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Figure 1 shows a compamsmf predicted gntion delays with the data from Weber et al.
for a compressd pressue of 15 bar, T =678 925 K and$ = 0.5 -2.0. In common with
Saathy et al. and Webr et al. ,], we find that the RCM data is predicted a
ressonalie level of accuracy aaoss the etire equiakerce ratio range. However, under rich
conditons the modébk over-prediction of the ignitionethy data could be over ador of 5
for the low temperater region (i.e. T < 700K). Under siohionetric conditors, at a higter
pressue of 30 lar (Fig. 2, which is above the pressurange & which the modl was
condrained by ignitimn delys, the moel over-predicts the Wedp data by adcor of about
2 aqoss a major part of the temperaturange. In addition, the daease in ignitian delys
when pressure is iressed from 15 to 30 bais under-represented by the model.islitalo
apparenfrom Figs. 1 and 2 #t n-buanol does not exhibit the wkknown two-dage,

NTC behaviour cononly seen for liear akares and shown for DME ignition elys n our

previous wor].
3.1.2 Jet stirred reactor (JSR) studies

Figure 3 reveals how the experimental species mole fractioeasured in the JSR compare
with the predicted species profles using the mechanisrﬁaczfthy] ab =1 and P=10

atm. Simiar to reported i4],ar\see that the predicted species concentrations of CO and
CH0O are in very good agreement with the measured profiges® a major part of the
temperature range except for temperatures below 830 K wienaadel significantly over
predicts the experimental values up to a factor of 9 for C@dmdCHO. n-butanol species
profles were predicted reasonably well in the temperatange 800 - 920 K but not at higher
temperatures (above 920 K) where the model displayed higheds lef reactivity compared

to the measured data. In general, the model prediction qketlle point for the three species
considered in the study is very good. The possible causée discrepancies between the

simulations and experimental data wil be discussed fumthéte subsequent sections.
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3.2 Local sensitivity analysis
3.2.1 RCM analysis

Local sensttivity analysis employing the brute force methoas werformed within the
framework of ignttion delay prediction in the n-butanol &&lIRCM for a range of conditions
across T =678 898 K,p = 0.5 -2.0 and P = 15 bar. The results are ilustrated in Fig. 4 for
15 of the most sensitive reactions at T= 72% kK1 and P =15 bar. The results show that
the most senstitive reactions at low to intermediatepaeatures are the branching fractions
of the main fuel H abstraction reactions @l with the abstraction from the o—carbon site
playing the most dominant role in agreement with the &wperature analysis 35].

11



The o—hydroxybutyl radical formed via hydrogen abstraction from dheite reacts very
quickly with oxygen to produce butanal (3f@CHO). This reaction route which has a similar
sensttivity to the OH abstraction route from {h&ite, is similar to the termination (inhibiting)
step in the low temperature oxidation of alkanes leading tibth@tion of alkenes and HO
radicals that compete with the isomerisation and cha&nching reactions by direct
elimination from RQ. As reported i], the current rate parameterisatiorisfreaction
(1-hydroxybutyl + @ =n-CsH7CHO + HQ) is based on the theoretical evaluation of Silva
and Bozzelli ] and is majorly responsible for the very sieactivity exhibited by the
model across the low temperature range (Figs. 1 and 2) dgpeoadér rich conditions and
at high pressure. Figure 5 shows the plot of the normaliseal sensitivities for 20 of the
most dominant reactions at=T814 K, P =15 bar andl = 0.5 alongside the sensitivities of
the same reactions &t= 898 K. Fgure 5 clearly indicates that as temperature is ineckas
the reactions of n-£HyOH + HOz and HO2 become more important in terms of the accurate
prediction of auto-ignitionin the high temperature region. This is in agreemertt thé local
sensttivity result of] where the fuel specific rEat of n-GHoOH + HO2 = H202 +
C4HsOH-1 and HO2 = 20H were both identified as the reactions with the mflsence on
ignition delays at higher temperatures (above 1000 K).

CH,O+OH [=] HCO+H,0 3
C,H,0H-10, [=C,H,OH1-1
n-C,H,CHO+HO, [=] n-C,H,CO+H,0, 7
C,H,0H-30,=C,H,0H-300H-1 7
C,H,0H-40,=C,H,OH-400H-2 IZ
C,H,0H-300H-1+0,=n-c KET13+HO,
C,H,0H-300H-1+0,=C,H.OH-300H-10, %

T

n-C,H,OH+OH=C, H,OH-4+H,0
HO,+HO,=H,0,+0,
n-C,H,0H+HO,=C,H,0H-1+H,0,
C,H,0H-1+0,=C,H,0H-10, v
n-C,H,OH+OH=C, H,OH-3+H,0 %
C,HOH-1+0,=n-C,H,CHO+HO, 7
n-C,H,OH+OH=C,H,0OH-1+H,0 Zi
r T

1
-1.0 -0.5 0.0 0.5 1.0

normalised local sensitivity index at T =725 K

Fig. 4: Normalised local sensitivity analysis for predickeg (igntion delay) of n-
butanolair mixtures at P =15 bar, T = 725 K anrd
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n-C,H,0H+OH=C,H,0H-4+H,0 )
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HO,+HO,=H,0,+0
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2

2

Fig. 5: Result of local sensttivity analysis for predicted (ignition delay) of n-butanol/air
mixtures at P = 15 bar, T =814 Kand 898 K &nd0.5

3.2.2 JSR analysis

Figure 6 shows the normalised local sensitivity indices tiier frst 20 most important
reactions influencing the predicted concentration profies-C4HoOH, CHO and CO at 830
K. While the high temperature decomposition reaction AH(H202 (+M) = OH +OH)is
found to dominate the predicted concentration profies ofhitee tchosen species at 830 K,
H abstraction reactions from theandy sites of n-GHyOH alongside reactions involving HO
(N-C4H9OH + HOz = C4HOH-1 + H202, HO2 + HO2 = H202 + O2) are also found here to
play key roles in the prediction of nzEB9OH and CO. Interestingly, the H abstraction
reactions, particularly the ones from taecarbon site are also the ones that dominated the
predicted ignition delay times within the RCM. In terrof the predicted formalde hyde
concentrations, the H abstraction reactions fromythel 6 site alongside reactions involving

CH20 and HQ are among the most important reactions at 830 K.

13



H,0,+H=H,0+OH g
n-C,H,OH+OH=C H,OH-4+H,0 o
CH;CHO+H02:4CI:3CO+H;)Z := CH,0
H,0,+OH=H,0+HO, = [ Jco
HO,+HO,=H,0,+0, = I n-C,H,OH
n-C,H,CHO+HO,=n-C,H,CO+H,0, @_
C,H,CHO+HO,=C,H,CO+H,0, =
C,H,0H1-4=C,H_+PC,H,OH e
H202+20l-3|:H202+1l‘-|OZ m:
C,H,+0,=CH,CHO+O E_
HO,+OH=H,0+0, e
CH,0+0OH=HCO+H,0
CH,0+HO,=HCO+H,0,
CH,+HO,=CH,0+0OH
CH,+HO,=CH,+0, ; :
n-C,H,OH+OH=C,H,0H-3+H,0
n-C,H,;0H+HO,=C,H,0H-1+H,0, [ '
HO,+HO,=H,0,+0, !
n-C,H,0H+OH=C,H,OH-1+H,0
H,0,(+M)=OH+OH(+M) . ' .
-1.0 -0.5 0.0 0.5 1.0

normalised local sensitivity index for predicted species profiles at T = 830 K

Fig. 6 Result of local sensttivity analysis for predicted spepiedles of n-butanolair
mixtures at P = 10 bar, T = 830 K apid-1

3.3 Uncertainty study
3.3.1 RCM analysis

Figure 7 shows the predicted ignition delay distributionssebaon the propagated
uncertainties in the model for the casepofl,at P =15 bar, and T = 725 - 839 K. Althgh
the original moedl appeas to predict the ignitim dely data quite well at logy temperatues,
with the experimental values close to the median of tbdigted distribution, urcetainties
in the predicted ignitin delys are quitdarge in this region; upo atleast plus ominus om
order of maghude. At hjher temperatures, thagreement at nonaih paramegr values is less
good, althoug the predicted uncertainty distributions are much smallgrtd about 50%
less) and the experimental \edule close to the mean predictions. Overal, within the
suggestedurcetainties for the model, theras agreement with the experimentsraas the
tempeature range. The large urcetainties in predcted delys especially at the lower
temperature region do however, indicate teedfor a moreacarate knovedge of the
dominant rate parameters in the scheme & scheme werdo be reliaby utlised for auto-
ignition predictiors urder real engne conditios. Particular focussioud be paid to
temperature dependencies of the rate pararsetdfia a glokal senstivity study we can
determine whio parameters contribute most to these predictive unceewinecongl we
can determie how the experimental essurements constrain these par@mseurder the

different conditions stust.
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The differences in the location of the mean and mediatheofredicted output also
reveal that the data represents a non-Gaussian distnbufigure 8 shows a typical
distribution of the predicted log ignition delays at T = 78@nd¢ = 1 for the 256 runs
from the quasi-random sample. The data is skewed to thevitlefta tail and conforms
more to a lognormal distribution rather than a normal distwbu This means that ia
low number of samples very short ignition delays are pestiieading to the whiskers
and outliers of the data set shown in Fig. 7. Such tads ofien an indication of
interactions between parameters driving large variahiiitthe predicted targets. On the
face of it, the predicted output uncertainties shown in Figeem large, particularly
since they are based on input uncertainties of no grélaaer a factor of 2 (see
supplementary materjalin many cases. The reason is that within the sampliegare/
alowing each rate parameter to vary across its wholgeramthout assuming any
correlations between input data. The prediction of ignitionydetastrongly influe nced
by the relative rates that lead to chain branching compar¢hose that lead to chain
propagation or termination. Therefore the relative ratetheoH abstraction from the
fuel at different sites are likely to be influential ahdompeting reaction channels are
alowed to vary across their whole range, tails in theliped distribution of target
outputs such as ignition delays may result from thanpgaiof extreme values of the
input parameters for the competing channels. This point lvell further discussed

folowing the presentation of the global sensttivity indig@ghe next section.
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Fig 8: Typical distribution of predicted log (ignition delays)) at T=787 Kand =1
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3.3.2 JSR analysis

Figure 3 also presesd the predicted distribution of the concentration profilesC6f, CHO
and n-GHyOHfrom the JSR study, while incorporating the uncertaintéthe most dominant
input parameters in the simulations, superimposed on theteckdingle profles of the same
species. Figure 3 shows that for CO and2GHhe experimental data fall close to the mean
of the predicted output distributions except for the lower teriyeraegion (T < 860K) where
the experimental data lie within the2percentie of the predicted output distributions. For
n-butanol, the experimental data is close to thé F&rcentile for most of the temperature
range. In terms of the uncertainty quantification, piredicted uncertainty distributions for
CO and CHO are quite small at temperatures above 860 K where thel nsoge good
agreement with the measured data but could be up to two a@fdmagnitude at the lower
temperature of 800 K. For n-butanol, the predicted uncertaintsibditns are largest at the
higher temperatures and are within one order of magnitinieghe next section, a global
sensitivity approach is employed alongside the HDMR methodetdify the key reactions

driving the predicted output uncertainties.

3.4 Global sensitivity study
3.4.1 RCM analysis

Figure 9 shows the main frst-order sensttivities indi€esalculated in the HDMR study. The

shading for each of the selected reactions is shown olgbed. If all the variance in the

predicted output was accounted for by the individual effecesach parameter, then the sum
of the $would be 1 (equivalent to 100% of the variance). The selectetionsaare the seven

most important reactions influencing the predicted n-butamiioin delay and account for

over 85 % of the variance, highlighting that theamainties are dominated by the first-ard

effects of ys a few reactions.
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C4HsOH-3 + HO,P =15barp =1, T=725K

For the stoichiometric conditons studied, the branchingtidras of fuel + OH hydrogen

abstraction reactions dominate the predicted uncertaiatiesss the entire temperature range

(.e. low-intermediate temperaturesfhe H atom abstraction reaction from the a site of n-

butanol by OH was also identified in a recent paper by Wesbroaik] as being mainly
responsible for the octane sensitivity (OS) behaviour oftarbli According to], the
chemical structure of n-butanol in which the OH group istiposd on the first carbon, is a
form of electron delocalisation which allows the tedasion from the a-site by OH to be
relatively faster. The hydroxybutyl radicals produced as u re$ the main fuel oxidation
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reactions are consumed via two different type of reactidchwpgs - one is the oxygen
addition reaction (a-hydroxybutyl + Q) leading to the formation of the peroxy radical grO
that drives auto-ignition, and the other is the ternamatstep that inhibits auto-ignition due
to the formation of H@. Although it is well known that the isomerisation reactafithe RO
dominates auto-ignition chemistry in general low-tempeea mechanisms, the dominance of
the main fuel hydrogen abstraction reactions is asult rekits key role in determining the
amount of fuel that goes to the termination steps comparbadhait much is available for the
chain branching and propagation steps. The contribution frenHthbstraction reactions
however diminishes with increasing in temperature wtdatributions from HQ@ chemistry

and formation route for ¥0. become more significant.

The sensttivities highlight that constraints on thectiea rate coefficients for the H
abstraction reactions by OH are better provided by ignitiolaysleat stoichiometric lower
temperature conditions since their uncertainties otokgri to a larger percentage of the
predictive variance. However, no single rate constant dsjnawith the two main H
abstractions from thex and y sites showing first-order sensitivities of 0.32 and 0.29
respectively. This means that a wide range of chosercaaistants for these reactions could
reproduce the experimental ignition delays with reasonabturacy. Figure 10 shows the
HDMR component functions which highlight the individual pesse of the predicted targets
to changes in the A-factor for these reactions. The mlztds in these figures represent the
individual responses from the quasi random sample whereaieh(component function)
llustrates the individual effect of the chosen parameliea single parameter dominated
uncertainties in the output, then there would be no scditaut the line in such a plot and the
sensitivity index for the parameter would be close to 1. In autdse the experimental target
could be used to fully constrain the input parameters, dgast to within the accuracy
provided by the experimental measurement. However, what we &bigh degree of scatter
about the component function, indicating a strong influefrm@ the uncertainties in the other
selected input parameters. The measured log ignition deday experiments under the
conditons shown in Fig 10 is just below 1.5. Hence it can be ¢ any value of the A-
factor can be selected for one of the abstraction ratas w#hrange of uncertainty as long as
the other is selected accordingly. Measured ignition diglamgs therefore offer only weak

constraints on the abstraction rates from the individuas. si
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Sarathy et al. rep02] discrepancies between the b stiidies for abstraction from the

a site between the studies of Zhou e [38] and Zador IatﬁB@idopted the temperature
dependence 09] to give better agreement with expeainelata. H abstraction from the

y site is critical to correctly determining the amount of chain branching which drives low
temperature auto-ignition. The rate constant for ta@ction was however, subject to large
discrepancies betweeﬂSS] avEI[39] and hence corrections mede in]. The low
temperature ignition delays @t = 1 provide some constraints on this reaction channel

(§=0.29) but there is stil alarge influence of uncertainiiesther key rates (Fig. 10b).

However, if we plot predicted log ignition delay against adest ratio of the log reaction rates
for these main abstraatis reactions from the o and y sites, leading to £4sOH-1 + HO and
C4HsOH-3 + HO respectively, we see an almost linear relationship (Fig.with the scatter
resulting from uncertainties in the other main reactiistied in Fig. 9. The sensitivity index
for this branching ratio is 0.7 i.e. twice that for the indmitl rates. On the contrary the
sensitivity index for the sum of reaction rates for Hraosion by OH is <0.1. The analysis
therefore demonstrates that ignition delay measurememaside much stronger constraints
on the branching ratio than on the overall rate constarthis reaction class; or conversely,
that the prediction of ignition delays is largely insgves to the total reaction rate of n-butanol
with OH. A recent study by Pang et Ep@}ovides rate constant for the overall reaction
between n-butanol and OH in the higher temperature rg@00 -1200 K) but does not
present any information on the branching ratios for tHerelift abstraction sites. Athough
the overal rate constant for OH + n-Butanol was measurdéahg to within an accuracy of
20 %, it is important to stress here, that based on the¢ oddble global sensitivity analysis
obtained in this study, accurate measurements of theréatetion rate of the parent fuel with
OH do not provide sufficient data to accurately determingetaoutputs such as ignition
delays. In addition, there is stil scatter in Fig. 11 duthé influence of uncertainties in other
channels such as RtOAt lower temperatures and richer condition$ £ 2), where
discrepancies between model and experiment were seen i, RgQ reactions are equally
as important as H abstraction (Fig. 9). The reaction to formdttd@. is included as a high
temperature pathway iEIlZ] but actually shows a highensitivity at low temperature rich

conditions.
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3.4.2 JSR analysis

Figures 12 and 13 show the main global sensitivity indaesined from the HDMR analysis
for the simulated JSR data. Sensitivity coefficients wetenated in the HDMR analysis
based on simulations involving 2048 samples. Results showgsin 2 and 13 represent the
first-order sensitivity coeffcients for the 10 most importargactions influencing the
predicted uncertainties for naBsOH andCH20O at two selected temperature points (800 K
and 830 K) where the model displayed a very high level ofefisocy in terms of the
predicted species profies. Interestingly, these are alsertigetature points that overlap with
the temperature conditions studied in the RCM. The sdldete key reactions account for
about 55-70% of the overall predicted variance, with kh@bstraction reaction by HO
leading to formation of @HsOH and HO:2 (contributing over 30 %) dominating the
uncertainties in both n4ElsOH and CHO profiles at 800 K. This same abstraction route for
n-C4H9OH + HO, was found to be the most dominant reactiorlﬁl [12] in terntiseoifnition
delay sensttivity at 800 K, anpl= 1 but this was at a much lower pressure of 1 atm. In the
HDMR analysis of predicted ignition delay times (Fig. &er 85% of the uncertainties were
accounted for by only seven reactions, with H abstractiorOBydominating across the

temperature range in contrast to mHEOH + HO; as found in the case of the JSR. Heufer et
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al. | suggested the use of estimated rate coefficients-butanol + HQ@ based on alkanes,
and this could be the reason for the large discrepanciesedretive predicted target outputs
and measured data. According to He [35], the curremmederisation of this rate is still
very poor as variation of the rate coefficients for t#sme reaction in the mechanisms of
Black and Mos?] can be up to a factor of 20, suggestingeeefor more detailed and
accurate studies of this reaction across a wide rangempleratures and pressures in order

improve on the level of agreement with experimental data.

As T increases to 830 K, the contribution from abstractiotd®y diminishes in importance
while abstraction reactions by OH become more significantindted by abstraction from
the a site. This sensitivity behaviour is in agreement Witk results of local senstivity
analysis carried out i4] where H-abstraction reagtiog OH from theo andy carbons
were captured as the reactions for which n-butanol coatens are most sensitive at high
temperatures T(= 1050 K). The sensttivities demonstrate as wel that H aisttafrom the

o site is not important at high temperatures for the predicted distribution of CGB
concentrations, but the reactions of £LH+ OH and H abstraction from the J site are
significant contributors. It is also clear from the HDMRudy that no single reaction
dominates the uncertainties at higher temperaturesosis ohthe key reactions are equally
significant. A stronger level of constraint is howeveovated by the measured species
profles of n-GHyOH and CHO on the n-GHyOH + HO; abstraction rate at the lower

temperature given their estimated sensttivities of 0.34 andr@spgctively.
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Fig. 12: Main first-order sensitvity indices for simukten-CGHoOH species profiles with
respect to reaction rates at selected temperatures andemlsBs 10 atm. (Left) Sensitivity

coefficients (Right) legend
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Fig. 13: Main first-order sensitivity indices for simuthteCHO species profiles with respect
to reaction rates at selected temperatures and pressupe =40 atm. (Left) Sensitivity

coeficients (Right) legend

Figure 14 shows the three most importéirst-order component functions with respect to n-
butanol concentrations, and gives an overview of theomdditip existing between #einput
parameters and the predicted output. In each case showndtie point on the x-axis (0.5)
represents the current nominal value of the A-facted us the model. Firstly, we can sae
nonlinear response to changes in the rate of al thyeloden abstraction reactions
demonstrating the need ¢ompute the model’s sensitivities across the entire range of input
uncertainties rather than just at the nominal valseseen in local sensitivity analysis. For
example in the local sensitivity method employed here pritihe global sensitivity analysis
the reaction of EO2 + (M) = OH + OH + (M) was captured as the most dominant reaction a
800 K across all target species but here in the HDMR sisaffrigs. 12 and 13), the reactions
a-N-C4HoOH + HO2, a-n-C4H9OH + OH andy-n-C4HyOH + OH are more dominant. From
Fig. 14b and Fig. 14c, we can see that the gradients at theahanpiut rate for the reactions
indicated are less steep (indicating low sensttivity) coetb#w in the upper part of thenput
range. The same is true foe® + (M) = OH + OH + (M) (Fig. 14d) and this is one reason

that local sensitivity indices, computed using the nominadmeter values can be misleading.
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Another reason is that the local method does not accoutitefategree of uncertainty in the
parameters and so does not represent the contribution ofunpettainties to the output
variance. The response of the predicted n-butanol mole fiadiibthe n-butanol abstraction
reaction by HQ is strongly negative across the entire input unceytarange (Fig 14a)
indicating that a decrease in this rate could potentiathd ko better agreement of the model
output with measured data but this is still subject éoitfuence of the uncertainty in the
other rate parameters in the system. As the rate @fitbizaction reaction by HGs reduced,
the impact uncertainties in other reaction rates imudhe branching fractions of naByOH

+ OH increases, as indicated by the broadening of the scatter

The functional relationship between the abstraction iogact n-CHsOH+ OH from the o
and vy site (Fig 14b and 14c) shows a strong negative response at the pgpef the input
space but the effect saturates at the lower half, tmlicathat adopting different rate
parameters outside the nominal rate for these charsaldkely to reduce the discrepancy
between the model and the measured data. It was showctions3.4.1 that ignition delay
measurements provide much stronger constraints on thehibgarratio than on the overall
rate or individual rate constant for this set of abstracteactions. The first-order sensttivity
component functions with respect to formaldehyde mole fractein800K are presented in
Fig. 15 for the abstraction reaction of n-butanol +2ld@d n-butanol + OH abstraction from
the y site. A nonlinear response is also observed in both cases siwildrat involving n-
butanol mole fractions but in this case, the response foramddut HQ is positive for most
of the lower uncertainty range and slightly negativahatupper end. Also, the contribution
from the other important parameters to the predicted umtgrtband decreases drastically
across the upper part of the input range as indicatedelyatirowing of the scatter. For the
abstraction reaction of n-butanol + OH (Fig 15b), a very low gradieseen at the lower end
indicating low sensttivity but the response becomes sligbtipnger as we move from the
lower part of the input range to the upper part. The expetai¢ measured log oEH0O
mole fraction is around -4.52 and looking at Fig. 15b, theafatee abstraction reactiom-n-
butanol + HQ would have to be in the lower part of the input parametegeran order to
bring the model’s prediction in close agreement with the measured dats. 3Jihggests that
in this case, the formaldehyde species concentration ree@ss help to narrow the range
of uncertainty for the input parameter i.e. to constrainrtiber. This was not the case for the
n-butanol concentration measurements and highlightsutility of measuring important

intermediates such as formaldehyde.
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Fig. 15 First-order component function (solid line) of simulated s®eprofle and scatter at
800K, sensitivity ofCH,Oto changes in reactiora) n-C4HyOH + HO, = C4H80OH-1 + HO, b)
n-C4H9OH + OH = GHgOH-3 + KO

At a higher temperature of 830 K, the prediction of #46OH and CHO is relatively less
sensitive to the abstraction reaction by H®@t 830 K, n-butanol mole fraction is most
sensitive to the abstraction reaction by OH fromytege (Fig. 16awhie CH.O mole fracton

is driven mainly by the reaction of GB + OH (Fig. 16b). The reacton G& + OH was
found to be the most influential reaction contributing about¥dl@ the variance in the
predicted mole fractions of GB at 830K. Increasing the rate of this reactioiy. (E6b) could
lead to a reduction in the predicted f£LHmole fractions to give a better match with the
experimental data. Another key reaction route on whichatioeracy of the predicted QBI
concentration depends CH20 + OH = HCO + HO with its uncertainty contributing to over

10% of the variance in predicted e&Bimole fractions.
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Fig. 16: First-order component function (solid line) ofulted species profle and scatter
at 830K, ¢ = 1. (@) Sensttivity of n-gHoOH to changes in reacton n:BsOH + OH =
C4HsOH-1 + HO (b) Sensttivity of CHO to changes in reaction G8 + OH = HOCHO

3.5 Impact of update on H abstraction reactions based on new data

We have shown that the H abstraction routes by OH im¥bstigated n-butanol mechanism,
especialy those from theandy carbon sites, are important for accurate prediction of ignition
delay times in the RCM and species concentrationsein]8R. A recent study by Mcgillen

provided updated site specific rate constants for et;hadieit based on measurements
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at lower temperatures than of interest here. As a finaditisty test we therefore updated the
four H abstraction rate constants by OH based on the new tatﬁaouia]. Figure 1 showed
the results obtained with the updated mechanism in cowpavgth predictions from the
original mechanism and Weber d [23]dor 0.5-2 and P = 15-30 bar. The update led to
decrease in the predicted ignition delay times acrossmditions studied and therefore better
agreement with the measured data under lean conditiohghat temperatures and 15 bar.
This is consistent with the findings 2] where thens updates to the Sarathy mechanism
led to significant improvement in the reactivity of ndndgl at lower temperatures. While
there is also significant improvement in the predictedctiaty under stoichiometric
conditons, particularly at P = 30 bar (Fig. 2), the agreemwitt the measured data

worsened at lower pressures (i.e. P = 15 bar) under stoichiometrditions (Fig. 2).

4.0 Discussionand conclusions

A global uncertainty and sensttivity study of the low-intedliaée temperature oxidation of n-
butanol has been conducted within the context of ignitiolayd@nes prediction in an RCM
and species concentration modeling in a JSR. The stutyporates the effects of
uncertainties in the rate constants of the adopted megisaram the predicted target outputs,
based on a global approach, in order to quantify errors bars wiagllepinformation on the
robustness of the mechanism over a range of operating i@onditin some cases the
uncertainties for predicted target properties of log (@mitdelays) and species concentrations
spanned over an order of magnitude. A variance-based globéivisgnanalysis was carried

out to identify and rank the rate parameters drivingetipeedicted uncertainties.

Some key differences in reaction importance were noted wbeparing the results of the
global sampling based senstivity analysis when comparedetdotial linear senstivity
analysis presented in Figs. 5 and 6 for the RCM and J$Rateely. For example, in the
local analyses ¥D2 + M is often the highest ranked reaction. However, dudstdow
uncertainty, it contributes very little to the overaltput variance for any of the targets and
would not therefore be a reaction that was targeted forrlupitantification. Conversely, the
reacton CHO + OH has two product channels. In the global analysisfotimeation of
HOCH:O is ranked very highly but is not ranked within the topti@ag in the local analysis
where the HCO+ED channel dominates. These differences arise becaus¢heaammonly

used local sensitivity analyses do not account for thé d&vencertainty present for the input
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parameter, or any non-linearities in the response oftigettoutput to changes in the input.

Such nonlinearity was shown here for the reaction of n-butanol +.HO

The global sensttivity indices show that in the contextigokion delay prediction, the
dominant reaction pathways are H abstraction via OH. Tbhdy sindicates that low
temperature ignition delay measurements provide a high & constraint on the branching
ratio for abstraction by Olfom the o and vy sites but not on the total rate constant. For rich
conditons R + Qand subsequent pathways are equaly as important as H abstracthe
HDMR analysis of the predicted nsE9OH and CHO concentration profies in the JSR

low temperatures (800 K), about 55-70% of the overal predictedtamties are accounted
for by about 10 reactions as compared to 7 which accounted i86% of the predicted
uncertainties in the case of the RCM. Also, H abstracti@ttion by HQ (n-C4HeOH + HO>

= C4HsOH-1 + HO2) dominated the predicted n-butanol and formaldehyde uncertaiinties
contrast to H abstraction reaction by OH which was mopwriant in the case of the RCM.
A reasonable contribution to predicted variance also coroesHrabstraction via OH from
the y and a sites with theo site dominating predicted nsB9OH profles at higher
temperatures. In general, better constraint is provided eon-iiHoOH + HO, abstraction
rate by the measured species profles ofshRigOH and CHO at lower temperatures. Current
uncertainties in the rate ofsB9yOH+ HO2 system, suggest the need for detailed and more
accurate studies of this reaction rate across a wide k&rtgmperatures and pressures in order

to bring predicted targets in better agreement with expatah data.
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