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Abstract

The experimental structure of a lean isobutenetigein/oxygen/argon flame (2.7% Mg, 4.5% H, 83.0% Q,
9.8% Ar, ¢=0.225) has been determined by molecular beam sy@esstrometry at low pressure (40 mbar). The
detected species throughout the flame thicknese:Wér CHs, O, OH, HO, GH,, CO, GH,4, CH,0, O,, HO,, Ar,
CsHy, GHg, CO,, CH4O, GHg, iIC4Hg, CHsO, GHgO and GHgO. The original model, validated against premixed
rich CH,, CH,, GH,, GHg flames, has been extended by building a sub-méshataking into account the
formation and the consumption of species involvedhie isobutene combustion. It contains 520 reastand 99
chemical species. There is a good agreement betvedeunlated mole fraction profiles predicted bysthiechanism,
compared to experimental results.

Introduction of this work was to measure mole fraction profilesa
Isobutene is an important intermediate speciefat lean isobutene flamep(= 0.225) at low pressure,
produced from the pyrolysis and oxidation of isoand to build a reaction sub-mechanism with will be
octane, also MTBE and ETBE, which are useihcorporated to an already validated model for some

worldwide as octane enhancer. To be able to modeéth hydrocarbons flames (methane, acetylene, etley!
correctly the combustion of these fuels in engifiess  and ethane) [8].

necessary to understand more precisely the oxidatio

mechanism of isobutene. Experimental

In 1975, Bradley and West [1] studied the thermal A lean premixed isobutene/hydrogen/oxygen/argon
decomposition of isobutene (mixtures of 0.1% asd®. flat flame (2.7% iGHg, 4.5% H, 83.0% Q, 9.8% Ar),

in argon) in a single-pulse shock tube (1055 — 18P5 at equivalence ratiag of 0.225, has been stabilized at
The isobutene oxidation has been investigated M0 mbar on a Spalding-Botha type burner, 8 cm in
Brezinsky and Dryer [2] in a turbulent flow reactat diameter. The initial flow velocity was 53.4 cmEhe
atmospheric pressureCurran et al. [3] studied the experimental setup, which was described elsewt@re [
ignition  of  isobutene/oxygen/argon mixtures  atonsists of a molecular beam mass spectrometesrsyst
equivalence ratios from 0.1 to 4 in a shock tube bgvBMS) developed to determine the structure of one-
measuring and modeling ignition delays behin@imensional laminar premixed flames burning at low
reflected shock waves. In 1998, Dagaut and Cathonnsressure. For every species, interferences from
[4] investigated experimentally and numericallyfragmentation during the electron impact or from
isobutene oxidation and ignition in a jet stirrehctor overlapping of species with similar mass have Hest

in the temperature and pressure ranges of 80030KL2 |ow or taken into account. The conversion of signal
and at 1 to 10 atm, respectively. Several isobutengtensities to mole fractions has been performed by
studies in shock tube were performed in the lasade. using a calibrated mixture for stable compounds land
Particularly, Bauge et al. [5] measured ignitiofegle of ~ estimating ionization ~cross-sections for carbon-
isobutene-oxygen-argon mixtureg € 1 to 3) behind containing radicals. About uncertainties, we estar®
reflected shock waves at temperatures from 1230 1©% at the maximum value for species with a mole
1930 K and pressures from 9.5 to 10.5 a@amthanam fraction above 10 ppm and 20% for species with &mo
et al. [6] observed dissociation and vibrationafraction value below 10 ppm. However, because of
relaxation in shock waves in 2, 5, and 10% isobaitersome measurements have to be performed close to the
mixtures with krypton by using the laser-Schlierenonization potential to avoid interferences, erlwrs
technique. And very recently, Yasanuga et al. [7dould be larger. The detected species throughoait th
studied pyrolysis and oxidation of isobutene behinflame thickness were: H CH;, O, OH, HO, GH,
shock waves in the temperature range of 1000 - ¥800(acetylene), CO, i, (ethylene), CHO

and at pressure between 1.0 and 2.7 atm. A reacti(formaldehyde), @ HO,, Ar, CHg (propene), CQ
mechanism was elaborated and validated againGH,CHO (acetaldehyde), /8¢ (1,3-butadiene), iHsg
experimental results. (isobutene), gHsO (acetone), HesO (1 propen-1l-one,
To the best of our knowledge, isobutene flames imate 2 methyl-) and ¢HsO (prop-1-en-1-ol, 2 methyl- and
yet been investigated in terms of their structilitee aim  propanal, 2 methyl-).
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The final flame temperature, measured by usinglCCO + Q => CO + CO + OH (R.35),4 = 1.63x
Pt/PtRh10% coated thermocouples 0.1 mm in diamet&0*?exp(-432/T) [cd mol* s'] from Peeters et al. [14].
and located close to the sampling cone tip, wa® K2 Carbon monoxide is consumed by the classic pathway
The temperature profile has been corrected foatidi  with the reaction CO + OH = GOr H (R.17), k; =
losses by the electrical compensation method [108.32x 1¢f T*®exp(+250/T) [cm mol? sY| from Baulch
Experimental uncertainties are estimated to + 50 K. et al.’s evaluation [15].
A secondary path of iElg consumption is the reaction

Modeling with the hydrogen atom: i€lg + H = tGHg (R.-502), k

Previously, we have developed a reaction,, = 8.30x 10" exp(-1922/T) [cr mol* sY] from the
mechanism validated against premixed righiffO,/Ar  Tsang’s evaluation [16]. Tertiobutyl radical tG)
flames (p = 2.25 and 2.50) which describes in detail thgsomerizes into igHs (R.503), ksos = 3.57 x 100 7088
formation of soot precursors and more precisely tr@(p(-17413/-|-) [C,ﬁ mol? 5-1] from Matheu et al. [17].
main pathways involving benzene [8]. In this wore By decomposition of this last radical, propene and
have extended the original model by building a subﬂethw radical are produced: 48y = CHs + CH;
mechanism taking into account the formation and thg 504), k,, = 7.0x 102exp(-13190/T) [cri mol* 7]
consumption of species involved in the isobutengom \Warnatz’s recommendation [18]. We should
combustion. By using kinetic data from the literalu nderline that the main B, production comes directly
we were able to build a new mechanism containir® 53om the isobutene through the reaction R.435HiCH
elementary reactions and involving 99 chemical gsec | - C.Hs + CHs with the rate constantdg= 1.72x 102

(Note: _The complete mechar_lism ?s available_ b)éxp(-1812/T) [cr mol* s'] from Tsang and Walker
contacting the authors at Veronlque.dlas@ucloubam.[19]_ The propene consumption (with oxygen atom)

or Jacques.vandooren@uclouvain.pe). , permits forming ketene (G}€O) and methyl radical:
The numerical simulation of the mechanism of th He + O => CHCO + CH, + H (R.189), keo = 1.2%

investigated one-dimensional flames has beeibaTl'65exp(-165/T) [cril mort s7 from the Tsang's
performed by using the Cosifab software from evaluation [20]. By the reverse reaction, ketene

SoftPredict [11]. Molecular and thermal diffusiorea roduces GHy0 (CH,CO + H = CHCO (R.-138), kas

considered in this code. The modeling has beéin 3.0 x 10° exp(-4040/T) [crd mol* sY [27]) which

performed by using as input parameters the initi%rms methyl radical and carbon monoxide by

composition of the flame, the initial total massxfland decomposition: CKCO = CH, + CO (R.139), with k
the experimental temperature profile measured in 3.16¢ 104 ) 6060/T) 41 f L'f.h't ' 4B o
similar conditions as the mole fraction. =2 exp(- ) [5] from Lifshitz and Ben-

Hamou [27].

Results and Discussion
Figures 1-4, 6, 7 show experimental and simulate 2 8E-01-
mole fraction profiles of chemical species detedred
the lean isobutene flame {HCH;, O, OH, HO, GH,,
CO, GH,;, CH,0O, O,, HO,, Ar, CHe, CO,, CH;CHO,
C4Hs, iC4Hg, CsHgO, GHO and GHgO).
Figure 1 presents experimental and calculated mo
fraction profiles for main species:,HC4Hg, O, H,0,
CO and CQ We can observe an excellent agreemen
between experimental results and simulated ones.
From the model, the main consumption of isobutane i
with the hydroxyl radical (OH): igHg + OH = iGH; +
H,O (R.438) by using the rate coefficient suggested b
Yasunaga et al. [7],4k = 2.7 10°exp(-1510/T) [cri
mol* s*]. The iGH; radical reacts with an hydrogen
atom to produce methane and allengHiC+ H = CH, 0 10 20 30
+ aGH, (R.520)), with kpo = 6.31x 10°[cm® mof* s Distance from burner (mm)
from Santhanam et al. [6]. From allene, the radicatigure 1: Experimental (symbols) and simulated
propargyl is produced by the reaction R.1713HC+  (lines) mole fraction profiles of main species inhe
OH = GHg + H,0, with k71 = 2.0x 10/ T*%exp(-503/T) isobutene flame: iGHg (grey), H, (orange), O
[cm® mol™ s*] from Miller and Melius [12]. Then, €15 (brown), H,O (green), CG (red) and CO (blue).
reacts with the hydroxyl radical to form thgHG radical
(R.158: GH3 + OH = GH, + HO [12]). In this lean Figure 2 presents mole fraction profiles for O, @kt
flame, GH, radical reacting with oxygen allows theHO, radicals. The model predicts very well
formation of HCCO and CO, by the global reactiorexperimental data for the OH radical and underests
CsH, + O, => HCCO + H + CO (R.149),16 = 2.0x  slightly O and HQ radicals. We can underline the
10" [cm® mol* s'] from Pauwels et al. [13]. Carbon presence of O and OH in the post-combustion zone,
monoxide is also produced from HCCO by the reaction

Mole fraction




contrary to HQ radical which is produced and C4;Hg species at the m/e = 54. Indeed, only 1,3-butadien
consumed in the flame front. is present in the mechanism but it is likely th#teos
Methyl radical (CH), acetylene (g1,) and ethylene C4Hg species like 1,2-butadiene, 1-butyne or 2-butyne,
(C,H,) mole fraction profiles are presented in Fig.r8. | etc, must be included. As it is written above, thain
the isobutene flame, these three species af@mation of propene comes from the reaction of
intermediates with a formation and consumptionh@ t isobutene with hydrogen atom ¢ds + H = GHg +
flame front. We can see a very good agreement legtweCH;, R.435 [19]). Propene is the main intermediate
simulated and experimental results. Indeed, th#éaini during the combustion of isobutene. Along the
mechanism has been established and validated hin rimechanism, 1,3-butadiene is produced from the
premixed GH, flames [8] where ethylene was thedecomposition reaction of the rf#d; radical: n-GH; =
reactant. C4Hs + H (R.302), ko, = 2.28x 10°*T 2 exp(-25770/T)
[cm® mol* s'] from Wang and Frenklach [21].,8s

reacts with the oxygen atom to produce theH:C
3.0E-02; o0 radical: GHg + O = GHs + HCO (R.286), ks = 6.0
1 P 4 *e . 10° T**° exp(+433/T) [cm mol* s'] from Adusei and
258027 Fontijn [22].
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Fjgure 2: Exper.imentall (symbols) and simulated 2 0E-04]
(lines) mole fraction profiles of O (blue), OH (gren) ]
and HO, (red) radicals in the isobutene flame. 0.0E+00-
0 ) 5 10 1%
Distance from burner (mm)
8'E'04§ Figure 4: Experimental (symbols) and simulated
7.E-04- * (lines) mole fraction profiles of GHg (blue) and CHg
E (red) radicals in the isobutene flame.
o 6.E-04 ¢
£ 5E04] In Fig. 5, the reaction pathways of major reactamd
E ] intermediates are schematized. We can see two main
5 HE047 pathways: from igH- radical and from tgH, radical. In
© 3.E-04] this kinetic scheme, only isobutene, propene, acarbo
= ] monoxide and carbon dioxide have been measured and
2.E-04- allow to test the reliability of the model by comisan
1.E-04] with experimental profiles.
' E Experimental and simulated mole fraction profilds o
0.E+00+ light oxygenated species like @Bl and CHCHO are
0 5 10 15 presented in Fig. 6. The simulation of acetaldehyde
Distance from burner (mm) (CHsCHO) is excellent compared to experimental

. ] . . profile. For the formaldehyde (GB), the model
F]gure 3 Expenmental (symbols) and simulated overestimates by a factor of 30% the experimental
(lines) mole fraction proﬁle; of C_ll'b (blu_e), CH, maximum mole fraction value. However, the shape and
(green) and GH, (red) radicals in the isobutene o hosition of the calculated profile agree wethvihat
flame. measured.

Figure 4 shows experimental and simulated moI%C;;:édnecvﬁ?‘eofygre%d;ffﬂ goaih&ﬁrgdlcglggﬁge
fraction profiles of propene @¢) and 1,3-butadiene + H, kuas = 6.62x 101 [crr? mo.rl 5:12] from Baulch et al
(C“I'l_"a)'.t;hti simulated ptrolfile of Erop&nethagreez \;erhS]’. Iﬁéleed., isobutene forms directlyH by iC;Hg v
well wi e experimental one. Fords, the mode > 3

O = GHs + CHCO (R.486), kgs = 4.50% 10" [cm

underpredicts significantly the maximum value. Véa c 1
justifypthis obsegr]vation b{/ the number of isomeos f mol* s from Yasunaga et al. [7]. Acetaldehyde reacts



mainly with the hydroxyl radical to produce finally literature [3, 4, 7]. Considering the location bétmole
methyl radical, carbon monoxide and water {CHO + fraction maxima and the shape of profiles, we can
OH = CH; + CO + HO, R.57 [18]). Formaldehyde is suggest that these three species are oxygenate@gspe
formed by the well know important reaction R.81:CHAccording to the m/e, we can identify acetone (m/e

+ O =CHO + H [15]. 58), 1 propen-1-one, 2 methyl- (m/le = 70),
(CH3),CCHOH and (CH),CHCHO (m/e = 72). For the
last species, we cannot determine precisely, vehtid

/ IC4Hs \Jﬁ— chemical structure dominative, so both compounds ar
OH 0, H considered in the mechanism. BothHgO simulated
iC4H7 tC4Hg mole fraction profiles are summed up to be compé&wed
lH l the experimental one. We should underline the
) predominance by a factor of 14 of the ({L4€@CHOH
aCsH, IC4Ho (pCHgO) mole  fraction compared to the
| o | (CHs);CHCHO (MGH3O) one.
In Fig. 7, we observe a good agreement between
CsHs CsHs «— simulated and experimental mole fraction profilEsr
1OH ol CsHeO and GHgO, maximum calculated profiles are
C.-H CH-CO shifted of 1.2 mm and 0.8 mm, respectively, toward
stz 2 burnt gases compared to measured profiles.
o “|
HCCO C,H30 4.0E-044 A
o> o / 3.5E-04 AA
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S 3
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Figure 5: Reaction pathways of formation for O 15E-04
important intermediate species in the lean isobuten '
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flame. (Detected species are presented in blue). 1.0E-04
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Figure 7: Experimental (symbols) and simulated

(lines) mole fraction profiles of GHO (blue), C;HsO
(red) and C;HgO (green) in the isobutene flame.

8.0E-04

6.0E-04

Mole fraction

The formation and consumption for these three sgeci
can be described in detail. From isobutene,HO is
produced by the reaction R.499:,iz + O = pGHgO
from Dagaut et Cathonnet [4], with a rate constant
divided by two (kg = 5.0% 10" T-#®exp(+543/T) [cr
mol* s). By isomerisation, (CH,CCHOH (pGHsO)
forms (CH),CHCHO (mGHgO): pCGHgO = mGHgO
(R.497), kg7 = 4.0x 10" exp(-28790/T) [crhimol™* 7]
Figure 6: Experimental (symbols) and simulated [4]. By decomposition, both £sO species produce
(lines) mole fraction profiles of CHO (blue), and C;H; radical: pGHsO = iCH; + HCO (R.498), ks =
CH3CHO (red) in the isobutene flame. 6.0 x 10" exp(-28790/T) [crh mol* sY] [4]; and

_ _ _ _ mC,HgO= iCH; + HCO (R.500), ko = 2.44x 10'°
Figure 7 presents mole fraction profiles for thaviest  ax(-42325/T) [crhimol™ s1] [4].
oxygenated species detected, that is to sals@ for A5 we described previously, the 46 radical comes
acetone, ¢H¢O for 1 propen-1-one, 2 methyl- | andgirectly from the reaction of OH with isobutene4B8:
C4HgO for prop-1-en-1-ol, 2 methyl- (pB:O) Or ic,H; + OH = iGH, + H,0 [7]. And the iGH; radical
propanal, 2 methyl- (M&z0). By mass spectrometry, reacts with oxygen atom to formdsO ((CHs),CCO):
we obtain experimental profiles for each m/e ratiel jc,H, + O = GH.O + H (R.488). The rate coefficient is

the identification of species is performed by congmm  agtimated by analogy with the reaction {CHICH, + O
with previous isobutene studies presented in the

4.0E-04

2.0E-04

0.0E+00

o

5 10 15
Distance from burner (mm)




=> CHCHCO + H + H, lgg = 1.74x 10" T*"exp(- iC4Hg (isobutene), ¢HsO (acetone), &:0 (1 propen-
1495/T) [cm mol* s?] from the Tsang's evaluation 1-one, 2 methyl-) and £O (prop-1-en-1-ol, 2 methyl-
[20]. The main consumption of,850 produces g4s0 and propanal, 2 methyl-).
via the reaction: @40 + O = GHgO + CO (R.517). To A sub-mechanism for isobutene taking into accohat t
estimate the rate constant, we have considered tlismation and the consumption of species involvimg
reaction GHgO + O = GHsO + OH from Herron [23], the iGHg combustion is elaborated according to several
with ks;7 = 1.0x 102exp(-3020/T) [crimol™* 7. models from literature. Added to the original mof8j|

the complete mechanism contains 520 elementary

H 0 reactions and 99 chemical species. The comparison
tC4Hg «—— iC4Hg —— pC4HgO+—— mC4HgO between simulated and experimental mole fraction
profiles allows the validation of this new model fa
OH lean isobutene flame.
. The future work consists to test the reliability tbis
IC4H7 mechanism in a rich isobutene flame to extend its
o validity range.
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