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General Objectives and Some “Top-View™ Issues

1. To determine archival fundamental flame data for oxygenate

fuels that are of relevance to transportation:
« flame propagation ~ (rxn rate)'2

* flame ignition

* flame extinction

* NO, concentration structures

* soot volume fraction profiles

1. To model experiments using detailed description of chemical
kinetics and molecular transport. Issues:
* CFD: experimental boundary conditions MUST be used
* Kinetic models for oxygenated fuels:
» (A) model DOES NOT exist
» (B) model DOES exist:

 notable differences in fuel kinetics
* notable differences in C;-C, kinetics

1. To provide insight into the effects of the location and type of the
O-containing functional group as a function of the carbon
number on the fuel oxidation in flame environments.



Parameter Space

* Fuels:
« DME (target)
* C,-C, alcohols (target)
* C,-C,, methyl & ethyl (saturated & unsaturated) esters (target)
aldehydes (supporting)
ketones (supporting)
H, and CO (supporting)
C,-C, n-alkanes and n-alkenes (supporting)

* Reacting configurations:
e premixed
* non-premixed

* Thermodynamic conditions:
* wide range of reactant and inert compositions
* initial reactant temperatures:
» ambient to 500 K
* pressures:
» 0.5 to ~15 atm (present capabilities)
» 20-50 atm (projected)



Experimental Approach

* Use of counterflow technique to measure laminar flame speeds and
ignition/extinction limits

O Pressure chamber:
* Pressure range (0.1-15 atm
O Diagnostics:
o B * Digital Particle Image Velocimetry (DPIV)
i e <« . Thermocouples
S * Intrusive NO, sampling
* Laser extinction




Numerical Approach

0O Use of CHEMKIN-based codes

O Proper description of “turning-point” behavior

H Radical Mole Fraction

O Mathematically rigorous determination of logarithmic
sensitivity coefficients: d(InY)/0(InX)

* Y: laminar flame speed / extinction strain rate / ignition temperature
* X: A-factor /D, y,

o Al numerical resulis have been produced by solutions that:
« Were properly converged, i.e. in highly resolved grids
* Included the effects of thermal radiation and Soret
* Fncluded full muli-component transport formulation
 Included all pertinent experimental boundary conditions




Progress During Year 1

Flame studies of neat and mixtures of H,/CO/C,_, hydrocarbons
» (33" Combustion Symposium, 2010)

Flammability limits of CH,/air mixtures at elevated pressures
» (33" Combustion Symposium, 2010)

Flame studies of butanol isomers
» (33" Combustion Symposium, 2010)

Extinction of DME and ethanol flames
» (33" Combustion Symposium, 2010)

NO, formation in methyl-ester flames
»  (Industrial and Engineering Chemistry Research, 2010)

Studies of methanol, ethanol, and n-butanol flames
»  (Combustion and Flame, 2010)

Studies of Nn-propanol, iISO-propanol, and propane flames
»  (Combustion and Flame, 2010)

Studies of C, and C,, methyl-ester flames
»  (Combustion and Flame, 2010)



Propagation of C, and C, alcohol flames
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e Oxidation of methanol represents an extreme case — formaldehyde (CH,O) produced directly from fuel
consumption reactions.

* Branching reduces reactivity through the production of resonantly stable intermediates.

P.S. Veloo, Y.L Wang, F.N. Egolfopoulos, C.K. Westbrook, Combust. Flame 157 (2010) 1989-2004
P.S. Veloo, F.N. Egolfopoulos, "Flame Propagation of Butanol Isomers/Air Mixtures", Proc. Combust. Inst. (2010) doi:10.1016/j.proci.2010.06.163
P.S. Veloo, F.N. Egolfopoulos, "Studies of n-Propanol/Air, iso-Propanol/Air, and Propane/Air Premixed Flames”, submitted to Combustion and Flame (2010)



Modeliing of propagation of n-butanol flames
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Model B1: P.S. Veloo, Y.L Wang, F.N. Egolfopoulos, C.K. Westbrook, Combust. Flame 157 (2010) 1989-2004

Model B2: J.T. Moss, A.M. Berkowitz, M.A. Oehlschlaeger, J. Biet, V. Warth, P.A. Glaude, F. Battin-Leclerc, J. Phys. Chem. A 112 (2008) 10843—10855
Model B3: G. Black, H.J. Curran, S. Pichon, J.M. Simmie, V. Zhukov, Combust. Flame 157 (2010) 363-373

Model B4: S.M. Sarathy, M.J. Thomson, C. Togbé, P. Dagaut, F. Halter, C. Mounaim-Rousselle, Combust. Flame 156 (2009) 852—-864

Model B5: M.R. Harper, K.M. Van Geem, S.P. Pyl, G.B. Marin, W.H. Green, Combust. Flame (2010) doi:10.1016/j.combustflame.2010.06.002



Efffect of H,/CO and C,-C, hydrocarbon kinetics
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e Model P2 superimposes the propanol chemistry by Curran and coworkers onto the USC Mech II H,/CO
and C,-C, for analytical purposes.

Model P1: M. V. Johnson, S.S. Goldsborough, E. Larkin, G. OMalley, Z. Serinyel, P. OToole, H.J. Curran, Energy Fuels 23 (12) (2009) 5886—5898
Model P2: P.S. Veloo, F.N. Egolfopoulos, "Studies of n-Propanol/Air, iso-Propanol/Air, and Propane/Air Premixed Flames”, submitted to Combustion and
Flame (2010)



Ignition of non-premixed C, and C, alcohol flames
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Major intermediates in C; and C, alcohol flames
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Preliminary flarsme propagation results:
aldelhydes and ketones
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e Preliminary results indicate that the aldehydes are more reactive than their equivalent ketones

Model K1: Z. Serinyel, G. Black, H. J. Curran, J. M. Simmie, Combust. Sci. Technol. 182 (2010) 574-587
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= C, & C,, methyl esters — Experimental flame
= propagation data vs. recent models
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Experimental: Y.L. Wang, Q. Feng, F.N. Egolfopoulos, T.T. Tsotsis, “Studies of C4 and C10 Methyl Ester Flames”, submitted for “Combustion and Flame™
(2010)

Model MB1: E.M. Fisher, W.J. Pitz, H.J. Curran, C.K. Westbrook, Proc. Combust. Inst. 28 (2000) 1579-1586.

Model MB2 :  S. Gail, M.J. Thomson, S.M. Sarathy, S.A. Syed, P. Dagaut, P. Dievart, A.J. Marchese, F.L. Dryer, Proc. Combust. Inst. 31 (2007) 305-311.

Model MB3 :  S. Dooley, H.J. Curran, J.M. Simmie, Combust. Flame 153 (2008) 2-32.

Model MB4 : L.K. Huynh, K.C. Lin, A Violi, J. Phys. Chem. A 112 (2008) 13470-13480.

Model MD1 : K. Seshadri, T. Lu, O. Herbinet, S. Humer, U. Niemann, W.J. Pitz, R. Seiser, C.K. Law, Proc. Combust. Inst. 32 (2009) 1067-1074.



Methyl esters vs. n-alkanes (flame propagation)
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* Presence of the methyl ester group lowers overall reactivity, especially on the lean side. Effect
diminishes as carbon chain length increases

* Double bond in unsaturated methyl ester increases overall reactivity, with the effect mainly being through
higher temperatures

Y.L. Wang, Q. Feng, F.N. Egolfopoulos, T.T. Tsotsis, “Studies of C4 & C10 Methyl Ester Flames”, submitted for “Combustion and Flame” (2010)



C, & C,, methyl esters — Expenimental ffame
extinction data vs. recent models
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Experimental: Y.L. Wang, Q. Feng, F.N. Egolfopoulos, T.T. Tsotsis, “Studies of C4 and C10 Methyl Ester Flames”, submitted for “Combustion and Flame”
(2010)

Model MB1 : E.M. Fisher, W.J. Pitz, H.J. Curran, C.K. Westbrook, Proc. Combust. Inst. 28 (2000) 1579-1586.

Model MB2 :  S. Gail, M.J. Thomson, S.M. Sarathy, S.A. Syed, P. Dagaut, P. Dievart, A.J. Marchese, F.L. Dryer, Proc. Combust. Inst. 31 (2007) 305-311.

Model MB3 :  S. Dooley, H.J. Curran, J.M. Simmie, Combust. Flame 153 (2008) 2-32.

Model MB4 :  L.K. Huynh, K.C. Lin, A Violi, J. Phys. Chem. A 112 (2008) 13470-13480.

Model MD1 : K. Seshadri, T. Lu, O. Herbinet, S. Humer, U. Niemann, W.J. Pitz, R. Seiser, C.K. Law, Proc. Combust. Inst. 32 (2009) 1067-1074.



Efffect of Lennard-Jones potential parameters
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e Using newly estimated values of D,z \, resulted in >50% reduction in the computed K_,,’s, underlining
the importance of using consistent and accurate sets of L-J parameters in the transport databases.

Model MB1 : E.M. Fisher, W.J. Pitz, H.J. Curran, C.K. Westbrook, Proc. Combust. Inst. 28 (2000) 1579-1586.

Model MB2 :  S. Gail, M.J. Thomson, S.M. Sarathy, S.A. Syed, P. Dagaut, P. Dievart, A.J. Marchese, F.L. Dryer, Proc. Combust. Inst. 31 (2007).
Model MB3 :  S. Dooley, H.J. Curran, J.M. Simmie, Combust. Flame 153 (2008) 2-32.

Model MB4 : L.K. Huynh, K.C. Lin, A Violi, J. Phys. Chem. A 112 (2008) 13470-13480.




Methyl formate Methyl acetate Methyl propanoate
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Comparisons of soot volume fractions
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Concluding Remarks

Fundamental flame properties were investigated experimentally and

computationally at atmospheric pressure for C,-C,, oxygenated fuels:
»  ethers
»  alcohols
»  methyl and ethyl esters
»  Ketones
» aldehydes

The effects of O-containing functional group, carbon number, branching, and

extent of saturation were assessed on:
»  flame ignition, propagation, and extinction
»  NO, formation propensity
»  soot formation propensity

Notable deficiencies were identified in various existing models attributed to:

»  fuel-related kinetics
»  (foundation) C,-C, Kinetics
»  fuel transport properties

Conventional and unconventional approaches are considered to perform direct
measurements and probe flame Kinetics at high pressures (20 - 50 atm range)
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