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Research on the combustlon of biofuels at PC2A
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Research on the combustion of biofuels at PC2A

Effect of Biofuels on the formation of prompt-NO

/

Biofuels

/\)\ P - Mole fraction species profiles in flames
> « Challenging due to trace concentrations
Ex.. NH mole fraction: few tenth of ppb
» By using spectroscopic laser-based techniques

- Mechanism “NOMecha2.0”

Methyl butanoate

By N. Lamoureux, P. Desgroux,
L. Gasnot and coworkers

Refs: [Lamoureux et al. Combust. Flame 2016]
[Sylla, Lamoureux et al. Fuel 2017]



Research on the combustion of biofuels at PC2A

Effect of Biofuels on the formation of prompt-NO

HCV

Biofuels
CH,+ . Furan CH, + THF
Tetrahydrofuran
(THF)

Influence of furanic fuels on the prompt-NO
F“ra” formation in CH, flames
(Ongoing work at PC2A)

By N. Lamoureux, P. Desgroux,

L. Gasnot and coworkers

Refs: [N. Lamoureux et al. Combust. Flame 2016]
[Thesis of L. Giarracca 2018]



Research on the combustion of biofuels at PC2A

Influence of biofuels on PAHs and Soot in
Swirled turbulent jet flames

(Ongoing work at PC2A)
By E. Therssen, X. Mercier and coworkers

« Butanol forms less soot than
the diesel (about 2500
times).

* Mixture flame forms 3 times
less soot than the diesel
flame

« Analytical techniques: laser-
based and Tof-SIMS

Diesel flame n-Butanol flame Mixture flame
(50% diesel + 50% n-butanol)

Ref: [Thesis of L.D NGO, ongoing]



Influence of
the structure of biofuels
on combustion performance and emissions

Example 1: Tetrahydrofuranic biofuels (saturated cyclic ethers)
Example 2. Furanic biofuels (unsaturated cyclic ethers)

Example 3. Acyclic biofuels (acyclic ether<->acyclic alcohol)



Example 1: Tetrahydrofuranic biofuels

Molecular structure i ) \Q \Q/ ,//\\DH

Name 2-MTHF  2,5-DMTHF| Gasoline Ethanol
Formula C,HgO CsH,O CH.,0 mixture C,H;OH
Lower Heating Value (MJ/L) § 28.1 28.2 29.5 30-33 21.4
Research Octane Number 73 86 92 88-98 109
Motor Octane Number 65 73 80 80—88 90

THF: Tetrahydrofuran
2-MTHF: 2-MethylTetrahydrofuran
2,5-DMTHEF: 2,5-DiMethylTetrahydrofuran

Data from:
NREL technical report NREL/TP-5400-50791, 2011

L-S. Tran et al., 8" U.S. National Combustion Meeting, 2013
ASTM Special Technical Publication No. 225, 1958

Ref: [G. Vanhove et al. 2019 (personal communication)] 8



Example 1: Tetrahydrofuranic biofuels

LOW TEMPERATURE ignition delay time (IDT) measurements with
RCM at PC2A

N - THF < 2-MTHF < 2,5-DMTHF
=> THF is more reactive at low T range.

—-—-—-\
// A
L /" 2 - . 100 i
: # ! A A - -
N m ¢
. -
<
Peak press. Max. 30 bar om A 8
Core gas temp. 600-1000 K E ‘ ""'--—-/
3 ¢<a
Compression time 60 ms 10 ‘ -
$ ® THF
Sampling Immediate expansion ¢ &THE. CF
Analyzing GC/MS (TCD, FID) W 2-MTHF
[2-MTHF, CF
By G. Vanhove1 H. Song1 Lower temperature A 2,5-DMTHF
C. Mergulhao, Y. Fenard 2,5-DMTHF, CF
1 | |
an d C OW O rkers at PCZA 1,1 1,15 1,2 1,25 1,3 1,35 1,4 1,45 15 1,55 1,6
909 K 1000/T ., [1/K] 625 K

Ref: [G. Vanhove et al. 2019 (personal communication)] 9



Example 1: Tetrahydrofuranic biofuels

2" 0, addition to THF radical: favored pathway with chain branching
0 0.__oo0. On_00H ;4 .00 O _oon , Hoo—__O~__oon_, HOO—_O~__o0 Products
THE — () () (e (T T T
+OH
2"4 0, addition to MTHF: Unfavored pathway

MTHF ﬁ(b/’@ﬁo*g( "OO\@?OH’ ?

0 0 0
O O U
H
s/ 1029 kcal/mol ‘ ‘

Examples of intermediates during the reaction pathway of THFs

By G. Vanhove, H. Song,
Kinetic modeling of 2,5-DMTHF in progress at PC2A  C. Mergulhao, Y. Fenard

and coworkers at PC2A
Ref: [G. Vanhove et al. 2019 (personal communication)] 10



Example 1: Tetrahydrofuranic biofuels
Flame speeds (HIGH TEMPERATURE chemistry)

Heat flux method applied to a THF > 2-MTHF
flat flame adiabatic burner => THF is also more reactive at high T
50
(@)
40 ~ \ ;
THF
N
= 30 ~
o <
= )
¢ 20 S
73 2-MTHF
at LRGP, Nanc & ]
( y) c_Eu 10 P=1atm
. . Tinitia=298K
(collaboration Nancy-France, g . . | | . . |
Ghent-BeIgium, and Zaragoza- 07 08 09 10 11 12 13 14 15

Spain)

Equivalence ratio
The structure of biofuel influences strongly their reactivity
Refs: [Tran et al. Combustion and Flame 2015]
[De Bruycker, Tran et al. Combustion and Flame 2017] 11



Example 1: Tetrahydrofuranic biofuels

Species formation in flames (high temperature chemistry)
<& THF flame

Phi=1
¢ MTHF flame P=50 Torr
¥ Ethanol flame
4x10° 5.0x10™
Formaldehyde . N Acetaldehyde
"o 5.0+ KK
3 r
§ ] S% HOC | & a0l Xo
5 O K \O = : H3C
S ) S 3.0- X
2 « 3 ]
1- X
1.0 &‘“
&
ixed flat ° Hakesionie| 00 MWW
Low-PpremlxeatéiééA-réé% 012 3 4656 7

flame coupled to GC
at LRGP, Nancy

h (mm)

THF ~ MTHF ~ Ethanol

h (mm)

THF < MTHF << Ethanol

The structure of biofuel influences strongly the formation of aldehydes

Ref: [Tran et al. The 8" U.S. National Combustion Meeting 2013]

12



Example 2: Furanic biofuels

LHV: ~ 28-30 (MJ/L)

RON: > 100 (collaboration Bielefeld-Germany

I and Ghent-Belgium)

| 0 1

Furan »
\@ El |\/|B|\/|Sj
2- Me'zlt\ﬂ)g;uran-m \J J - SpeCieS

0]

hYs
2,5-Dimethylfuran |

to TOF
(DMF) » Oxidation in a flow reactor

(at Bielefeld-Germany, team of K. Kohse-Hdinghaus)
L=0.84 m, D=8 mm
P=1.0 bar, T=700-1200 K

« $=0.5, 1.0, 2.0

¢ profiles

EI-MBMS: Electron lonization Molecular-Beam
Mass Spectrometry

Ref: [Tran et al. Combustion and Flame 2017] 13



Example 2: Furanic biofuels

Several toxic species and soot precursors are formed.

o)

2 7Z2MF EEIMF Bfuran Experiment

= 2 % = 1 74 s A 7
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= é L ﬁ = Z N 7 7 ' H

X CHO CHO CH, CH CHO CH CHO CH, CHO CHO, CHO, C.H,
o Q

&

o L S~ SN S (L @m@%v@@

soot soot soot soot soot soot soot
prec. prec. prec. prec. prec. prec. prec

A detailed kinetic model (524 species, 3145 reactions) was developed to
predict the consumption of these biofuels and the formation of pollutants.

Ref: [Tran et al. Combustion and Flame 2017] 14



Example 2: Furanic biofuels

Consumption paths of DMF (based on our kinetic model) at 900-950 K, 0-10% fuel
conversmn

+OH (20%) M +H (18%) _CH, (12%)

¢ ()] (DMF) (In) t “CH,CO (6%)

H-abs. by R * (I")

i (62%) N
o ety
. (DMFOH-1) \@/ Lo

(99%)* (OMF-y]) W ----------

0 +HO PHO 40 {(10%)

4 +HO. (- .
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LAy L e

Y
Refs: Low T sub-model [Tran et al. Combust. Flame 2017], 15

High T sub-model [Sirjean et al J. Phys. Chem. A 2013] [Togbé et al. Combust. Flame 2014]



Example 3: Acyclic biofuels

Impact of the oxygenated function of biofuels on the
formation of soot precursors in premixed flames

[+ Cetane number: ~125 (45 for diesel)

D|etg}élgther — * Heating value: ~34 MJ/kg

( ) (~28: Dimethyl ether (DME), ~43: diesel)
C4H100 — [Rakopoulos et al. J Energy Eng. 2015]
/’\O/\

l
n-Butane . . ==pp ==p SO0t Precursors
C4Hyo ) ?

N 0H

n-Butanol | ¢ Cetane number: ~25
C,H,00 « Heating value: ~33 MJ/kg

Ref: [Tran et al. Combustion and Flame 2016] 16



Example 3: Acyclic biofuels
Impact of the oxygenated function of biofuels on “small” soot

1.04

precursors in premixed flames n-Butane
0.81
Mixture
5 os. IXtu
Diethyl ether 8 os- SEE
(DEE) D o N
/\O/\ E 0.0
g ' | n-Butane
‘ E 0.8
n- Butane > § | | Mixture
= 0.6
S _n-Butanol
1 [collaboration Bielefeld-Germany = 04
~~">on and Hefei-China (team of Fei Qi)] = ]
n-Butanol P=40 mbar .
Phi=1.7-1.8
C/0=0.52

C4H8 C5H6 C6H6
The structure of biofuel influences strongly the formation of soot
precursors

EI-MBMS: Electron lonization Molecular-Beam Mass Spectrometry
PI-MBMS: Photolonization Molecular-Beam Mass Spectrometry

Ref: [Tran et al. Combustion and Flame 2016] 17



Example 3: Acyclic biofuels
STRONG impact of the oxygenated function of biofuels on

“small” soot precursors in premixed flames

Bu/DEE Bu Bu/BuOH phi=1, P=4pmbar,
20% 87% — 99% 99% 32% 16% T=1100K, a un taux de

- 0 N = |[*T—">"0H <@ .
DEE-YL-1 ‘ CH, PCH, — || G CHyOH-4 conversion 78%

% | "~ ~OH
C,H,OH | =

79% 98%

> /\O/'\
+R(RH) DEE-YL-2 ‘

2
/\o’\1
DEE

96%

C.H;0H-2 Sub-model
0% Sarathy et al. CnF 2012

Sub-model
Tran et al. PROCI .
2016

+
(-OH)
60%

NUI-Galway group —<

+02(-H02) 29%
% 99% ’
- =0 99% =0 N
CH,0 Sub-model CH,0 ‘ PC_H,0

Ref: [Tran et al. Combustion and Flame 2016] 18



One of perspectives

Impact of the combustion of biofuels on *heavy” soot precursors
(PAHs*, OPAHSs*) in the soot nucleation process.

=> \lery important but very poorly known. Open for national
and international

.. Collaborations.

Advanced - Soot
Biofuels \ == PAHs and OHAPs particles
Nl e (Y  Nuclei |
N d ‘ o~ \ O g S ::‘E.:::::>
E . . - = LY
O ey |

Soot nucleation
(Central step of the
soot formation process)

* PAH: Polycyclic Aromatic Hydrocarbons
* OPAHs: Oxyganated Polycyclic Aromatic Hydrocarbons 19
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Example 1: Tetrahydrofuranic biofuels
Fornéatlon paths of Acetaldehyde at HIGH TEMPERATURE

i 7 < “cH' HQC \ .
S o H,C=CH, +[H,C \O|

(THF )
) (CH,CHO radical)

O
-/ 3 -
HC 7~ CH—CHj, H,C P
5 (CH,CHO radical)
CH,
THES \ (OJ/CHs °
CH- — =

H20\_>7CH3 H2C
\ = T\ cH, HHo o

3 < 1 N (Acetaldehyde)
~NoH — T oH— [0 )
(Ethanol)

(Acetaldehyde)
The structure of biofuel influences strongly the formation of aldehydes
Ref: [Tran et al. The 8" U.S. National Combustion Meeting 2013] 21



Example 1: Tetrahydrofuranic biofuels
O

H+CH3(+M)=>CH4(+M)
HO+H<==H>
CHO+OH<=>H0+CO

H+OH+M<=>H30+M
THF

02+HEFEM)<=>00H((+M)
OH+CH3<=>B6CH+H20
02+CH3<=>HCHO+OH
CHO+M<=>H+CO+M
CO+OH<=>COy+H
03+H<=>OH+0

/—

-6.0E-2 -1.0E-2 4.0E-2 9.0E-2 1.4E-1 2.9E-1 3.4E-1

Sensitivity coefficient

#1. H+02=0+0H | _
Ref: [Tran et al. CnF 2015] . COLOH=COH

#3. HCO=H+CO - \Q
#4. H+OH=H20

2-MTHF

#6. HCO+H=CO+H2

Flame speeds (HIGH 7. 4025402
TEMPERATURE chemistry) -

#10. CH2CO+H=HCCO+H2 |
#19. CH2CO+H=CH3CO [ |
#20. C3H5-A+H=C3H6 1
#42. MTHF+H=Ccy(COCICC)+H2 |
#44, cy(OCICCC)+CH3=MTHF 1
#47. MTHF+H=Ccy(CJOCCC)+H2 |

Ref: [De Bruycker et al. CnF 2017]

Sensitivity coefficient (-)



Example 2: Furanic biofuels

T

x /107

700 800 900 100011001200
T/K T/K T/K

0.0
700

Ref: [Tran et al. Combustion and Flame 2017] 23



Example 2: Furanic biofuels

0 1(IJO 2?0 390 4?0 500 600 7?0 890 900

1100 -
1000:
900:
800:
700:

600 -

Temperature (K)

500 -

400

—0— 1073 K
—4- 873K
—A— 673K

300

I
0 100 200 300 400 500 60
Reactor position (mm)

Ref: [Tran et al. Combustion and Flame 2017]

) I v
700 800 900

24



Example 2: Furanic biofue
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\ Ty | H-abs. by R (7%)
/ ; (i s (W
(;;‘/?;T] o o (CH:0-3)
( 7 ( 7 GO (99%) |
(/ifOH \ / 0,100, +0,(€O,) N/ ring opening "
. J (furyl-3) 20%) . (12%) - (Myu{ 1%) o N
(FOH-2} ring opening i (B4%) . -CHco Ao (CsHys)
i co N [49%) (38%]
hgg%) + R . ring opening S / 4
. - A N .
/O o] o7 ©H © Ty
=
C 7 o o) Hy (CH,CHCO) "
{FOH-3) +
MO
(C:H0)

25



Example 3: Acyclic biofuels
Impact on soot precursors in premixed flames

‘/
,‘f/’\ /\//j o/\,//,'
(C,H,) (C,Hg-1)| 99% (CH,1-4)
-H
PN iag% l18°o
94% o e ‘H +R (-RH) .
NG ° /\’//—b N W N
Croay G (G| ™" (Cateh)
’ SCH 2C,H, — +CH3(-H)¢90%
+ 0,
(u2|3_|) > 12 A’+ -H +C3H, . M
N X (-H)
85% @ D0 @ (CH,)
CH -H
&) (CgHs) +CH, (CsHs) +R 53%
> +C,H, "\ 34% +Cz"'2l (RH)
Y 83% 292%, Y 50% 96%
+H
O OO &0 |0
(CeHo) (CgHio) | [ (C;Hg) (CH,) |(CsHg)
A +CH, 46% |

Ref: [Tran et al. Combustion and Flame 2016]
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