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1 Introduction

Massive consumption of fossil energy leads to higher and higher pdilanargreenhouse gas emissions.
Both ecological and political contexts encourage scientists and engioeimd new bio solutions for
sustainable development. Transport is one of the first challengesdeechits quasy-total dependence
on fuel. Automotive industry is working at the same time for increasing endfitée@cy but mainly

on bio blended fuel combustion and characterization. Unstretched laminging velocity«? is an
essential value for fuel description (reactivity, ignition delay times, gneglpased) and it is necessary
for kinetics mechanisms validation and tabulated chemistry. It is also usefturfmlent combustion
modeling. In this study, ethanol has been chosen as bio fuel. Previalds wioEgolfopoulos([1] had
characterized ethanol combustion over ranges of equivalence ratidemperature (363-443K) with
counter-flow flame at atmospheric pressure. Recently, Bradley [®loses characterization of pure
ethanol air flame up to 1.4MPa in a spherical bomb. Even if those studiesidssior ranges of equiv-
alence ratios and temperatures ethanol combustion, very few studie®ekisinded isooctane-ethanol
fuels and also for thermodynamic conditions close to those encounteredrimaintembustion engine:
2MPa, 573K. Spherical combustion is a well-known technique for burvihagity v measurement. It
consists in determining the evolution of flame spegg, derived from radius informatiotdr/dt) in
respect with stretch factar = 2/rS;. Stretch factor takes into account strain effects and curvature.
Extrapolation at zero stretch of flame speﬁ@l, that gives the corresponding velocity of a propagative
plane flame is corrected by the density ratio at the interfadd Eq.1.

quzsf = pv/PuS} 1)

It allows considering the thermal expansion part in flame propagationafiiaition at zero stretch is a
critical point. Asymptotic developments demonstrates that flame speed to saetohdre nonlinearly

linked [8], Eq(2:
2 2
Sf) (Sf> Ly
2L} (2] = 2t )
0 0 0
(Sf S St

whereL; is the Markstein Length relative to burned gases. It can be easily shtam/wltienSf/S}) is
close to unity, linear formulation is recognized; = S? — Ly, Recent works had investigated the
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importance of nonlinear effects of stretch on spherical expanding flasi@$), 13]. Fid.ll shows the dif-
ferences of laminar burning velocity obtained with linear or nonlinear eatadipn on pure ethanol air
flame.

It is important to note that linear extrapola-
tion mainly used in literature overestimates burn-
ing velocity when non-unitySf/S? hypothesis

is not validated. This technique has demon-
strated its efficiency for well-known mixtures
but shows its limitation when exotics blends are
studied. The main disadvantage of the com-
mon method is that fuel properties are abso-
lutely necessaryp,/p,) and are usually deter-
mined thanks to kinetics mechanisms and ther-
modynamic tables under adiabatic conditions.
Also, only zero stretched laminar flame speed and® |
Markstein length relative to burned gasds)( 0o a0 30 400"
can be extracted. Due to its specific hypothe- Streteh Factor (=)

sis, it does not allow considering the evolution

of burning rate as a function of stretch. Thikigure 1. Linear and nonlinear extrapolation of
study proposes an approach for laminar burbnstretched laminar flame speS?i determination.
ing velocity and fresh gases Markstein lengtffrthanol-Air Flamep=0.7, P=0.1MPa, T=373K)
(L,,) determination applied on spherical expand-

ing flame.
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2 Methodology

The technique proposed in this study consists in a pure kinematic measurerhentdecomposition
formulation leads to the direct expression[Eq)3 2, 12]:

Up = S§ — Uy 3)

whereu, describes the fresh gases velocity ahead of the flame front. This calousaéicuous because
fresh gases velocity needs to be calculated at the entering of the pzehed®]. That corresponds to a
distance smaller than 1mm from the flame frontZ0pizels). It is worth noting that this approach does
not introduce any chemical fuel properties. The recent work of Bahyset al. [7] demonstrates the
interest of this approach. This paper proposes to extend this workrémt dneasurements of laminar
and unstretched laminar burning velocity by fresh gases velocity determibgtissing high speed laser
tomography. This technique is based on a two-step calculation method.

First, an accurate flame front determination is required. A specific algoritimadaptive threshold
can determine locally the optimized threshold value. The extracted raw castben low pass filtered
reducing noise from digitization. For each images, a least square algardticoriates the best circle fit
to the raw contour and then the corresponding radius. An accurateucal@i@rmination is essential for
the second step.

Second, for an images couple, a variable 3-4 pixels width thin coronantdteed in Fid.2(a), is fixed at
a specific positiom\r; from the filtered contour on the firstimage. The best displacenzfxeﬁi”[tz of this
corona in the second image is then evaluated with a sub pixel interpolationadrietation coefficient
intensity in Fig.2(8). The fresh gases velocity along the normal to the flamg frgx, is given by this
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expression EQJ3:

At At @)

It can be describes as a specific movement of particles transported firtieespeeds; = ”*&;”.
The fresh gases profile af,+, ahead of the flame front, can be reconstructed iterating this previous
calculation for increasing shift positions (Ar;) as shown in Fi§]3. The fresh gases veloaity, used

in Eq[3 corresponds to the value at the entering of the preheat zongiviéisat the plato of the profile
in Fig[3 as explain in[J7.]9]. Finally, flame speed evolution, function of stréackor, is corrected,

subtracting the corresponding fresh gases velagjty

ol s ]
z | j
2 0,6~ i —
g :
£ 7 f
s i
o i
% 041 i i
g | |
5 | j
4 . ~.. -
0,21« H Tesey sl . - -
kY < AN ers” Tt
b ovee s S 1
) T —— I S R
0 20 4 60
Best displacement of template 1 Displacement (pixel)

into the second image
(a) Calculation scheme showing the flame front displacerfi®nPosition of the maximum correlation intensity profile
and the particles displacement

Figure 2: Calculation scheme and correlation intensity profile

A nonlinear extrapolation at zero stretch is calculated minimizing the analytipatgsion E¢J5:

Up, 2 Up, 2 L,
(8) m(8) -5 ®

explained in[[8], wherd_,, is the Markstein length relative to the unburned gases (i.e. fresh gases).
As presented i [2] both methodologies), s andu! from Eql] and EgI3 gives the same zero stretch
value if the simplification hypothesis (adiaflaatic flame temperature, perfezs gasbaric conditions) in
the classical method (Eq.1) are verified. In[Eig.4, raw dat&for, andEq B with respective non linear
fits are plot. It is also plot, and only for the formig [, oq; fiea unsy = po/puSf. It has absolutely
no physical sense (it imposes a zero flame thickriéss [2]) but repse$ama zero stretched flame, the
convergence of both methodologies mentioned above.

Validation of the post processing tool has been tested on well-kr@@#n — Air mixtures for large
ranges of equivalence ratios, pressures and temperétures [BH 8athis validation, this paper presents
results on pure ethanol air flames at 0.1MPa, 373K for correspondimgerof equivalence ratios 0.7-
1.5. Laminar burning velocities and fresh gases Markstein Length fromeivecalculation algorithm
are compared to literature.

3 Experimental set-up

A 2.6 liters constant volume vessel has been designed with four 85mm atazads (Fifl5). Maximum
pressure and temperature ranges are respectively 2MPa, 573Bpé&tiéc technique in this experiment
consists in flow fed the chamber with the desired (pressure, temperatlegavalence ratio) mixture.

23'9 |ICDERS - July 24-29, 2011 — Irvine 3



Varea. E. Laminar Burning Velocity
200 — — ————— 3,5
ug prey . Fresh Gases Veloci 0
F : —  Polynomial Fit s 3+ A —
190~ : i =t 9@@@@@9@@
[ .g 2’57 B B 5@ . —
—~ L H = r ey ®o
o : o U %
gl ] oL ey ]
? [ : g . Non Linear Fi 1ot "
(5] M L
S I : g 1,5+ o P/PS E
grop ] 3 f s Set,
: @ r Lo
r : s 1F - -
.0~ : I
r P ost mEZIIZE Tl
L : L om- m 0@ p 00 m
150l il L L ol v v e ]
0 10 20 30 40 50 60 0 100 200 300 400 500 600 700 800

Displacement (pixel)

Figure 3: Fresh gases velocity profile andlo-
calization
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Figure 4: \elocity plots. From the top to
the bottom: Flame speed.S;, Fresh gases
velocity: wg, u, from Eq3 andu,g¢
pv/puSy from Eqldl, g rica (Ethanol-Air Flame
¢=1, P=0.1MPa, T=373K)

All the individual flows are controlled thanks to mass flow controllers and lifuets are vaporized and
blended with the other gases before entering the chamber. The main apvahtiais experiment is that
low time residence in the chamber reduces fuel degradation. When arddiwtaregulation is reached,
the chamber is isolated and the mixture is spark ignited thanks to two 0.5mm diameterdss. Elec-
trodes gap is kept constant (1.5mm) and energy can be adjusted in oigtataavith the minimum nec-

essary.
The flow is also seeded with
silicon oil (vaporization @
580K) allowing optical diag-

nostic such as high speed to-
mography. Seeded flow is il-
luminated with a double cav-
ity Nd:YLF laser, 2*28mJ,

(Darwin Dual). Mie scatter- Hiaukd ot Mecer
ing of particles is recorded a8
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Figure 5: Experimental set-up scheme

der high pressure and temperature are presentéd in [5].
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4 Validation, results and discussion

As mentioned above, nonlinear extrapolation seems to be more accurate aesilts presented in this
study are extracted from nonlinear form. In literature, for ethanol air mextwostly linear extrapola-
tion to zero stretch are present/[lL,13, 6] excepted those recént inlflBig[@ laminar burning velocities
from literature as a function of equivalence ratio and those obtain inmiresek are presented for pure
ethanol. It is important to note that differences on laminar burning velocltyesacan be linked to the
effect of temperature (358-393K). It also shows that results arsistemt with literature values. The
two techniques EQ}3 and Eg.1 present the same trend with equivalencéuagsome differences exist
between both techniques: results fron{Eq.1 are smaller than those obtiin&d|i8. Those differences
could be due to the estimation of the burned gases densliy using adiabatic flame temperature.
The consistent of the new methodology also allows to reduce the influehigedétion energy necessary
to ignite the combustion process. As shown in[Big.7, two different valuestaianergy, calledsup
andinf, leads to two different flame speed and fresh gases velocity behaviben, the unstretched
laminar flame speeds extracted with non linear extrapolation are differerénd.8.7m/s (9% error)
respectively. Consequently, the two unstretched laminar burning velozétiesiated thanks to Ed.1 are
different. On the other side, the methodology [Eq.3), is much less sensitthe iafluence of igni-
tion energy. In Fidl7 it can be shown that thanks to the new method, thapeletian at zero stretch
of stretched laminar burning velocity is equal in the two cases becausegasss velocity follow the
flame speed evolution.

Markstein lengthd,, that gives flame sensitivity to stretch factor can be also estimated. They-are e
tracted from linear and nonlinear relations respectively:

Sy = S? — Ly and from Eq.R. From EQ.5, the chemical burning rate dependence tdskrgts also
estimated. Markstein length$, i, and Ly, ,,0n1in, @nd are reported on Fig.8 for both cases. The present
values ofL; are compared with [3] and are in very good agreement for linear cases.

Markstein lengths relative to fresh gases are presented in[Tlable:h leceeen that a change of slope
appears at an equivalence ratio between 0.8 and 0.9. It means thaiwasisirig[9, the dependence of
laminar burning velocity to stretch factor is inverted for this specific equidaeaatiop;, et

¢ Lu |& Li [ ¢ Lu

07 007 |1 -0.153|[13 -0.221
08 0062 1.1 -0.155/ 1.4 -0.242
09 -0.036 1.2 -0.183|| 1.5 -0.261

Table 1: Markstein Lengtti.,, (mm) as a funstion of

5 Conclusion

This paper had proposed an experimental approach for laminar biwedoaity measurements for spher-
ical expanding flames. It consists in determining on tomographical imagesftheation correspond-
ing to fresh gases velocity ahead of the flame front. It has shown its afficien a pure ethanol air
flame for a range of equivalence ratios from 0.7 to 1.5. This new aplpralao gives an essential key
parameter on flame combustion behavior to stretch factor that is Marksteth kefative to fresh gases
L,. New set of measurements are in progress for ranges of temperatiypeegsure up to 573K, 2MPa.
Characterization of pure ethanol and blended isooctane-ethanohguwelocity on thermodynamics
conditions above mentioned will be exposed on further works.
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