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Effect of CO, Addition and Reactant Preheating
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Abstract

Experiments were performed to analyze dilution @ffeof CQ, N, (thermally inert), or Ar (chemically inert)
injected in air side, on non-premixed g&lr flames. The flow rate ratio (fden/Qainiring CONtrols lifting process.
Anchored flames stabilize more downstream ag.JQair increases; under given aerodynamic conditions, the
attachment height, Hs. (Qiiuen!Qain)/(Quilen! Qain)iiting fOllows a unique profile whatever the diluentsarfks lift off
when H,jiing, UNique value for different diluents, is attainethme bases turn blue by adding a diluent, cabgea
reduction in soot formation (see LIl images), ldygearked at low velocities. It is particularly gta with CQ. For
naturally lifted flames, liftoff height (B increases by adding diluents too. Liftoff phenom®e dependent on
(Quituen{ Qain)iitiing l€ads to a unique Hevolution with (Qiuen{ Qair)/ (Quituend Qainliiing for different diluents.

Introduction the same physical properties as those of. @bul et al.
Industrial combustion furnaces with the exhaust gg7] compared the soot formation with different déd
recirculation systems are widely used nowadayshias oxides (CQ, N,, Ar+CQ;) by LIl method.
technique has been proven to be an efficient swidtr On the other hand, an increase of the reactant
low pollutant production and high combustion effici temperature affects mainly the reaction rate of esom
ency. It is observed that exhaust gas, as well atementary reaction steps, and so modifies the
temperature of reactants, play a significant raeanly distribution of species and temperature acros$lainge.
in the stabilization mechanisms, but also in th&his has a strong effect on soot, CO and, fissions.
transitions between the various combustion regime€oncerning the soot formation, temperature clearly
Among the exhaust gases, £@nd HO are of plays a key role [8], particularly because highmita
paramount importance, because of their physiceemperatures increases soot precursor concentration
chemical properties and their great amount. HoweveBeveral studies were also devoted to the influefaer
up to now, their impact on combustion regimes is n@reheating on flame stabilisation, and on the Btabi
well understood and no fine physical descriptiorthef limits of the reactive system (MILD) [9]. In acadiem
involved mechanisms is available. As shown in theonfigurations, effects of air preheat were studiec
literature [1, 2, 3, 4, 5, 6, 7], main effects dwethe counter-flow diffusion flames configuration. ForaeRr-
presence of a diluent are: pure dilution, whichuesss ple, Lim et al. [10] studied the structure of f&ir
the oxygen concentration in local reaction zoneassto  counter-flow diffusion flames for three air preliegt
affect the combustion reaction rate; thermal cbntion, temperature (300, 440 and 560K) to analyze the
which is linked to the specific heat capacity andmportance of chemical effects. It is found few nhes
radiation transfer; chemical contribution whichdeao in the concentration of major species, but a sicguift
a change in the chemical reaction chain by addieg f increase of CO andHmnole fractions by increasing air
radical agents. Lock et al. [1] showed, experimignta temperature. The analysis of the reaction pathrdiag
and numerically, that flame liftoff and extincticare pointed out that many chemical effects of air peths
easier to achieve when G@& added at the air streamexplained by the increase in H atom concentrations.
than at fuel side. Takahashi et al. [2] illustrated
experimentally and numerically that the effectivenef Specific Objectives
different diluents in flame extinction is esseryial In real situations of exploitation, it is extremel
related to their heat capacities. Moreover osdaifat difficult to assess the importance of the various
instability at the flame base was also found whé&y C phenomena involved in a process where re-circulatio
was added. Dally et al. [3] experimentally anduncontrolled. Thus, the aim was to design a furrnace
numerically found that COaddition reduced the flame order to quantify separately the influence of ramatt
temperature by diminishing the reactant concewtnati  dilution and the influence of the temperature iaside
the reaction zone. On the other hand, Liu et §.Gio chamber (by means of a controlled pre-heating ef th
et al. [5] and Park et al. [6] numerically reveakb@ oxidizer) without being dependent on a re-circolati
importance of chemical contribution on flame stabil movement. Moreover, the furnace was built to be
ation, and on soot formation as well, by introdgcen extremely flexible such that the injection of thadant
new species FCOwhich was chemically inert but held can be easily modified. Finally, by adjusting opieral
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conditions (flow rates, nature of the gases ansection area is large enough to prevent any irtierec
mixtures...) the apparatus configuration was conakivebetween flames and walls. Oxide and methane flde ra
to ensure an easier investigation of the continuafm velocities cover the ranges: 0.1m/s g4d < 0.67m/s
flame responses and the transitions between regimes and 1m/s < Wy < 20m/s respectively. Detailed

In order to characterize the impacts of Cdition calculations were done in [12] to confirm that thés
on combustion, the following methodology has beeno recirculation flow inside the chamber. Besidie® f
adopted. First, various phenomena involving,@@ve Wwindows, aligned vertically, have been dug in eath
been pointed out: flickering, flame lifting procelame  two opposite sides of the chamber in order to pigass
radiation and soot behavior, lifted flame stabtiga monitors of 100x100mm?2 for visualization or plates
and so on. Then, appropriate physical quantitiels, @  instrumented with thermocouples for wall heat fand
quantify the phenomena mentioned above, have betginperatures measurements. Shadowgraph technique
identified and followed in time and space: attachime and CH* chemiluminescence imaging were used to
height of anchored flames, flame length, soonvestigate the flame properties. Shadowgraph,guain
localization, flame detachment limit, stabilizatibaight 4 Watts, 515nm Argon laser, visualizes the interfac
of lifted flames, OH and CH* zone spreading eto.. | between hot and fresh gases recorded by a Phantom
order to bring elements to discriminate between theamera ( 2000fps, 1600x1200 pixels, exposure time:
three effects due to GQddition to the air stream, two 40 s, 0.06mm/pixel). Flame direct CH* emission
other diluents have also been investigated: diea@df), collected by an ICCD Princeton camera (1fps, 57@x38
a thermally inert species and argon (Ar), a chelfyica pixels, 16bits, exposure time: 2%) 0.08mm/pixel)
inert species. The present work focuses on theggsan equipped with an interferential filter centeredd@0nm
in flame stability, essentially the lifting trarisih from with FWHM 50nm, is used to measure the flame
anchored flames to lifted flames, by using the ahreattachment and liftoff height.
diluents. Results of a numerical work developedsoyp

. ) Experimental procedures
[11] based on our flame configuration are confrdrite P P

our experimental results as well. Studies concertiie Before analyzing results on flame stability in the
impact of reactant heating on the flame stabitigrried  Presence of a diluted coaxial air jet, it had to be
out by the CETHIL Laboratory, are in progress. identified the possible impact induced by the s

in the oxide stream properties (mass, flow rateaig},
O, mass fraction...) due to the mere addition of amaext
species. In order to delimit this mechanical imptuee
Set-Up experimental procedures were proposed such that for
Here, experiments are carried out at the CORI&ach of them, one physical quantity was at least
laboratory. The investigated flame develops in aglo maintained constant related to the non-dilutedregiee
atmospheric vertical squared furnace, with a largeonfiguration: (1) oxygen mass (or air flow rate,)Q
section area of 250x250mm2 and one meter long,lwhi€¢2) oxide flow rate velocity, blqe (i-€., exit shear strain
is able to resist high temperatures up to 2400Ke Ttat the oxide / fuel interface) and (3) oxide MaBgide
centered burner, fed with methane, is made of rourfgdlculations based on species properties and @ulger
stainless steel tube with an inner diameters Bmm, namic conditions to obtain such conditions are itketa
1m length and a thick lip,; &= 2.1mm. The oxide in [12]. For the whole range of air and methanevflo
(ambient or pre-heated air, diluted or not by,Ci® or rate velocities mentioned above, data of each gyant
Ar) enters the furnace by four inlets located & blase presented here differ no more than 5% with theethre
of a quiet chamber (see Fig. 1). Then it flows tiglo procedures, even when the amount of diluent added t
grids and converges up to the entrance of the eduaithe air stream is maximum. (This maximum, as wél b
combustion chamber. As mentioned above, thgeen hereafter, corresponds to a critical valuessery

to lift off the flame whereas it is anchored at thener

in a non-diluted configuration.) An illustration ggven
— in Tab. 1 where the flame attachment heighf, i$
7 \\ compared between the three procedures at the maximu

/
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diluent amount leading to flame lifting. This camfis

o the mechanical impact due to the procedure chaice i
R s tiny in the characterization of the studied quaeit
involved in the lifting process induced by a diluen
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glass monitor Diluent CQ N, Ar

o QdiluenlIQair (1) 10% 20% 30%

High temperature Uoxide (1) ! Unxide (2) 11 12 13

resisting shavings Ho (1) / H (2) 1.04 1 0.99
Moxide (1) / Mhxide (3) 1.15 1.19 141
air + diluent 1 air + diluent H, (1) / H,(3) 1.05 1.02 1.03

methane Table 1: comparative impact of procedures (1),a()
Figure 1. Experimental installation (3) on the flame attachment height



Results and Discussion

- . . . L limit
Flame stability without dilution o IU‘,ZY,EF .lﬂhl

As reported by works on non-premixed flames Lifted flame U
stabilized in a round methane jet surrounded byian 5 -_‘_'_—-\'\.\'_
coflow [13, 14, 15], flames exhibit a hysteresifideor:
for the same flow conditions, they can be eithtacied Attached o lited flame
at or lifted over the burner. Here Fig. 2 reporttad
defining the hysteresis zone for the non dilutec
configuration. It is bounded by the upper limit;, U

[
H—‘—‘——Q\‘\Ua‘
obtained by increasing 44, under a fixed air flow rate 34 Attached flame

velocity, Uy, until the anchored flame lifts off and by

methane velocity m/s

0 T T T T

the lower limit, U, measured by decreasingJ until 01 02 03 04 05 05 07

the lifted flame reattaches to the burner. For alkgair air velocity m/s

velocity (Uy, < 0.3m/s), both limits are not influenced

by U, However for greater }J), U, gradually reduces Figure 2. Hysteresis zone without dilution
as the air velocity increases, wheregaslecreases more

abruptly beyond &} = 0.53m/s. The evolution of the a5 . o, N, Ar
curves is correlated to the burner lip thicknesstasvn A A Ualar | Ssme o 0 4
by [13, 14]. Beneath }) flames are always attached al 07 8 Rt ol e

04 mis
053 m/s m
0.67 m/s

the burner; this corresponds to the very small argth 25 -
aerodynamic conditions. Above ,Uthey are always
lifted. Fig. 2 is regarded as the flame stabiliference
chart for experiments carried out with dilution.
Whatever the aerodynamic conditions, the entirmdla
detaches as a whole from the burner similarly t@twh :
was obtained by Takahashi et al. in a thick lipriear Attached flame
configuration for small air velocities [14]. 0

Flame stability with C@ N, and Ar dilution

Contrary to the non diluted configuration, flame
lifting systematically occurs even for the very dma Figure 3. Lifting limits with CQ, N, or Ar dilution
aerodynamic conditions, provided that a criticahofity

Simulation by H.Guo [11]
o A

[leluent/ air 4 lifting

methane velocity m/s

of diluent added to the air, expressed throughflthe CO, N, Ar

rate ratio (Qiuen/Qainiing OPtained at lifting, is attained. 1 (Uchs 5m/s) -0.319 -0.712 -0.979
Fig. 3 reports data of (fQen/Qainiing Measured with » (Ugha > 5m/s) -0.854 -1.516 -2.412
different U;,. Under all the experimental conditions, the -2.912 -3.829 -3.858
way the flame lifts off is the same as that onehwuit 1 (Ugpa  5m/s) 11.085 20.037 30.468
dilution mentioned above. All the profiles systeitat » (Ucpa> 5m/s) 13.638 24.564 38.431

ally show the same linear evolution: a slow deareas Table 2. Coefficients defining the flame liftitigit
with Ucys  5ml/s, followed by a steeper one until the
natural liftoff point is reached. Moreover, thetihfy Nevertheless, results in Fig. 3 undoubtedly shosv t
threshold diminishes with }J increase. The following importance of a diluent and of its intrinsic praes in
parametric equation is proposed to describe liflimifs promoting flame lifting. The critical volume ratios
with Uy and W (Quivend Qainiiting = 1( 2)%Ucha +  (Qna/Qaiiing @and (Q/Qain)iiring are 2 times and 3 times
xUair + 1( 2). Tab. 2 reports coefficients for the threerespectively greater than ¢@/Qai)iting Which presents
diluents. (Qiuen!Qaiiting Strongly depends onjJsince a maximum of about 10% at the smallest aerodynamic
the magnitude of the slopeis larger than those of, condition: U; = 0.1m/s and Wy, = 1m/s. Thus, C®
and ,. But, as |, covers a range of very small valuesappears as having the strongest capability to btleak
compared to bk, the impact of Uy, is apparently anchored flame stability, followed by,Nthen Ar. This
more outstanding. The linear decrease of the flamanking resembles to results of Takahashi et dhioéd
lifting limit curves underlines how pure aerodynamiin a cup burner configuration [2] with low flow et
effects compete with diluent addition. Whilevelocities (U;= 0.0092 m/s, 0.05m/s <dd; < 0.2m/s).
aerodynamic impact grows, dilution is less requiksteThese authors explained it as a manifestation of
This feature also explains why the slopdurns to , at differential thermal effects induced by diluents.
about Wy, = 5m/s. Indeed, the transitional behavior

relates to the change of methane jet regime from Diluent CQ N, Ar
laminar to turbulent near the flame base [12]. €fwe, CProldivent (kJ/mol-K) | 0.037 0.029 0.02
aerodynamic instabilities developing in the methpate Quitvent Qair 10% 20% 30%
influence the lifting process by increasing theslad CPrnol.oxide 0.03 0.029 0.027
flame stability by a factor of 2.5. Table 3. Molar heat capacities of diluents andxade



which coincides with their molar heat capacitiasking  Soot formation

(CPino.coz> Chnoinz > Chnoiar)- Tab. 3 illustrates the  |n order to evaluate why dilution can change the
molar heat capacities of diluents and of oxide omes$  flame color, series of experiments with a “smalénie
at flame lifting point. (Uar = 0.11mV/s, Wys = 0.14m/s) have been carried out.

Indeed, adding Nin air stream leads essentially to §n sych a configuration, the entire flame can be
pure dilution action which weakens flame stabilis  gpserved through the first furnace window, allowing
argon is an inert gas, the difference between woes fully capture the change in soot formation. The
(Qn2/Qai)iing  and  (Qi/Qain)iting COMES  from  pure phenomenon is examined for an anchored flame intil
dilution and thermal effects which counterbalanaere |ifis off. Laser Induced Incandescence (LI1) methes
other: dilution promotes lifting whereas thermaieets peen applied to detect the soot existence regidh. L
delay it. However, the influence of dilution effects istechnique is based on the radiation of high tentpera
more efficient than thermal ones, leading finally t soot particles heated by laser. It is often usenidasure
flame lifting. Takashi et al. proposed a similapegach  the soot volume fraction with the calibration of
to explain the difference between Bhd CQ; knowing  apsorption experiment [7]. Here, only a qualitative
that with CQ, pure dilution and thermal effects getection of the soot existence region is operaex.
combine their action against stability, flame dB&& easurement is applied by means of a 5cm vertisar|
from the burner before the limit with,Nk attained. But, gheet. As laser power is a crucial parameter in LII
this first interpretation can be refined in thehligof measurement, energy in laser sheet has been detdfie
recent calculations proposed by Guo [#fjo modeled pe syfficient to excite the LIl signal, as long seot
the present experiment for the smallest velocitigs= particles exist. Synchronization between camera and
0.1m/s and s = 1m/s for which aerodynamics little |3ser pulse is strictly controlled (delay = 120wigjth =
influences I|_ft|ng process. Data, reported in F?ogf_or 200ns), which ensures the purity of LIl signal (no
the three diluents, show a good agreement with ogj[;orescence signal) and an adequate exposurettime
results. A detailed analysis of the calculatiordidates capture the LIl signal. Fig. 5 presents: (i) four
that if dilution and thermal effects can explaie @ain  photographs of flames recorded with the same exposu
of stability with argon compared to di-azote fori@h time of 1s for the following conditions: non-dilateair,
only dilution is involved, the loss of stability thi CO, i diluted by 11% of CQ 22% of N and 33% of A,
deper)ds on chemical effects as well. Neverthelbss, just before flame lifting; (ii) LIl images assoct to
magnitude of the latter ones is lower than that Ghe previous flame conditions. Every image (a) and
dilution and thermal effects. N semi-images (b), (c) and (d) are averaged fronesai

Jointly, process leading to lifting may beppg images; semi-images (b), (¢)), (d) resultrfrdghe
accompanied by a change in the flame aspect. FQim of the previous series of 200 images. It gjearl
Ucna £ 5mis, direct luminosity is drastically reduced abppears that adding GOdelays and reduces soot
its base which becomes bluer along a vertical Wé&®a formations which practically disappear at the i
longer and longer as a diluent is added, whileuiger point. This is less remarkable fop Bind still less for Ar.

part of the flame turns orange. This is much more

significant with CQ (see Fig. 4: photos are captured

under the same acquisition condition with an exp®su

Finally, the reattachment limit is also investightey —

decreasing the quantity of diluent when the flarse isCaleTO'd”u“on 11% Co 22% N 33%3'2&

time of 0.1s). This modification is related to soot
lifted. Contrary to the hysteresis phenomenon egst =
in no-dilution condition, no significant effecti®mted. 3 1

@ WMo o Mle oo of]

formation as shown hereafter. Finally when the #am

detached, it takes the shape of a fine blue tubeeder
this liftoff state is extremely fragile due to a ake
propagation edge: any external perturbation easily
blows out the flame. For &4, > 5m/s, no noticeable
change occurs because of little amounts of diluent.

Figure 5. Direct and LIl images of non-premixed
CHyair flames. Scale 1 for averaged images a, b; c, d
0%CQR 4%CQ 10%CQ 11%CQ Scale 2 for images b’, ¢’, d’ resulting from a sof200
Figure 4. Flame photos for\: 0.1m/s, Y= 1m/s  images. ;= 0.11m/s, WYy,= 0.14 m/s.



Flame attachment height intrinsically modify the graph.) Finally, the ca#l

Process leading to lifting is quantified througte t attachment height at lifting, ding introduced above, is
attachment height, HH,® with no dilution) defined as generahzed for all th(_e. experimental conqnlons.dem
the distance between the flame base and the bexiter fixed flow rate conditions, results of Fig. 8 cliar
It is obtained from direct CH* emission images. Théndicate an identical kiing-value for the three diluents.
measurement uncertainty is about +1 pixel (0.08mmlt @lways exceeds Hiing (~0.46, where gis the burner
Haevolution is illustrated in Fig. 6 as a functiof o lip thickness) measured with no dilution, but never
(Quituen!Qair) for the low velocity condition: L}= 0.1m/s Surpasses leNevertheless, increasing aerodynamics
and Wy, = 1m/s at which aerodynamics influence iPPposes dilution impact on,tby diminishing H jiting
minimized. H, increases when a diluent is added to thehich tends to & jing When Uy, or Ueys is increased.
air stream. This is consistent with remarks frore th
numerical work of Takahashi et al. obtained in ¢be-
burner configuration [2]. Whatever the diluent,, H
attains thesame height just before lifting,aling Whose
value is 3.5 times greater than the initial value.
Consequently, Hevolution appears more abrupt with
CO, than that with N and Ar. But the three profiles
collapse on a unique curve when the abscissa
(Quiluen! Qair) i1s normalized by the critical flow rate ratio
(Quilven! Qain)iing @S shown in Fig. 7. Under a given
couple (Wns Uy, this unique evolution for the three
diluents is systematically satisfied for the whadege
of aerodynamic conditions studied herelhus,
Quilven!Qair controls H for a given velocity condition;
(Quilven! Qai)iting  Which contains all the structural
information about a diluent (dilution, thermal and
chemical properties, but also dependence on
aerodynamics), appears as a key element in a sgenar
based on dilution mechanism involving the flame
stabilization process. According to Takahashi etthe
mechanism for K augmentation is explained as
following: adding diluent reduces the chemical tiac
rate near the edge flame and its trailing diffusiame;
the balance between the combustion propagatiordspee
and the flow injection velocity is broken. As auksthe
flame is pushed downstream from the burner. At a
higher position, mixing between oxide and methane i
enhanced, which favors the chemical reaction rathea
flame edge. Once again a new balance between the tw
velocities is found to stabilize the flame. (It shb be
noticed that for a given diluent, when its amownképt
constant, HH,’ decrease as dJ, and U, increase,
influenced by the vicinity of burner lip; plot #H.’ vs.
(Qdiluenl/Qair) or (Qﬂiluenl/Qair)/(QdiIuen{Qair)Iifting does not Flame lifted helght

The flame, lifted above the burner in the natural
hysteresis zone, has been characterized by quagtify
its height evolution with and without dilution. $im
flames are turbulent and unstable, series of 2G@n
were captured to extract representative statistical
quantities among which the most probable liftedyhts,

H.° with no dilution and i with dilution, are plotted in
Fig. 9 and 10 for Y44 = 7, 10, 13m/s. Measurements
were performed only for flames whose bases remained
detectable through the first glass monitor. Firkf, was
verified to “classically” increase as the augmeotabf
Uchs Or Uy, [13, 14]. For example, at }J= 0.1m/s,
doubling H® needs to increase methane flow rate about
2 times or air flow rate about 4 times. Then, tified
flame response has been investigated under given

Figure 7. HH. vs. normalized flow rate ratio

Figure 8. Hining/€ as a function of khsandU

Figure 6. HMH. vs. flow rate ratio



aerodynamic conditions as a diluent was addederaih
stream. It appears that flame height greatly nigewith
Quilven! Qair» While [15] reported that there was no change
in H. when a diluent was added in the fuel side. Here,
growth is comparatively more abrupt with €@ut, it

is fairly independent of the flow rate velocitiegdJand
U, as seen in Fig. 9. Moreover only a relatively $mal
diluent flow rate addition is required to doublg’+H5%
with CO,, 9% with N,, and 14% with Ar, contrary to the
non-diluted case for which flow rates have to brgdéy
increased as mentioned above. Thus, dilution asat
impact on the lifted flame stabilization, espegiallith
CO,. Under fixed velocity conditions, a uniqug/H,°
evolution is obtained, similar to JiH. evolution of
Fig. 7, through the normalization by the criticéting
value, as illustrated in Fig. 10. The apparent ddpace Figure 9. Most probable Hss. flow rate ratio
of H/H.° on gas velocities is related to the linear
dependence of (§en Qainiting ON these velocities. Thus,
Quien!Qair has an important impact on _Hand
(Quilven! Qain)iiting 1S confirmed once again to be a key
element in a diluted combustion system.

Conclusions

Systematic experiments have been carried out to
investigate C@effect on stability and stabilization of a
non-premixed CHlair flame. First, transition from an
anchored to a lifted flame has been analyzed under
several aerodynamics and dilution conditions. Flame
lifting process is found to be essentially contgdllby
the critical flow rate ratio (Quen/Qaiiing, Parametric-
ally linear-dependent on both methane and air flat®
velocities. With N and Ar, anchored flames as well as
lifted flames, present a better stability. Thistidistion
in stability relates to the different physico-cheali
properties of each diluent. Adding a diluent delaysl .
reduces soot formation, especially with CGtabiliza- 2] H: Guo, G. J. Smallwood, Combust. Sci. Technol.
tion heights, H for anchored flames and Hor lifted 180 (2008) 1695.
flames, always increase when the diluent additiothe  [6] J. Park, D. J. Hwang, J. G. Choi, K. M. Lee,|S.
air stream is augmented. For the three diluents, tiKeel, S. H. Shim, International Journal Energy Resle,
reduced heights #H,” and H/H,° evolve respectively 28 (2004) 551-565.
as a unique curve with the normalized flow rateorat .
(Quitvent Qai)/ (Quitven Qainliiting - (Quituen! Qain)iiting 1S a key [7] K.C.Oh, H. D. Shin, Fuel 85 (2006) 615-624.

element in a scenario based on a dilution mechanig@ |. Glassman, Proc. Combust. Inst., 22 (198%.29

involving the flame stabilization process. )
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