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The stability behavior of a jet diffusion flame developing in a co-flowing stream is studied
experimentally, using natural gas and propane as fuel gases. Effects of oxidant and fuel stream
velocities and oxidant stream dilution have been studied. The results of experiments showed
that with increasing fuel jet Reynolds number, there appears along the flame a point that is
accompanied by reaction zone sudden expansion. Flame becomes turbulent downstream from
this point. This point is called transition point. More increment of fuel jet Reynolds number
moves the transition point to the upstream. Furthermore, two types of stability limits are
observed. Blow-off of the rim-stabilized flame is the first stability limit. The second one is the
break-off or extinction of the turbulent portion of the flame at the transition point from laminar
to turbulent flow. The oxidant and fuel streams are in environmental temperature. In dilution
experiments, the oxidant primary stream is oxygen that is diluted with nitrogen or carbon
dioxide. In the other experiments oxidant is environmental air.
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1. Introduction

Researching the fuel jet turbulent non-premixeanéais one of the most important and interesting
topics from the viewpoint of fundamental and preaitiresearchesn particular, the structure and
stabilization of turbulent non-premixed flames héeen studied by many research@&keno et al. [1-4]
studied natural gas and hydrogen turbulent flames high co-flowing air temperaturéhey compared
un-ignited cold jets with flame jets and concludbdt the flame presence delays transition. It was
ascribed to heat release in reacting jets. Furtbernextinction of the turbulent portion of flamethe
transition point was observed by increasing rinbititg through preheating aifthis type of stability limit
is attributed to the finite rate chemistry of tuldnt non-premixed flames. A further experimentaldgt
was conducted on the stability of an excess enyhiédime [5]. They reported that the flame stability



limits decreases depending on the rate of mixtat®.rin addition, they found that heat recircuiati
plays a pivotal role in the flame stabilization.sBd on experimental findings, Chih-Yung \tual. [6]
proposed a blow out mechanism for turbulent jet-pmmixed flamesThey suggested that the point
where the radial distance between the ellipticchiometric contour and the jet axis reaches a maxim
value, can be regarded as the dividing point séipgréhe unstable and stable regions for the liftathe

in the blowout process. The effects of buoyancyhencharacteristics of turbulent non-premixed flame
were the subject of an experimental study that peaformed by Idicheriat al. [7]. They observed that
the high-Reynolds-number flames have the same fldmngth irrespective of the gravity level.
Experimental results obtained by Pietsl. [8] showed that turbulent heat fluxes tend to tstrieted to
the mixing layer where the large temperature gradieccur.Mungal et al. [9] compared reacting and
non-reacting jets and reported that heat releasednting jets narrows the jet width up to 20% and
reduces the turbulence intensities up to 40%. Yhitest al. [10] numerical study indicated that the
turbulent non-premixed flame structure is an endembinstantaneous local premixed, non-premixetl an
partially premixed flames. A recent DNS simulatiointurbulent hydrogen lifted flames indicated some
lean diffusion flame islands, surrounding the inmezmixed flame [11].

Extensive researches have been performed on fdebxddizer dilution in non-premixed flames. Effect
of fuel or oxidizer dilution and fuel to oxidantti@ on flame configuration, temperature, lift-oféight
and consequently on flame stability and pollutiom eery significant and they are very powerful sofur
controlling flame. Effects of diluents on structuaad stability of axisymmetric lifted laminar diffion
flames are investigated by Ruetral. [12]. They found that effect of C{bn flame structure and stability
is more than B Because, CHhas upper heat capacity and lower transfer rat®mmparison with N In
another research that was performed by Sullieaal. [13], methane-air laminar diffusion flame was
considered. They diluted methane with ammonia{Ntid observed that N@mission level diminished
up to 50% in confined use of ammonddso, Kumaret al. [14] observed a decrease in Nenission level
with adding H into fuel streamThis was ascribed to the enhanced diffusivity wHezhto a decrease in
residence time of gases.

In the present study, an experimental method isl ueeinvestigate the structure of transient and
turbulent non-premixed flame$he present study aims to expand the knowledgkeoéffects of dilution
or enrichment of oxidant on the structure and #talmf turbulent non-premixed flames in a co-flowi
oxidant stream based on the works of Takeno [1ad]@hih-Yung Wu [6].

2. Experimental Method

A co-flow burner is used for the experiments. Fglirshows the schematic of the coaxial burner used
in this study. In this burner, the fuel nozzle thas mm inner diameter which is located in the cdinte of
a Pyrex tube with 11.14 mm inner diameter. The fumzle thickness is 0.2 mm. The oxidant stream
flows from the area between fuel nozzle and Pynée tand mixes with the fuel stream which comes out
from the fuel nozzle. The axes of Pyrex tube anel fibzzle are placed coaxially. The Pyrex tube
prohibits environmental air to be involved in comstion. In these experiments, oxidant stream is air or



pure oxygen which is diluted with carbon dioxidendrogen gases. The flow rates of the oxidant thed
fuels are metered by calibrated flow meters mouritetheir respective feed lines. The accuracy of
rotameters for fuel and oxidant meteringd8-2% of full scale.High quality digital pictures (Power Shot
G6 Canon) with high capturing velocity (0.1 mse® &ken for analyzing the flame behavior. Foringy

on the reported data, experiments repetition isrtdkto account. The flame stability behavior isd#d

by increasing the fuel injection velocity until theme begins to blow off or break ofill of the streams,
concerning fuel and oxidant are in the room tentpeea(25°C). In the performed tests, a parameter is
defined that shows dilution percent. This paramistérdicated by Z.
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Figure 1. Schematic of the coaxial burner along with thelifted flame

3. Resultsand discussion

For investigating the transient and turbulent noempxed flames structure and for both fuels, thests
have been performed.hese tests are included considering effect of amidstream velocity on non-
premixed flame structure, effect of oxygen dilutigith N, on non-premixed flame structure and effect of

oxygen dilution with C@on non-premixed flame structure, respectively.

3.1.Natural gasflame

In the experiments with natural gas fuel, (base@ioxidant) the governing process is introduced a
in continuation the results with the dilution anegentedBecause of limitations of test apparatus, the

natural gas volume flow rate couldn’t be more thditymin.

3.1.1. Experiments concerning environmental air as oxidant

The stability behavior depends on the oxygen canagon in the oxidant stream, as well as on tipety
of fuel usedWhen the fuel is natural gas and oxidant is envivental air, one type of stability limit is



observed, that is the flame blow off. Figure 2 sh@m example of the variations of flame configamati
with the fuel injection velocity (). When U is low enough (less than 10 m/sec), a laminar élam
develops as a slender shape (the first pictdied. flame length increases with, Yo that the maximum
length of flame approaches 50 cm. Asidincreased further (the second picture), thppears along the
flame a sharp transition point. According to [1BH416], there are two transition-generating meras
which are related to hydrodynamic instability oEtfuel jet very near the axis as a result of foicti
between air and fuel at the boundary of free jed gipe flow turbulence inside the fuel injector,
respectively. A sinusoidal small-scale fluctuatinthe transition point in the jet very near thésaand
large-scale fluctuations outside the flame incréeesast and mass transfer rate across the reactienaul
cause the flame to expand [Jhe flame becomes turbulent at the downstream fitusnpoint.In the
transition point, the sudden increase of heat aadsntransfer rate across the flame widens theioaact
zone.The transition point moves to upstream with inciregd); (the third picture).Finally, as Y is
increased still further, the flame blows off (theufth picture). The transition length is the dis&n
between transition point and fuel nozzle outlet E9r using a non-dimensional parameter, this leiggt
divided on the nozzle diameter. This parametermimad as non-dimensional transition length)(Xhe
experiments in this section have been performedhime different velocities of air. For all of thethe
governing process is as aforementioriéidure 3 shows non-dimensional transition length) (Xgainst
the fuel jet Reynolds number (fRevith the air velocity (i) as a parameter. Also, Table 1 shows the
critical velocity and the relative jet Reynolds raenin which flame blows off. The first type is kmo
and it is observed in low concentrations of oxygeroxidant streamThis type depends on fuel and
oxidant streams inter diffusion that forms a contibles mixture in laminar flow region immediately
downstream of the injector rim.

Figure 2. Variations of natural gasflame configuration with jet injection velocity U; .Theair velocity is 3 cm/sec.

1) Rej= 1269 2) Rej= 1830 ,3) Regj= 2110 ,4) Rej= 2245
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Figure 3. Variations of non-dimensional transition length of natural gas flamewith the fuel jet Reynolds number. Oxidant
stream is environmental air with 3 different velocities.

As it is observed in Figure 3, increasing air véjocauses the transition point to be moved neafiel
nozzle outletAs U, is increased, the air shear layer plays morecatitole and causes the transition point
to occur earlier along the flame.

Regarding Table 1, it can be inferred that thedfftheight is directly related to the air velocity,).
The delay in forming stoichiometric mixture, becauws air velocity, is the main reason of increakitd
off height.For all three air velocities, after reaching tudnilregime, the flame length diminishes and this
process continues with increasing jet Reynolds rarmimtil the flame blows off.

Table 1- Blow off critical velocity for natural gasflamewith air

Lift-Off Height N.G. Re Fuel Critical Velocity Oxidant Velocity
20 mm 2245 18.4 m/s Us=3cm/s
21 mm 2110 17.3 m/s U;=6cm/s
22 mm 1830 15 m/s Us=9cm/s

3.1.2. Effects of oxygen dilution with nitrogen on natural gas flame stability

In this section, the primary oxidant stream is parggen that is diluted with nitrogen streairhe
Experiments have been performed for two differehitidn percents. Parameter Z is the molar peroént
dilution. Figure 4 shows the variations of flame configunatiwith fuel jet injection velocity for oxidant
stream composed of 40 molar percent of nitrogen@hdolar percent of oxygen. The oxidant stream
velocity is 6 cm/secThe only observed stability limit is diminishingrbwlent part length of flame that is
located after transition point is expected that break-off or extinction hapf@nturbulent portion of the
flame with increasing fuel jet Reynolds number. Wh¢ is low (less than 15m/sec), a laminar flame
develops as a slender shape (the first pictured.flime length increases with the fuel injectiotoeiy
(the second pictureps U, is increased further (the third picture), a shaapsition point appears along
the flame, where sudden breakdown of laminar flaapdens and flame becomes turbulent at the
downstream from this poinincreasing Ymakes the transition point to move toward the neash (the
fourth picture). Eventually, there won't be anymde in the location of the transition point withther



increase in Uj so that the fully developed turbtileon-premixed flame is established (the fifth pie).
Figure 5 indicates the variation of non-dimensiotrahsition length (¥ with the fuel jet Reynolds
number with molar dilution percent (Z) as a paranet

As Figure 5 implies, increasing oxygen concentratiothe oxidant stream brings about more stability
for flame so that transition regime happens in uftEynolds numbergdditionally, Figure 5 reveals that
after crossing from Reynolds numbers about 250@&wtow in fuel nozzle becomes fully-developed) for
two different percents of dilution, non-dimensioeigth finds almost same value. This trend ofiapat
variations of transition point in relation to thegef jet Reynolds number and also its nearly fixediton

after pipe flow entering into the fully developedtulent regime, have been mentioned for hydrogea a
fuel [3].

Figure4. Variations of natural gasflame configuration with jet injection velocity U;. Oxidant stream composition is 60
molar percent of oxygen and 40 molar percent of nitrogen. Oxidant stream velocity is6 cm/sec. 1) Rej= 1403, 2) Rej= 1683,
3) Rej= 1830, 4) Rej=2110, 5) Rej=2818
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Figure5. Variations of non-dimensional transition length of natural gasflamewith jet Reynolds number. Oxidant stream
isformed from oxygen and nitrogen. Oxidant stream velocity is 6 cm/sec.



3.1.3. Effects of oxygen dilution with carbon dioxide on natural gas flame stability

Like dilution with nitrogen, the experiments in ghsection have been performed for two different
percents of dilutionk-or the oxidant stream composed of 60 molar perafeoktygen and 40 molar percent
of carbon dioxide, only one type of stability lim# observed that is gradual diminishing in length
turbulent portion of the flamdut for other dilution percents (Z= 60), the stapilimit is the flame blow
off. Figure 6 shows the flame structure variatiovith the fuel injection velocity when Z=60 (dilutio
percent).In Figure 7, non-dimensional transition length Y>&gainst the fuel jet Reynolds number jRe
and for diluting oxygen with carbon dioxide has mesthown.As it is shown in Figure 7, enhancing
dilution percent makes the transition point to repparlier (in lower jet Reynolds numbeisjhen Z=40,
it is interesting to note that for R@ore than 2500, spatial variations of non-dimemsidransition length
(X.) against the fuel jet Reynolds number diminishesarkably.In fact, when flow in the fuel nozzle
reaches fully developed regime, spatial variatioisansition point reduces noticeabRable 2 shows the

critical velocity and relevant jet Reynolds numhbemnvhich flame blows off.

Figure6. Variations of natural gasflame configuration with jet injection velocity U;. Oxidant stream composition is 60
molar percent of oxygen and 40 molar percent of carbon dioxide. Oxidant stream velocity is 6 cm/sec. 1) Regj= 1269, 2)
Rej= 1683, 3) Regj= 1830, 4) Rej= 2245, 5) Rej= 2818
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Figure 7. Variations of non-dimensional transition length of natural gasflamewith jet Reynolds number. Oxidant stream
iscomposed of oxygen and carbon dioxide. Oxidant stream velocity is 6 cm/sec.

Table 2- Blow off critical velocity for natural gasflamein diluting oxygen with carbon dioxide.

Lift-Off Height N.G. Re Fuel Critical Velocity Oxidant Composition
28 mm 2391 19.6 m/s 40%Q + 60%CQ

3.2.Propane Flame

The stability behavior of the propane flame is &ddn the second part of the experiments. Likeirzat
gas, the experiments for propane have been perfbim¢hree parts. First, the experiments for air in
different velocities and in continuation the expegnts have been done for oxygen as the main oxidant
with diluting it with nitrogen and carbon dioxidEor propane, there isn't limitation for volumetfiow
rate, so that the flames with Reynolds numbero®@b000 have been examined.

3.2.1. Experiments concerning environmental air as oxidant

Two different velocities for air are used and tksults show that the flame blows off after incregsi
the jet Reynolds numbeFigure 8 shows the flame configurations for aieain with 6 cm/sec velocity.
Figure 9 shows variations of the non-dimensiorahgition length (X) versus the jet Reynolds number
Re for the air stream velocity Lhs a parametelncreasing air stream velocity helps perturbationthe
flame boundary to happen sooner. The chemical grigngeactants released in combustion process sause
increasing viscosity and decreasing density forfllmme jet in comparison with cold and un-ignited |
[9]. Increased viscosity devastates the fluctuatiohvelocity as they approach to the flame surfaog
enter to the highly viscous layeBuppressing the development of the amplitude ahdlasurface
fluctuations in the viscous layer (just inside flaene surface) is another effect of the increassdosity.

If there were no such highly viscous layers, thel@tode of perturbations would diverge quickly [3].
Heat release due to chemical reactions affectvahticity. The expansion of the fluid flow due to heat
release diminishes the vorticity and destroys tduall vortex tubes [17Propane flame has further heat
release rate in comparison with natural gas flame tb additional carbon connections break off.
Therefore propane flame not only does not gendtatmilence but also, damps it and laminarizes the

8



flow. Comparing Figures 9 and 3 shows consistency withtvid expectedThe transition regime in
natural gas-air flame initiates in lower jet Reyd®Ilnumbers. As it is observed in table 3 and it is
expected, increasing air velocity enhances theolfiftheight (due to delay in forming stoichiometric
mixture).

Figure8. Variations of propane flame configuration with jet injection velocity U; .Oxidant isair with 6 cm/sec velocity.

1) Rej= 1634, 2) Rej= 2369, 3) Rej= 4248, 4) Rej= 4697
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Figure 9. Variations of non-dimensional transition length of propane flamewith fuel jet Reynolds number. Oxidant
stream is environmental air with two different velocities.

Table 3- Blow off critical velocity for propane-air flame

Oxidant Velocity Fuel Critical Velocity PropaneRe Lift-Off Height
U;=6cm/s 11.5m/s 4697 6 mm
U;=8cm/s 10.4 m/s 3758 7.5 mm

3.2.2. Effects of oxygen dilution with nitrogen on propane flame stability

In this section, the main stream of oxidant is poxggen that is diluted with nitrogefiwo different
percents of dilution are usdd. Figure 10, the variations of flame structuregess for 40 percent dilution




have been shown. Break-off at the transition p@irthe observed stability limit. In addition, Figutl

shows non-dimensional transition length versus fugdction Reynolds for dilution percent as a
parameter.

Figure 10. Variations of propane flame configuration with jet injection velocity U;. Oxidant stream composition is 60
molar percent of oxygen and 40 molar percent of nitrogen. Oxidant stream velocity is6 cm/sec. 1) Rej= 1879, 2) Rej= 2369,
3) Rej= 7066, 4) Rej=16500
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Fig. 11- Variations of non-dimensional transition length of propane flame with fuel jet Reynolds number. Oxidant stream
iscomposed of oxygen and nitrogen. Oxidant stream velocity is 6 cm/sec.

3.2.3. Effects of oxygen dilution with carbon dioxide on propane flame stability

In the last experimental part, effects of propatdrieynolds number on non-premixed flame strudture
transient and turbulent regimes have been invastighhe experiments have been performed in 40 and
60 percents of dilution. In Figure 12, variationflsime structure for oxidant stream that is congutisf
40 molar percent of oxygen and 60 molar percemaabon dioxide is showms figure 12 reveals, both
types of stability limits occur. In critical veldgiof 17.3 m/sec for the fuel jet, the flame blosfsand in
continuation with increasing fuel jet velocity (tg46.1 m/sec) second limit of stability that igiegtion
of the turbulent portion of the flame at the tréinsi point from laminar to turbulent occurs. Thetlsi

10



picture in Figure 12 reveals it perfectly. The setatability limit will appear only when rim staityl is
increased somehow (in our experiments with injgctirygen).This type of limit is due to turbulent non-
premixed flame instability. Instability occurs aettransition point, where the sudden increaseat and
mass transfer rate across the flame is expectauhppen. If the enhancement be large enough, the
chemical reactions cannot endure against this ti@miaand consequently lead the flame to decreasing
temperature and the extinction at the transitioimtpd his instability mechanism is basically thereaas

the mechanism which happens in a laminar counber-fliffusion flame.In these flames, enhancing fuel
and oxidizer velocity raises molecular diffusionigfh causes increasing burning rattowever, more
increase in reactants velocity raises heat and tnassfer rate noticeably and in this way diminsskiee
radicals residence time. The finite reaction rdteh@mical species can not tolerate this situasimmhat it

will lead to the flame extinction [18]This Instability can be clarified by using Damkahieumber.
Additionally, from extracted results, it is obvidysoncluded that transition from laminar to turdi
flow is delayed noticeably by the existence of flaene. Also, Figure 13 shows the variations of flame
configuration for 40 percent of dilution.

Fig. 12- Variations of propane flame configuration with jet injection velocity U;. Oxidant stream composition is40 molar
per cent of oxygen and 60 molar percent of carbon dioxide. Oxidant stream velocity is 6 cm/sec. 1) Rg= 1634, 2) Rg= 2818,
3) Re= 5636, 4) Rg=11763, 5) Re= 14132, 6) Re= 18829

In this percent of dilution (40%), the only obsahaability limit is the extinction of turbulent gmn
of the flame. It can be seen obviously in fifthtpie in Figure 13Figure 14 shows the variation of the
non-dimensional transition length of the propartewéh the jet Reynolds number, with the dilution
percent as a parameter. Also, Table 4 presenisatritelocity and the relevant jet Reynolds number
where lift-off happens.
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Fig. 13- Variations of propane flame configuration with jet injection velocity U;. Oxidant stream composition is 60 molar
percent of oxygen and 40 molar percent Of carbon dioxide. Oxidant stream velocity is6 cm/sec. 1) Rg= 2124 ,2) Reg= 2818

,3) Rg= 7066 ,4) Rg=16500 ,5) Re= 24506
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Fig. 14- Variations of non-dimensional transition length of propane flame with fuel jet Reynolds number. Oxidant stream
iscomposed of oxygen and carbon dioxide. Oxidant stream velocity is 6 cm/sec.

Table 4- Blow off critical velocity for propaneflamein diluting oxygen with carbon dioxide

Oxidant Composition

Fuel Critical Velocity

PropaneRe

Lift-Off Height

40%0, + 60%CQ

17.3 m/s 7066

4 mm

3.24. Comparing effects of oxygen dilution with nitrogen or carbon dioxide

From figures 4-7 and 10-14, it can be inferred ttha¢ to higher heat capacity and lower thermal
diffusivity of carbon dioxide in comparison withtmigen, using carbon dioxide for diluting the pure
oxygen makes the flame too sensitive to be turthuderblow off at lower Reynolds numbers. In this
regard, diluting the pure oxygen with carbon diexidads to impressive variation between the |lonatio
transition point for two different levels of diloth with carbon dioxide (40% and 60%) although these
variations for the position of the transition pastot so great for the case of using nitrogea dduents
with pure oxygen. On the whole, it can be conclutted diluting the pure oxygen with carbon dioxide
can accelerate the transition of the fluid flowineg from laminar to turbulent and consequently fiam
blow off so that it can exacerbate the flame inititgb

4. Conclusion
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The present experimental study on the turbulenpgme and natural gas flame stability has led to the
following conclusions. With increasing fuel jet Re}yds number, there appears along the flame a point
that is accompanied by reaction zone sudden exganshe flame becomes turbulent at the downstream
from this point. This point is called transitionipb Additional increase in fuel jet Reynolds numbe
moves the transition point to upstream. FinallyewtiReynolds number reaches 2500, the pipe flowsnte
into the fully developed turbulent region so that tocation of transition point will not be disptatfor a
further increase in Reynolds number. Two typedaifity limits are observed depending on jet Rdgiao
number. The first one is the extinction at the s¢ion point from laminar to turbulent flame, leagia
short, residual rim flame immediately downstreanthaf injector. The second one is the blow-off @& th
whole flame from the injector rim. In experimentghnoxygen oxidant and for two dilution percent®%4
and 60%), with increasing jet injection Reynolds éransition point settling at certain positione thon-
dimensional transition length finds equal value amth dilution percents. In propane non-premixed
flames, occurrence of the transition point in tlelti regime happens in upper jet Reynolds numbers i
contrast with natural gas flames. This is due tditamhal heat release in propane non-premixed flame
that reduces the vorticity and destroys the locatex tubes in propane flames more than natural gas
flames. Also, it should be mentioned that dilutthg pure oxygen with carbon dioxide can lead tdyear
occurrence in the transition point and consequeh#yflame blow off at low Reynolds numbers, sd tha
can exacerbate the flame instability.

Nomenclature

Z - Dilution percent, [-] X1 -Molar percent of | in oxidant stream, [-]
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