PHYSICS OF FLUIDS VOLUME 11, NUMBER 11 NOVEMBER 1999

Gravity effects on triple flames: Flame structure and flow instability
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A fundamental difference between a partially premixed flame and an equivalent prefoixed
nonpremixed flame pertains to the existence of multiple synergistically coupled reaction zones. A
“triple flame” is a type of partially premixed flame that contains a fuel-rich premixed reaction zone,

a fuel-lean premixed reaction zone, and a nonpremixed reaction zone. The objective of this
investigation is to examine gravity effects on the flame structure and flow instabilities related to
partially premixed triple flamegAn earlier investigation by us dealing with gravitational effects on
partially premixed double flames essentially considered steady 0- and 1-g jlafnégtailed
numerical model is employed to simulate a methane-air triple flame established on a slot burner. A
relatively detailed mechanism involving both-Cand G-containing species and 81 elementary
reaction steps is used to represent the,@H chemistry. Validation of the computational model is
provided through a comparison of predictions with nonintrusive measurements. The results indicate
that the overall triple flame structure is determined by interactions between the three reaction zones,
and can be controlled by changing the mixture velocity, equivalence ratio, and gravitational
acceleration. While the inner rich premixed reaction zone is weakly affected by gravity, the central
nonpremixed and outer lean premixed reaction zones exhibit significant differences at 0 and 1 g. For
0 g flames, these two reaction zones move away from the centerline compared to the corresponding
1 g flames, since the entrainment of the lean outer flow is reduced in the absence of buoyant
advection. Velocity vectors outside the lean premixed zone are directed away from the centerline
due to flow dilatationn a 0 gflame, whereas they are directed towards the centerline due to the
buoyancy-induced entrainment that occurs in a correspgrtlig flame. Consequently, there is an
increased physical separation and reduced heat and mass transport between the three reaction zones
of the 0 g flame. The nonpremixed reaction zone height decreases due to the increase in residence
time at 0 g. The reduced advection ainsport at O g results in a flame that is less compact and

has thicker reaction zones and which, therefore, is more sensitive to flow or stoichiometry
perturbations. The flame structure and the interactions between the three reaction zones are found to
be well-represented in terms of a modified conserved séalarfundamental difference between

the 0 and 1 g triple flames is due to their transient behavior and markedly different response to
changes in the coflow velocity. Our simulations indicate the presence of a shear-induced convective
instability and a buoyancy-induced global instability in laminar triple flames that depend upon the
magnitude of coflow velocity and gravitational acceleration. The outer premixed reaction zone of 0

g flames exhibits a hitherto unreported weak oscillatory behavior at higher coflow rates that is
related to a Kelvin—Helmholtz instability of the momentum shear layer. The instability in the 0 g
flame is confined to the outer premixed zone. In contrast, decreasing the coflow velocity at 1 g
causes a well-organized flickering of the outer reaction zone that can affect all three reaction zones.
The flickering frequency is relatively insensitive to changes in the coflow velocity, as both
computed and measured frequencies are found to be in a narrow range of 9—12 Hz. However, the
flickering amplitude exhibits strong sensitivity to the coflow velocity as it is reduced to a value
smaller than the inner jet velocity, and becomes noticeably large causing oscillations in all three
reaction zones. There is a good agreement between the predicted and measured dynamics of the
flickering 1 g flames. ©1999 American Institute of Physid$§1070-663(199)00411-0

INTRODUCTION and reignition in turbulent flames. A double flatnécon-
taining a fuel-rich premixed reaction zone that synergisti-
Partially premixed flames are hybrid flames containingcally interacts with a nonpremixed reaction zone is an ex-
multiple reaction zones. These flames are of fundamentalmple of a partially premixed flame. A triple flafé that
importance to the phenomena of nonpremixed flame stabilicontains three reaction zones offers another example. A
zation and liftoff, spray combustion, and localized extinctiontriple flame contains a fuel-rich premixed zone, a fuel-lean
premixed zone, and a nonpremixed reaction zone. We will
aAuthor to whom correspondence should be addressed. Electronic maiﬁiiscuss such a flame, in which the two premixed reaction
ska@uic.edu zones form exterior wings and the nonpremixed reaction
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zone is established in between these two wifigshe region 9 . e 00 ——]
where excess fuel and oxidizer from the rich and lean pre- o 5 outow |
mixed reaction zones, respectively, mix in stoichiometric
proportion. The overall flame structure is determined by the
interactions between these three reaction regions, and can be
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flame and an equivalent premixed or nonpremixed flame per- N1 A :
tains to the existence of multiple synergistically coupled re- Stainless Stéel Bumer | ’ |

action zones. The structure of partially premixed flames is
determined by the interactions that arise among these zones
due to the synergy between the thermochemistry and the heat
and mass transport. For example, in a methane—air triplelG. 1. Schematic diagram df) the burner, andb) the computational
flame the inner rich premixed reaction zone provides CO an&omain and boundary conditions. Dimensions are in units of mm.

H,, which serve as “intermediate fuels,” and excess meth-

ane to the nonpremixed zone, whereas the latter supplies heat o o o ) _
and radical speciegd and OH to both the inner and outer The objective of this mvestlgz_itlon is to examine gravity
zone€® The outer zone in turn provides excess &hd oxy- effects on the structure of a partla_lly prem_lxed trlple flame.
gen atoms to the nonpremixed reaction zone. The interad? contrast to a double flame in which gravity mainly affects
tions between the various reaction zones occur due to thi'® Outer nonpremixed reaction zone, in the triple flame
advection and diffusion of both heat and mass. These effecfUoyancy is expected to influence both the outer lean pre-

are strongly influenced by flow dilation and gravity, as well mixed anq ;Ihe centrﬁl n.onpremlxeq rtzactlon Z0Nes. Thl_ls:hm
as flame curvature and differential diffusion. In a normal-{UrM can influence the inner premixed reaction zone. The

gravity partially premixed flame, the flow dilatation due to puter premixed Zone may also m|t|gat§ t.he mflue'nce of grav-
on the nonpremixed zone by providing a shield against

the heat release in the inner zone directs the velocity vectoﬂ[ b ; . Furth h : ¢
towards the nonpremixed zorfaway from the centerline € buoyant convection. Furthermore, he outer zone of a

whereas buoyancy has an opposite consequeacsimilar triple flame, being a region of lean premixed combustion, is

effect occurs in the region between the nonpremixed angxpected to be more prone to inherent flow and combustion

outer premixed zones. Therefore, the physical separation b('an-Stab'“t'eS as compared to a double flame.

tween the reaction zones is reduced so that the topography of

the nonpremixed _and outer premixed zones i_s modified in thgyUMERICAL MODEL

absence of gravity. The stretch rate experienced by these

zones is also altered. Our numerical model simulates a triple flame established
We have recently examined the effects of flow dilatationon @ Wolfhard—Parker slot burnéthat is schematically il-

and buoyancy on the structure of a steady two-dimensiond¥strated in Fig. 1 A rich mixture is introduced from the

partially premixed methane-air double flam@ecall that a iNner slot and a lean mixture is introduced from the two

double flame contains two reaction zones, one which is a ricBYMMetric outer slots. This configuration has been used by

premixed reaction zone, and the other a nonpremixed readlS in recent investigatiod§in which the numerical results

tion zoné. In that flame, methane was partially oxidized to Weré validated by a comparison with nonintrusive measure-

form CO and H in the inner premixed reaction zone and ments. The experimental diagnostics involved chemilumi-

. . . . . . 3'617

these species were transported to the outer nonpremixed zoRESCeNt emission imaging of excited Cadicals,™" holo-

where they were oxidized to form G@nd HO. The outer graphic interferometry temperature measureméntmd

zone in turn supplied heat and radical species such as OPA 7 veloci

and H-atoms to the inner zone. For the investigated condir-netflyh(LDV) ve 0|C|ty ??gsul;emednts. he solution o i

tions, we found the inner premixed zone to be relatively g ngmenca_mo € '?_ as? Ontvtv e;O ution o ltlme-t

unaffected by either flow dilatation or buoyancy, since theséieloen ent governing equations for a two-dimensional react-

effects were confined to the post-flame region. The structur'd flow. Using Cartesian coordinates,y), these equations

of the nonpremixed zone was, however, strongly influenced®" be written in the form
by both flow dilatation and buoyancy. The flow dilatation
pushed the outer nonpremixed zone further outw@arsay Ap) + dpuy) + Apvi)

155 79.75
T T
3.75 1

@) (L]

from the centerling while buoyant convection had the op- 9t 2 ay

posite effect. Consequently, the absence of gravity resulted J P o

in an increased separation between the two reaction zones. = —|T'*—|+ —|T*—| +S?,
X ax | ay ay

The 0 g nonpremixed zone was spatially larger and thicker
compared to the correspondirl g flame, since transverse wherep denotes density, andandv, respectively, represent
diffusive transport were enhanced relative to advection irthe transverséx) and axial (y) velocity components. The
zero gravity. general form of the equation represents either of the mass,
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momentum, species, or energy conservation equations, de:
pending upon the variable used in placeyofThe gravita-
tional acceleration term is included in the axial momentum 4o} |
equation. The transport coefficieRt’ and the source terms
S? appearing in the governing equations are provided in
Refs. 7 and 8. The set of governing equations is completed 30
by introducing the global species conservation equation and
the state equatiop=pTRu2TYi/Mi , WhereR,, represents E
the universal gas constarnil, the temperature, ani¥l; the > 20
molecular weight ofith species. The thermodynamic and
transport properties appearing in the above equations are
considered to be temperature and species dependent. Firs 4
the viscosity and thermal conductivity of the individual spe-
cies are estimated based on Chapman—Enskog collision
theory, following which those of the mixture are determined
using the Wilke semiempirical formulas. Chapman—Enskog

’ X, mm

theory and the Lennard-Jones potentials are used to estimat Heat-release, kim"’s'*10° ' R

the binary-diffusion coefficient between each species and . = o Referencetodion T

nitrogen® A relatively detailed 24-species, 81-step mecha- (a) ®)

nism involving both G- and G-containing species is used to

represent the C,Hrair chemistryq. FIG. 2. (a) Comparison between the computed volumetric heat release rates

The computational domain is bounded by the sy.rnmgtr)&ermaanld gn ﬁ;ﬂigg&ﬁ‘!%éﬁ'&fﬁ?_hgm;:’r:'%?:;ﬂff:'?gf%hf?
plane and an outflow boundary in the transverse direction,  —03ms?, ¢,,..~0.6. The experimental image has been normalized
and by the inflow and another outflow boundary in the axialoy multiplying each pixel intensity by a constant value, which is the ratio of
direction. Symmetric conditions are applied at the |eftthe_maximum heat releas_e rate to the maximum pixel_ inten@ityCom-
boundary, whereas the right boundary is treated as a fre;g::]seozak;re];\Neen the predictéleft) and measured velocity vectors for the
surface. At the inflow boundary, except for the wall where
no-slip boundary conditions are imposed, uniform velocity
profiles are assumed for both the inner fuel-rich and outer
fuel-lean streams. The temperature and species mass fractiprovided through a comparison of predictions with measure-
profiles are also assumed to be uniform at the inflow boundments. Figure @) presents a comparison between the com-
ary. The flow variables at the outflow boundary are obtaineguted volumetric heat release ratest) with the experimen-
using an extrapolation procedure with weighted zero- andally measured &-chemiluminescence intensiti€s! The
first-order terms. The main criterion used in selecting theexcited G free radical species is considered to be a good
weighting functions is that the flow should exit the outflow indicator of the reaction zone in the fuel-rich regions of
boundary without being distorted. In addition, the outflow flames, in which its light intensity varies linearly with the
boundaries in both directions are located sufficiently far fromvolumetric heat releage.
the respective inflow and symmetric boundaries so that the The G -chemiluminescence images were obtained using
propagation of boundary-induced disturbances is minimizeda 513x480 pixel intensified and gated solid-state camera
The boundary conditions are indicated in Fig. 1. (ITT F45779. A narrow wavelength interference filter
The computational model is based on an algorithm de{470+10 nm was employed to detect the emission occurring
veloped by Kattat al® An implicit algorithm is employed to  at 473 nm due to thé1,0) C, Swan band? A background
solve the unsteady gas-phase equations. The governing equmage was subtracted from the raw images to correct for
tions are integrated by using a “finite control volume” ap- noise. Since the chemiluminescence images are directly pro-
proach with a staggered, nonuniform grid systgi@1x88).  portional to the ¢ formation rate, they, therefore, serve as a
Grid lines are clustered near the flame surfaces to resolve thgialitative rate measure of the flame chemistrywe ob-
steep gradients of the dependent variables. An iterative AD$erve from Fig. 2a) that the predicted flame shape is in
(Alternating Direction Implici} technique is used for solving excellent agreement with the spatial profile of the measured
the resulting Ng+3) sets of algebraic equations. A stable chemiluminescence intensity. While the locations of the rich
numerical-integration procedure is achieved by coupling thegremixed and the nonpremixed reaction zones are in agree-
species and energy equations through the chemical-reactionent, the lean premixed reaction zone has a weaker chemi-
source terms. At every time step, the pressure field is calcuuminescent intensity than the predictions indicate. This is
lated by solving the pressure Poisson equations at all gridue to the fact that radicals are relatively weaker in the
points simultaneously and utilizing the Lllower and Up-  outer lean premixed reaction zone than in richer regfons.
per diagonal matrix-decomposition techniqué:*° This difference can be attributed to the dominant reaction
pathways that are different in the lean and rich premixed
RESULTS AND DISCUSSION regions® Perhaps, the OH chemiluminescence should be em-
Further validation of the computational model for a rep-ployed to capture the reaction zone in the lean premixed
resentative triple flame established undeg conditions is  region.
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FIG. 4. Axial velocity profiles for the reference conditions of Fig. 3, but at
0,0.5,and 1 g.

=v;,/(gL)*? wherev;,=0.3ms !, g=9.81ms?, andL
=0.0075m for tle 1 g reference flame has a value of 1.11.
The predicted velocity vectors and heat release rate con-
tours are presented for the Ocafh g flames in Fig. 3. The
FIG. 3. Comparison of 0 geft) and 1 g(right) triple flames in terms of the ~ three reaction zones are readily identified from the heat re-
heat release ratén units of kJm®s™) contours and velocity vectors for |ease rate contours, which show that the central nonpremixed
refe;rence fIaTes correfpondmg;lto th(—:;stmchlcirlnetrlc anij flow condmonsieaction zone separates an inner fuel-rich premixed zone and
Gin=1.8, $o,=0.38,v;(;=0.3ms %, v, =0.7m s, doyera=0.5. . . . .
an outer fuel-lean premixed zone. The inner rich premixed
reaction zone is virtually unaffected by gravity, but both the
central nonpremixed and outer lean premixed reaction zones
Figure 2b) presents a comparison between the predicte@xhibit significant differences at 0 and 1 g. At 0 g, locations
(left) and measuredright) velocity vectors for the same of the reaction zones move away from the centerline as com-
flame. The predicted heat release rates are also shown so thgred to the correspondjrl g flames, since the entrainment
the locations of the three reaction zones can be identifiechf the lean outer flow towards the centerline is considerably
The measured velocity vectors are obtained using LDV, dereduced due to the absence of buoyant advection.
tails of which are presented elsewh&Bhere is good quan- The presence of gravity increases the nonpremixed reac-
titative agreement between the measured and predicted véion zone height, since buoyant acceleration and advection
locities. The heat release produces dilatation effects normalecreases the residence time available to the flow to move
to the inner and outer premixed reaction zones. This directthrough the domain. The enhanced buoyant advection is il-
the velocity vectors away from the centerline, which is ap-lustrated in Fig. 4, which presents the centerline velocity
parent downstream of the inner reaction zone near the bagéth respect to the axial displacement for three 0, 0.5, and 1
and near the nonpremixed zone in Figb)2 Buoyancy ef- g flames, established at the reference flow and stoichiometry
fects entrain the oxidizer from the lean outer flow and transconditions. A 0 g the nonpremixed reaction zone is, conse-
port it to the nonpremixed reaction zone and, consequentlyguently, less stretched, and has a less intense tip due to the
the velocity vectors turn towards the centerline. These resultgeduction in transport and, therefore, chemical activity. Heat
are in accord with previous predictions regarding gravita-and mass transport is also reduced due to the larger physical
tional effects on partially premixed flames containing twoseparation between this and other reaction zones in the ab-
reaction zone$. sence of gravity. These observations regarding the nonpre-
mixed reaction zone are consistent with the results of our
previous investigation that pertains to gravity effects on par-
Figure 3 depicts the global structure of a representativéially premixed double flames.
triple flame established under O(lgft) and 1 g(right) con- As we have mentioned earlier, gravity modifies the
ditions at an overall equivalence ratip=0.5. The global transport-induced interactions between the various reaction
equivalence ratio is based on the total mass flow rates of fuelones. For example, the flow dilatation downstream of the
and air in both the inner and outer streams. Other conditionsiner premixed and central nonpremixed zones directs the
for this case are¢;,=1.8, ¢,,=0.38, v;{;=0.3ms?, velocity vectors toward the outer premixed zdine., away
Vou=0.7ms 1, where ¢, and ¢, represent the equiva- from the centerling whereas buoyant advection has an op-
lence ratios in the inner and outer streams, respectively, angbsite effect. In addition, the velocity vectors outside the
Vi, andvy; respectively, represent the inner and outer streankean premixed zone are directed away from the centerline
velocities. We will hereafter refer to these tW@ and 1 g  due to flow dilatation in the 0 g flame, whereas they are
flames as the reference flames. The Froude number (Flirected towards the centerline due to the buoyancy-induced

Effect of gravity on the global triple flame structure
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entrainment that occurs inghl g flame. Consequently, the triple flame structure under 0 dril g conditions. The heat
presence of gravity decreases the spatial separation betwersiease rate contours are presented for following three cases:
the central nonpremixed and outer premixed zones, therebtg) ¢i,=1.8, ¢ou=0.38, vi{n=0.3, Vou=0.7, doverai=0.5;
further enhancing the synergism between the two regions. (b) ¢;,=1.8, ¢o,=0.38,Vi,=0.3, Vo, = 0.3, doverai=0.63;

and (¢) ¢in=1.8, ¢ou=0.38, vi;=0.3, Vou=0.1, doveral
=0.95. The coflow velocity has a markedly different effect
on the structures of the 0 drl g flames. For #1 0 g flame,

The effect of stoichiometry on the global flame structureasv,, decreases, the advection in the outer stream is reduced
at both 0 and 1 g idlustrated in Fig. 5, which presents heat and, consequently, the outer reaction zones move further
release rates and velocity vectors for three cases. The equivaway from the centerline. This increases the spatial separa-
lence ratios for these cases arf@ ¢;,=1.6 and ¢,,  tion between the nonpremixed zone and the outer premixed
=0.40, (b) ¢;,=1.8, ¢,,=0.38, and(c) ¢i,=2.1 andg,, zone. This effect becomes more pronouncedvggs is re-
=0.36. For all these cases the global equivalence ratio is 0.8luced further. For the smallest coflow velocity, the outer
and the velocities in the inner and outer streathet are  premixed reaction zone becomes noticeably compact. This is
related to the global residence tijnare 0.3 and 0.7 m's,  caused by the significantly increased physical separation be-
respectively. Caséb) corresponds to the reference condi- tween the outer premixed zone and the central nonpremixed
tions. and inner premixed zones, which leads to reduced interaction

For all of the cases the three reaction zones can bbetween the two regions. In addition, the outer reaction zone
clearly distinguished: A central nonpremixed reaction zone iv)ecomes more stable ag, is reduced at 0 g, an explanation
located between an inner rich premixed zone and an outdor which is provided in the next section.
lean premixed zone. The height of the inner reaction zone For the three cases shown in Fig. 6e b g triple flame
increases as the equivalence ratio of the inner stream isas a relatively stable behavior, whereas the corresponding 1
raised. The richer the mixture in the inner stream, the longeg flame exhibits a well-organized flicker of the outer reaction
it takes for the fuel consumption reactions to be completezone. Moreover, as the coflow velocity is decreased, the
Therefore, since the global residence time is held constant iflickering becomes progressively more pronounced and
the three cases, the variation of the inner reaction zone heigliuses oscillations in all three reaction zones. The flame
with ¢y, is due to differences in the chemical reaction time.flickering phenomena, whereby the flame is periodically
The central nonpremixed reaction zone establishes itself gginched by a convecting vortex generated by the buoyancy-
locations where stoichiometric conditions exist. Conse-nduced absolute instability, has been comprehensively dis-
quently, its height adjusts to that of the inner premixed zonegcussed in previous experimental and computational
and this length increases 4s, is raised. studiest®'*~"However, in the cited studies, the flame flick-

The outer lean premixed zone is affected relativelyering phenomena has been discussed in the context of either
mildly upon varying the equivalence ratios. This zone bendsionpremixed or premixed flames, but not with respect to a
further toward the centerline and moves closer to the nonprepartially premixed triple flame.
mixed reaction zone a$,; decreases due to the increase in  The flickering frequency can be obtained by recording
the chemical reaction time in the outer zone. The heat releagbe temperature history at select spatial locations. Figure 7
rates appear to be of the same order of magnitude in the thrggesents these temperature history plots for the three 1 g
reaction zones near the flame base, but are much weaker fiames depicted in Fig. 6. The plots indicate a well-organized
the tip of the nonpremixed reaction zone, since fuel is relaflickering process for all three cases. For the case with high
tively scarce at that location. coflow velocity (,,=0.7), the temperature oscillations

The inner premixed reaction zone does not appear to beave a relatively small amplitude=6% of the maximum
affected by gravity for the three cases presented in Fig. SConsequently, visual examination of the heat release rate
However, gravity has a significant influence on both the ceneontours for this case does not discern any perceptible flame
tral nonpremixed and outer premixed reaction zones in dlickering [cf. Fig. 6a)]. However, for the other two cases
similar manner to the case presented in Fig. 3. The locationwith low coflow velocity, the temperature history plots show
of these reaction zones move away from the centerline at 0 gigher-amplitude oscillations and the flame flickering is
as compared to the respedit g flames, since both advec- prominent and immediately perceptible, which can be clearly
tion and entrainment are reduced in the absence of buoyanciyferred from the images in Figs.() and &c). Both the
Again, due to the reduced advective transport, the nonprezentral nonpremixed and outer lean premixed zones flicker
mixed zone height decreases in the absence of gravity. Iquite strongly, and their heights oscillate over a wide spatial
general, both the qualitative and quantitative effects of gravrange. For the third cases{,=0.1), the magnitude of the
ity on the triple flame structure are similar over the range ofoscillations is even more pronounced, and this large ampli-
equivalence ratios that we have investigated. tude flicker in the outer zones also induces an oscillation in

For all three cases discussed in Fig. 5, the outer prethe inner premixed zone. This behavior attests to the fact that
mixed reaction zone of thl g flames is steady, whereas thatthe three reaction zones are synergistically coupled and that
of the 0 g flames exhibits a weak oscillatory behavior that igshe coupling is enhanced by transport effesch as by
related to a shear-induceéddvective Kelvin—Helmholtz in-  buoyant advection in the presence of grayity
stability. This aspect is discussed in the next section. The transient process and the relative amplitude of oscil-

Figure 6 illustrates the effect of coflow velocity on the lations involved with flame flickering for the three cases are

Effects of equivalence ratio and coflow velocity
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(@) (b)

FIG. 5. Comparison of 0 dleft) and 1 g(right) triple
flames in terms of the heat release réite units of
kJ m~3s) contours for three different stoichiometric and
flow conditions:(a) ¢i,=1.6, po=0.4,v{;=0.3ms %,
Vours0.7M S, doverar=0.5; (B) pin=1.8, ¢bo=0.38,
Vir=0.3ms?, vy, =0.7ms?, ¢oea=0.5; and(c)
din=2.1, po=0.36, vi;=0.3ms!, vy,=0.7ms?
boverai= 0.5. Casgb) pertains to the reference flames.
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more clearly depicted by the instantaneous images presentedrresponding flicker amplitude is much smaller than that in
in Fig. 8. The three cases correspondvip=0.7, 0.3, and the other two zones of the flame.

0.1 ms, respectively. For both predictiofiand measure- The buoyancy-induced instability is initiated at
ments presented in Fig(®], four images are shown within ~30mm on the reactant side of the outer lean premixed
a single time period of oscillation. The images clearly showflame. The resulting vortex convects downstream and
that there is a large amplitude flicker of both the centralstrongly interacts with the lean premixed zone, thereby caus-
nonpremixed and outer lean premixed zones for the latteing a large-amplitude flicker of this zone. This, in turn, in-
two cases. Their respective reaction zone heights oscillatduces a similar large-amplitude flicker in the nonpremixed
over a wide spatial range. An oscillation is also observed irreaction zone as its height oscillates over a wide spatial re-
the inner premixed reaction zone for casg although the gion. This coupling provides further evidence of the strong

(a) (b) (c)

100

FIG. 6. Effect of coflow velocity on the triple flame
structure under 0 ahl g conditions. Heat release rate
contours are shown for@ ¢;,=1.8, ¢q,=0.38,
Vvip=0.3 ms*, Vour=0.7 ms?, Povera= 0.5, (b) iy
=1.8, ¢o,=0.38, v{,=0.3 ms?, v,,=03 ms?l,
Doverar=0.63, and (¢) ¢;,=1.8, ¢o=0.38, v;;=0.3
ms 1, vou=0.1 ms?, ¢oyera=0.95.

Y, mm

20-10 0 10 20 -=20-10 0 10 20
X, mm X, mm

Heat Release k) m®s"

W00 MO0 G000 VOO0 GO0 100000

Downloaded 14 Mar 2003 to 131.193.241.210. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



Phys. Fluids, Vol. 11, No

. 11, November 1999

Gravity effects on triple flames: Flame structure . . . 3455

1350 1 stream, it produces both convex and concave curvature in the
] (@ X=124mm,Y=12cm lean premixed zone. This, in turn, induces a curvature in the
1300 - nonpremixed reaction zone. The coupling of curvature and
¥ differential diffusion effects is known to influence radical
§ 1250 production and flame dynamics during combustion.
® High-speed videdKodak) images were obtained for the
qéw]goo h flames established at the conditions corresponding to Figs.
2 ] 8(b) and §c) at the rate of 250 frames § Assuming that the
1150 1 reaction zones correspond to locations of intense chemilumi-
] nescence, it is possible to observe the instantaneous topogra-
1100 o phy of each reaction zone from the images. We have quan-
000 005 010 015 020 025 030 tified the oscillations in the height of the inner premixed
Time, s reaction zone, and the horizontal displacements of the non-
premixed and lean premixed reaction zones at a specified
(b) X=102mm,Y =8cm e}xial displacement. It is possible to characterize the Qscilla—
] tion frequency from these measurements. The oscillation fre-
1800 T quencies were found to be identical using these three differ-
X ent criteria based on unsteadiness in each of the three
S reaction zones.
s 1400 7 Figure 8d) compares the high-speed vidétame lumi-
£ nescenceimages(on the lef} with the predicted heat release
e 1000 L rates(on the righj for the case corresponding ¥g,=0.1. A
full oscillation period for this flame is=112 ms, and subse-
quent images correspond to every one-fourth of that cycle.
600 bt ————t : Observing the figure from left to right, conspicuous changes
000 005 010 015 020 025 030 in the flame structure are noticeable due to the unsteadiness.
Time, s The first image depicts a high and relatively straight nonpre-
2500 mixed reaction zone, whereas the outer lean premixed reac-
] (¢} X=102mm,Y=8cm tion zone tends to diverge. The central nonpremixed and
2000 1 outer lean premixed zones subsequently narrow, and the in-
o ] ner reaction zone height becomes smaller. Finally, the outer
$ 1500 1 _react|o_n zone plnches off, reducing the _helghts of both the
2 inner rich premixed and central nonpremixed reaction zones.
fg_ 1000 7 F_or th(_a flames dlsgussed in the cpntext of F_|gs._7 and 8,
E ] the flickering frequencies were obtained by using instanta-
= ] neous video images as well as making temperature measure-
500 ¥ ments using a thermocouple. While the thermocouple tech-
] nique is unsuitable for making quantitative temperature
0 T measurements in these unsteady flames, it can nevertheless
0.00 005 010 T_°'15 020 025 030 capture the temperature periodicity to yield the oscillation
ime, s

frequencies correctly. The measured and predicted frequen-

FIG. 7. Temperature history plots at selected spatial locations for the thre€1€S are presented in Table | for the flames corresponding to

1 g flames discussed in the context of Fig. 6. The coflow velocities(are:

Vou=0.7ms 1, (b) vgu=0.3ms?, and(c) vo,=0.1ms 2.

Figs. 8b) and &c). These are found to be in excellent agree-
ment for both cases, and are, respectivel§2.2 and 8.8 Hz.
The magnitude of the oscillations in the flame discussed in
Fig. 8@ are very small so that both thermocouple and video
measurements in the laboratory flame are masked by noise.

synergistic interactions between these two reaction zones. As  While the amplitude of the oscillations exhibits a strong
the coflow velocity is reduced from 0.3 to 0.1 misthe  sensitivity to the change in the coflow velocity, the flickering
flicker amplitude is further increased in both the lean pre-frequency is weakly dependent on this velocity. For the three
mixed and nonpremixed zones. The increase in flicker am-

plitude is more clearly seen from the temperature-history

p|0ts presented in F|g 7. At the |ower COﬂOW Ve|ocity Of 0.1 TABLE I. Comparison between the predicted and measured freque(m:ies
ms L, the flicker of the nonpremixed zone is also accompai’?:

nied by a periodic pinching of this zone, which can be in-

Measured Measured

ferred from the images presented in Figc)8 Another im- Vo Ms 1 Predicted  (high speed cameya  (thermocouplg
portant feature of flame-vortex interaction pertains to the 125 122 12
unsteady curvature in the outer premixed zone that is in- 88 8.9 8.7

duced by the convecting vortex. As the vortex moves down
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t=00ms 26.67 ms 53.33ms 80.00 ms
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t=00ms 28.33ms 56.67 ms 85.00 ms
(©
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FIG. 8. Instantaneous images of the thieg flamegin the context of Fig. Bat four different times within one period of oscillation. Each image contains
heat release rate contours and velocity vectors. For (casthe phase-matched predicted and meas(riggh-speed videnimages at four different times are
presented in Fig. @).

cases illustrated in Fig. 7, the computed frequencies are 9.®resence of absolute and convective instabilities
12.2, and 8.8 Hz, respectivelgfThe temperature history was in triple flames

recorded at several spatial locations for each case and the oyr simulations have indicated the presence of either a
reported frequencies were found to vary by less than tw@hear-induced convective instability or a buoyancy-induced
percent of these valugsThe computed and measured fre- global instability in laminar triple flames, depending upon
quencies are well within the range of experimental valueshe magnitude of the coflow velocity and the gravitational
reported for flickering nonpremixe@iffusion) flames*’ acceleration. Evidence for this is provided by the heat release
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FIG. 9. Variation of momentum flupu? in the transverse direction for the FIG. 10. Variation of momentum flugu? in the transverse direction f¢a)
0 (a) and 1 g(b) reference flames that are discussed in the context of Fig. 30 and (b) 1 g flames established a#;,=1.8, ¢,,=0.38, v;,=0.3,

Vout=0-3 m §1’ ¢overal|= 0.63.

rate contours presented in Figs. 5 and 6. For the 1 g flame
(cf. Fig. 6), as the coflow velocity is reduced from 0.7 to 0.3 g flame as compared todlD g flame. This difference occurs
ms %, a large vortex structure is periodically generated duesince the fluid acceleration ineHl g flame is caused by both
to the buoyancy-induced instability, which causes the outeflow dilatation and buoyancy, whereas that ie thg flame is
premixed reaction zone to flicker. As the coflow velocity is due to flow dilatation alone. The smaller momentum flux in
further reduced, both the central nonpremixed and outer prahe inner region is partly responsible for the peak in the
mixed zones strongly flicker, with their heights oscillating momentum flux profile that occurs %t~27 mm in the 0 g
over a wide range. This also causes the inner premixed zorflame. Additional factors contributing to the existence of this
in the 1 g flame to oscillate. In contrast, decreasing the cofpeak are(1) the higher coflow velocity, an¢R) the increase
low velocity in the correspondiO g flames causes the outer in the mixture density which approaches its ambient value
reaction zones to become more stable. Flame flickeringutside the lean premixed zone.
caused by buoyancy-induced convection has been exten- The frequency associated with the oscillation of the
sively discussed in previous experimental, theoretical, anduter reaction zone is computed by recording the tempera-
computational investigationt§:4-2°However, the presence ture history at selected spatial locations. The computed
of a shear-induced instability in laminar triple flames under OStrouhal number based on this frequency, a momentum
g conditions has not been previously reported. thickness of 3 mn(defined by the distance over which the
We will examine this aspect further. We present themomentum flux decreases by 50%nd an average velocity
transverse profiles of the axial momentum flwuf) for the  of 0.5 ms?! has a value of 0.027. For a constant density
0 and 1 g reference flames in Fig. 9 at an axial displacemerghear layer instability, the measured Strouhal number re-
of Y=120 mm. The location of the outer reaction zone indi-ported by Hussain and Huss#iiis in the range from 0.025—
cated in the figure is based on the important initiation reac0.031.
tion CH,+H—CHz+H, that leads to subsequent fuel con- We hypothesize that the instability of the outer reaction
sumption. The outer lean premixed zone is locatedXat zone h 0 g flame is a convective Kelvin—Helmholtz insta-
~20mm for the 0 g flame and &~12mm for the 1 g bility that occurs due to the existence of the momentum
flame. The momentum flux profile for ¢h0 g flame has a shear layer. It is important to note that this shear layer exists
peak atX~27 mm, which is followed by a shear layer that only when the coflow velocity is sufficiently high and the
exists between 2Z2X<35mm. In the shear layer, the mo- gravitational acceleration is zero. In order to provide addi-
mentum flux drops sharply from its maximum value to zero.tional validation for our hypothesis, results for another case
The existence of this shear layer foretld g case can be are presented in Fig. 10. The coflow velocity has been re-
attributed to the combined effect of a relatively high coflow duced from 0.7 to 0.3 m'$ for the flames discussed in Fig.
velocity and the absence of buoyancy. 10, with the other conditions being the same as for the cor-
The momentum flux in the region between the centerlineresponding flames discussed in Fig. 9. For the smaller coflow
and outer reaction zone is an order of magnitude higher for ¥elocity, the momentum flux for th0 g case exhibits a rela-
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FIG. 11. Reaction rates contour plots for the reference flames for the rea@ddsl,+H<CHz;+H,, (b) H,+OH&H,0+H, and(c) CO+OH=CO,+H.

tively smooth profile indicating the absence of a distinctEffect of buoyancy on triple flame chemistry

shear Iaye_r._Conseque_ntIy, the outer reaqtlon zone ofthe 0 g The effect of buoyancy on the flame chemistry is
flame exhibits a relatively stable behavifef. Fig. 6b)]. . L : . X
. : . _illustrated in Fig. 11 in which we plot the reaction-rate
This was also confirmed by comparing the temperature his- . . .
. B 1 contours of the major fuel decomposition reaction
tory plots for the 0 ad 1 g flames withv,,;=0.3ms . As ) .
. S 2 . . CH,+H<CHz+H,, and the major product-formation reac-
noted earlier, the plots indicated a well-organized oscnlatory[_ +OHSH.O0+H and COrOHSCO.+H for the 1
behavior for tle 1 g flame, but a steady-state behavior for the lons 2 an O, or the
0 g flame. (top) and 0 g(bottom) reference flames. The fuel decompo-
sition reaction has similar strength in the inner rich premixed

It is important to note that the gravitational effects on a ) o
partially premixed triple flame are different from those on a'€action zone for both the 0 @rl g flames. However, it is

corresponding double flarfeCompared to a double flame, relatiyely weak(_ar in the central nonpremixed and outer lean
the nonpremixed reaction zone of a triple flame is relativelyPrémixed reaction zones oféh0 g flame than that at the
less affected by gravity. This difference is attributed to thecorresponding locations in¢hl g flame. The larger separa-
presence of an outer lean premixed reaction zone in triplon between the central nonpremixed and outer premixed
flames, which acts as a shield against the entrainment ar#Pnes in the case of ¢h0 g flame is clearly illustrated by
enhanced advection caused by buoyancy. In addition, triplebserving the fuel decomposition reaction rates. The rates of
flames may be more prone to a buoyancy-induced instabilitythe reaction B+OH«=H,O0+H show that the central nonpre-
which leads to their well-organized flickering behavior. Ourmixed zone has a more open tip at 0 g, which permits a
earlier investigatiohdealing with the gravitational effects on slightly larger leakage of ithrough that reaction zone under
partially premixed double flames essentially consideredhat condition. The molecular hydrogen that leaks through
steady 0 ad 1 g flames. The convective flow instability that the nonpremixed zone is consumed further downstream in
we have simulatedt® g in partially premixed flames has not the outer premixed reaction zone. The water formation reac-
been previously reported. tion, which is significant in the nonpremixed and lean pre-
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FIG. 12. Comparison of #h1 g and O g reference flames in terms of the modified mixture fraction and heat release rate contours.

mixed zone$, occurs in a broader region but at lower local Figure 13 presents the transverse profiles of temperature

rates at 0 g. Similar observations can be made regarding thend the mass fractions of H, OH, and CO with respectdb
CO-consumption reaction CEOH&=CO,+H. three axial displacements above the burner exit for the refer-
The triple flame structure and the interactions betweerence 0 and 1 g flames. The profiles at the lowest axial loca-

the three reaction zones can be considered in terms of tion (i.e., at 14 mm above the burner &xiclude data from
modified conserved scala. We have found such an ap- all three reaction zones. The axial displacement of 30 mm
proach to be effective while characterizing the structure of anies above the inner rich premixed reaction zone and, conse-
axisymmetric partially premixed flanfeA modified mixture  quently, the profiles cross the central nonpremixed and the
fraction £ can be defined on the basis of the elemental nitroouter lean premixed reaction zones. Likewise, the data at a
gen mass fraction, i.e., displacement of 75 mm cut across the outer lean premixed
£= (Zn.max—Z0) 1 (Znt max— ZN.min) zone alone. The scz_ilar profiles exhibit a gradient _change at
£~0.3 due to the existence of the outer lean premixed zone,

whereZy, nay denotes the elemental nitrogen mass fraction in@t é~0.55 due to the central nonpremixed zone, and again at
the fuel-rich streamZy, the local mass fraction of elemental £~0.8 due to the outer rich premixed zone. The three reac-
nitrogen, andZy min the corresponding mass fraction in the tion zones are also identified by presenting the heat release
fuel-lean stream. Values d@fare bounded by Qon the lean rate profile with respect t@ for the 0 and 1 g flames. In
side and 1(on the rich side Figure 12 presents the modi- general, the gradient changes in the scalar profiles occur at
fied mixture fraction(left) and heat release ratdght) con-  roughly at the same values gfalthough these changes arise
tours for the reference flames established at 1 and 0 g. That different transverse locations in the physical space occu-
three reaction zones can be located by different contoupied by the two flames. The heat release rates for the two
ranges of¢. For both cases, the inner rich premixed reactionflames also exhibit a self-similar behavior. The results con-
zone lies between 0.75:<0.98, the central nonpremixed tained in Figs. 12 and 13 indicate the utility of the modified
zone between 0.44£<0.53, and the outer lean premixed mixture fraction approach as a general tool to characterize
reaction zone lies between 0:02<0.10, suggesting that the the structure of laminar triple flames, regardless of the influ-
thermochemistry and state relationships are well-correlatednce of buoyant transport.

in both cases. The scalar profiles indicate that inner rich-premixed and
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FIG. 13. Temperature and specig¢s OH, CO mass fraction profiles with respect to the modified mixture fraction for the reference flames.

central nonpremixed reaction zones are relatively uninfluoccurs in the rich premixed zone, indicating that CO is
enced by gravity. However, the scalar profiles in the learargely produced there and subsequently transported to the
premixed reaction zones are noticeably different at 0 and 1 gionpremixed zone where it is converted into £Cimilar
In general, at lower axial displacements the radi¢dland  observations can be made regarding H
OH) species’ mass fractions are smaller foe 1@ g flame Figure 13 also indicates that the chemical structures of
than those for te 1 g flame. This arises due to the reducedthe rich and lean premixed zones are markedly different. The
interaction between this and the central nonpremixed zonhkydroxyl mass fraction drops sharply in the region between
that leads to a lower chemical activity in the lean premixedthe nonpremixed and rich premixed reaction zones, implying
zone of tle 0 g flame. As has been previously discussed, th¢hat the OH radicals are both produced and consumed in the
larger physical separation between the two zones is a conseenpremixed zone, as well as transported to the inner and
guence of the reduction in advective transport. outer premixed zones. The mass fraction of radical species in
The mass fraction profiles with respect to the modifiedthe nonpremixed and lean premixed regions decrease in the
mixture fraction provide useful insight regarding scalardownstream direction as these species approach their equi-
transport and the synergistic interactions between the readibrium concentrations and are diluted by the transport of air.
tion zones. For instance, these profiles indicate that the
maxima in the radical species concentrations occur in the

nonpremixed reaction zone. This implies that the nonpre-SIOeCies advection and diffusion i

mixed zone represents a region of higher chemical activit);lameS
from which H-atoms and OH radicals are transported to the  Figure 14 presents the advective fluxes of,Ci&,, and

two premixed reaction zones. This phenomena is also illusH-atoms for the 0 ah 1 g flames. The advection flux is
trated for the reference flames through Figs. 14 and 15defined asp Y; V where p is the mixture densityy; the
which, respectively, present the advective and diffusiveconcentration of thé-species, an/ the velocity. The figure
fluxes of H-atoms and other species. The nonpremixed zon@Jso contains the heat release rate contours to differentiate
being the region of highest temperature, also provides heat tihe three reaction zones. The advection of methane and oxy-

both premixed zones. The maximum in the CO mass fractiogen into the inner flame is generally similar for the two

n1lgandO g triple
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FIG. 14. Comparison of the advective fluxes of SHD,, H for the 0 g(left) and 1 g(right) reference flames.

flames, since this is dominated by the fluxes introduced intaiminishes in the absence of buoyant convection. Conse-
the burner. However, in the region upstream of the lean prequently, the physical separation between the nonpremixed
mixed zone, the advection of these species differs signifiand lean premixed zones increases at 0 g. The advection of
cantly in the two flames. At 0 g, the direction of advection isH-atoms mostly occurs in the nonpremixed zone, which in-
directed further away from the centerline, since entrainmentlicates their availability in this region. The advective flux of

Diffusive flux of CH, Diffusive flux of O, Diffusive flux of H
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FIG. 15. Comparison of the diffusive fluxes of HO,, H for the 0 g(left) and 1 g(right) reference flames.
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H-atoms is significantly enhanced by gravity, which leads toeral, Ap/p~1, so thatr,~(L/g)*2%? Representative values

an increase in the height of the nonpremixed reaction zone #&br « andg, respectively, are taken to be 1.5 and 980 cf s

1 g. The advective flux of H is directed toward the centerlineFor 1<L <10 cm, 7, varies from 0.03 to 0.1 s. Fatj to lie

due to buoyancy and, thereforegtth g flame is more com- within these boundsj=2-4 mm. This thickness depends on

pact than the correspondjrd g flame. the level of partial premixing and the velocities of the reac-
The diffusive fluxes of Cl, O,, and H[defined as tant streams. Therefore, if the transport zone thickness ex-

—pDi_Nz(aYi/ﬁx)i—pDi_NZ(aYi/&y)j] are presented in ceeds 4 mn(as is the norm in the flames that we have in-

Fig. 15 for the 0 ad 1 g flames. The diffusive flux of CH vestigated, as illustrated in Figs. 14 and),15,<7q, i.e.,

indicates leakage of methane from the inner premixed zongravitational effects overwhelm transport effects.

to the nonpremixed zone, while that of @dicates diffusion Radiation effects are relatively unimportant at normal

of this species from both the rich and lean premixed zonegravity, sincer,<r,. However,m,— asg—0, and radia-

toward the nonpremixed zone. The diffusive flux of H-atomstion effects can be significant under microgravity conditions.

indicates that H is produced in the nonpremixed reactiorf\s g—0 we have shown that the role of molecular transport

zone and is then transported to both the inner and outer préecomes more important, and it is possible thgt 4.

mixed zones. Therefore, future investigations should address the issue of
No significant differences related to diffusive transportthermal radiation effects.

are observed for the two flames in either of the three reaction

zones, although there is slightly higher diffusion in the non-CONCLUSIONS

premixed and lean premixed zones at 1 g. Buoyancy influ-

ences diffusive fluxes in a less direct manner than it doean the effects of buoyancy on the structure of laminar
anectlon. Te0g ﬂame eXh'b't.S generally broader NONDPre” \athane—air triple flames established on a Wolfhard—Parker
mlxeq and lean prgm|xed reaction zones. Consequently, thﬁot burner. The computations have been validated by com-
species concentration gr§d|ents in this f[ame_ are less Ste%%ring the measured and predicted velocity fields, and the
than in th? 1 9 flqme, which 'OWGTS the diffusive tra.nspor'F. experimentally obtained chemiluminescert €nission with
Overal!, diffusion is npt as greatly mfluenged by gravnylas Sthe spatial distribution of predicted heat release rates for a
ad\r/]ectloré, iltg oug_lf_1h|ts dlmportanp ebretlﬁtsl.fef tq adve(cj:tlog : epresentative triple flame established at a near-unity Froude
te'n aertlcoe a ?t. ne felzcreastﬁ I?. OI rusion a;n 3 ;l/e?l'umber. The flickering frequencies of the 1 g triple flames
tlr?'nk 9 rtgsu sna a;ne h'ah Ifh esi compact and Nagained from simulations and measurements are also found
i Ic terﬂreac |ontz_01;]e_zs, a? w ItC b t_ere Ore, IS More Sensty pe in good agreement. Numerical results are then used to
Ive 1o flow or stoichiometry perturbations. characterize the effects of equivalence ratio and coflow ve-
locity on the structurefod g and 1 g triple flames. Important

observations are as follows:

We have presented the results of a detailed investigation

Thermal radiation effects

We have not considered thermal radiation effects in thig1) Combustion occurs in three reaction zones: An inner rich
investigation. The high-temperature regions are much premixed zone, a central nonpremixed zone, and an

broader 40 g and, consequently, thermal radiation effects

can become significant as the role of gravity is diminished.

The radiative cooling time, for a gaseous volume of com-
bustion products that is initially at its adiabatic flame tem-
peratureT; is 7,=T¢/(dT/dt)~T/(q/pc,), whereq de-
notes the heat loss raethe density, and, the specific heat
at constant pressufé? The optically thin gas assumption
implies thatq=(40a,(T{—Tg)), where o represents the

Stefan—Boltzmann constard, the Planck mean absorption (2)

coefficient, andly the ambient temperature. Using the ideal
gas state relation and the expression fpr 7.~ (v/(vy
—1))P/(4ca,(T{—Tg)), wherey denotes the specific heat
ratio, andP is the ambient pressure. Assumiig=1 atm,
a,=56 cml, y=1.35, T,=298K, and the partially pre-
mixed “flame” temperatures to vary from 1650 to 2200 K

(in the inner premixed and outer nonpremixed reaction

zones, the correspondingr, values lie in the range
0.3-0.09 s.

The diffusive transport time scale;= 6%/ a, where &
denotes a transport zone thickness andh temperature-
averaged diffusivity. The buoyant transport time scaje
~L/U,, where, L represents a characteristic lengtt,
~(gL(Ap/p))*? is the buoyancy-induced velocity, anp

outer lean premixed zone. The central nonpremixed re-
action zone is established in the region where “fuel”
and “oxidizer” supplied from the respective rich and
lean premixed reaction zones mix in stoichiometric pro-
portion. The overall flame structure is determined by the
interactions that occur between the three reaction zones,
and can be controlled by changing the mixture velocity,
equivalence ratio, and gravitational acceleration.

The inner premixed zone consumes L&hd Q, and
supplies CO, H (the “intermediate fuels” for the non-
premixed reaction zoneand excess methane to the non-
premixed zone. The nonpremixed zone consumes these
fuels and, in turn, produces radical species such as OH
and H-atoms that are transported to the inner and outer
premixed zones and consumed there. The outer zone
provides oxygen to the nonpremixed zone. The nonpre-
mixed zone, being the region of highest temperature,
also provides heat to both premixed zones.

For all the conditions investigated, the zero-g flame is
spatially larger than the corresponding normal-gravity
flame, since the physical separation between the three
reaction zones is significantly increased in the absence of
gravity. This can be attributed to two factors. First, the

denotes the density change across the reaction front. In gen- entrainment into the outer premixed and nonpremixed
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reaction zones is reduced due to the absence of buoy-
ancy. Second, the buoyancy-induced advection down-
stream of the inner premixed and nonpremixed reaction
zones is absent, while the flow dilatation effects in thesg9)
regions push both the nonpremixed and outer premixed
zones away from the centerline.

While the spatial characteristics of the inner premixed
zone are relatively unaffected by gravity, both the non-
premixed and outer premixed reaction zones exhibit sig-
nificant differences under O dnl g conditions. For 0 g
flames, the central nonpremixed and outer premixed
zones are located farther away from the centerline com-
pared to those in the corresponglifh g flames. In addi-
tion, the 0 g nonpremixed reaction zone is less stretched
due to reduced upstream advection, and less intense
(through a reduced chemical activity as a consequence of
lower mass transportt its tip. The absence of gravity

Gravity effects on triple flames: Flame structure . . . 3463

found to be in excellent agreement with that obtained
from temperature measurements as well as from high-
speed video images.

The modified conserved scalar approach is found to be
an effective tool to characterize the structure of partially
premixed triple flames under boi g and 0 g conditions.
The mass fraction profiles in terms of the modified mix-
ture fraction indicate that the inner rich-premixed and
central nonpremixed reaction zones are relatively unin-
fluenced by gravity. However, the scalar profiles in the
lean premixed reaction zones are noticeably different at
0 and 1 g. In general, the radicg and OH species’
mass fractions are smaller forettd g flame than those
for the 1 g flame. This arises due to the reduced interac-
tion between this and the central nonpremixed zone that
leads to a lower chemical activity in the lean premixed
zone of tle 0 g flames.

also decreases the central reaction zone height, since ttig0) Gravitational effects on a partially premixed triple

residence time is increased.

A fundamental difference between the Odah g triple
flame is due to their markedly different response to a
change in the coflow velocity. Fd g flames, as the
coflow velocity is reduced, the outer premixed zone
moves farther away from the centerline, since advection
in the outer stream is reduced. This increases the physi-
cal separation and, thus, results in a decreased interaction
between the reaction zones at 0 g. This effect becomes
increasingly more pronounced as the coflow velocity is
further reduced. In contrast, decreasing the coflow veloc-
ity in 1 g flames leads to a reduced spatial separation

flame are different from those on a corresponding
double flame. Compared to a double flame, the nonpre-
mixed reaction zone of a triple flame is relatively less
affected by gravity. This difference is attributed to the
presence of an outer lean premixed reaction zone in
triple flames, which acts as a shield against the entrain-
ment and enhanced advection caused by buoyancy. In
addition, triple flames appear to be more prone to a
buoyancy-induced instability, which leads to their well-
organized flickering behavior.
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