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Fingering instability in combustion: An extended view
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We detail the experimental situation concerning the fingering instability that occurs when a solid fuel is
forced to burn against a horizontal oxidizing wind. The instability appears when the Rayleigh number for
convection is below criticality. The focus is on the developed fingering state. We present direct measurements
of the depletion of oxygen by the front as well as new results that connect heat losses to the characteristic scale
of the instability. In addition, we detail the experimental system, elabégatitatively and quantitativejyon
the results that were previously presented, and discuss new observations. We also show that the same phe-
nomenological model applies to electrochemical deposifi8h063-651X%99)05007-2

PACS numbdis): 47.20.Ma, 82.40.Py, 47.20.Hw

[. INTRODUCTION liquid crystals[10], and viscous front§11]. These systems

. . . are usually treated within the framework of the Stefan prob-

We all encounter and use combustion on a daily baSIﬁ, . . )
em, where the front is a solution of one or more Laplacian

from the lighting of a match to the engine of a car. Still, we fields (e ressure or temperatyatisfying some bound-
maintain a primal fascination with flames, exemplified by the 9. P b 9

dancing motion of a bonfire. This has origins that go beyondary conditions on the interface. The characteristic scale is

the complexity and beauty of the phenomenon itself, ,,Wheredetermmed by various system properties, e.g., the gradient of

. . the field that drives the instabilitias in solidificatior{9] and
you have such beauty and brightness as nothing but Combuﬁ’duid crystals[10]), the system scaléas in viscous fronts
tion or flame can producd’l]. Fortunately, perhaps, our un-

: =l | ) . [7]), or the front velocity(as in eutectic growtf12]). In
derstanding of the flame is still poor, leaving that mysteriousincinie, more than one characteristic scale can be expected,
fascination intacf1]. o _ depending on the number of fields that govern the ffa8t.

We turn instead to forms of combustion in which the o previous papef2] described two decoupled length
complicated nonequilibrium chemical process can be rescales that correspond directly to the two different fields: the
strained and controlled, aiming for an accuracy that is comtransport of reactants and transport of heat.
parable to the degree of control of more conventional front Previous works on combustion have already revealed a
propagation systems. A flame is fundamentally determinethumber of interfacial instabilitie14]. The most notable is
by the availability of fuel, oxidant, and heat, and its dynam-the thermal-diffusioninstability in “premixed” flames(i.e.,
ics can be localized to the region of interaction. This realizathe oxygen and “fuel” are mixed before burningrhis in-
tion leads us to the study of the combustion front, and tcstability has two fields, based on two competing transport
limit it to a slow burning regime. We can further simplify the processe§l5]. The transport of reactants has a destabilizing
dynamics by the use of a thin gdplele-Shaw geometry, effect, while the transport of heat has a stabilizing effect. To
which provides a crucial constraint and subsequent simplifisee this, consider a bump in the interface. It is protruding
cation. into a colder region of fresh oxygen. The higher availability

We have recently shown that a thin solid, burning againsof oxygen promotes the propagation of the bump, while the
an oxidant wind, develops a steady fingering sf@fe Con-  excessive heat losses impede it.
ceptually the effect is like a “print-out” of the thermal dif- The thermal-diffusion instability was first reported in
fusion instability. It appears in a well defined regime of the 1882 on a Bunsen burngt6] and has been extensively stud-
Rayleigh and Pelet numbergbelow the threshold of vertical ied ever sincg14]. The rich behavior exhibited by this sys-
convection and with prevailing molecular diffusion in the tem includes interesting modes like “rotation” and “ratch-
horizontal plang The characteristic lengttfinger width is  eting” [17]. Flame propagation over thin solid fuels has also
determined by the ability of the front to release heat, whilebeen previously studied. The main focus was the flame
the distance between fingers is determined by the availabilitgpread rat§18—-20. A cellular structure observed in this
of oxygen. The quality of experimental control reveals a newsystem was recently related to the thermal-diffusion instabil-
state which has an applicational significance; a sole finger aty [21]. From the theoretical side, recent work predicts a
fire can slowly propagate in an oxygen-rich environment,connection between the Saffman-Taylor instability and two-
remaining below the threshold of conventional detectiondimensional filtration combustiof22] (see also Ref.3] and
The current paper elaborates on the experimental and pheeferences therein
nomenological findings as well as presenting new results. Our system combines the two-dimensioriaD) “Hele-

Interfacial instabilities have been extensively studied inShaw” geometry[11] with combustion(not in a filtration
simpler, less reactive, growth systefi$s-7]. The pattern is regime. The measurements are performed in the compara-
typically characterized by one length scale—the fastestively slower and experimentally convenient combustion re-
growing wavelength in the linear spectry®)]. Notable ex- gime termedsmoldering[23]. This is a nonflaming mode
amples are solidificatioh9], nematic-isotropic transition in (i.e., the emitted gas does not “glow” in the visible light
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pered glass top for visualizatiqd in Fig. 1). The spacing
between the sample plane and glass top is adjustatded

4 in Fig. 1. The fuel is a rectangular sheet of dimensions
20X 20 cn? (8 in Fig. 1. Our “fuel” is mainly filter paper.
However, the effect is fuel independent. It occurs in all the
combustible materials that we examined, from standard sta-
tionery paper to polyethylene shedisee Sec. VI Our
gquantitative measurements were conducted on the paper pro-
duced by Whatmafmostly grade no. 2 Its main advantages
are its uniformity and the available data on its properties.

FIG. 1. Schematic representation of the setup. 1, glass top; zﬁ\nother advar_mtage of using this paper is the fact that it_ smol-
variable gap between top and bottom plates, outflow of com- ders at a relatively low temperatug@bout 600 °C), allowing
bustion products; 4, spacers to conthpl5, ignition wire; 6, heat US to work in small gap sizegdown to 0.2 cm without
conducting boundaries; 7, flame front; 8, fuel; 9, interchangeablé&racking the glass.
bottom plate; 10, uniform flow of @'N,; 11, gas diffuser; 12, gas The fuel sample is stretched on the bottom of the cell with
inlet. uniform tension. The uniformity is achieved with a system of

springs against which the paper is stretched. The uniform
where oxygen interacts with solid fuel to produce char, gasstretching is able to prevent the “crumpling” of the burned
eous products and the heat that sustains the process. Tpgper that can arise in some of the regimes. The springs are
oxidizing gas is supplied in a uniform flow, opposite to the recessed into the bottom plate. The part of the bottom plate
direction of the front propagatiofi.e., the fuel and oxygen which touches the sample can be changed to allow a study of
are fed to the reaction from the same gidehis configura-  the effect of ambient heat conductivit9 in Fig. 1). Alumi-
tion enhances the destabilizing effect of reactant transporhum adhesive strips are used to create uniform heat conduc-
which plays the same role as in the thermal-diffusion instative lateral boundary condition& in Fig. 1). These stripes
bility. The reduction to two dimensions is critical in order to are 0.025 cm higher than the sample. This serves to decrease
suppress the effect of convection and plumes near the fronthe supply of oxygen from the sides of the sample. Without
Interestingly, a 3D version of our experiment has recentlfthese boundary conditions, the propagation along the bound-
been conducted onboard the space shy@Wl. A simple  aries prevails and the front is not uniform.
estimation of the Rayleigh number in our experiment shows The emphasis of the experimental design was as follows.
the equivalence of quasi-2D and microgravity in neutralizing(i) Creating a uniform 2D gas flod0 in Fig. 1); (ii) Creat-
gravitational effects. ing a uniform 1D ignition(5 in Fig. 1. The uniform flow

In this configuration the front exhibits directional fin-  was achieved with a gas diffuser consisting of an array of
gering instabilitywith two decoupled length scaléthe fin-  orifices which was designed to produce a laminar wind of
ger width and the spacing between fing€]. The nondi-  oxygen and nitrogeiil1 in Fig. 3. The diffuser consists of
mensional control parameter is thecRs¢ number Pe which an array of 80 cylindrical holes of diameter 0.06 cm and
measures the relative importance of advection and moleculagngth 0.8 cm. To avoid the inhomogeneities produced by the
diffusion [25]. The instability appears below a critical value sides, we limited the experiment to the central part of the
of Pe. The two length scales correspond directly to the twdlow channel.
key transport mechanisms: transport of heat and transport of We used two other diffusers to check the influence on the
reactants. The distance between fingers is self-consistentigsults: a diffuser with a parabolic shape and a diffusing
determined by Pe. Although heat transport plays a key role ifsjot” (0.07 X 30 cn?). Both changed the flow slightly, but
the instability, we show with a phenomenological model thatdid not have any influence on the results. The parabolic dif-
reactant transport alone determines the front velocity and thiser was designed to produce a uniform hydrodynamical
spacing between fingers. The agreement between the modelsistancéby varying both the length and the diameter of the
and measurements is remarkakf® free parametefsThe  holes.
behavior of the spacing between fingers is analogous to elec- We use two systems of rotatometers to control the fluxes
trodepqsition[2§,27_|._ On the_other_ hand, the characteristic of oxygen Fo,) and nitrogen Ey,) that are fed into the
scale (finger width is effectively independent of Pe. We igtser (12 in Fig. 1. The velocity is calculated as the flux
show that it depends on the ability of the front to releasey; iqeq by the effective system cross sectioto, y,

heat. _ . )
The origin of the instability should ultimately yield froma — Fo,,/S with S=25xh cnf. We used smoke visualiza-

linear theory. At this stage such a theory is lacking and retion for calibration and independent measurements of the
mains an open challenge. Our preliminary derivation of agas-flow velocity. The measured smoke velocities agree
Mullins-Sekerka type analysis shows that the main obstacl#ithin =10% with the calculated velocities. The uniformity
to deriving such a theory lies in translating the far-from-of the flow was also verified with this techniqUéig. 2). The

equilibrium moving flame front into an adequate boundaryvisualization agent was cigarette smoke. We pumped an
condition. N,/O, mixture through a “matrix” of 12 cigarettes. More

conventional smoke production metho@sg., using resins,
Il SETUP powders, or water vaporglid not work due to the small
orifice dimensions of the diffusers.
The cell is shown schematically in Fig. 1. It has a tem-  Uniform ignition was achieved with a resistively heated
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FIG. 2. Flow visualization with cigarette smoke is used to check
the uniformity of the gas flow, as well as for an independent mea-

surement of the gas velocity. The smoke flows from right to left. “

The rectangular frame marks the region where the sample is typi-
cally placed. The uniformity of the flow in this region is evident.
The image was taken with reflected light.

ﬂ

thin (R=55 wm) tungsten wire, which was placed along a
line at the fuel edgéb in Fig. 1). The ignition can be either
in the downwind part of the sampleounterflow regimgor
at the upwind partcoflow regime. The wire is recessed into
the bottom plate so that it does not interfere with the flow. It
has a spring to maintain tension as the wire undergoes the
mal expansion. In Fig. 3 we show a time sequence that dem-
onstrates the initial evolution of a fingering state, after theSinusoidal pattern that develops after the supply of oxygen is
wire was heated. The arrow in the bottom picture marks th&ut. The steady state of sparse fingéop) is achieved after
heated ignition wire. The initial nonuniformity in the ignition a selection process. This has no effect on the front velocity
is erased as the front propagates. (see the following

Creating uniform ignition along the width of the sample is A test for the experimental desidespecially for points
especially difficult near extinctiorM02< 1 cm/s). We over- (i) and(ii) abovq is that the growth will attain a steady state

came this problem by coating the ignition zone with a satu-and will maintain it. Figure 5 shows the position as a func-
rated solution of nitrocellulose in acetone, letting the acetondion of time for various values o¥,. The system attains a
evaporate and applying an initial pulse of oxygen at 12 cm/ssteady state immediately after ignition. The front velocity
The evolution near extinction is shown in Fig.(#om bot-  (slope remains unchanged throughout the run. Near extinc-
tom to top. The front is initially smooth due to the high flux tion we see that the transition from the initial “boost” to the
of oxygen. The second picture from the bottom shows the&teady-state conditioshown in Fig. 4 has a short transient
effect. The sharp transitiofindicated by the arrow in Fig.)5
shows how the system immediately recovers to its steady
state.

Following is the list of control parameters and the ranges
that we covered.

(i) Gas flow velocityVg =Vo, if a=1 and Vo, .y, if
a#1): 0—-25+0.2 cm/s.

(i) Relative Ny content in the gasi=fo /(fo,+fy,),
where fo, n,=Fo,n,/S: 0.6<a<1. (Note that as long as
a=1, we will useV02=fc,2 for the specific oxygen flux.

(i) Gap between cell top and bottofm (0.2—1.4)
*+0.04 cm.(The small gap inhibits natural convection —an

FIG. 3. A time sequencéhe images are 1.2 s apart, time in- |ne>§pen3|ve aIternat_l\{e to tL_jmmg off gra\{uy.
creases upwariisshowing the initial evolution of the front after (iv) Fuel (composition, thickness, density, ash Co7n)ent
ignition, in the tip splitting regime. The sinusoidal pattern evolves (V) Heat conductivity of the bottom plata: 10°=\
soon after ignition. The peaks of the sine wave grow towards the= 10° ergs/icm s K.
oxygen source. The arrow in the bottom image marks the heated Most of the experiments were performed with=1,
ignition wire. The initial small nonuniformity in the ignition is re- Whatman paper no. y=0.5 cm, aluminum bottom plate
covered by the pattern. (A=2.4x10" erglcm s K. The molecular diffusion coeffi-

FIG. 4. Initial evolution near extinction. The sinusoidal pertur-
bation appears immediately after we oy, (from 15 to 0.33 cm/s
and then develops into a steady state of sparse fingers. Times from
irgnition are(bottom to top 1, 5.3, 8.6, 35.8, and 193.5 s.

L
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FIG. 5. Typical x—t data for measurements ofi. Vo2
=8.6 cm/s, empty circlegconnected front, no fingering Vo,
=2 cml/s, full circles(fingering and tip splitting Vo,=0.2 cm/s
(verge of extinction, fingering, without tip splittingfull squares.
The respective front velocities ate=0.41, 0.21, and 0.045 cm/s.
The lines represent the linear fits from which the velocity is mea-
sured. The small arrow marks the point at which the trandient
tial boos} of the propagation near extinctioh’ézzo.z cm/s) ends
and the measurement begiteee Fig. 4. The transition from the
ignition stage to the steady state is shars. defined as the position
of the foremost finger. Similar results are obtained whars de-
fined as the average finger position.

FIG. 6. Steady-state patterns in counterflow combustion of thin
solid fuel as a function of oxygen flowo2 [decreasing fronta) to
(e)]. (@) Stable front,(b) irregular front, (c) periodic pattern,d)
fingering pattern with tip splitting(e) fingering without tip split-
ting. In all regimes, a bright spdiike the one at the tip of the
central finger typically appears just before the tip stops growing.
The charred areéblack) propagates from bottom to top. The fin-

cient is taken to bé& =0.25 cnt/s. We ignore its tempera-

ture dependence.
The measured quantities afwith the typical systematic

erron as follows. - - X -
(i) Front velocityu (+0.05 cm/s) gering pattern defines two length scales: the finger widdnd the
(i) Finger widthw (+0'05 cm) ' spacing between finge The scale bars are 1 cm. The gap be-
(iii) Distance between fingets(+0.05 cm). tween plates i6=0.5 cm. The 0>.(yg.en flow velocify02 is directgd
(iv) Density, thickness, and composition of products downwards and the front velocity is directed upwardgarrows in
(v) Oxygen ,content of ,the gaseous productslo%) (d)]. The values arétop to bottom Vo, =11.4, 10.2, 9.2, 1.3, 0.1
! cm/s andu=0.5, 0.48, 0.41, 0.14, 0.0350.01 cm/s.

u, d, andw were measured through CCD images of the
front (we used a Sony XC-75CE camera, peaks in the visible
range, digitization matrix of 736512, and with geometrical When the oxygen supply is further decreased, lateral diffu-
distortion less than 29 The front velocity was measured sion currents become important and the structure becomes
with a code that we added to the software NIH Image 1.6eriodic[Fig. 6(c)]. As the supply is further decreased, the
[28]. It automatically identifies the propagating front in pre- peaks of the periodic structure deplete the oxygen in their
determined steps. The accuracy in resolving the front isicinity, and separate into finge[Fig. 6(d)]. This transition
about five pixels. The composition of the solid productsoccurs at different number Re The narrow band Re<Pe
(chap was measured with gas chromatogragi2@]. The  <Pe is the onset regime. It is characterized by a connected
oxygen content was measured by an electrochemical sensfsont with a cellular structure. The focus of this paper is on
(we used “Emproco” 020697 with a typical response time the developed fingering state £fe,;.
of 5 s and probe diameter of 0.3 ¢nThe sensor is fed by a Figure 6d) shows a typical fingering pattern in the devel-
slow suction pump(at 0.1 LPM. The temperature of the oped regime. The pattern develops by recurrent tip splitting.
front was measured to be 66@0°C (using a nitrogen Combustion occurs only in the limited vicinity of the tifia
cooled IR camena all the regimegand there is no reaction behind the fr¢at
along the fingers Fingers that are closer to the oxygen
sourcescreenneighboring fingers. The screened fingers stop
growing and the tips of the screening fingers split. The local
. o i . dynamic mechanism for tip splitting is as yet unknown. We

The instability is controlled by the et number, defined  expect that the widening of the finger prior to the tip splitting
as Pe=Vo h/D. At Pe greater than some critical value;Pe sl give some insight into this problem. The splitting main-
the uniformly fed front is smootFig. 6@)]. As Pe is tains constant both the average finger widtland the spac-
slightly decreased, small bumps that exist along the interfacig between fingers.
begin to compete over the oxygen, and the front develops a As Pe is decreased,grows. At a certain stagel is suf-
structure which marks the onset of instabilitisig. 6(b)].  ficiently large to allow fingering without screening and we

Ill. THEORETICAL AND PHENOMENOLOGICAL
PICTURE



522 ORY ZIK AND ELISHA MOSES PRE 60

obtain sparse fingers without tip splittifgig. 6(e)]. While w
depends very weakly on Pgor given h, it depends orh 02
through the heat transport mechanigmsis a rapidly de-
creasing function of it. The maximal value dfis compa-
rable to the system sizd,~L. The minimal value ofl (zerg
occurs at Pe Pe,;. Tip splitting is observed av=d.
, ‘ f_u
L d

A. Mass conservation

Since oxygen is the limiting factor, we expect all the
available oxygen to be consumed by the front. We compare
the mass of reacting gas per unit tirﬁ%2 to the mass of

reacting solid per unit timé sq. If all the oxygen is con- 0 oy giffusion which is driven by the deficiency of oxygen at the
sumed, then we havléoz: ulsoig- The proportionality fac- tips.

tor w is the stoichiometric coefficient, defined as the mass of
reactant gas consumed by reacting with one unit mass of The two growth conditions yield the following two non-
solid.F02 can be written in terms of the experimental param-dimensional equations for the three quantitiesv, andu:

eters T =[5po,Vgad(N—8,p)dx, where po(x) and \f

FIG. 7. The schematic flow field. The flow lines are diverted by

VgadX) are the gas density and velocity, respectively, and d=
is the fraction of oxygen in the gas mixture. The integration

is over the width of the sample. T'¢y;q is @ function of the

measured quantitied soiq= J §U(PubBun— Pbd)dX, Where ~ \/K
8(x) and p(x) are the fuel thickness and density, respec- u= WP
tively. The subscript® andub stand for burnt and unburnt
solid, respectively. We thus expect that

-w, (3.5

e 12 (3.6)

wherew=w/h, d=d/h, andu=u/Vo,.
L L Equationg3.5) and(3.6) describe the growth with respect
fo po,Vgaf(h— 5ub)dX:MfO U(pubdub= Ppdp)dX. to the two horizontal directions. Experimentally the vertical
(3.1) direction (namelyh) dictatesw in a linear manner,
In the “fingering” regime the integralper fingej is over w~1. 3.7
w+d in the left-hand sidgLHS) and overw in the right-

hand sideRHS) and we can approximate This enables a self-consistent evaluation of BE&s5 and

(3.6). Equations3.6) and(3.5) were experimentally verified
to very good accuracy, assumimg=1 and without any fit-

w .
poNaad(N= 8up) = 1 o(Pubdup— pody)u. (3.2 ting parameters?].

A similar approach to Eq3.2) is used in the combustion of C. Vertical convection
porous medid23]. With respect to the experimental driving ~ While there is no theory as yet for the role of heat trans-
parameteN,_, Eq.(3.2) can be written as port away from the front, a number of observations point to
2 its crucial role. We shall show later that the heat transport

W determines the width of the finger. Equally important, we
u——=AV,,, (3.3 find that the occurrence of the fingering instability coincides
w+d 2 with the arrest of free convection of gas in the gap. The
flame tip is a heat source with a temperature of approxi-
where the constam (discussed in Sec. IVB belowepre-  mately T;=720 K.

sents the stoichiometry. Convection at the tip, while extremely inhomogeneous, is
determined by the Rayleigh number RgpB(T;
B. Lateral diffusion —Tiop) h3/va. Tiop~450 K is calculated by comparing the

h dicular direct diffusi heat that is produced by the burning to the heat losses, latent
In the perpendicular direction we expect diffusion Cur-peay of evaporation, and the heat needed to bring the paper to
re_:nts, dn_ven by the concentratl_on gradieritee Fig. 7, its evaporation temperaturg2]. »=0.5 cnf/s and «
given byj,=DV,Co,, whereCo, is the oxygen concentra- _q 5 cny/s are the kinematic viscosity and thermal diffu-
tion. The gradient is typically over a distance @fw. At sjvity, respectively, at the estimated gas temperaflyg

steady state, the lateral current satisfigs uCo, Up 10 & <585 K (estimated as the average of the top and flame tem-
proportionality constant of order unity. This yields an equa-peratures For an ideal gas, the volumetric expansion coef-
tion for the velocity of the diffusion limited growtfl2] ficient is B~1/Ty,s. The onset of natural convection is ex-
pected at Ra=1700 (neglecting the applied wind and
D nonuniform heating Experimentally, fingering occurs for

(3.4)

u= (w+d)’ h<1 cm,i.e., R&1810. The rough numerical agreement is



PRE 60 FINGERING INSTABILITY IN COMBUSTION: AN ... 523

an indication that fingering appears in thiesence of natural al! probe
convection It also explains why the same phenomenon has
been observed in a microgravity experiment in sp&zg.

IV. OXYGEN DEPLETION AND MASS CONSERVATION

In Ref.[2] we quantitatively verified E¢3.3) by compar- c '
ing the influx of oxygen with the amount of reacted material.
In the first subsection, we supplement this result with direct 80 ]
measurement of the percentage of oxygen in the gas behinc
the front. In the second subsection we detail the measure- 60 :
ments of Ref[2] and discuss other features of this measure- &
ment. 52- do ]

For additional results that concern oxygen depletion, see
Sec. VII B on the “coflow” regime and Sec. VI B on the role
of the nonreacting gas. 20 ]

0 1 1 1 A 1
A. Direct measurement of oxygen content 0 2 4 6 | 8

In Fig. 8 we show a typical curve of the percentage of Time(s) ®
oxygen in the gas behind the front. Initially we placed the ¢ 100 — — . T T
probe at the side of the sample to avoid interference with the o I 1\
growth [arrow in Fig. 8&a)]. As soon as the front passed the 8o L P i
probe, we moved the probe to a position behind the front, so
that the inlet is fed by the combustion produ@srow in Fig.
8(b)]. The results are shown in Fig(d. Figure §d) shows . 8o - T
the calibration curve for the probe. It shows the response £ : P
time of the devicésee caption for detajlsThe experimental o" 40| -
error is +10% mainly because of the slo@ s response ‘ P
time of the detector. The same results are obtained when the 20 | i
measurement is done behind a fing@nd not in the spacing i P
between fingeps This measurement explicitly shows that all : P
the oxygen is depleted by the frofwithin our 10% erroy. o0 ' ; 1'0 15 2'0
This result verifies the “mass conservation” E§.3). )

Time(s)
B. Comparing the fluxes FIG. 8. Direct measurement of the relative oxygen contast

The verification of the “mass conservation” is based cming an electrochemical sengoshows the depletion of oxygen
(within 10% resolutioh The probe’s inlet is shown by the arrows

measuring the LHS of Eq3.3) as a function of\/02 [2]. The in (a) (upstream the fromand(b) (downstream the fropt(c) shows

"?SUltS are .Shown. in Fig. 9. The co_rrespondmg front Velo‘f'Wthe relative oxygen contetiin %): (1) ignition, (2) the front passes
ulis ShOWI’] In the Inset. BeIOW a Cl‘ltlca| Value COrreSpOnd'ngthe pr‘obe7 an(ﬂs) the front approaches the end of the Samp|e' Be-
to Pe, (arrow in the figurg u is proportional to ¥o) "2 as  tween(1) and(2), the probe is near the boundaries, to avoid inter-
predicted by Eq(3.6). At Pe, there is a crossover to the ference with the growth. Af2) the probe is moved to its position
linear dependence predicted by E§.3 with d=0. Equa- behind the front. This measurement was performed with the probe
tion (3.3 predicts a linear dependence of the quantity ofplaced between the fingers. The same results are obtained when it is
burnt material per unit timesw/(w+d) on Vo, with the  placed on the fingersl shows a calibration curve for the relative
slope being the stoichiometric factés given by oxygen content in the ga@o flame: I, initial flow of 100% N,
(a=0, fN2:3 cm/s). The response to an abrupt change to 100%

apo,(h—6up) 0, (a=1, fo,=3 cm/s) is shown ifl (increasg¢andlll (stable

(4.2 pard. IV shows the transition back to 100% N

A= .
#(PubSub™ PbSh)
It is interesting to point out thad, and p, are not con-

In the following we detail the evaluation of the stoichio- §tant. Both depend weakly oo, Both quantities increase

metric factorA. The values that we used ase-1 (99.99% N theéVo, range of 0.5-15 cm/s but do not change by more
oxygen, po,=1.376x 103 g/en? [30]; paper thickness and than 20% over tha\/cJ2 range (this adds some error to our
density are §&,,=0.018-0.001 cm and p,,=0.66 measurement oA). At higher flow rates the burning is more
+0.05 g/cni (direct measurement over 10 samples, theefficient and both quantities significantly decrease. Near ex-
manufacturer’s data aré,,=0.019 cm,p,,=0.54 g/cri).  tinction the burning is slow but more material is converted.
The thickness and density of burnt paper afg=0.01  Therefores, andp, decrease. The minimum is obtained for
+0.003 cm andp,=0.3+0.03 g/cni. These values of, Vo,=0.06 cm/s, where full conversion is reached, i&,,
and p,, represent averages over 10 runs. =0 andp,=0.
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FIG. 9. Mass conservation, as predicted by B0@) (solid line). g h i
The inset showsi as a function 01\/02. The arrow corresponds to '
Pe; (onset of separated fingérsThe molecular diffusion coeffi-
cient of oxygen isD=0.25 cni/s (neglecting its temperature de-
pendencg

0.1 o8g'e

v oz(cm/s)

0 2 4 6 8 10 12 14
VO2 (cm/s)

We calculate a stoichiometric coefficient=1.18 for the
interaction of oxygen and cellulogerhich comprises 98% of
the paper. We used (GH;g05)n+6n0,—(6CO, . -

S _ FIG. 10. Collage of patterns showing the full variationcb{0
+5H,0)n. The above calculation is based on the assump<dsl_) as a function of Pédecreasing fronta to (i)]: (a) near the

tion that the chemical composition of the parts of the paper (Pe-Pe) d=0, (b) slightly below the onset (PePe,) d

thgt is left un.burnt does not change S|gn|f|cantl)_/.' To check_}o, (0)—(f) fingering with tip-splitting, (g)—() fingering without
this assumption we analyzed the CH composition of the(ip-splitting. The values of P&a)—(i)] are 18, 15, 14, 11, 91,
charred and unburnt pap29]. For unburnt paper we found 5+0.5, 1.5:0.25, 0.45%0.2, 0.07-0.02. The spacing between
44.78%(C), 6.22%(H), and 49.4% O+ others (as expected piates ish=0.5 cm in all the figures exceyt) and (e), whereh
from 98%X CsH,oOs). For burnt paper we found 42.56% —g.6 cm.

(C), 6.38%(H), and 51.19%O+others, i.e., the assumption

IS JUStlfle.d-. ] (in the range 0.2 cmsh=<1 cm) show the same qualitative
Comb|n|r_19 the above _nur_nbers we obtak= 0_-051 dependence o on Pe. The finger width shows a very slow

+0.005. Given the complications of this calculation a”d(lineao increase with Péat fixedh).

measurement, the numerical agreenevithin experimental Figures 10 and 6 show that the value of Pe determines the

erron with the measured slop&=0.043+0.005 in Ref[2] (1o betweerw andd, which characterizes the pattern.

is satisfactory. It shows that the system is well within the ) Sparse fingergfingering without tip splitting are ob-

oxygen deficient regime. served ad/w> 1, which corresponds to 0lPe<2.6.

V. THE SPACING BETWEEN FINGERS: COMBINING Distance (cm)

DRIFT WITH LATERAL DIFFUSION e d(cm) f T
A. The effect of Pe 4 ""O"’zézflz)tedd(cm) i

In Sec. lll (Fig. 6) we have shown the behavior of the >
pattern as a function of Pe at f{Pe<Pe). In this subsec- 3 .
tion we focus on the fingering regime<tPe<Peg, [(d) and . Eﬁ’%‘gﬁ Tip Splitting Connected Front
(e) in the figurd. The variation ofd as a function of Pe in 2
this regime is exemplified in Fig. 10a) shows the minimum
value [d=0) at the onset (PePe,). (b) shows the minimal 1 i

detectable nonzero value df The tip splitting regime starts
at Pe<Pe,; [(c)—(f) in Fig. 10]. In (g) the distance between 0
fingers is large enough to allow fingering without tip split-

ting. The value ofd increases as we decrease Pe until its 0 5 10 A 20 A
maximal value, which is comparable to the size of the system R R, R,
L [Fig. 1Q()].

The above results are quantified in Fig. 11. The figure gG, 11. The distance between fingergull circles) and finger
shows the dependence @findw on Pe. The continuous line  width w (empty circles as a function of Ped is determined by the
shows the theoretical predicti¢Rq. (3.5)]. Itis in very good  driving parameter, whilaw is only weakly influenced by it. The
agreement with the data points. These measurements wegéntinuous line is a plot of the RHS of E@.5) with A=0.043(see
performed by varying/o2 ath=0.5 cm. Other values di  Fig. 9 and the dashed line i&=0.56+0.01Pe(in cm).
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(ii) Tip splitting is observed at <d/w=2, which corre-
sponds to 2.8 PesPe;.

(i) The onset of fingeringbreakage of a “connected
front”) is observed for PePe,,. Experimentally Pg=17
+1. The predicted valugobtained from Eq(3.5)] is Pg;
=1/Aw~21[2].

(iv) A connected front is observed at fePe<Pe.. In
this regimed=0 andw is the characteristic “cusp” size.
Experimentally Pg=22+1 [31].

(v) w andd are not defined for PePe..

B. A fundamental relation with another diffusion-limited
system: Electrochemical deposition

The dependence af on Pe was obtained from Eg8.3
and(3.4), which describe quite generally the growth under a
limited supply of reactants. It is reasonable to expect this
simple consideration to apply to other systems with similar
conditions. In this section we describe preliminary results
(analyzing previous experiments of ouf26,27]), which
show that the distance between branches in electrodeposition

behaves as the distance between fingers in combustion.
Electrodeposition is a well known example of diffusion-
limited growth [26,27,32,33 The experiments are usually
conducted in a quasi-two-dimensional cell, filled with an
ionic solution (usually zinc or copperof concentrationC.
The growth is controlled by the electric current dengity

FIG. 12. Diffusion limited growth in electrodeposition. The fig-

Our experiments show decoupling between the structurgre shows the influence of current densltyat a fixed ionic con-

of a single branch(microstructurg¢ and the macroscopic

centration C=0.03 M) on the density of fingers. The current den-

structure. The microstructure can be dendritic or disorderedities(bottom to top areJ=13.3, 116, and 197 mA/chThe figure
(tip splitting), depending mainly on the concentration. The Shows the decrease of spacing between finders a function ofl.

macroscopic structure consists of sparse or dense fingers,

depending mainly ot At low currents the fingers are sparse
(larged), while at high currents the fingers are defsall

(near the dense regime in electrodeposition of zinc

It is straightforward to apply the phenomenological model

of Egs. (3.3) and (3.4 to electrodeposition. The mass con-
servation equation reads

uw=V(w+d), (5.2

whereV is the velocity of the ions andthe ion charge. The
lateral diffusion equation is exactly as in E®@.4). We ob-
tain the same square root dependence:

(5.2

The calculation of Pe is based on the relatidrsgE and
V= uE, wherec is the electric conductivity: is the electric
field, andu is the ion mobility. We obtain

h
Pe=VhD=" —3J.

D (5.3

To find u/ o we measured(w/w+d) as a function ofl and
obtainedu/o=0.018+0.005 cni/Coulomb. The diffusion
constant was taken to i2=1.3x10° [30].

In Fig. 13 we show a measurementdéandw as a func-
tion of Pe. The continuous line is the prediction of EfQ3),
which we wrote asl= a\wh/Pe—w with « as a fitting pa-

rameter. In Fig. 13x¢=3.5. In the combustion experiment
the agreement was good without any fitting parameters,

yvhile here the results are only indicatory due to the small

statistical sample. These results show that the complex small
scale processes are decoupled from the large scale diffusive
transport that determines the distance between fingers.

This result can be generalized to include other systems
that are diffusion limited and supplied by constant flux.

Distance (cm)
0.2

o w
o d
predicted d (cm)

0.156

0.1

0.05

Pe

FIG. 13. The behavior ofl andw as a function of Pe in elec-
trodeposition is similar to what we obtained in combustion. Notice
that the front is not connected ¥ 0) even at high current densities
J (and Pe¢. We conjecture that this result is related to the depletion
of ions. The fitting parameter for the continuous linexis 3.5.
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FIG. 15. Finger widthw as a function oh. The different points
were measured in variout:“,o2 and flux (< Voz) values. As already
shown in Fig. 11Vo, does not chang& by more than 15%. To
accentuate this, we show the data points of Fig(elipty circles at
h=0.5 cm). They show the result of varyil’\g)2 alone. The slope
of w(h) is 1.78:0.2. The error bars represent the spread of the
experimental results.

FIG. 14. The variation of the finger widthr as a function of the . . .
spacing between plates=0.2, 0.3, 0.5, 0.6, 0.8, and 1 cm(a) to To quantify the relation, described above, betweeand

(f), respectively. In(g) we show the thickest fingers that we ob- N, We first notice that Fig. 11 shows that as-P@, w ap-
tained h1=1.8 cm). At this value oh the burning is not uniform.  proachesh, i.e., w=a+ g Pe with a~1 and B<1. The
In (h) we show some of the 3D effects that occur at higher values obmallness of3 allows us to conduct the measurementwds
h (hereh=3 cm). There is more than one frofarrows in the  a function ofh in the full range of Pe. Figure 15 shows the

figure), the burning is not uniform, and there are no fingers. results. The data are consistent with linear dependence. The
measured slope aofi(h) is 1.8-0.4. The linear dependence
VI. THE FINGER WIDTH: HEAT LOSSES of the characteristic length of the instability on the spacing

between plates is also known from other growth systems in

We have shown thal is determined by the flux of reac- quasi-2D(“Hele-Shaw") geometry[3,11].

tants(through P¢and thatw is almost independent of Pe.
is a feature of the individual finger that is determined by the
ability of the front to release heat. We now show thais
related to the heat losses in the system. In this subsection we study the influence of two other heat
release mechanisms that can be experimentally contrdiled:
Changing the heat conductivity of the bottom pldig); add-
ing nonreacting gas to the front. Our goal is to see whether
The instability occurs below a critical Ra and thereforethese experimental measures support our picture.
below a criticalh. The weak dependence wfon Pe allows To study the influence of the bottom plate, we used bot-
us to measurgv as a function oh over a wide range of Pe. tom plates made of Cu, Al compound, and Pyrex glass (
In Fig. 14 we show a collage of the fingering patterns that=4x10", 2.4x 10, and 6.3< 10° erg/cm s K, respectively
results from varyingh. The pictures were taken in the Pe The heat conductivity of the ambient gas is two orders of
range of Z=Pe<12, which is well within the tip-splitting magnitude smaller\~2.6x 10° erg/cm s K. We concluded
regime.h is increased from a minimal value of 0.2 difig.  that there is no significant variation @f in this range of\.
14(a)] to the maximal value at 1 cifFig. 14f)]. Going be-  Using no bottom plate caused a notable increase ibut
low h=0.2 cm raises several experimental complications. linvolves the presence of reactant gas below the sample. This
reduces the uniformity of the flow as well as the uniformity has an influence on the flow pattern near the front. To create
of the exchange of heat with the top plate. The upper limit ofa heat isolating bottom without these effects, we used a thin
h is determined by Ra. In Fig. 1g) we show the thickest (0.004 cm stainless steel foil. The contribution to heat re-
fingers that we obtainech& 1.8 cm), which were still well  lease was small and the 3D effects were prevented. In this
defined but the burning is not uniform throughout the papemeasurement we saw an increasavin
and the reproducibility of the measurement is reduced. At These effects are shown in Figs.(d6-16(c). (a) shows a
higher values the fingering instability no longer exists, astypical pattern using an aluminum bottom plate £%¢ h
shown in Fig. 14h). In this pictureh=3 cm. There is more =0.5 cm).(b) shows a run with the same parameters using
than one fron{arrows in the figurg the burning is not uni- a thin foil instead of a bottom plate as described abovéc)in
form, and there are no fingers. These effects are due to thkere is no bottom plate and the sample is stretched above a
vertical flow of oxygen that feeds the burning behind therecess containing the ambient gas. The figure shows an in-
front. crease inw from (a) to (b), which qualitatively shows that

B. Other heat losses

A. The role of two dimensionality
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FIG. 16. The effects of heat losses on the pattern are measured
both by changing the bottom plafi@)—(c)] and by changing the N 02| o uems] ©
content of the reacting gad)—(f). (a) Typical pattern using alumi-
num bottom plate (Pe5+0.5, h=0.5).(b) Same parameters as in 0.15 |- L 1
(a) with the bottom being a thin foikv increases fronga) to (b). (c) o
No bottom plate, only air in the cavity. This involves 3D effects 01 L ]
which have to be taken into account when compafigygwith (a) .o
and(b). (d), (e) Two runs with and without nitrogeh02=7 in (d)

a=0.86 and in(e) a=1. Adding N, decreasew. In (f) we see that 0.05 (', 0i5 ,' 115
inarun Withf02:5, a=0.76 tip splitting is suppresse(y) shows N, (cmis)

the effect of variation during a run:-12 ignition (f02= 15 cm/s,
a=1), 2—3 only oxygen (02:6 cm/s, a=1), 3—4 oxygen 0.15 | B .
+nitrogen (foz=6 cm/s, a= g). In the final state the effect of

nitrogen is a 20—30 % decreasevin In 3—3* we show the tran-
sition froma=1 toa<1. The fingers become effectively wider and
w increases temporarily until, without changing the external supply,
it decreases to a new valuewfthat corresponds ta<1 [for more
observations that concern this effect, see Figgpih Sec. VII. We
conjecture that the transient effect is related to the effectively im-
proved transport of @which result from switching on the Nlow.

u(cm/s)

u w/(w+d)(cm/s)
o

0051 @ =

the ability to release heat narrows The result shown iric) 25 275 3 3.25
involves the 3D effects of gas flow, which should be taken fo, a (cm/s)
into account when comparing) with (a) and(b).

A more controlled way to study the effect of heat losses is FIG. 17. The effect of cooling, nonreactant gas is shown at fixed
by adding cooling(nonreacting gas to the flow. We found fo,=5 cm/s.(a) wis a decreasing function dfy, while d is not
that adding nitrogen to the flovat fixedfoz) has two main  affected by it(within experimental errgy (b) uis a linearly decreas-
effects: (i) w decreases, andi) tip splitting is suppressed. ing functioanz, (c) the burning “intensity” is linear ina><f02 as
These effects are shown in Figs.(d5-16(g). In (d) and(e) expected from “mass conservation.” The slopeAs-0.08+0.01
we see two runs with the same values of Pex14 defined ~ (PredictionA=0.051+0.004).

for the combination of oxygen and nitrogen Pe |5 3_,3* we show a transient state as the system goes
=V(0,+N,yn/D). In (d) we added 20% nitrogena=0.83),  froma=1 toa<1. The fingers become widéalmost merg-
while in (e) a=1. The figure shows that the result of adding ing) until they spontaneouslf.e., without any change in the
N, is a decrease inv. To some extent it also shows the external supply decrease to the new value wfthat corre-
suppression of tip splitting. Figure @ shows a run with sponds toa<1 [for more observations that concern this ef-
Pe=5.8 anda=0.76. We have already shown that this valuefect, see Fig. 2@) in Sec. VIIl. We conjecture that this
of Pe (and d/w) is well within the tip-splitting regime for effect is related to the initially improved transport 05,0
a=1. The figure shows that an effect@# 1 is the suppres- Which results from enhancing. the flow. In the final state
sion of tip splitting. (3*.—>4) the effect.c.)f nitrogen is a 20—3_0% decreasgvm
The abrupt addition of nonreacting gas has an interestin? Figure 17 quantifies the effect of adding nonreacting gas.
transient effect. This is shown in Fig. @. The values of [N (&) we see the effect od and onw. In (b) we see the

Vo, anda were varied within the run in the following man- &ffect onu and in(c) on the rate of burning. Within error
ner: 12 ignition (Vo,=15 cm/s,a=1), 23 only oxy- bars, we see that decreases as a functionafwhile d does

, not change significantly. These results are consistent with
gen (Vo,=6 cm/s, a=1), 3—4 oxygentnitrogen Vo,  oyr picture thaw is a decreasing function of the ability of
=8 cm/s,a=6/8). the front to release heat.
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FIG. 18. The instability of an isolated fingew&0.5 cm) is FIG. 19. Fingering in other fuel¢a) Made of cellulose acetate,
manifested as a periodic attempt to tip split in a thin paper of width(b) polyethylene. In polyethylene there is a strong effect of melting
L=1 cm(bottom. It does not occur at=0.6 cm(top). The dis- and a glowing, nonuniform combustion. The arrows mark the fin-
tance between the two stripes was 10 cm, ensuring no interactiogers. The contrast was enhanced because of the low quality of the
between themi{=0.5 cm, Pe= 6). image.(c) Stationery paper 80 grfrichlorine bleached The arrow

points at a region that wrinkles and produces a different pattern

The linear decrease aof and of the amount of burnt ma- With a different, nonuniform reactiofnot smoldering
terial can be compared to the mass conservation equation

[Eq. (3.3)]. We write this equation as surface to the wind(iii) conduction through the bottom
plate,(iv) conduction through the sampl@,) radiation from
~ W the front. The dominant channels are obvioug)yand (iii ).
uw+d =Aa. (6.1) So far the comparison between the produced and dissipated

heat has shown only qualitative agreement. Precise measure-
ments of local heat production and loss will be necessary to

Figure 17c) shows a plot ofu(w/w+d) as a function of obtain a quantitative description.

fo,a at fixedfo,=3 cm/s. The linear behavior is as pre-
dicted. The slope isA=0.08+0.01 (prediction from sto-

ichiometric considerationsA=0.051+0.004). The discrep- C. An isolated finger
ancy may be due to other effects of the addition gftNat To check the coupling betweeh which is determined by
we may be missing. the collective competition over oxygen, amgdwe forced the

We point out that the highest percentage of that al-  system to produce isolated fingéFsg. 18. We placed strips
lowed flame propagation in our system was 4@% h  of paper whose width was on the order of the height of the
=0.6 cm). This result is expected to be relevant for study-<ell, and placed them far enough so that they did not interact
ing the occurrence of the fingering effect under atmospheri¢about three fingers per runThe figure shows thatv is
conditions. selected at the level of a single finger. Fronts with different

There is at present no theoretical framework that accountpaper width propagated at the same velocitgnd with the
for the experimentally observed connection between the heaiamew as the main trunk in the wide systemithin experi-
losses and finger width. A first step is to deriweby com-  mental scatter At L=1 cm (bottom) we observe periodic
paring the heat losses from an isolated finger to the heat thattempts to tip split, which cannot be accomplisisihce
is released by the combustion of that finger. The main heat <w+d). We conclude that the instability is not a collec-
loss channels that should be taken into accountiadvec- tive effect but a local feature involving a single finger, and
tion of hot gases by the windii) conduction from the hot that the competition over oxygen determirtebut notw.

L (cm)

FIG. 20. (a) Evolution in thecoflowregime. Times from ignitioribottom to top: 60 s, 72 s, 118 8/,=10.2 cm/s,u=0.31 cm/s. The
fingers are transient. The steady-state front is linearly stdbfefigure. (b) In the stable front we extinguished the fire and obtained a
snapshot of the noisy frontc) The correlation function for the interfaces as showrfkincomputed for five runs. The scale bars are 1 cm.
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VII. OTHER OBSERVATIONS

In this section we present a number of observations that
highlight some of the unique features of this system, as well
as providing additional information on the issues that we
discussed above.

A. The effect of changing fuel

It is essential for practical implications to know the effect
of different fuels. We have checked various materials rang-
ing from stationery paper to plastics. All the materials that
we checked exhibited the fingering effect. Figure 19 shows
fingering patterns in a dialysis ba@), in a polyethylene
sheet(b), and in stationery (80 g/ paper(c).

Our measurements were mostly performed with paper
produced by Whatman. We mostly used grade n@hizk-
nessd=0.019 cm, ash%0.06. We also studied grades no.
1, 2, 3, 40, and 91. Grade no. 3 is similar to no. 2 but with
6=0.039 cm. The change of paper thickness had only a
minor effect on our results af, w, andu. Grade no. 40 is
“ashless” (ash%= 0.007. This affects the color of the pat-
tern, which tends to be more “brown” than “black.” Grade
no. 91 is highly anisotropic. This reduces the uniformity and

reproducibility but otherwise did not have any significant
effect on the pattern. FIG. 21. Qualitative observations with nonuniformiti¢a) A

defect line with a concave fronth) convex pattern from a nonuni-
form gas flow,(c) “merging” of clusters,(d) nonuniform ignition
and flow near the onsegg) “cluster screening,”(f) interaction with
Our setup allows us to perform measurements when the horizontal grid(g) response to a change from 100% © 100%
front propagates with the wintcoflow regime. In this re-  N,, (h) changing from Pe= 6 to Pe= 0.08,(i)—(k) two fingers tip
gime the front is slower and more stable. This counterintui-split near extinction(l) above onset with free boundaridsy) the
tive result is related to the fact that the combustion is moreextinction of (1), (n)—(p) “secondary” finger with largeh, (g)—(s)
intense and all the fuel is consumétb char is left. Figure  growing past an obstacle.
20 shows the typical evolution in the coflow regime. The ) _ )
front is initially unstable. However, the fingers that develop The result is a concave front with a “defect” linéb) shows
are a transient state. After the transient the fingers merge. the convex pattern that results from a nonuniform gas flow.
Stable or marginally stable fronts sometimes exhibit alhe experimental parameters f and (b) were Pe= 8,
roughness exponent that characterizes the growth mechanidhv 0.6, and Whatman paper no. @) shows the growth of
[34,35. In Fig. 2Qb) we show a picture of the front in the WO clusters that were ignited at the two ends qf the sample.
developed state. The height-height correlation funcBgh) ~ (d) shows a pattern near the onset that was ignited in the
is shown in(c). It extends over two decades, showing thatMiddle and grew in a nonuniform flow field. The “side
C(L)~LX with y=0.66 (average over five measurements branching” is due to the n.onunlforml'tYe) shows how there
Correlations in coflow flamegparallel to gravitational con- IS Screening of “clusters” in a nonuniform field and not only
nection were measured previously in the context of theof_flngers_.(f) shows a run in which we attached a horizontal
Kardar-Parisi-ZhangKPZz) model[34,36]. grid of stick tape to the bottom plate. The pattern is seen to
We checked that mass conservatia. (3.3)] holds also ~ interact with the underlying gridig) shows a run in which
in the coflow regimewith w/w+d=1 ands,=0). Thatis, We changed the supply abruptly from 100%10 100% N:
uU=AVgy , where A=pg (h—38u)/(1Lpundys). With the W initially increases andl decreases, due to the improved
: 2 transport of Q [see Fig. 16g)]. Then the fingers narrow
down until extinction. In(h) we show the transition that oc-
curs by cutting Pe abruptly to 0.08 in the middle of a run,
with nonuniform ignition. The single finger that prevails
propagates horizontally at the edge of the sampléi)Irj),
and (k) we show two fingers that evolve from a single
There are many qualitative observations that we have ndtranch, after nonuniform ignition near extinctigRe =1).
described previously. These observations were performed ihhey slowly grow together until a fluctuation causes the left
runs that had nonuniformities or “defects” and were not finger to prevail, driving tip splitting. Notice the bright spots
used for the quantitative analysis. Yet they contain signifi-on the tips. In the tip-splitting regime these spots typically
cant information on various features of this effect. In Fig. 21appear before the extinction of a fingeee also Fig. @)].
we show a collage of these observatiof@s.and(b) show the In (I) we show propagation slightly above onset. In this run
effect of nonuniformity on the patterfa) shows the effect of we did not use our “normal” boundary conditior(gvhich
nonuniformity in the initial conditiongarrow in the figure¢ ~ are heat conductive and slightly elevatdalt left the bound-

B. The coflow regime

above dataA=0.039. Our measurements in the coflow re-
gime vyield a slope ofA=0.045t0.05, in rough agreement
with the calculation.

C. Other features of the pattern
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aries free. Consequently, we observe a glowing flame that Within the phenomenological model that disregards heat
propagates inwards from the lateral boundaries of the papédosses, the finger width is independent of thelPenumber.
(arrows in the figurke (m) shows the same pattern after the It is linearly dependent on the system height. This quantita-
oxygen was cut and nitrogen fed {after about 5 5 The tive dependence is in line with qualitative observations
cutting of oxygenfrom Pe= 18 to Pe= 0) causes a gradual which show that the finger width is determined by the ability
decrease ofv and selection ofl. Then we fed 100% of N of the front to release heat.

(a=0) andw grew until extinction.(n), (o), and(p) show a For further experimental research we point out the behav-
3D effect: propagation of a finger with a glowing flame in ior near the onset, where our preliminary observations have
the char, in a system with a very large gap between the platedready shown interesting spatiotemporal modes. Another
(h=3 cm).(q), (r), and(s) show how the pattern grows past experimental challenge is to expand our analysis to other
an obstacle. The obstacle is a part in the paper that hasgiowth systems.

“crumple” that blocks the oxygen flow. From the theoretical viewpoint, there is still a need for a
linear theory of the instability. The analogy between elec-
VIII. SUMMARY AND CONCLUSIONS trodeposition and combustion opens the possibility for a uni-

) ) ] o _versal description of some aspects in diffusion limited
We detailed the previously reported fingering instability growth. This should go along with a theoretical identification

in combustion, which occurs when a solid fuelg., paper  of the class of instabilities that exhibit the behavior described
is forced to burn against an oxygen-rich wind, below a criti-jn this paper.

cal Ra. The nondimensional control parameter of the effect is
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