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Figure 1:Pe, variations withMa,, for different hydrocarbons and,fiL9] at 0.1 MPa in the explosion vessel

with data from large scale explosions [7-9].

Figure 2 Pe, variations withMay, for different hydrocarbon/air explosion vessel data.
Figure 3: Values oK, plotted againsMa,, for all hydrocarbon/air explosion vessel data.

Figure 4:K; variation withMay, . Explosion vessel data for different hydrocarbon/air mixtures at different
pressures. Crosses (0.1 MPa), open circles (0.5 MPa), filled squares (1.0 MPa). Solid curves shows best fits
through these data.

Figure 5: Solid curves show,, variations withMag,.from explosion vessel data at 0.1, 0.5 and 1.0 MPa

alongside data for LS atmospheric explosions [7-9].



Abstract

The paper presents the results of a fundamental experimental and theoretical study of Darrieus-
Landau, thermo-diffusive, instabilities in atmospheric explosions, and, on a smaller scale, in
laboratory explosions in closed vessels. Pressure dependencies were sought to exploit the leading
role of the Peclet number in the phenomena, so that similar Peclet numbers were achieved in both
instances. However, in the large atmospheric explosions a large Peclet number was achieved by
the distance scale of the fireball, whereas in the closed vessel explosion it was achieved at a higher
pressure by a much smaller flame, but because of the higher pressure, one endowed with a small
laminar flame thickness. This study covers a much wider range of fuels and of pressures and the
dependencies of the phenomena on both of these were carefully studied, although, for the
atmospheric explosions, the data only covered propane and methane. The roles of both Markstein
and Peclet numbers become clear and give rise to a more fundamental correlating parameter, a
critical Karlovitz number, K, for flame stability. This is based on the flame stretch rate, normalised by its

muliplication by the chemical reaction time in a laminar flame. The experihetnehsured dependencies

of this key parameter on pressure and Markstein number are reported fat tivadifor so many different
fuels. The critical Karlovitz number for flame stability decreases with increase indirerate Markstein
number. As a result, it is possible to predict the extent of the unstable reginaenfoar flames as a
function of Mas; and pressure. Such data can be used to estimate the severity of large scale riatmosphe

explosions. Advlasr becomes highly negative, the regime of stability is markedly reduced.

Keywords: Darrieus Landau, thermo-diffusive instabilities, large-scale explosions, critidat Rember,

critical Karlovitz number.



Nomenclature

Co

Kcl

K

Lb
May
Mas
Pa
Pei
Pr

Ty
Ta
S
S
t

U
Un

mass based specific heat at constant
pressure (&/K)

critical Karlovitz number(aci 51/u)

turbulent Karlovitz stretch factor

burned gas Markstein length (m)

flame speed Markstein number

burning velocity strain rate Markstein number
atmospheric pressure (Pa)

critical Peclet number

(Con/k), Prandtl number

flame radius (m)

critical flame radius (m)

stretched flame speed (m/s)

unstretched flame speed (m/s)

time (s)

unstretched laminar burning velocity (m/s)
stretched laminar burning velocity (m/s)

a flame stretch rate (1/s)
o) laminar flame thickness (mjv/u,;)/Pr
] viscosity (N.s/r)

k thermal conductivity (W/m/K)

v kinematic viscosity (1is)

Pb density of burned gas (kgAn

Ou density of unburned gas (kghm

o unburned to burned gas density ratio
@ equivalence ratio

Subscripts

b burned

cl critical

sr strain rate

u unburned



1. Introduction

A preliminary feasibility study [1] suggested Peclet number equalitidseabriset of flame instabilities in
explosions in laboratory closed vessels, and much larger ones in the atmosphere, miglie fadner to
predict the latter. The present paper reports an extension of this worgreagsr range of fuels and closed
vessel pressures. Data for the large atmospheric explosions were drawn from the samim smihcstidies.
The flame stretch rate decreases as the flame propagates, and when itdalla loeltain threshold, the
interactions of the Darrieus Landau and thermo-diffusive instabilities creatagngly severe wrinkling of
the initially smooth laminar flame surface, accelerating the flame speed andh&némg the associated

pressure pulse, that aifrom the rate of change of the heat release rate [2].

An important question is whether the wrinkled flame acceleration might lead tooaati@h. The
mathematically modelling of the increasing wrinkling of the flame surfaed,the increasing flame speed
present a severe challenge. Complete numerical simulations have only been possialeadps of a few cm.
Consequently, semi-theoretical studies have involved a combination of fractal anajgbesd experiments
[5,6], some of whichjn larger atmospheric explosions, have involved flame sizes of several meties [7-9
Sivasinsky and co-workers [10,11] have developed a mathematical technique thasimaaltiplying the

reaction rate with a degree of folding of the wrinkled flame front.

A key parameter is the critical flame radiug, that marks the onset of the unstable flame, with developing
cellularity and an increasing flame speed,The appropriate dimensionless radius is the Peclet nuRbegr,

comprised of ¢, normalised by the laminar flame thickness,

The theoretical approaam[12] expresses the growth rate of the amplitude of the flame front perturpagn),

for a given wave number, as:

A(n) = a)(l - (Pecl/Pe)). (2)

Pe the general Peclet number, is the flame radjysiormalised by;, and @ is a perturbation growth rate
parameter that depends upon n. As the flame growsRe#iP e, A(n) is negative, the amplitude diminishes,
and the flame is stable. Wh&®-P e, the sign becomes positive and the flame becomes unstable. The relative

contributions of the Darrieus Landau and thermal diffusive instabilities to A¢nip éhe ratio(Pe.;/Pe). The



flame stability is increased by increasesstiain rate Markstein numbeWas,, ando, the ratio of unbned to

burnedgas density. The flame thickness is given by:
8, = (v/w)lPr, (2)

where vis the kinematic viscosityy; the unstretched laminar burning velocity, & Cyy/k, the Prandtl

number.

Theoretical [4, 12] and experimental [5, 13] studies have revealed the strong depenenapohMas,. The
present paper reports measuremenBagfor fuel/air mixtures in spherical explosions. Nine different fuels are

studied at different equivalence ratigs,and pressures of 0.1, 0.5, and 1.0 MPa. Maximum generality is sought

for these measurements, on the basis of theoretical studies.

The creation of cells only occurs when the localised flame stretch rate at thefeele is sufficiently reduced

to allow the growth of an instability of shorter wavelength. The onset ofacetation atPe,, provides the
limiting stretch rate, below which flame wrinkling occurs. The critical Petlaiber is a convenient measure
for the onset of instability, and is associated with the flame stretchupatenultiplied by the chemical time,
(6;/w,), yieldingacritical Karlovitz number, K. For a spherical premixed laminar flame, this is expressed by

[13]:

Ke = (20/Pec|)[l + (Z\/Iab/Pe;|)]'1. (3)

HereMay is the flame speed Markstein number, Iikey, readily measurable. At normalised stretch rates below

Ke, the flame becomes unstable.

Experimental results are first presentedPlay as a function dla,then, because of the fundamental importance
of the strain rate, Kis expressed as a function of the strain rate Markstein nuidlagras in [13]. This
parameter was obtained by determining the strain rate Markstein lepgfipra the associated flame stretch
rate,a, and stretch burning velocity,,wising multiple regression analysis, [16]. The strain rate Markstein
length, lg;, divided by the laminar flame thicknessg, yieldsMas.. Experimental data are also drawn from large

atmospheric explosions.

Values of ky and Mas, were measured for different fuels in an explosion vessel, at higher pressmes t

atmospheric, where the reduced valu&,ofielded higher values d?e, simulating atmospheric explosions



with higher radii. Such generalised findings provide a means of predictingsval ¢ and & in larger
atmospheric explosions, on the basis of small scale laboratory explosions.rAxtjtiotive is to ascertain the
extent to which K/Mas; relationships might cover a wide range of fuels. ValueBegfwould then be found

from Eqg. (3), while the K/Mas; relationship would define the regime of laminar flame instability.

2. Experimental Technique

Spherical flame propagations were measured in a spherical stainless dtstbex@ssel with three pairs of
orthogonal windows of 150 mm diameterl3]. The internal radius of the bomb was 190 mm. This provided
a field of view of the constant pressure combustion, to observe the ctéival ieading edges at the onset of
instabilities and their subsequent development. The bomb and mixture could be heajaed tamdperature
measured with a sheathed chroradimel thermocouple. Four fans, driven by electric motors, located close to
the wall of the bomb mixed the reactants. With liquid fuels, it was vital to ensune &tjtid was evaporated.

The fans enhanced heat transfer and promoted mixing.

Flame speeds, together with the critical radiiwere measured for a variety of fuel/air mixtures, with the nine
fuels listed in Table 1, using high speed ciné imaging. Measurements weretfatessares of 0.1, 0.5 and 1.0
MPa and 360 K. Table 1 lists all the fuels, along with their equivalence, iataisd references for data taken
from other sources.The onset of flame cellularity and increasing flame speediaative of the onset of
Darrieus Landau, thermo-diffusive instabilities. The flame spegdsd&/dt, changed with the leading radius

of the flame front, 1, due to the changing flame stretch rate, given by(2/r,)(drJ/dt).

Table 1: Experimental data sources

Mixture properties

Apparatus Fuel T(K) P (MPa) P Ref
Explosion vessel H> 365 0.1 0.3-1.0 [19]
Explosion vessel CHa 300400 0.5-1.0 0.8-1.2 [6]
Explosion vessel ethanol 358 0.5-1.4 0.8-1.4 [13]
Large Scale (LS) CHa, C3Hs 0.1 0.81-1.22 [8][9]
Large vented box CHa, CsHs 0.1 1.1,1.06 [7]
Explosion vessel iso-octane, ethanol, n-

Present
heptane, toluen&sHs, 360 0.1-1.0 0.8-1.3 work

1-hexene, n-butanol

Measurement extended from when the flame became estaliistiesi onset of instabilities. Within it, the

flame speed, > depends uposm and the flame speed Markstein length, in:



S-3=ba 4)

The S/a relationship, extrapolated to= 0, yielded an imaginary, notional, flame speed at zero stretch rate, S
the “unstretched laminar flame speed.” The laminar burning velocity is obtained by dividing this valuedoy

The S/a relationship became more linear with increasing pressure.

The critical radius, d, was measured where an upturn was first evident in the platagfaBistz. The length,
L, and radius 4 were both normalised b§,, to yield the flame speed Markstein numibde, and, Pey,

respectively. Fuller details are provided in [5,13]. Values afidv were obtained using GasEd].

3. Experimental Results

Measured values dPe, for the listed hydrocarbons at pressures of 0.1, 0.5, 1.0 MPa, are plotted against
measured values Mayin Figs. 1 and 2, respectively. Each experimental point gives the mean value #em thr
explosions. Values af ranged from 0.7 to 1.4 for propane-air mixtures, and from 0.8 to 1.2 for methane. For
other hydrocarbons, values of fuels were limited to 0.8-1.3, due to limitatigrssed by liquid vapour
pressures. Asterisk symbols show values for hydrogen from [19] and the thin ireeshoivs the best fit. To
obtain May, for these H data, values of Jwere taken from [23]. Data from much larger scale atmospheric

explosions are also presented [7-9
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Figure 1:Pe, variations withMay, for different hydrocarbons anc:iH9] at 0.1 MPan the explosion vessel

with data from large scale explosions [[7-9



The bold black diamond (methane) and black square (propane) data points in Figofndeede scale, LS,
atmospheric explosions by Shell Research Ltd. in a large vented steel box structurtgnt) &75 m wide
and 6.25 m high [7]. Flame speeds were measured up to a radius of 3.5 m/&r,gH 1.1, and eHg/air, ¢

= 1.06.

Values ofPe,have been measured by the Factory Mutual group for, LS, atmospheric explosions, in [8] for
CsHgl/air flames, and in [9] foCHJ/air. Flames were up to 2 m diameter, withanging between 0.81-1.22.
These values are plotted against values of Markstein numbers, from [15]. These were nuriesealty the
burning velocity strain rate Markstein numbévias,, than the flame speed Markstein numbéta, [16]. To
compare these values from [8] and [9] more closely with those in the pstsawtit was assumed they were
those oMas,. They were converted tday, using the tabulated values of the different Markstein number$ in [6
for CHs, and in [17] for GHs. The correlated data from [8] and [9] then yielded the upper broken curvég,

1. The dotted curve representgigresults and the dashed curve thoseClids.

Differences between Shell and Factory Mutual LS data are attributed to cghfusned ways of defining
Markstein numbers in different texts. Errors in the measuremeviofire also important [15]. Other errors
might arise from different ways in measuring This is particularly so at negative valuedviat,, where stable
combustion is of short duration [18], and a fractal expression might be requirgu fextrapolation to zero
stretch rate [1 In addition, there are different interpretations of Markstein number, not omhe &eitla, and

Mas;, but also between different expressions for the latter [15, 16].

Figures 2a and 2b show plots &, againstMa, for different hydrocarbons, measured at 0.5 and 1.0 MPa,

respectively.

748 CHLil 0.5MPa ‘4 1.0 MPa /
O iso-octane/air . ’
1 & n-heptane/air . . ] CHyfair (LS, [9 ‘
64 < toluene/air CgHg/air (LS, [8]) E 4/air (LS, [9]) 3 ’
1 & 1-hexenefair N 1 N,
54 < ethanol/air ~ . _ ..
o N <, N
© | > ethanol/air [13] » . ] -
S 4] O nbutanolair Lo CHAArS, B congrair (s, [8]) _ % Hydrocarbons
~ | X CgHgfair D \ . R2=0.58
¢ 5 | @ CHyair [7] D P g
O 27 m CHyair[7] a R2=0.78 . :

(b)
T T T T T L L L L L AL L |
-20 -10 O lOMabZO 30 40 50 -30 -20 -10 O Ma%o 20 30 40 50

Figure 2.Pqy variations withMay, for different hydrocarbon/air explosion vessel data.



4, Reaultsin terms of thecritical Karlovitz number

Values of i as a function oMas also were obtained from all tiay/May, data in Figs. 1 and 2, using Eq. (3).
These arere-presented in terms of plots ofilagainstMas, for the separate fuels, in Fig. 3. Best fit curves are
shown for high pressures explosions, all of which exhibit the same trend ofapiténcreases indasMas;

is reduced. There is also a decreasecirathe pressure is increased, indicative of generally improved flame
stability. There are more data points at 0.5 and 1.0 MPa, a consequence of a reddgtigithipressure,

enabling the acquisition of more data for higher valud3ef

0.025
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Figure 3. Values oK, plotted againsMag, for all hydrocarbon/air explosion vessel data.

There was no clear tendency for any fuel or group of fuels to exhibit a camelatiend comparable to that of
pressure. In addition, any posible influencesofvas explored. It is significant, that the theory in [12] predicts

it has a small influence oRe,, particularly at the lower Markstein numbers. The present large data set was
scrutinised and it revealed no such influence. This contrasts with other studies in vahanigtile was more

successsfully isolated and controlled, such as the propane experiments in [20], and hydmegeergsgpn
[27].
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All the hydrocarbon fuel data are plotted in terms gfagainstMas; for pressures of 0.1, 0.5 and 1.0 MPa in

Fig. 4. The best fit expressions for these pressures are:

Ka=0.015 exp(- 0.1¥ay) at 0.1 MPa, R= 0.95. (5)
Ka=0.009 exp(- 0.1Mas) at 0.5 MPa, R= 0.58. (6)
Ke= 0.007 exp( 0.1Mas) at 1.0 MPa, R= 0.67. @)

Notwithstanding the scatter, there is a clear tendency §do Klecrease, and flames to become more stable,

with increasing pressure.

0.025

0.5 MPa, R?=0.58

0.020

0.015

Kcl

0.010—

0.005—

0.000

Figure 4 K., variations withMa,,. Explosion vessel data for different hydrocarbon/air mixtures at different
pressures. Crosses (0.1 MPa), open circles (0.5 MPa), filled squares (1.0 MPa). Solid curves shaws best fit

through these data.

5. Discussion

Because of the key role Bfey, the low values of both; and flame radius in high pressure explosion vessels
make it possible to predict the onset of instabilities in much larger explpatatmospheric pressure, Rom

high pressure laboratory explosions, P sF8gand 4 clearly show the diverse influences of fuel, through values
of Mas,, and pressure uporyKand henc®e;. These influences can be generalised to yield an expression for

Kq in terms of different values of P{BndMas,. For all the hydrocarbons studied in the explosion vessel:

K., = 0.017.exp(—0.165.Mas,) . (P/P,)~°3°, R = 0.66. (8)
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This relationship is shown by the bold curve in plot ef(R/P.)%% againstMas in Fig. 5. The optimal
relationships are also shown for 0.1, 0.5 and 1.0 MPa.

The large scale explosion data from LS [7] lie on the 0.1 MPa hydrocarben €aerLS GHg [8] and LS CH
[9] broken data curves are located somewhat further from the 0.1 MPa isobar. Tiskeabfawints represent
explosion vessel data forMdir at 0.1 MPa, and exhibit higher values ef Khe best curve fit through these

data is shown by a thin solid line, which yields the expression:

K., = 0.0128.exp(—0.32. May,). (9)

These H data were excluded from the earlier figures because of their wide divergemcthé& hydrocarbon
data. The differences lie in the nature of correlations baség &ecause H atoms diffuse rapidly in laminar
flames towards the leading edge, where they initiate reaction to a gneatatrthan in hydrocarbon flames, the
preheat zone is relatively much reduced [24, 25]. When hydrogen flame parameters aliegtbhy@l there

is a diminished comparability with other flames. An example is the normab$ijet)flame diameters at blow-

off with &, [26].

= ” .
- » @ CH, (LS, [7]) -
0.04}— H2 [19] u CBHS (LS, [7]) —{0.04
- \ . R=om .
0.03- —0.03
B ] 3
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0.02 —0.02 &
] 1.0 MPa : F
i CH, / air (LS, [9]) ]
0.01 —o0.01
- u N s T A B i
B LE RE Dy |
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Ma,,

Figure 5. Solid curves sholf, variations withMa,,.from explosion vessel data at 0.1, 0.5 and 1.0 MPa

alongside data fdrS atmospheric explosion$-9].

The large scale laminar atmospheric flames become unstable, with flame speeds tredictable, using

fractal approaches [3,4,7]. An important aspect of this is the presdseegenerated by the accelerating flame.

12



The associated increasing rate of change of heat release rate generates kgppressalve pulses [2]. In the
large scale propane explosions of [7] the flame rapidly accelerated, with the flaadenspe than tripling in
0.56 sec. Using the monopole assumption for the flame, it was estimated in [2] af&ame radius of 100 m,
the maximum over-pressure one km from the propane fireball centre would b&d.3A kcomparable

atmospheric faster burning hydrogen flame, with= 0.5, would generate significantly greater maximum

over-pressure of 2 kPa. The reflection of such pressure pulses and their inteveithidhe flame can create
Rayleigh-Taylor instabilities, additional to the existing instabiljtigenerating even stroeg oscillatory

pressure pulses [21].

An interesting aspect of flame instability is the practice of extrapglai stable flame speed, or burning
velocity, to zero stretch rate, using the observed stable relationship msitth giate, to obtain a stretch free
laminar burning velocity, notwithstanding such a value would reside in a regimeuné finstability.
Nevertheless, such values provide datums from which actual burning velocitiesdeaivéd, for given strain

rates and curvatures, with the aid of the appropriate Markstein numbers.

Interestingly, in flames with only mild turbulence, there is a regimebfnced turbulent burning velocity due
to similar instabilities [22]. The maximum enhancement occurs atalémt Karlovitz stretch factor, K, of

about 0.02, with negativ#ag,..

6. Conclusions

(). Analyses and experiments, involving explosions in a closed vessel, batiéed the low strain rate regime

in which laminar flames become unstable. The instabilities result in siegelame wrinkling and burning
velocities.

(if). This approach makes it possible to predict flame speeds, consequent upsiaabe of flammable gas,
under calm atmospheric conditions.

(iii). It also demonstrates how small laboratory explosions can be predictargefaitmospheric flame speeds.
(iv). It has been shown that large hydrogen atmospheric flame speeds deviate from the generalisgmhgxpres

for hydrocarbons, and why this is so.
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(v). The predictable atmospheric flame speed accelerations, due to increasingrilatieg, yield a rate of
change of the heat release rate that creates a calculable overpressure. Suclppisssaas further accelerate
the flame due to Rayleigh-Taylor instabilities.

(vi). The increasing flame instabilities that occur as the criticalokag number increases with decreadistay,

is paralleled by a similar phenomenon in mildly turbulent flames.

(vii). In allowing for the effects of strain rate upon the laminar burning wglo€a mixture, it is not uncommon
to postulate a laminar burning velocity at zero stretch rate. This is derived by extrapsiabiley flame
velocities at different strain rates to give a value at zero strnAdihough convenient for correlations, in

practice burning velocities would generally be higher due to instabilities.
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