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1 Introduction

Zeldovich [1] and Spalding [2] were the first toopose the thermal theory of flame
propagation limits in gas mixtures. They shown theatne propagation in narrow channels/tubes is
impossible if the characteristic dimension is sarathan the critical value. The combustion limit in
channels/tubes is usually characterized by theaieg (critical) value of the Peclet number:

D
S

Where S, D anda are laminar flame propagation velocity, charasterisize of the system and
thermal diffusivity, respectivly.

Aly and Hermance [3] presented thorough two-dimameii numerical simulations of laminar
flame quenching, and a quenching Peclet numbeewal®0 for stoichiometric mixture was obtained.
Their results have also shown th2g, increases with decreasing mixture concentraticummétical
exploration of flame propagation in tubes and imapal plate channels, by Hackert et al. [4], has
obtained Peclet number varying from 15 to 60 adogrdo heat loss. Experimental works of
Jarosinski et al. [5], which have been conductettiénvertical wedge-shaped channel, showedRéaat
in a broad range of mixture composition is constamt equals to 42. For rich mixtures it gradually
decreases.

A number of study regarding flame propagation ies@dliabatic and isothermal ducts have
been investigated. Lee and Tsai [6] showed thaniadiabatic tube, the tulip-shaped flame is aemor
robust than the mushroom-shaped one. The oppdtiiisn is in a tube with isothermal walls.
Kurdyumov et al. [7] have studied Lewis number efffen the flame shape and its propagation
velocity. They have found that fdre< 1 flames may propagate in circular tube (witbthgrmal
walls) with higher propagation velocities than thas adiabatic condition. This phenomenon is due to
the higher flame curvature near a wall, which lead$igher values of the temperature behind the
flame — in spite of the heat losses to the wall.

This short review shows how important for flamregagation under quenching conditions is
heat transfer and its real parameters.

In this article, the downward propagation andrmpiéng of lean premixed propane-air flames
in small tubes, which are opened at the ignitiod end closed at the other, are simulated using a
numerical procedure for reacting flow.
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2 Numerical Model

A combustion process of premixed propane/air metur cylindrical tube is considered. A
mathematical model capable of predicting the ragatompressible flows was formulated on the basis
of the following assumptions: the system is axisygtrinal and radiation, Soret and Dufour effects are
ignored. A scheme of the system is shown in Fig. 1.
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Figure 1. Schematic of the computational domairn {macale for ease of visualization).

The governing equations describing the gaseous l@wvritten in a cylindrical coordinate
system X, r), wherex-axis is chosen to lay along the centerline oftthee. The velocity components
u, andu, are inx andr directions, respectively. The governing equaticens be written as follows:

Continuity equation:
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Energy equation:
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Species equations:
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The fluid density is calculated using the ideal lgas

p=—P
T
T2
Wherep denotes pressurg,the gravitational acceleratiom,temperatureR, universal gas constart,
specific sensible enthalpyh(= ZYih ). The standard enthalpy of formation, enthalpyfudion

coefficient, reaction rate, molar weight, stoich&int ratio and mass fraction of a specieare
respectively denoted a¥, h, D;, @, M,, v andY,. The fluid viscosityu, specific heat,;, and
thermal conductivitik are calculated from a mass fraction weighted ajeetd species properties.

The species specific heat is calculated using pisee polynomial fit of temperature. To
evaluate local mass diffusivity coefficients forckaspecies in the flame, the classic kinetic thdory
low-density gases was employed. It was also usedef@luation of thermal conductivity and
molecular viscosity in the mixture.

A reduced one-step propane/air reaction model aadddonsumption ratecsys are given by
equations:

C,H, +5(0, + 376N,) — 3CO, +4H,0 +188N,,

E a
Ueang = AeXF{_R.T_j[CsHs] [Oz]b1

where the activation enerd is 1.256x18 J/kgmol, the preexponential factAris 4.836x18 and
parametera andb are 0.1 and 1.65, respectively, as recommendé&bldstbrook and Dryer [8].

To solve the conservation equations, a segregatiedian solver with an under-relaxation
method is usedThe pressure was discretized using a “Standard’hodetThe pressure—velocity
coupling was discretized using the “Simple” methdtde momentum, species, and energy equations
were discretized using a “Second-Order Upwind” agjmation.

Numerical simulations are carried out for 3 mm, m,n mm and 9 mm tubes with isothermal
wall conditions Tuar = 298.15K). Ignition is located in wider tube (opened emdjich later evolves
into narrow one.

3 Flame Propagation in Small Tubes

In this study, freely downward propagation of amireed flame in an isothermal tube is
numerically investigated. Every computational damabnsists of two tubes with different diameters
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in order to enable observation of a flame quenchimgng its entrance into a narrower part. Flames
propagating in very lean mixtures are mushroom-sbap all tube diameters. In wider tubes, as
mixture concentration approaches stoichiometriaméls take shape of a tulip. This flame shape
transition was described in [4, 6 and 7]. All flanevent those which are tulip-shaped in wider tube
became mushroom-shaped after entering into narromear

Mixture concentration is recognized as a limit camtcation if all heat generated in the
reaction is transferred to the wall and it doesaanise a flame quenching. If the mixture conceotrat
is below this limit flame is quenched just at timérance to the tube or after propagating someriista
in it. If a tube is sufficiently long, fluid in thpost combustion region (where the reactants haee b
consumed and the reaction stops) would eventuadlglr wall temperature. Therefore, simulations are
curried out until fluid temperature behind a fladees not reach a temperature higher thnover a
wall temperature, which corresponds to absenceesaf loss to the wall. As an example, calculated
heat fluxes for flames propagating and quenching nmm tube are presented in Fig. 2. Curves start at
the moment of flame entering a narrow tube. Visidat flux peaks on the left side (edge of the
narrow tube) are a result of almost head-on flara#-nteraction.
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Figure 2. Heat flux to the wall for propagatingsega) and quenching one (b). Time interval betwaenes
equals 0.002 s. Equivalences ratio are 0.799 at@B0respectively.

Heat flux transferred to the wall sharply decreaseshe tube entrance. As flame moves
further along the tube it increases and stabilizégl the heat flux maximum fixed at the level of
0.1 MW/nt. On the contrary to this case, heat flux of flameenching does not stabilize, but it
decreases as flame is being extinguished. Thendistaf heat transfer to wall penetration equalsiabo
3 mm.

The length of high temperature gaskediffers for various tube diameters. The shortedtie
is obtained for flame propagating in 3 mm tube diten (about 28 mm) and the longest is for 9 mm
tube — 88 mm.

Limit flame propagation velocity for 3 mm tubeadieter is equal to 17.4 cm/s. Laminar
burning velocity taken from [9] and correspondinglt = 0.799 is about 29.2 cm/s. The ratio of these
two values gives 0.596 which is close to 0.61 tbecally predicted by Zeldovich [1]. This relation
not constant for all tubes, but increases with tlibeneters.

Heat loss to the wall influences flame behaviorthe tube, therefore, it is important to

calculate heat transfer coefficients for flamespagating under conditions close to quench. It is
important to remember that value of heat transé&ffcient is affected by the fact that tube wall i
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artificially forced to be isothermal. It can be fmliusing a heat flux between isothermal wall and
adjacent fluid. The heat loss to the wall is expeesas:

oT
=h, (T, -T.)=-412"
q hw( wall a) or

wall
whereh,, is the interior heat transfer coefficiefi;y is the wall temperature ang, is the average
temperature calculated as the mass-weighted aveahge from:

j TV
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The volume for which integration is done in a cgbn is limited by the wall of the tube and the lgng
of high temperature regidn

Knowing heat transfer flux to the tube wall, icdt interior heat transfer coefficient and its
dimensionless form — Nusselt number can be foundsBlt number is expressed as:

Nu =—h’VD
k

Thermal diffusivity and thermal conductivity areladated in the same manner Bs Heat transfer
coefficient and Nusselt number are shown in Figada Fig. 3b.
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Figure 3. Heat transfer coefficient (a) and Nussethber (b).

Heat transfer coefficient increases with decrepsh the tube diameters. It rises almost
linearly from 42 W/r/K for the widest tube to 178 WA for 3 mm tube diameter. Nusselt numbers
for these tubes are equal to 13.4 and 18.7 respéctit suggests that heat loss to the wall isrtioest
intensive during flame propagation in 3 mm tube.

Peclet number is another parameter which is usedescribe flames under quenching
conditions. Authors in [3] mentioned that it can ta&culated using the limit flame propagation
velocity, instead of the adiabatic laminar burnirocity. Peclet number based on this definition is
equal to 21.7+22.1. Improving moiRe, definition, thermal diffusivity is not calculatefdr cold
mixture, but in the same manner as critical Nussathber. This choice seems to be more suitable in
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our case because takes into account thermal comslibetween hot combustion products and cold
wall. This modifiedPe, is obtained to be 17.3+17.8. As one can see,dakiio consideration average
parameters in combustion products, has en effetdveer value oPe,.

It could be very interesting to compare this ndoa simulations with experimentally
obtained result of flames propagating in wide raofjeibe diameters. Unfortunately, available result
are selective and incomplete.

3 Conclusion

Unsteady premixed flames in narrow tubes withthisonal walls were investigated
numerically. Limit mixture concentrations for flamg@ropagating in 3 mm, 5 mm and 7 mm tube
diameters were determined. Limit flame propagatietocity for 3 mm tube diameter is close to a
value predicted by quenching theory of Zeldovicher® is a difference of this value for others tubes
Explanation of that requires some experimental wonkich are being conducted by author.

Calculated heat transfer coefficient for flamespagating under quenching conditions is
almost linear function of tube diameters and change 42 W/ni/K for 9 mm tube to 178 W/fK
for 3 mm. Nusselt number rises from 13.4 (9 mm)&/ (3 mm).

Two quenching Peclet numbers related to liminftas were determined. The first one is based
on limit flame propagation velocity instead of tadiabatic laminar burning velocity. It is equal to
21.7+22.1. The seconBe, was modified by taking into account thermal coodié between hot
combustion products and cold wall for calculatihgrimal diffusivity. Using this definition calculate
Pe, is lower and is equal to 17.3+17.8.
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