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The equations of a reacting multiphase continuous medium [1] are used to investigate the
problem of steady-state flame front propagation in a gas mixture with evaporating drops. A
simple model for ignition of the liquid drops is proposed which is based on the application of
the method of equally accessible surfaces [2] to the heat and mass exchange processes be-
tween the microflames surrounding the separate drops, the drops, and the carrying gas medi-
um. The parameter distributions in the macroscopic flame front as well as the dependences
of the flame propagation velocity in the gas suspension on a number of parameters governing
the process under investigation are represented.

The flame front propagation velocity in a tetralin—air gas suspension has been determined experi-
mentally in {3], and it has been detected that the drops evaporate completely prior to ignition for small
diameters (d, <104 ) and the flame propagation velocity in the mixture is ~30 cm/sec, i.e., is close to the
flame propagation velocity in a well-mixed mixture. The flame propagation in a gas suspension with coars-
er drops (d; > 20 #) is accompanied by the formation of thin spherical microflames around the separate
drops. The flame rate hence increases to values ~60 cm/sec.

An attempt at a qualitative explanation of such an increase in the flame front propagation velocity as
the drop diameter increases is given by L. A. Klyachko in [4] on the basis of representations of the relay-
race mechanism of the combustion of a suspension. It is considered that the flame is propagated because
of the drop-by-drop ignition because of their being heated by heat waves from those ignited earlier but still
not burned up (because of the coarseness of the drops).

If the time for one drop to burnup, 7, and the flame propagation velocity in a gas suspension, v, are
such that [ ~v 7>, where [, is the spacing between drops, then a macroscopic flame front of thickness!
is formed which includes a sufficiently large quantity of burning drops. In thiscase,the representations of
the mechanics of continuous media are used to describe the structure of the flame front.

Williams (5, 6] proposed a theory of flame propagation in a gas suspension of evaporating fuel which
is based on the equations of a two-phase continuous medium. All the heat of the chemical reaction is hence
referred to the whole gas phase \which corresponds to a quasi-well-mixed mode according to the classifica-
tion in [1]). Moreover, it is assumed that all the evaporating fuel is consumed in the chemical reaction,
which is valid only for sufficiently coarse drops. Let us note that the Williams model yields a monotonely
dropping dependence of the flame propagation velocity on the drop diameter. This model does not describe
the passage of the drop combustion into the vapor phase mode with the formation of microflames and an in-
crease in the combustion velocity for dy~20 .,

A theory of flame propagation taking account of the possible change in the mode from the quasi-well-
mixed. i.e., with distributed heat liberation, to the vapor-phase diffusion mode with the formation of micro-
flames around the separate drops is proposed herein, :
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l. Fundamental Equations

The hydromechanics equations of a two-velocity, three-temperature continuous medium in the pres-
ence of chemical reactions have been obtained in [1] as applied to a gas mixture with drops. For plane one-
dimensional stationary motion in the absence of external mass forces and external heat supply and neglect-
ing longitudinal diffusion of the components and the radiation heat flux, they are
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mx%: — %‘f‘i—\’zl(u — ), m2L2tZI; S :5 ny
zmh Iz (Lk - 712) +— my d_dx—(iﬂ {_”zi) _ %}% .
JO° A4 v, J 7"’ + v (cp1 — cps)(Ty — To) + vo/ feo{ T3 —Tp)— (1.1)
cp3 (Ty — Tp) 4 _:“_]
my % = — VoS (i15— ig) 4 Gy Vol j2y = —qnn — e

(71 = Dy k=11, 13,14, 15)
: )

The parameters referring to the gas (first phase), the drops (second phase}, and the microflames
around the drops {/ = phase [1]) are everywhere provided with the subscripts 1, 2, and f, respectively. The
gas phase components (oxidizer, fuel vapors, reaction products. and inert gas) are distinguished by using
the secondary subscripts 1, 2, 3, 4, and 5, respectively. The subscript 0 corresponds to the unperturbed
state of the system before the flame front. It is assumed that all the evaporating fuel is consumed in the
chemical reaction, i.e., there are no free vapors.

A chemical reaction of the form %A+ ®yB+nsE=w3C+ nyD+ visE is considered, where A, B, C, D,
and E are symbols for the oxidizer (A), fuel (B), two kinds of reaction products (C and D), and inert gas (E),
respectively. and ny are stoichiometric coefficients. Moreover, vy = 8%k where gy are the molecular
weights of the chemical elements my = g v;. my = pv, are the mass flow rates of the components, p. g° are
the mean and true densities of the components, respectively. n is the number of drops per unit volume, «;,
a, are the volume phase concentrations. vy, % are the phase velocities, p is the mixture pressure, uy and
ip = v+ p/bk" are the internal energy and enthalpy. T,.Ty,and ’I} are the gas, drop, and spherical microflame
temperatures (/ is the phase), J is the chemical reaction rate per unit volume, Jf is the reaction rate in
the microflame fronts, / is the intensity of interaction between the phases hecause of friction, qr1 and qp
is the heat exchange between phases, Xp 1 is the heat flux from the /' phase to the substance undergomg c\{em—

ical conversion, and [1]
VoZy == Vigiag (p, T1) + vuadua (p, T)) — voine (ps (Ty), T) — (1.2)
— vuin (P, Tf)

Let us assume that the first and second phase components satisfy the equations of state

b = cpp(Ty — To) + Ry’ P =0Ty (k=11,13, 14, 15)

fy= o (Ty—To) ~hy ! P%Qp“, p,° == const, p — Zpk

p(T2)—

12 +hy +1(Ts), ps =01 RiaTy
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Here /,(T,) is the heat of vapor formation, Py is the saturated vapor pressure, and hy is the enthalpy
of the components for T= T;. p= py.

2. Interaction between Phases

If a microflame front is introduced for a quasi-well-mixed combustion mode when there are no real
microflames around the drops, as some mathematical surface on which the combustion occurs with a finite
chemical reaction rate [7], then drop ignition can be considered as the passage of combustion on this surface
from the kinetic into the diffusion domain.

Let each drop of diameter d be surrounded by a flame front surface of diameter d, and a reduced
film surface [2] of diameter d,. Heat and mass exchange processes governed by heat conduction and diffu-
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sion occur between these surfaces, Let the partial vapor pressures on the drop surface and on the front
surfaces be p s(TZ) and pys. Then the intensity of the mass exchange between the second and the / phase
(J2/), between the f phase and the first phase (3/1, and between the first and the f phase (J 1f), can be repre-
sented as

¥ _ andea. [ P82 P __ o D 24, | Pats
J¥ = and B”(Rh In =5, 0w ) (32/ ~a @, a P T RT,
f1 ___. 2 ° Dy 2d,
I (3= 7 1 2.1

1 2 ° o Dy 24, o Pugn
I = ands%3y (on"— pur°) (:31, a4, = "IWH)

Here B r. Bfy, £y are the appropriate mass evolution coefficients, Dy, and Dy; are the diffusion coeffi-
cients of the vapor and oxidizer, respectively. The reaction rate on the front in the f phase is given as a
function of the concentration of reagents on its surface. For a first-order reaction this rate can be given
by the formula

Vol s = nVsk (p11f2)™ (0°)™, K == zexp(— E | RTy)

' 2.2)
Pq11/8 .
(pulC = %/” O e 1)

Here Vg is the characteristic volume of the chemical reaction, k is the chemical reaction rate constant,
E is the activation energy, z is the pre-exponential factor, and n; (i= 1, 2) is the order of the reaction in the
oxidizer and the fuel, respectively. Let us write the four governing relationships

LI O R A LV AN VN Sy (2.3)
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The first of these relationships expresses the fact that the reaction rate ky) equals the difference
between two fuel vapor streams, where the first is delivered to the microflame surface fromthe drop 3%/)
and the second is extracted from the microflames. The second relationship expresses the stoichiometry
condition of the fluxes, the third [7] establishes the relationship between the oxidizer mass and the fuel va-
por on the flame front, and the fourth is a consequence of the assumption that all the evaporating fuel is
consumed in the chemical reaction. This assumption cannot be satisfied for sufficiently fine drops.

The intensity of the heat exchange between the f phase and the first and second phases, referred to
unit mixture volume, is represented as

gn = andphyy (T —T1), @ == qnd® (T) — T1) hy

A A, (2.4)
f 2d, / ! p :
( n=4 I—d, T g g =k

Here hy, and hy, are the appropriate mass evolution coefficients. Substituting (2.4) into the last equa-
tion in (1.1), we obtain an equation to determine the stationary flame front temperature

Tz, / dh, T1+ d2h,,Ts
- 1y - _Ztn i2
Iy = and hy -+ wndhy, - Tpo (Tm.—- d oy T d%k ) (2.5)
Using (2.1), and the first and third relationships in (2.3}, we obtain
g nnd®By (nd 23, -+ Vg (v [va)"R) praIn p/(p — p,)
2 RI's (and?3,, - and 23, 4 nVy (v f va)™h)
(2.6)
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In the case of the kinetic and diffusion modes, we obtain from (2.6), respectively,
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Using (2.6). we obtain a quadratic equation for the mass evolution coefficient from the second equa-
tion in (2.3)

a3y — b3y e =0

pea p . v, 1 PDoand® 2 Dn
a—= —pr In =y [”‘/5 (v /va)™k 4 i } — qnd?3,,0,,° e
b= 28 n L _qpd2s,, [onvy S0 1 ndes,, 20 23,V L o, o Du
) = wRTS n —7 TN 3.y | 2NV g \_‘—’_l b - nnd®3, De S ANRA P TV s, '—) P p 12.8)
2 3 2 2 2

¢ = nVs ’ ”—\’L;/ (rnd?3,,)? (’;{ S 1np__’fps 10w g:)
An analytical investigation of the ignition condition [the approximate solution of the transcendental
equation (2.5) taking into account (2.6) and (2.8}] can be carried out analogously to (2], where heterogeneous
ignition of a solid surface has been investigated. In particular, it can be shown that for high values of the
activation energy and the heat of chemical reaction, the lower temperature mode is purely kinetic (Jf «< J%)
and the upper is purely diffusion (Jf = J¥).

For the purely kinetic mode, the characteristic volume of the reaction zone is the whole volume ar-
riving at the gas phase; hence.

Vs = oy (2.9)

For the purely diffusion mode the chemical reaction intrinsically proceeds so rapidly that the macro-
scopic evaporation rate is generally independent of the chemical kinetics and the variations Vs exert prac-
tically no influence on the process.

If, other conditions being equal, the initial drop diameter d, diminishes, then the ignition condition
can be reached for higher temperatures of the surrounding medium. Since the temperature of the ambient
medium cannot be greater than the equilibrium temperature hehind the macroscopic flame front, Te‘ then
the ignition condition cannot be achieved for some d = dx,and, therefore. drop deflagration will not occur
during the flame propagation.

The friction between the phases is taken equal to

f=ntlc,m @ o) ch_ 24 ) (2.10)
Rc

4 Ay

The diameter of the reduced film d, is determined by the relations

20y

o=a’ Ny — 2+ 0.6 NgeVit (2.11

Nawy =
Equations (1.1), (1.2), and (1.3) in conjunction with (2.4). (2.6}.(2.8), (2.10) which describe the inter-

phasal interaction, are used for the numerical solution of the steady-state flame front propagation problem.
Assigning the boundary conditions, determining the equilibrium parameters behind the flame front [in the
state (e)], and investigating the singularity corresponding to the state of the medium in front of the flame
front [the state (0)] are analogous to the case of thermal flame propagation in purely heterogeneous particle
combustion [8]. Exactly as in [8], it can be shown that in the case of excess oxidizer the microflame tem-
perature Ty tends to some temperature Tre, where Tfe > Tie. during total burn-up of the drops. In the case
of a stoichiometric mixture, the microflame and the gas temperatures during total burn-up succeed in being
equalized.

The problem reduces to seeking the eigenvalue which is the flame propagation velocity v, in this case.

A dimensionless form of (1.1)-(1.3) and the relations (2.4), (2.6),(2.8), and {2.10) are used for the com-
putations. Obtaining the dimensionless equations is analogous to [1].
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3. Results of the Computations

The combustion of tetralin drops in air is examined. It is assumed that the chemical reaction(9]
CioHy; + 13 0, = 10 CO, + 6 H,0

proceeds with the following thermodynamic data {10, 11): py= 1 atm. gage, Ty= 298°K, vy ;= 1.4, p°= 0.118
1107 g/em?, gy = 0.969 gbm®, cpy= 0.915 J/g - deg. c,=1.64 Jfg -deg, cp3 = 0.84 Jfg - deg, cpy = 1.86 Ji - deg,
cps = 1.1 J/g -deg, Ay19=5.89+ 107% cal/em - sec *deg, Ay3=3.28- 107° cal/em - sec * deg, Ag0=1.15" 107 cal/em *
sec -deg, A 150=6.6 - 10~ cal/em - sec - deg, Dy;=0.186 cm?/sec, Dy = 0.054 cm?/sec, 113,=202-107%g/cm -
sec, 3 =146+1078g/cm * sec, 144=182+107¢ g/cm - sec, hy = —94,052 10~ cal/mole, hy, = 57,798 10°
cal/mole, Tt :

The dependence of the thermodynamic coefficients [cps A, D, # on the gas temperature and /,(T,) and
ps (T)] was taken in conformity with [10, 11]. The corresponding kinetic constants were taken equal to E =
= 2.5-10% calimole, z= 3.2 - 107 sec™ !, which is in the range of the data recommended in (7, 9]. Moreover,
it was assumed that the reaction has a zero order in the oxygen (n,= 0), which is valid for oxidizer excesses
Figures 1 and 2 present results of a numerical integration mapping the flame front structure (v;= 53.1 cm/
sec) in a gas suspension with the initial composition M= 0.052 loxidizer excess, stoichiometric composi-
tion for Myy= 0.065), and the initial drop diameter d,=38 £.

It follows from the graphs presented that initial heating of the drops (Fig. 1) first occurs in some
domain because of heat exchange with the gas, which is heated in turn because of heat evolution from a
higher temperature zone. A gradual increase in the temperature Tr occurs which at this time is between
the temperature of the gas and the drops. In this domain the reacticn rate is small, whereupon a quasi-
well-mixed mode is realized because all the combustion occurs in the gas phase. Ignition of the drops oc-
curs later. The microflame temperature T, hence increases by a jump, reaching the maximum value,
Further drop combustion occurs in the diffusion domain, where J/J =1 (pure diffusion mode). The drop
temperature hence reaches the boiling point and does not change henceforth. As the drops and oxidizer
burn (curve M, in Fig. 2) the reaction rate and the combustion rate tend to zero in the microflame fronts
Jf . The gas temperature hence tends to the equilibrium value T, and the temperature Tf does not succeed
in being equalized to the gas temperature until the time of complete burn up of the drops.

An increasein the gas velocity v, (Fig. 2) occurs because of thermal expansion, where the velocity
of the burned-up mixture motion v, is almost an order of magnitude greater than the velocity of front mo-
tion relative to the cold mixture v, in this case. The particle velocity w varies only under the effect of
friction. The particles are entrained in the gas motion after the relative motion has become sufficiently
high, where this process is magnified as the drops burn.

The relative velocity of the drop and gas motion during flame propagation results in more intensive
heat and mass exchange, which affects the value of the velocity v, substantially. Thus, not taking account
of two-velocity effects in a computation by the one-velocity approximation (v;= %) and with the friction law
Cq= 24/NRe for the mixture Myy= 0.052. dg= 34 ¢ will result in a reduction in the flame velocity to vy= 40
cm/sec, as compared to v,= 58 cm/sec.
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If it is artifically assumed that Js=0 for a mixture in which drop ignition occurs, then the velocity
values vy obtained will be significantly lower than the values given by theories taking ignition into account.
Thus, for the mixture My, = 0.0507, d,= 29 #under the condition J-=0 we have = 45 cm/sec, while we have
v = 65cm/sec,taking account of ignition and combustion in the microflames.

Let us note that the William s theory [5], which does not take account of the possihility of diffusion mi-
croflame formation and corresponds to the case J, = 0 mentioned, yields = 50 em/sec for a mixture with
the same parameters. The slight discrepancy between the velocities obtained for Jf =0 (y= 45 cm/sec)
and that given by the Williams theory (= 50 cm/sec) is explained by the additional simplifications in the
latter. Namely, it is assumed in [5] that all the heat transmitted to the drops over the whole extent of the
flame front goes into their evaporation, and the evaporation rate is not zero. It is hence not taken into ac-
count automatically that a large part of the heat goes into heating the drop in some domain (see Fig. 1) and
the evaporation rate is almost zero. Moreover, the temperature dependence of the thermodynamic coeffi-
cients, including the coefficient of heat conduction, is not taken into account in the computations in {5].

The increase in the flame propagation velocity vy as the mixture combustion mode changes is ex-
plained by the jump diminution in the burning time of a fixed fuel mass in the presence of diffusion micro-
flames, since the quantity of heat transmitted to the drops and going into evaporating them is hence increased.

The dependence of the flame propagation velocity v, on the initial particle diameter d; is represented
in Fig. 3 for a fixed fresh mixture composition (M,,= 0.052) with different kinetic constants. Curve 1 cor-
responds to the dependence v,(d;) for Jp = 0{a quasi-well-mixed mode for 3= wd, Pp= 0). Its position is
independent of the kinetic constants z and E, and it yields a monotone drop in the flame velocity as the part-
icle diameter increases. A change in the mixture combustion mode from guasi-well-mixed to diffusion
oceurs for dy=20 4, The velocity v, hence increases in a jump ithe dashed line 2). As d, increases further,
the flame propagation velocity drops (curve 3), which is explained by the increase in the burning time of a
fixed fuel mass.

The pre-exponential factor 7 and the activation energy E which govern the chemical kinetics substan-
tially influence just the value of the critical diameter at which mixture combustion occurs with drop ignition
and have practically no influence on the dependence v;(d;) in the vapor phase mode. The curve 1—2-3 in
Fig. 3 corresponds to the above-mentioned values of z and E (z= 3.2- 10 sec™!, E = 2.5 10" calinole), the
curve 1—4—3 corresponds to the same value of E but with an elevated value of z (2= 4.5- 10" sec™!, E= 2.5
- 10° cal/mole), and curve 1—5—6 corresponds to a diminished value of E (z = 3.2- 10" sec™!, E= 210" cal/
mole). The influence of the activation energy E is naturally more essential than the influence of z. A
change in the activation cnergy strongly affects the change in the reaction rate constant; hence, its diminu-
tion results in a noticeable diminution in the lag in drop ignition, which increases the value of the velocity
vy somewhat in the vapor phase mode.

As has already been remarked, for sufficiently small drop diameters (for tetralin—air mixtures d, <
<10 u), the flame propagation in the gas suspension occurs exactly as in a well-mixed gas mixture because
the drops succeed, in practice, in being evaporated prior to the beginning of the combustion reaction. Hence.
the Zel'dovich—Frank-Kamenetskii formula [9] can be used for v, for small d,

2h,.z T. (RT 2 \2 ) - .
pl&(.h (lbe e Tp‘ ( L ,) eXp (— E/HI P) (3- 1)
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On the basis of the experimental results [3] for a tetralin—air mixture and the computational results
herein and (3.1), we determined z and E (the inverse problem of combustion theory) in such a way that the
theoretical results best corresponded to experiment. The constants were selected so that for small diame-
ters (d, <10 ) the values given by (3.1) agreed with experiment and a change in the combustion mode oc-
curred for d;=20 ¢ in the computations using the present theory. The values obtained for the kinetic con-
stants were then determined uniquely. The following values z= 3.2+ 10" sec™!, E= 2.5 10° calinole were ob-
tained as a result of such processing.

The results of comparing the theoretical values obtained for the flame propagation velocity v, with
the experimental data in [3] are represented in Fig. 4. The circles denote the experimental points obtained
as a result of processing the data in [3], which reduced to determining the dependence v,ldy) for a fixed M,,
from the available set of experimental values of v, (d;. M,,), by numerically determining the derivatives
dvy/8M,,. Ov,/ad, at separate points and subsequent linear interpolation. The horizontal dashed line {in Fig.
4) corresponds to the velocity given by (3.1) in the domain of small diameters. A quasi-well-mixed mode
is apparently realized for the drop diameters 10 p < d; < 20 4, when both evaporation and diffusion and chemi-
cal kinetics influence the combustion velocity which occurs without the formation of microflames.

In order to describe flame propagation in 2 mixture in this domain as contrasted to the J, =0 mode
considered herein, the presence of free fuel vapors in the gas phase (0,>0 and JoS> %J) must be taken into
account. The dependence v, (dy) in the domain 10 4 <d;<20 4 is shown provisionally in Fig. 4 by the fine
dashed curve. For high activation energies and high heats of chemical reaction this transition region ap-
parently includes a small range of drop diameters so that the change in flame propagation mode from the
well-mixed to the diffusion occurs sufficiently rarely. The velocity jumps for the mode change given by the
experimental points in Fig, 4, which are not quite definite enough, are explained by a certain smoothing during
processing of the experiment. However, the fact of the increase in velocity as the mode changes is estab-
lished experimentally and is described qualitatively by the theory. Agreement between the experimental
and theoretical results in the large diameter domain is satisfactory.
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