
int. J. Heat Mass Transfer. Vol. 8, pp. 921-935. Pergamon Press 1965. Printed in Great Britatn 

LAMINAR FLAME PROPAGATION IN DROPLET SUSPENSION 

OF LIQUID FUEL 

YUKIO MIZUTANI and MITSUNOBU OGASAWARA 

Department of Mechani~ai Engineering, Osaka University, Miyakojima-ku, Osaka, Japan 

(Received 15 December 1964) 

Abstract-As a first step in the clarification of the mechanism of flame propagation in the spray of 
a liquid fuel, a study was conducted into the case of laminar flame propagating through the droplet 
suspensions of a liquid fuel, having uniform diameters. Initially, in order to examine the nature 
of flame propagation, tetralin droplet suspensions having approximately uniform di~eters were 
prepared, and their concentration at the lower limit of flammability was examined, and, at the same 
time, the appearance of the flame and the process of its propagation were observed. On the basis of 
this observation, a model of flame propagation was proposed, in view of the phenomenon that the 
droplets burning at the flame front heat the unburned mixture, then the unburned droplets are ignited 
after the lapse of a certain ignition lag. Using this model, a theoretical analysis was carried out, and 
the velocity of flame propagation and the concentration at the lower limit were calculated. The 
predicted values showed satisfactory agreement with ex~rimental results, at least qualitatively. 
From this anaiysis, it was found that sedimentation of droplets exerts great infhrence on the process 
of flame propagation, and that, in case the mixture containing droplets is diluted by nitrogen, its 
effect on the lower limit depends greatly upon the droplet diameter, as had already been found 

experimentally. 

NOMENCLATURE 

A”, constant ; 

@, thermal diffusivity, X/y9cu; 
b, distance between A plane and the 

flame front ; 
b*, constant; 
C, concentration; 
e, specific heat ; 

d9” 
diameter of the diffusion ff ame; 
droplet diameter; 

E, activation energy; 
K heat of combustion of fuel; 
K = 14 + 0.30 Prl:3 R&12: 

Nu, 
pr, 
a, 
Re, 
r, 
i-3 
t, 

burning constant of droplet; 
constant; 
constants; 
distance between droplets in the 
unburned mixture; 
Nusselt number ; 
Prandtl number; 
universal gas constant ; 
Reynolds number; 
heat of vaporization of fuel; 
absolute temperat~e, 
time ; 

propagation velocity of the flame; 
terminal settling velocity of 
droplet ; 
veiocity of A droplet; 
distance; 
function related to chemical 
ignition lag; 
constant; 
stoichiometric mass ratio of 
oxygen to fuel. 

Greek symbols 

Subscripts 
0, 
A, 
B, 
4 

coefficient of heat-transfer; 
specific weight; 
dimensionless time, t,lr ; 
constant (<I); 
coefficient of viscosity; 

burning lifetime, d$Kb. 

initial condition; 
A droplet (A plane); 
3 plane; 
droplet (B droplet); 
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equilibrium condition; 
flame front; 
gas (air) ; 
ignition; 
liquid fuel; 
lower limit of flammability; 
oxygen ; 
at constant pressure; 
at constant volume. 

INTRODUCTION 
IT IS needless to say that knowledge about 
flame propagation in liquid fuel sprays is of 
vital importance, especially in relation to the 
stability of flames in such apparatuses as gas 
turbine combustors, where liquid fuels are 
burned under a high load, and in the burners 
of heavy oil-burning boilers. As already found 
out experimentally, however, the nature of 
flame propagation in sprays greatly depends on 
the microscopic structure of flame front and 
the minute phenomena occurring in flame 
front [I 1, and, accordingly, it is made exceedingly 
complex, and, besides, in certain cases, it 
presents most varying aspects. For these reasons, 
very few theoretical investigations have so far 
been conducted in this field. Much less have been 
those theoretical analyses considering the micro- 
scopic structure of flame. 

As a first step in the study for the clarification 
of the phenomenon of flame propagation in 
sprays, the authors took up the simplest and 
most ideal case--the case when a laminar flame 
propagates one-dimensionally through a droplet 
suspension of liquid fuel of a pure substance 
having a uniform diameter-and examined the 
mechanism of propagation, then carried out a 
theoretical analysis to predict the flame propaga- 
tion velocity and the concentration at the lower 
limit of flammability. 

EXPERIMENT 
Tetralin droplet suspension having an ap- 

proximately uniform diameter was prepared in 
order to examine the nature of flame propaga- 
tion, and its lower limit concentration of 
flammability was measured, and, at the same 
time, the appearance of flame and the process 
of its propagation were observed. 

Apparatus and method 
Tetralin droplet suspension having a uniform 

diameter was prepared by the method in which 
tetralin spray atomized by swirl atomizers was 
assorted in an elutriation wind tunnel, and such 
droplets only within a limited range of diameter 
were made to fall selectively into a glass-made 
vertical combustion tube. A sketch of the 
experimental apparatus is shown in Fig. 1. 
In the apparatus, the fuel is injected into the 

Air 
- 

FIG. 1. Experimental apparatus. 

container 2 from one pair or two pairs of swirl 
atomizers 1, opposing each other. Part of 
the spray, of which velocity is reduced as a 
result of collision falls in the elutriation wind 
tunnel 3, and, by the difference in the velocities 
of sedimentation, the droplets are assorted, only 
those droplets having a certain limited range of 
diameter being taken into the combustion 
tube 9. Into the upper entrance of the glass- 
made combustion tube (55 mmininnerdiameter, 
and 1200 mm in length) provided in the lower- 
most part, is inserted the throttle 8, 40 mm in 
inner diameter, by which the sectional area 
wherein droplets falls is defined, and, at the same 
time, the droplets are prevented from being 
stuck on the wall surface. In order to prevent 



H.M. 

FIG. 2. Photographs of droplets. 



(b) 

FIG. 4. Photographs of flames. 

Fuel: tetralin. Time of exposure: l/250 s. Mean diameter of droplets: (a) 140 I*, (b) 170 p, (c) LOO p, ~l~n~ntratio~: 
(a), (b) near the lower limit, (c) a little thicker. Upper end of the tube: (a), (c) open, (b) closed. 



the invasion of flame into the wind tunnel, a 
magnet shutter 5, driven by a photo-electric t 60 

device 7 and relay 6, is equipped in the upper 
part of the combustion tube. This shutter is so g-50 Elurgoyne 

constructed that it may also be set in motion 
_ -;. and,$hen 
I_ 

by hand, being used both for examining the 
$40. (SD 

-au x $0 
” 

0 l . 
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effect of the condition of the upper end of the ?530- c 

combustion tube on the process of flame prop- 5 ‘a 

agation and for measuring the concentration 
‘g 20. 9.8 \ 

Tetralin 

L .* 

of the mixture. The concentration of droplet g IO- 

suspension inside the combustion tube may be 
F 

adjusted by the throttle valve 13 and fuel 
SO 

, , ,m, , 
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injection pressure, and, for this purpose, the 
Droplet diameter, p 

fuel-pressurizing tank 11, air-compressor 10 
FIG. 3. Lower limit of flammability. 0 Upper 

end of the tube is opened, x closed. 
and pressure gauge 12 are installed. 4 is the 
pitot tube for measuring the velocity of air flow tion at the lower limit under a similar condition 
inside the wind tunnel. by preparing small droplet suspensions having 

For the lower limit of flammability, the uniform droplet diameters (7 - 55 p) through 
lowest concentration that the flame propagates condensation of tetralin vapor on nuclei. For 
from the bottom to the top of a combustion the convenience of comparison, the result ob- 
tube, 55 mm in inner diameter and 1200 mm tained by them was also given in the same 
in length, was adopted. For ignition, a small diagram. 
burner was used. For measuring the droplet From this diagram, it is known that the 
diameter, the method using magnesium oxide- measured values obtained in this experiment 
coated slides was adopted [2]. Some examples are closely related to Burgoyne and Cohen’s 
of the photographs of the droplets is given in result and that the concentration at the lower 
Fig. 2. The weight of droplets contained in a limit would decrease rapidly in proportion as 
unit volume of the mixture (concentration of the the droplet diameter increases (up to 100 p), 
mixture) was measured by sampling and weighing subsequently continuing to decrease almost 
the droplets in a definite volume. The appear- linearly. Practically no difference is seen in the 
ance of flame and the process of its propagation concentration at the lower limit between the 
were observed by direct observation and cases the upper end of the combustion tube is 
photographing (direct photograph). opened and closed. The result obtained with 

The fuels used in the experiment were tetralin tetralin, when compared with that obtained 
and No. 2 light oil. By this apparatus, a mixture with light oil, did not likewise indicate any 
of very much higher concentration above the remarkable difference, in so far as the present 
lower limit of flammability could not be ob- experiment was concerned. 
tained, the range of droplet diameter being 
100 - 200 I*. Observation of frame 

Figure 4 shows direct photographs of flames 
Concentration at lower limit offlammability propagating upwards inside the combustion 

The concentration at the lower limit when the tube. It is seen that each droplet burns, sur- 
flame propagates upwards was measured per- rounded by an independent flame and that no 
taining to the cases of the upper end of the combustion takes place in the interdroplet 
combustion tube (magnet shutter 5 shown in space. Observed macroscopically, the flame 
Fig. 1) being opened and being closed, by appears to be composed of a cluster of yellow 
using two kinds of fuel, tetralin and light oil. or yellowish-red points, independent and bright- 
The result obtained in these observations is ly shining. From this, it is assumed that each 
as shown in Fig. 3. Burgoyne and Cohen [3] droplet independently carries out heterogeneous . . ^ _ 
have conducted measurement of the concentra- combustion and that the flame propagates 
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discontinuously from one droplet to another. 
Besides, for the relatively short time of exposure, 
i.e. 1/25Os, the traces of flight of droplets near 
the flame front are seen to be rather long, 
which suggests that the droplets, immediately 
after ignition, are accelerated due to thermal 
expansion of the air. It is also shown that, 
while the flame at the instant of droplets being 
ignited is weak and dark, it gradually grows 
into a stronger and brighter flame-unsteady- 
state combustion of droplets. 

From the absence of any essential difference 
between these three photographs, it is under- 
stood that opening or closing of the upper end 
of the combustion tube, and slight increase 
in the concentration of the mixture do not 
exert any major influences on the propagation 
mechanism of flame. Moreover, the fact that 
the flame assumes a shape similar to an inclined 
plane, though it is not clear in these photo- 

graphs, constitutes a characteristic 
distinguishing it from combustion of 
fuels. 

feature 
gaseous 

PROPAGATION MECHANISM 

Observations on propagation mechanism 
In spray combustion, it is generally under- 

stood that flame propagates in two different 
mechanisms, relay transfer and homogeneous 
transfer, and the mechanism intermediate be- 
tween them [I]. The former, as examined in 
the aforementioned experiment, is a mechanism 
in which flame propagates discontinuously 
from one droplet to another, while the latter 
is one in which flame propagates continuously 
through the interdroplet space filled with 
mixture of fuel vapor and air. As described 
above, Burgoyne and Cohen [3] observed the 
construction of flame front and its mechanism 
of propagation by preparing small tetralin 
droplet suspensions having approximately uni- 
form diameters. Their observation, if interpreted 
from the viewpoint of the propagation mecha- 
nism of flame, will indicate that, in case the 
diameter is above 40 IJ,, relay transfer of flame 
will take place, but, over the range of 40 - 20 p, 
the mechanism of propagation changes, homo- 
geneous transfer being seen below 20 p. Below 
10 p, the droplets will completely vaporize before 

combustion, the appearance being that of gaseous 
premixed flame. 

On the other hand, as realized from Fig. 3, 
the concentration at the lower limit of flamma- 
bility is rapidly reduced with increase of droplet 
diameter. Also, according to Burgoyne and 
Cohen [3], the velocity of flame propagation is 
greater, nearly twice as big, while less effect 
is given by dilution of the inert gas around 40 p_ 
where relay transfer takes place, than in case of 
diameter being below 10 9 where the burning 
characteristics approach those of homogeneous 
gaseous mixture. The fact that flame propagation 
is more facilitated in proportion as the droplet 
diameter increases may not be explained by other 
than a change in the propagation mechanism of 
flame. 

From this point of view, a hypothesis on the 
propagationof flame will be set up, with emphasis 
placed on the salient features of relay transfer, 
and, on the basis of that hypothesis, a theoretical 
analysis will be undertaken below. As an ap- 
proach to the analysis, an attempt will be made 
in the following paragraph to make a model of 
propagation mechanism of flame. 

Model of propagation mechanism 
Three main procedures in making a model of 

the propagation mechanism in such a way that a 
theoretical analysis may be facilitated are as 
follows : 

(1) To find out main factors governing the 
process of flame propagation ; 

(2) To approximate the positions of droplets 
irregularly scattered in the air to an appropriate 
orderly arrangement; 

(3) To introduce an appropriate hypothesis to 
treat the process of flame propagation one- 
dimensionally. 

From the features of relay transfer as de- 
scribed in the above, it may be assumed that 
flame propagates through a repetition of a 
process as follows. Namely, as droplets are 
ignited, exceedingly high-temperature flames are 
formed around them, and, through heat transfer 
therefrom, the air in the unburned area is 
heated, and, thus, unburned droplets are ignited 
after a certain ignition lag. Accordingly, it may 
be assumed that heat transfer from the flames 
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FIG, 5. Thermai field near the flame front. 

s~rounding droplets and ignition lag of 
unburned droplets consitute the main factors 
governing the process of flame propagation. 
Besides, consideration will perhaps have to be 
given to the sedimentation of droplets due to the 
gravity force and the effects of thermal expansion 
of gas. 

In regard to the ~rangeme~t of droplets 
mentioned in (2) above, two kinds of arrange- 
ment, simple cubic lattice and body-centered 
cubic lattice, may be assumed. For simplicity, 
the former will be adopted here. 

Now, the phenomenon will be one-dimensiona- 
lized to make its theoretical handling easier. 
Here to be considered are heat transfer from 
flame and a resulting thermal expansion of gas. 
Supposing that droplets are arranged orderly, 
the phenomenon of heat transfer from the 
flames surrounding burning droplets to the 
unburned area may be illustrated schematically 
as Fig. 5(a). It is seen that the erections of heat 
currents are approximately parallel at a little 
distance from the ff ames, and that, consequently, 
the isothermal surface approximates a plane. 
Accordingly, it is assumed, as shown in Fig. 5(b), 
that no major difference will be caused in the 
thermal field of the positions of the unburned 
droplets next to the burning droplets even if 
the flame around each droplet were replaced 
by a continuous plane-shaped flame. For sim- 
plicity, this flame front is assumed to be provided 
only with the action of a constant-temperature 
heat source and it is also assumed that the burnt 
area is filled with the air having the same tem- 
perature with the flame front. 

Thus, heat transfer from the LZame front to 
the unburned area may be calculated, and, 

31 

adoringly, the ignition time of unb~ned 
droplets is estimated by an appropriate method. 
Now, if it is assumed that the plane-shaped flame 
jumps by a distance equal to the spacing between 
droplets at the instant of ignition, the velocity 
of propagation may be calculated from the time 
of ignition. If the assumption is made that, in 
order for a stable propagation to be carried out, 
ignition of unb~ned droplets has to be carried 
out considerably before burning droplets are 
burnt out, the lower limit of ff a~ability may be 
defined. Since, besides, sedimentation of droplets 
constitutes a considerably impo~ant factor, it is 
necessary to designate the direction of flame 
propagation in analysis. 

It is extremely difficult to calculate the 
temperature rise of unburned mixture due to heat 
conduction from the flame front, and the move- 
ment of the mixture due to thermal expansion by 
using a set of stric$ equations of motion of the 
entire system, including droplets and gas, and, 
therefore, calculation will be undertaken re- 
garding two ideal cases; when thermal expansion 
of gas is ignored, and when thermal expansion 
of gas under a constant pressure is assumed. The 
former stands on the assumption that the inertia 
of gas has an exceedingly great effect, while the 
latter ignores it and the drag force exerted on gas 
by droplets. Also, in respect to the direction of 
flame propagation, upward propagation re- 
ceiving the greatest effect from gravity force and 
horizontal propagation under the least effect 
from it will be treated, 

Here, the case of upward one-Dimensions 
propagation of flame will be treated as a typical 
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case, with thermal expansion entirely ignor&. 
For simplicity, other factors, considered not so 
essential, will be ignored here. 

Model offrame propagation 
AS shown in Fig. 6, the case is assumed here 

when flame propagates one-dimensionally in a 

FIG. 6. Arrangement of droplets. 

direction normal to the lattice surface, through 
the droplet suspension of liquid fuel having 
a uniform diameter do, dis~ibuted on simple 
cubic lattice arrangement in still air (lattice dis- 
tance L). If it is assumed that the phenomenon 
is perfectly one-dimensional, droplets within 
the lattice surface A (hereinafter called A 
droplets) will be simultaneously ignited at a 
certain instant (this is taken as the origin of time 
t, and is put as t = 0), flame is formed around 
each droplet. In order to make possible a one- 
dimensional treatment, this flame surrounding 
each droplet is replaced by a hypothetica plane- 
shaped flame front, spaced by b from A plane. 
The plane next to A plane, where unb~ned 
droplets exist, are named B plane. As the flame 
front appears, the temperature of the unb~ned 
air will rise due to heat conduction from it. 
However, it is assumed that pressure rise only 
is brought about and no flow of gas due to 
thermal expansion is caused. Here, the following 
assumptions are made : 

(1) Flame has only the action as a heat source 
of a constant temperature. The flame tempera- 
ture Tf and the distance from A plane to the 
flame front b is kept at a fixed value during the 
burning lifetime of A droplets. 

(2) The liquid fuel is a pure substance. 

(3) The temperature of the mixture T0 is 
sufficiently lower than the boiling point of the 
fuel, and, consequently, existence of fuel vapor 
in the unburned mixture may be ignored, 

(4) The instant when fuel droplet (A droplet) 
is ignited is put as t = 0, and the diameter at 
this time is taken as do. Then, the subsequent 
droplet diameter d.4 will change according to 
the relation of dz = di - Kbt. Where Kr, is 
burning constant. 

(5) Each of the droplets, until the instant of 
ignition, maintains the initial velocity of sedi- 
lne~l~ation (the terminal settling velocity Vt) 
and during the burning lifetime T(= d$Kb), 
the velocity decreases linearly (Fig. 7).f 

0 - T 

FIG. 7. Velocity of A droplet, 

(6) The effect of pressure rise due to tempera- 
ture rise, exerted on the equilibrium temperature 
(wet-bulb temperature) of droplets 7&, and 
chemical ignition lag is ignored. 

(7) The specific weight of the liquid fuel is 
assumed to be kept constant and any decrease 
in droplet: diameter due to evaporation until 
the instant of ignition is ignored.: 

(8) Radiative heat transfer from flame to 
unburned droplets is ignored.: 

Now, as shown in Fig. 8, on the direction of 
propagation, the axis of coordinates x is taken, 
and its origin 0 is so fixed that it may be located 
on the position of the flame front at the instant 
-. 

t This assumption does not seem very unreason- 
able, in view of the fact that droplet diameter has 
only slightly changed until they are ignited and that, 
after ignition, the square of diameter decreases with 
time linearly and, moreover, that the velocity of sedi- 
mentation of droplets is approximately in proportion 
to the square of droplet diameter. 

: That the evaporation of droplets until ignition and 
the effect of radiative heat transfer from flame to un- 
burned droplets are so small that may be ignored, is 
certified by a more detailed theoretical analysis. 
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“Flame front 

FIG. 8. Model of flame propagation process. 

(t = 0) when A droplets are ignited. As the air 
temperat~e at the position of B plane TB rises 
due to thermal conduction from the flame front, 
the temperature of B droplet rd also rises, 
and at time t = teq, reaches the equilibrium 
temperature (wet-bulb temperature) Teq. At 
this time, around B droplet has been formed an 
air-vapor film having a concentration high 
enough to be ignited, and, therefore, tes may 
be taken for a physical- ignition lag. B droplet 
furthermore, after the lapse of chemical ignition 
lag, is ignited at time t = tis. If the value of tix 
is known, the velocity of flame propagation Vf 
will be given by Vf = L/‘tig - Vt. Besides, if it 
is assumed that, in order for B droplet to be 
ignited to have a stable combustion, it should be 
ignited considerably before A droplet is burnt out, 
then, the value of L which gives ti, = 8-r (0 is a 
positive constant smaller than 1) will coincide 
with the interdroplet distance of the mixture at 
the lower limit of flammability, thus the lower 
limit may be predicted. Where the velocity of 
flame propagation Vf must be a positive finite 
value. 

Thus, a model of flame propagation, which, 
though simplified, is concrete, has been com- 
posed. 

Gocerning equations 
Distance between burning droplets and frame 

front. With relatively large liquid drops, the 
following relation is found between the diameter 
of the flame surrounding a droplet Df and the 
diameter of the droplet d [4] : 

&‘d = S 11 + ~‘(1 + 2k*/d)I (11 

Where k* is a function of the therrnod~~~ 
properties of the fuel vapor. Therefore, in 

reference to the above equation, the distance 
between the burning droplets and flame front b 
can be calculated as: 

b = 4 do[l + 2/(1 + Zk*,‘do)l (2) 

In equation (2), however, for simplicity, k* is 
considered to be a constant. Now, in order to 
estimate the approximate value of k*, if the value 
Df = 1.02 mm for d = O-053 mm obtained by 
Burgoyne and Cohen [3] with tetralin droplet 
suspension, is substituted in equation (2), 37 mm 
will be obtained as the value of k*. 

Equation qf heut conductjon. As thermal 
expansion’of gas is ignored here, if it is assumed 
that the plane-shaped flame appears at the 
position of the origin at time t = 0, the equation 
of heat conduction is: 

aTg 3T, -.- 
at =aax2 (3) 

In this equation, as the air is assumed not to 
expand, specific heat at constant volume must 
be used in thermal diffusivity, i.e. a = A/y,c,. 
For simplicity, a is taken as a constant value. 
The initial condition and boundary condition are : 

t $ 0: T, = To (x > 0) 

x = xf: T$ = Tf (t 2 0) > 
(4) 

Now, the position of the flame front xf will 
be treated. As the distance between A plane and 
flame front b is taken as constant and suffers 
no change with time, the flame front is supposed 
to move at the same velocity with A droplets. 
On the other hand, the velocity of A droplets WA 
(the direction of x-axis, i.e. upward direction is 
taken as positive), may be represented by the 
following equation, as recognized from Fig. 7: 

M’.,i = - Vt(l - t(h) (5) 
Integrating: 

- - =;: - 

For the convenience of calculation, the right- 
hand side of the above equation is approximated 
by l/(+-)/2, and, introducing & defined by 
5f = xriz/t: 

5f = xf/u't = - ~~(~7)/2 = cons& (7) 



928 YUKIO MIZUTANI and MITSUNOBU OGASAWARA 

As the flame temperature Tf has been assumed 
to be a constant, if the variable [, defined in 
equation (8), is introduced, equation (3) is 
converted to an ordinary differential equation, 
such as equation (9): 

5 = XII/t (8) 

(9) 

The boundary conditions are: 

e=tf: T,=Tf 
f+ CQ: Tg -+ To > 

(10) 

Solving equation (9) under the above conditions: 

Tj - To 
” = Tf - 1 - erf (tf/2z/a) 

(erf (&) - erf (j$)) (11) 

Where : 

Y 

s 
exp [-ys] dy: error function. 

0 

On the other hand, B plane, which was located 
at x = L - b at t = 0, moves downwards at a 
constant velocity Vt until B droplets are ignited. 
Therefore, the position of B plane XB will be: 

xB=L-b- vtt (12) 

Dividing both sides by dt, and introducing [B 
defined by [B = XB/2/t: 

'6B = (L - b)l(v't) - v&t (13) 

Then TB may be obtained by putting [ = TV 
in equation (11). The terminal settling velocity 
of droplets, if the drag force exerted on droplets 
is to be calculated approximately by using 
Stokes’s law, may be obtained by the following 
equation : 

(14) 

Temperature rise of B droplet. When TB 

is obtained, ignition lag of B droplets may be 
calculated. The ignition lag, as mentioned 
earlier, is divided into two parts, the physical 

lag until B droplets reach the equilibrium tem- 
perature Tea and the chemical lag until they 
subsequently come to ignition. 

With regard to the temperature of droplets 
Td, as the evaporation of droplets and the 
radiative heat transfer from the flame to the 
droplets are ignored, the following equation is 
obtained : 

“6 d,3 ytct '2 = a,rrdjj (TB - Td) (15) 

Where aC is the coefficient of heat transfer. 
Ranz and Marshall [5] experimentally found out 
the following relation in case there exists a 
relative velocity between a droplet and air: 

NU = 2-O + 0.60 Prr’s Re112 = 2K (16) 

Substituting the value of aC obtained from this 
equation in equation (15): 

dTd -~ = 
dt E (TB - Td) (17) 

The initial condition is : 

t = 0: Td = To (18) 

Equilibrium temperature of B droplet. In this 
case, as the air temperature TB around droplets 
changes with time, strictly speaking, no equili- 
brium temperature exists. Accordingly, a hypo- 
thetical equilibrium temperature will be con- 
sidered, on the assumption that steady-state 
evaporation takes place in accordance with TB 
at each instant even if TB were changed, and that 
no interference occurs between droplets. Then, 
since effects of pressure rise of the air consequent 
upon temperature rise and of radiative heat 
transfer are ignored, the relation between Te4 
and TB may be calculated by the usual method [6]. 

Chemical ignition lag. Very little is known yet 
about the chemical ignition lag of a liquid 
droplet. On referring to Sakai and Kotake’s 
semi-empirical formula [7], “chemical ignition 
lag” = Z* exp [E/WT,], obtained for liquid fuel 
sprays injected into a high-temperature electric 
furnace whose temperature is T,, the ignition of 
B droplet is assumed to take place when the 
value of Z defined by: 

Z = i exp [- E/WTB] dt 
kq 

(19) 
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reaches a definite value Z*, this time being 
symbolized by ti,. 

Flame propagation velocity and lower limit of 
flammability. When the ignition time of B 
droplets ti,: is obtained, the flame propagation 
velocity Vf, as described previously, may be 
calculated as follows : 

Vf = L/t@ - Vt (20) 

The value of L in this equation may be easily 
obtained from the concentration of the mixture 
(weight of droplets contained in a unit volume of 
the mixture). 

In regard to the lower limit of flammability, 
the following two conditions may be considered 
to define it: 

(1) Jgnition of B droplets must take place 
considerably before A droplets are burnt out. 
Accordingly, tig 5 6~. Where ~9 is a positive 
constant smaller than 1. 

(2) The flame propagation velocity Vf must 
be a positive finite value. 

Of the above, (2) is the condition for droplets 
being constantly ignited in unvitiated air. A 
mixture of lowest concentration satisfying these 
two conditions will give the concentration at the 
lower limit of flammability Cd, min. 

Thus. the governing equations applicable to 
the case when thermal expansion of gas is ig- 
nored, has been obtained. A similar theoretical 
analysis has been carried out also for the case 
when thermal expansion of gas under a constant 
pressure was considered. As no major difference 
exists in the basic principle, its description will 
be skipped here. About the case when flame 
propagates horizontally, description will be 
provided later. 

Scope qf application of the theory 
The above theoretical analysis concerned the 

phenomenon of relay transfer of a laminar 
flame through a droplet suspension of liquid fuel 
of a pure substance, having a uniform diameter. 
It is known, however, that such relay transfer in 
dilute mixtures may be seen only above 30 or 40 p, 
as mentioned previously. Accordingly, the lower 
limit of the range of diameter, to which this 
theory can be applied, is known to be 30 or 40 p 
in case of dilute mixtures. 

On the other hand, as the droplet diameter 
increases, its sedimentation velocity rapidly 
increases. Since, however, an implicit assump- 
tion that the sedimentation velocity is not very 
much larger than the propagation velocity of 
flame is included in this theory, it may be 
assumed that this theory also comprises an 
upper limit in its scope of application. The 
value of such upper limit is assumed to be 80 
or 100 p. 

Besides, if B droplets are permitted to ap- 
proach too near to the flame front, thermal 
conduction may not be treated one-dimension- 
ally. This indicates that this theory may not be 
applied when the concentration of the mixture is 
too high. 

This theory may be applied, after all, only to 
the case when a laminar flame propagates 
discontinuously through a droplet suspension of 
liquid fuel of a pure substance having a uniform 
diameter. Besides, it is known to be desirable 
that the diameter ranges between 30 N 100 p and 
the mixture does not have unduly high concen- 
tration. 

An example of calculation 
As an example of application of the above 

theory, the flame propagation velocity and the 
concentration at the lower limit of flammability 
are calculated, pertaining to the case when a 
mixture of tetralin droplets having a uniform 
diameter and dry air, 15°C and 1 atm, is filled in 
a vertical tube, of which the upper end is closed 
and the bottom is opened, and, the flame propa- 
gates upwards one-dimensionally. 

Referring to the previous studies, numerical 
values assumed or determined as follows: 

To = 288”K, p = 1 atm, 

E/g = 8000°K [7], 2” = 5 x lo-11 h,t 

6 = 0.5 mm2/s [3], k* = 37 mm,f 

6 = 0.7. 

The value of the flame temperature Tf is to 

be chosen appropriately in accordance with the 
interdroplet distance L and droplet diameter. 

t The value of Z* is here chosen as considerably 
bigger than in the case of spray. This is for the reason 
that ignition lag of a single droplet is supposed to be far 
greater than ignition lag of spray. 

$ Cited previously. 
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For simplicity, however, it is put here at the 
constant value of 2800”K.t 

Here, the process of calculation will be omitted 
and mention will be made only of the results of 
calculation, which will be compared with 
measured values. 

Figure 9 shows the effect of the droplet 
diameter and the mixture concentration on the 
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FIG. 9. Flame propagation velocity. 

velocity of flame propagation. The solid line 
denotes the calculated value based on the above 
theory, in which thermal expansion of gas is 
ignored, while the broken line refers to the 
calculated value based on the theory assuming 
thermal expansion of gas under a constant 
pressure. The chain line represents the lower limit 
of flammability. It is known that the propagation 
velocity is smaller for larger droplet diameter, 
that it rapidly increases as the diameter is re- 
duced and that the propagation velocity of 
flame increases more or less linearly, along with 
the mixture concentration for a fixed diameter. 

t This is a theoretical value obtained by neglecting 
reaction-rate and dissociation, so, naturally, is con- 
siderably higher than the actual flame temperature. 
However, it is assumed to be more suitable for the 
purpose of calculating the temperature distribution at a 
considerable distance from the flame front, in ignoring 
recombination and diffusion. Besides, calculation by 
rf = 2000°K yielded no major difference in the result 
obtained. 

As these two calculated values are compared, it is 
realized that they coincide fairly well at 100 [L, 
but, as the diameter becomes smaller, they come 
to have an outstanding difference, and, from this 
fact, it is known that, when the diameter is small, 
thermal expansion has greater effect, while, 
when the diameter grows larger, this effect is 
reduced. In this diagram, the measured values 
obtained by Burgoyne and Cohen [3] are also 
plotted, except those of the case of diameter 
being below 20 p, where homogeneous transfer 
of flame takes place. Where the numerical 
figures accompanying the measured points 
represent the droplet diameter. Comparing the 
measured values with the theoretical ones, it is 
found that, in the range of 30 N 40 :J, where the 
nature of relay transfer of flame is predominant, 
the measured and calculated values coincide 
fairly well quantitatively. Moreover, it seems that 
the values calculated ignoring thermal expansion 
are in better agreement with the measured ones. 

Figure 10 shows the relation between the 
droplet diameter and the concentration at the 
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lower limit of flammability. The calculated 
values in case thermal expansion of is ignor- 
ed is represented by a solid line, and those 
in case thermal expansion under a constant 
pressure is assumed, by a broken line. In 
this diagram, the measured values of Fig. 3 
are also replotted for the convenience of com- 
parison. Comparing the measured values with 
the calculated ones, both are found to well 
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coincide qualitatively in the applicable range of 
this theory, the concentration at the lower 
limit rapidly decreasing as the diameter in- 
creases. While, quantitatively, a considerable 
difference is noted, this may be attributed to the 
fact that the theoretical analysis was only 
approximate, and, besides, that droplets, actu- 
ally dispersed at random, were approximated to 
the arrangement of simple cubic lattice and, 
moreover, that the flame front, actually, is not 
horizontal, but is inclined. Now, when two 
kinds of calculated values are compared, it is 
found that both coincide well when the dia- 
meter is large but that they show a increased 
difference when it becomes smaller. From this 
fact, again, it may be concluded that thermal 
expansion has less effect as the diameter is 
larger. 

EFFECT OF PROPAGATION DIRECTION OF 

FLAME 

Here, the effect of the sedimentation of drop- 
lets will be clarified by comparing upward 
propagation of flame and its horizontal propa- 
gation. 

The governing equations for the case of 
horizontal propagation may be easily introduced 

Cd t ma/i 
FIG. 11. Effect of direction of flame propagation on 

propa~tion velocity. 

by substituting g = 0, Vt = 0 in those for 
upward propagation. Figures 11 and 12 show 
the results of calculation carried out for hori- 
zontal propagation by using the same numerical 
values as were used in the previous example. In 
this case, the theory considering thermal ex- 
pansion of gas under a constant pressure is 
employed and the mixture is assumed to be 
contacting a solid wall at a great distance 
ahead from the flame. 

Figure 11 illustrates the calculated values of 
the propagation velocity of flame. In the dia- 
gram, the solid line refers to a horizontal 
propagation of flame and the broken line to an 
upward propagation and the chain line to the 
lower limit of flammability. From the diagram, 
it is known that the greater the diameter is, 
the greater will be the effect of propagation 
direction. Even in case of large droplet suspen- 
sions, however, no great difference in the 
propagation velocity is seen in so far as the 
concentration is the same, the only difference 
being in the shape of the curve and the concen- 
tration at the lower limit. 

21f 40 6080 100 I 
d 0' iL 

FIG. 12. Effect of direction of flame propagation on 
the lower limit of flammability. 

Figure 12 relates to a comparison of the 
calculated values of the concentration at the 
lower limit, in which the solid line represents 
horizontal propagation and the broken line 
upward propagation. In the diagram, when the 
diameter is small, only a slight difference is seen 
between them, but, as the diameter increases, 
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the con~n~ation at the lower limit rapidly 
decreases in case of upward propagation, while, 
in case of horizontal propagation, it tends to 
increase slightly in proportion as the diameter 
becomes larger. 

Thus, from the fact that the effect of direction 
of flame propagation becomes larger when the 
droplet diameter, and so its velocity of sedi- 
mentation grow larger, it is known that the 
influence of the sedimentation is considerably 
large. 

EFFECT OF CON~NTRAT~ON OF OXYGEN 
IN AIR 

When the mixture of tetralin droplets having 
a uniform diameter and the air, is diluted by 
nitrogen, its concentration at the lower limit will 
naturally rise, but, between 10 N 45 p, the effect 
of dilution will become less as the diameter 
grows larger, and around 45 p, the droplet 
suspensions, even in case the concentration of 
oxygen is extremely weak, are known to be 
flammable [3]. No detailed report is on hand on 
the range of larger diameters, but it has been 
found that there exists a diameter where the 
effect of oxygen concentration is minimum, and 
that, if the diameter is increased further, the 
effect again gets larger, and that, at 200 p, 
flammability will be lost at an oxygen concen- 
tration considerably higher than in case of a 
homogeneous mixture of hydrocarbon vapor [8]. 

Here, an attempt will be made to explain this 
fact. theoretically. 

Efecfs of oxygen concenfrafion on mrious,factors 
Of a single droplet burning in a large space, 

many investigators have so far carried out 
theoretical c~culations of the burning constant, 
and the temperature and diameter of the iiame 
surrounding the droplet. While these results 
may not be adopted quantitatively in this case, 
it is assumed here that the qualitative tendency 
only may be applied. Here, approximate theoreti- 
cal formulae of Wise et al. [9] will be employed, 
and, in consideration of Co/z < 1, (Td - r,) < 
(H - r)lcp, the following equations will be 
obtained for &, Tf and b of droplet suspensions : 

& = kl In [(H/rz)Co] 

Tf = k&o + Td 

(21) 

(22) 

b = k3 In [(H/rz) Co]/ln [I f (l/z) Co] (23) 

Where kl, kz, k3 are proportional constants. 
For tetralin droplet suspensions, H L= IO 500 

kcal/kg, r = 82.4 kcal/kg and z = 3.15 kg/kg 
were taken. The values of kl, kz, ks were chosen 
so that the values of Kb, Tf and b in the standard 
atmosphere (Co = 0.2314 kg/kg) may equal the 
values used in the previous examples. Then, the 

FIG. 13. Variations of various factors with oxygen 
concentration. 

variations of & Tf and b with oxygen concen- 
tration were calculated, the result of which is 
shown in Fig. 13. 

Next, consideration will be given to the chemi- 
cal ignition lag of droplets. Mullins [lo] repre- 
sented the ignition lag of spray tip by the 
foilowing empirical formula : 

tig = A* exp (b*/T~) 

Where A*, b* are constants, Tg is the ambient 
temperature. Mullins found out that, as the 
concentration of oxygen CO decreases, constant 
A* increases in counterproportion to the square 
of CO. With this in consideration, it is assumed 
here that, between Z* and CO, the following 
relation exists : 

Z” = kaCo-” (24) 

Where k4 is a constant. The activation energy E 
in equation (19) is assumed to be independent 
of the concentration of oxygen. Here, again, 
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the value of k4 was so dete~ned that the value 
of Z* in the standard atmosphere may equal 
the value used in the previous examples, and, the 
result of calculation thus carried out about the 
relation between Z* and CO are given in Fig. 13. 

The changes of the thermal properties of the 
air in case the concentration of oxygen is reduced 
is so small that they are ignored here. 

Example of calculation 
The case when the mixture of tetralin droplets 

of a uniform diameter and the air is diluted by 
nitrogen is here considered. It is assumed that 
flame propagates upwards one-dimensionally, 
and calculation is carried out by using the theory 
ignoring thermal expansion. For those properties, 
which change depending on the concentration 
of oxygen, are used the values shown in Fig. 13, 
and for the others the same values as in the 
previous examples. As the concentration of 
oxygen decreases, the propagation velocity of 
flame also decreases. Now, the critical velocity 
above which stable propagation takes place is 
set at 4 cm/s, it being assumed that no flame 
propagation takes place at a velocity below it, 

The process of calculation being omitted, the 
propagation velocity obtained for 40, 60 and 
100 :A, respectively, with the concentration of 
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FIG. 14. Effect of oxygen concentration on flame 
propagation Velocity. 

oxygen changed, is shown in Fig. 14. By the 
broken line in the diagram the lower limit of 
flammability is represented. This diagram shows 
that, as the concentration of oxygen reduces, 
the propagation velocity of flame rapidly 

decreases. After, however, the curves of the 
lower limit cross the straight line of the critical 
velocity, the lower limit comes to be defined by 
the critical velocity, and, thus, the curves of the 
lower limit bend here abruptly to coincide with 

20 
t 

FIG. 15. Effect of oxygen concentration on the lower 
limit of flammability. 

this straight line. The concentration at the lower 
limit is replotted in Fig. 15. 

In this diagram, each of the curves for dia- 
meters of 60 and 100 p, which otherwise may 
show a gradual change, is seen to bend at a 
certain point and rise upwards abruptly. This 
signifies that the conditions defining the lower 
limit are exchanged here. The measured values 
obtained by Burgoyne and Cohen [3] are also 
given in this diagram. Of these values, those for 
10 and 19 pa do not apply to relay transfer treated 
in this study, and, therefore, can not be directly 
compared with the calculated values. From the 
measured for 45 p, however, it is found that the 
concentration at the lower limit is kept approxi- 
mately constant until the oxygen concen~ation 
falls to 10 per cent, and then indicates a slight 
increase at the value of 8 per cent. In this respect, 
they qualitatively coincide fairly well with the 
calculated values for 40 and 60 p. As the droplet 
diameter gets larger, it has been found experi- 
mentally that the lower limit again becomes much 
susceptible to the oxygen concentration [8]. 
The calculated values show the same tendency, 
that is, no major difference in qualitative ten- 
dency is seen between the calculated values for 
40 and 60 p. But, as the diameter gets larger up 
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to 100 p, the lower limit becomes greatly sensitive 
to the concentration of oxygen, ~amnlabiIity 5. 
being lost at approximately the same concen- 
tration of oxygen as measured with the droplet 6. 
suspensions of 10 1-1. 
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R&sum&-Comme premiere Ctape dans la clarification du mecanisme de propagation de flamme dans 
un jet en brouillard de combustible liquide, une etude a et6 faite dans le cas d’une flamme laminaire se 
propageant a travers les suspensions de gouttelettes d’un combustible liquide, ayant des diametres 
uniformes. Initialement, afin d’examiner la nature de la propagation de la Aamme, des suspensions 
de goutteiettes de tetraline ayant des diametres approximativement uniformes ont et& preparees, et leur 
concentration a la limite la plus faible ~inflammabilt~ a et6 examine, et, en meme temps, l’apparence de 
la flamme et le processus de sa propagation ont Cte observ&s. Sur la base de cette observation, un 
modele de propagation de flamme a CtC propose, selon lequel les gouttelettes brfilant au front de 
flamme chaffent le melange non bridle, les gouttelettes non briilees etant alors allumees apres tin 
certain retard a l’altumage. En utilisant ce modele, une analyse theorique a CtC conduite, et la vitesse 
de propagation de ffamme et la concentration a la limite inferieure ont eti calculees. Les valeurs 
predites montraient un accord satisfaisant avec les resultats experimentaux, au moms qualitativement. 
A partir de cette analyse, on a trouve que la sedimentation des gouttelettes exerce une grande influence 
sur le processus de propagation de flamme, et que, dans le cas oh le melange contenant les gouttelettes 
est dilue par de l’azote, son effet sur la limite inferieure depend grandement du diametre des gouttelettes. 

comme ce qui avait deja CtC trouve experimentalement. 

Zusammenfassung-Als erster Schritt zur K&rung des Ausbreitungsvorgangs einer Flamme in einem 
zerstaubten Strahl eines fliissigen Brennstoffes wurde eine Untersuchung fur den Fall der laminaren 
Ftammenausbreitung in Suspensionen mit Trijpfchen eines fltissigen Brennstoffes, die gleichen 
Durchmesser haben, ausgefiihrt. Urspriinglich wurden, urn die Natur der Flammenausbreitung zu 
untersuchen, Suspensionen von Tetralintr~pfchen annahernd gleichen Durchmessers vorbereitet 
und ihre Konzentration an der unteren Zijndgrenze untersucht; gleichzeitig wurde dabei das 
Erscheinen der FIamme und ihr Ausb~eitun~prozess beobachtet. Mit dieser Beobachtung als Grund- 
lage wurde ein Model1 der Flammenausbreitung unter Ber~cksicht;gung des Phlnomens vor- 
geschlagen, dass die brennenden Tropfchen an der Flammenfront das unverbrannte Gemisch erhitzten 
und dass dann die unverbrannten Tropfchen nach Ablauf einer bestimmten Ztindverzogerung 
entflammen. Unter Verwundung dieses Modells wurde eine theoretische Analyse erstellt und die 
Fortpflanzungsgeschwindigkeit der Flamme und die Konzentration an der unteren Grenze berechnet. 
Die vorhergesagten Werte zeigten zufriedenstellende Ubereinstimmung mit den Versuchsergebnissen, 
zumindest qualitativ. Aus dieser Analyse ergab sich, dass ein Absetzen von Tropfchen grossen Einfluss 
auf den Vorgang der Flammenausbreitung austibt und dass im Falle einer Verdtinnung des Gemisches, 
welches die Trbpfchen enthllt, mit Stickstoff die Wirkung auf die untere Crenze stark vom Tropfchen- 

durchmesser abhgngt, wie schon experimentell nachgewiesen war. 
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pacnpocTpaHeHm manfeHH cHavaaa npmoTosnmacb cycneH3m TeTpamHa c Kanmm 

O,L(IIHaKOBOl'O zI4aMeTpa. PaCCMaTpllBaJIaCb HX KOH~eHTpaLJlIFI B HHHCHeM IIpeAeJIe BOCIIJla- 
MeHFIeMOCTH, II OAHOBpeMeHHO HatiJIlOAaJIOCb B03HHKHOBeHEle IIJIaMeHEl M IIpOqeCC er0 paC- 
IIpOCTpaHeHlWi. Ha OCHOBe 3TLiX Ha6JIIOAeHHfi IlpeAJIOHteHa MOReJIb, yYliTbIBaIOIQaH, qT0 
KaIIJIILI rOpFIUHe Ha @pOHTe HJIaMeHK,HarpeBaIOT HerOpHWyIO CMeCb, a 3aTeM, CIIyCTR HeKO- 
TOpOe BpeMfI, HerOpRqHe KaIIJIH BOCIIJIaMeHFIIOTCFf. c IIOMOqbIO 3TOti MOAeJIEl IIpOBeAeH 
TeOpeTH'IeCKII~aHa~~3,aTaK~eBbI~~~C~eHbICKOpOCTbpaC~pOCTpaHeHMFI~~aMeH~~KOH~eHT- 
paqm B HmmeM npeAeJre. PacseTHbre BemmmbI noKa3ami xoporuee corJIacoBame c 
3KCIIepHMeHTOM, II0 KpatiHeti Mepe, KaYeCTBeHHOe. B pe3ynbTaTe 3Toro aHam3a 6b1no 
BbIfICHeH0,4TO OCaHE~eHlle KaIIeJIb OKa3bIBaeT 6ObIIIOeBJIHXHIleHalIpO~eCCpaC~pOCTpaHeHEiR 

manleH5f, a TaKme To, 9To B cnysae, ecm mecb, coAepmawaz2 KaneabKH, pa36asneHa 
~~OTOM,~~~BJIHHHH~II~HH~~EHEII%~~~~~.?C~~~CTB~HHO 3aBHCllTOTAl?aMeTpaKaIIeJIb,YTOyH(e 

6bIJIO yCTaHOBJIeH0 3KCIIepHMeHTaJIbHO. 


