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Ahstreet-The process of evaporation and combustion of a liquid droplet in a still air is calculated 
numerically, treated as an unsteady diffusion-controlling phenomenon with the flame front model. 
Single droplets of liquid fuel-benzene, methyl alcohol, ethyl alcohol, n-octane-are evaporated and 
burned in air under various ambient temperatures, pressures and oxygen-concentrations. The process of 
evaporation can not attain to a quasi-steady state of mass and heat transfer at the droplet surface. Concerning 
combustion, the process approaches at its end to a quasi-steady state, though the values of the flame 
temperature and the ratio of the flame radius to the drop radius are much smaller than those of the quasi- 
steady theory. The initial condition of the surrounding air has a great influence on the process of evaporation 

and combustion. 

NOMENCLATURE 

radius of flame front ; 
radius of droplet ; 
specific heat at constant pressure ; 
diffusion coefficient ; 
enthalpy per unit mass ; 
heat of combustion per unit mass of fuel ; 
latent heat of vaporization per unit mass 
of fuel ; 
pressure ; 
radial distance from center of droplet ; 
gas constant ; 
time ; 
temperature ; 
velocity ; 
nondimensional coordinates of I ; 
weight concentration. 

Greek symbols 

a, thermal diffusivity ; 

:: 
stoichiometric oxygen-fuel mass ratio ; 
thermal conductivity ; 

PY density. 

Subscripts 
a, flame front ; 

b, droplet surface ; 

e, completion of evaporation or com- 
bustion ; 

1, liquid ; 

00, at infinite ; 

1, outside flame front ; 

2, between flame front and droplet surface 
(for combustion) or outside droplet (for 
evaporation) ; 

3, inside droplet. 

1. INTRODUCTION 

THE PROBLEM for the combustion of fuel sprays 
has attracted the efforts of a number of re- 
searchers to study the physical and chemical 
processes involved in droplet combustion. Be- 
cause of the complexity of the process, most 
of them have approached the problem by 
examining the evaporation and combustion of 
single droplets of fuel as a first step in under- 
standing the overall phenomena. 

Concerning the evaporation of a liquid 
droplet, a number of studies have been reported, 
especially in the meteorological field. Kobayashi 
[l] conducted numerical calculations of the 
evaporation of single droplets in air at high 
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temperatures with the assumption of constant 
Nusselt number on the droplet surface and 
showed the results in good agreement with his 
experimental ones. 

Concerning the combustion of fuel droplets, 
Godsave [2] examined the burning droplet 
suspended on a fine quartz fiber and obtained 
a successful interpretation of his results on the 
assumption that the chemical reaction rates do 
not control the rate of burning, which succeeded 
in the considerable simpli~cation of the analyti- 
cal treatment for the combustion of fuel droplets. 
Spalding [3], also, showed with detailed experi- 
ments that one of the most controlling factor 
for the process should be the transfer or diffusion 
of mass and energy of the fuel vapor. Following 
these experimental results, Goldsmith and 
Penner [4] and Wise, Lore11 and Wood [5] 
postulated a quasi-steady combustion model to 
develop the theoretical study of the burning 
process of fuel droplets. At the almost same time, 
Okazaki and Gomi [6] carried out independently 
a theoretical analysis similar to these. The 
mechanism of the combustion process of a 
fuel droplet postulated in common by these 
investigaters is as follows ; the oxidizer delivered 
from the surrounding atmosphere and the fuel 
vapor evaporated from the droplet are diffused 
towards the &me front and consumed instan- 
taneously upon reaching the Ilame front, of 
which location is defined by the condition 
that the ratio of the mass rate of delivery of fuel 
to oxygen at the point should be stoichiometric. 

According to these theories of quasi-steady 
model, the burning rate (the mass flow rate of 
fuel vapor into the flame front) is proportional 
to the droplet radius. The flame is always 
located at the same position relative to the 
droplet surface. The temperature at the flame 
front is always constant. Experimental measure- 
ments of the burning rate reported by Kobayashi 
[7], Goldsmith [S], and Masdin and Thring [9] 
show that the relation of the proportionality of 
the mass burning rate to the droplet radius can 
be valid in a wide range of experimental con- 
ditions of burning droplets of the diameter of 

about 1 mm in the normal gravitational field, 
though they have appreciable discrepancies 
between calculated higher and observed lower 
values of the flame radius and the flame tem- 
perature. These satisfactory agreements between 
analytical and experimental values ofthe burning 
rate are accounted for by the fact that the 
changes in the flame temperature and in the 
flame radius would largely compensate for 
each other in the calculation of the burning 
rate. 

The fuel droplets encountered in the spray 
combustions of actual engines are, however, of 
the diameter smaller by one order than those 
used in the experimental works, that is, of 
Grashof number smaller by three order. Upon 
the combustion of such a droplet, the gravity 
has less influence, so that the combustion 
process of the droplet must be investigated 
without any in~uence of natural convection, 
or in a near zero gravity field. Isoda and 
Kumagai [lo] studied experimentally the com- 
bustion of fuel droplets in a near zero gravity 
field using a freely falling method, and showed 
that the transfers of heat and mass outside the 
flame should be not of quasi-steady state but 
of an unsteady phenomenon, so that the location 
of the flame front could not be predicted by 
theaforementioned theory ofquasi-steady model. 
They made an attempt to treat the process 
with a transient diffusion-model in an approxi- 
mate way, and obtained the calculated results 
in good agreement with their observed ones. 

In the present study, we treat the evaporation 
and combustion of single droplets of fuel in a 
quiescent air as a more generally unsteady 
diffusion-controlling phenomenon with flame 
front model and calculate numerically the 
process with a digital computer. 

2. EVAPORATION AND COMBUSTION 

OF A DROPLET 

Following the theory of quasi-steady model 
for the evaporation and combustion of a 
droplet, we postulate the following assumptions 
for the mathematical description of the unsteady 
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model of the process; (i) the rate of the reaction 
of fuel-oxidation at the flame front is so fast 
compared to the delivery of combustible gases 
that the process should be controlled only by 
the transfer rate of mass and energy, (ii) the 
fuel vapor and the oxygen are delivered to the 
flame front at the rate of stoichiometric propor- 
tion and there consumed instantaneously to 
make the release of the entire heat of combustion, 
(iii) all conditions of the system are spherically 
symmetric, (iv) the effect of radiation is neglected. 

First, we consider the governing equations 
of weight concentration, temperature and velo- 
city of the mixture surrounding the droplet 
under these assumptions. 

The mass transfers of fuel vapor and oxygen 
are mainly controlled by the convection of the 
mixture and by the molecular diffusion due to 
the difference of weight concentration, the 
diffusion due to the difference of pressure or 
temperature being neglected. Denoting the 
weight concentration of species Y, we can 
represent the relation of mass conservation in a 
spherically symmetrical system as 

spy la 
at + ;rz & r2CpY(v + UY)] = 0, (1) 

where r is the distance from the center of 
droplet, p the density of the mixture, v its 
velocity, and V~ the diffusion velocity of the 
species under consideration, which is given for 
a binary mixture by 

DdY 
vY=-y$ (2) 

where D is the diffusion coefficient. Summing 
up equations (1) for all species, we obtain the 
equation of continuity for the mixture, 

ap la 
5 + ;z,(12pv) = 0. (3) 

The relation of energy conservation in the 
same system without any production of energy 
can be written as 

aph 1 a 
at + ;?-&r2W@ + %)I = 0, (4) 

where h is the enthalpy per unit mass of the 
mixture and v,, is the diffusion velocity of energy 
due to the heat conduction which is given by 

Oh= 3% 
The equation of motion for an inviscid fluid is 

where p is the pressure, and the relation of the 
state of the mixture assumed as an ideal gas is 

p = pRT. (7) 

At a spherical surface (r*) of infinitesmal 
thickness, the continuity relations of these 
equations are expressed as 

[pY(v - +* + vy,]+ = [pY(v - i* + vy)]_ (8) 

[p(v - +*)I+ = [p(v - i*)]_ (9) 

[ph(v - :* + VJ] + = [ph(v - i* + u/J] _ (10) 

[pv(v - 3*) + p]+ = [pv(v - f*) + p]_, (11) 

where +* = dr*/dt, and the subscripts + and - 
identify the quantities outside and inside the 
surface, respectively. 

Introducing the non-dimensionalized quanti- 
ties oft, r, v, p, p, T, h, D, 1, c,, and R referred to 
the values (identified by subscript r) which have 
the following relations, 

we can express the governing equations in the 
same form as equations (1) to (11) with an 
exception of replacing p with p/M(M = p,t.f/p,). 

Substituting equation (3) into equations (1) 
and (4) with the non-dimensionalized quantities 
yields 

g + vg + ‘Q2wy) = 0 
pr2 ar (12) 
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dh 
z + 2 + ‘Qw,, = 0, (13) (lo) 

are no longer valid. Instead of them, the 
al pr2 at- aforementioned assumption (ii) of the stoichio- 

where 
metric proportion of the oxygen and fuel flows 
and the instantaneous heat release at the flame 

8Y aT 
wy= -pD--, w,,== -I-. 

front yields the following relations, 

ar ar k 

If the specific heat at constant pressure cP 
has little change in the domain of space under 
consideration, equation (13) is rewritten as 

L 

L 

(14) 

where 
aT 

wT= -paar 
Expressing the quantities concerning the 

diffusivities of mass and heat as FIG. 1. Flame front model for the evaporation and com- 

NY = pD, NT = pa, (15) 

from equations (12) and (14) we obtain the 
equations of concentration and temperature 
in a similar form as 

1.2 

I.0 

bustion of a droplet. 

ay ay i a 
a7+ v~~-~-- 

pr ar 

aT aT i a 
at+Vx-‘- 

pr ar 

0.0 

(16) 6 
“d 0.6 

(17) “d 
0.4 

/ 

These diffusivities of mass and heat of various 
fuel-vapors and air at one atmosphere, NY and 0.2 
NT, which are used in the present numerical 
computations, are shown in Fig. 2. It is noted 
from the figure that these properties could be 0 

approximated by a linear function of tempera- 
ture in a wide range of it. 

i 
IO00 2000 

7; “K 

FIG. 2. Physical properties. 

(WY)+ = Y("Y)- (19) 

h,(w,)- = (wJ+ - (wL (20) 
where the subscripts + and - identify oxygen 

The continuity relation of energy at a bound- 
ary surface, equation (lo), is rewritten with 
equation (9) as 

p_(v_ - i*)(h+ - h_) = (w,,_ - (w,J+. and fuel vapor, respectively, y the stoichiometric 

This leads for a evaporating surface of liquid 
mass ratio of oxygen to fuel vapor, and h, the 

with the latent heat of vaporization h, 
heat of combustion per unit mass of fuel vapor. 

p-h,(v_ - i*) = (wh)_ - (w,,)+. (18) 
2.1 Evaporation of a droplet 

First we treat the process of the evaporation 
At a flame front, because of the heat release of of a droplet in a quiescent air. We identify the 
reaction, equations of species (8) and of energy quantities outside the droplet by subscript 2 
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and the quantities inside the droplet by subscript 
3 (Fig. 1) and use normalized coordinates (x) 
referred to the evaporating surface b defined by 

r = lxx (b > r > 0) 

IX = b (r 2 b). 

For the outside of droplet, the governing 
equations are given by equations (16), (17), 
(3) and (6) as follows: 

ap2 x db ap2 
at+--- 

b dt ax 
-;[x’; &)] =O. (23) 

(24) 

WY,2 = NY,2;2, 
x2 aT2 

wT,2 = NT,,---> b ax 

where Y, is the weight concentration of fuel 
vapor. 

For the inside of droplet, neglecting the 
motion of liquid and the change of the density 
of liquid, we have only the equation of tempera- 
ture 

a& xdbaT, 11 a 
-----~-----F- at bdt ax p3 bx ax b2wT.3) = 0, (25) 

where 

1 aT, 

b,3 = - NT,S -7 b ax 

The boundary conditions at a large distance 
from the droplet surface are 

T2 = E,, P2 = Pm, y2 = KS (26) 

The boundary conditions at the droplet surface, 
equations (8), (9), and (18), are rewritten as 

d$= -~[~~I*=~ (27) 

(28) 

(29) 
In addition to them, the condition of spherical 
sy~etry leads the following equation at the 
center of droplet, 

( > aT, 
ax x=0 = 

0. (30) 

The number of the boundary conditions 
including the equation of state of the mixture is 
four, while the quantities required to be deter- 
mined at the droplet surface are T,, Y,, p2, 
p2, u2, T3, and b, seven in number. The equations 
(21) to (24) subjected to the boundary condition 
(26) restrict one quantity at the droplet surface. 
Consequently, two additional boundary con- 
ditions are necessary to complete the mathe- 
matical description of the evaporation of a 
droplet. For this reason, we take the following 
reasonable assumptions. (v) The temperature 
is continuous at the evaporating surface, that is, 

(T2)x=1 = (Wx=i. (31) 

(vi) The vapor on the droplet surface is kept at 
saturation pressure corresponding to the surface 
temperature. Using the Clausius-Clapeyron 
relation 

h =zdp’ 
’ Podi’-’ 

where.p, is the density of vapor and p’ is the 
saturation pressure at T, we obtain from the 
assumption (vi) 

where h, is the latent heat of vaporization, 
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R, the gas constant of vapor, T, the boiling 
point of liquid. 

For the initial conditions of the evaporation, 
we suppose a droplet of temperature ?; sur- 
rounded by a quiescent air at temperature T, 
and pressure p,, that is, 

Tz = T,(x # l), TS = (T,),= I = TT;, 

yz = y,, P2 = Pco, ll2 = 0, b = 1. (33) 

Writing equations (21-33) in finite difference 
form with respect to space and time, we can 
calculate numerically the quantities by stepwise 
At in time starting from the initial condition (33). 
Figures 3 to 7 show the results of the numerical 

0.8 

NE 
E 0.6 

“9‘ l-J.4 

0 2 4 6 8 

r, set 

FIG. 3(a). Evaporation ofadroplet (effect offuel, T, = 300°C) 

_” 

0 2 4 6 8 
t, set 

FIG. 4. Surface temperatures of evaporating droplets (T, = 
, 300°C). 
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“4 0.4 
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0 2 4 6 8 

f, set 

FIG. 3(b). Evaporation of a droplet (effect of ambient 
temperature, methyl alcohol). 
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FIG. 5. Temperature distributions fez evaporation (b = 0:; 
mm, T, = 300°C). _ 
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FIG. 6. Distribution of fuel-vaior concentration for zvapo- 
ration (b = 0.5 mm, T, = 300°C). 
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I.0 08 06 04 0.2 0 
b x m 

FIG. 7. Velocity distributions for evaporation (b = 03 mm, 
T = 300°C). 

calculations of the evaporation of single droplets 
of benzene, methyl alcohol, ethyl alcohol, 
n-octane of the initial radius of 1 mm and the 
initial temperature of 20°C in a still hot air at 
atmospheric pressure under no existence of the 
fuel vapor. In these calculations, we used the 
physical properties of the liquids, their vapors, 
and air shown in Table 1 and Fig. 2. The meshes 
of space and time are Ax = 0.02 and At = 
(0~001JMO2) te, respectively, where te is the 
droplet life for evaporation. 

Figure 3 shows the history of the evaporation 
of a droplet, that is, the relation of the droplet 
radius versus time ; for various fuels at T, = 

300°C in Fig. 3(a) and at various temperatures 
for methyl alcohol in Fig. 3(b). The dotted lines 
in the figures represent the results obtained by 
solving the temperature field inside droplet 
with the assumption of constant transfer co- 
efficients of mass (Sherwood number, Sh) and 
heat (Nusselt number, Nu) at the droplet surface, 
that is, 

= NuA,(T, - T’)x=l, 

= w,v-m - w,= 13 (34) 

where Nu = Sh = 1 are assumed as in the study 
of Kobayashi [l]. It is noted from these figures 
that the features of evaporation, especially of 
methyl alcohol and ethyl alcohol, should be 
appreciably different from those obtained with 
the assumption (34). The evaporation curves 
in dotted lines are convex, while those of un- 
steady model are concave, being resulted from 
the fact that the dotted curves assume the 
process of evaporation in quasi-steady state 
contrary to the unsteady evaporation for the 
solid curves. Since 1 db2/dt 1 a Y,/(l - yb) ac- 
cording to equation (34), the evaporation curves 
are always convex under such a condition as 
long as Yb is an increasing function of time. 
On the contrary, equation (27) with little 
change in 5 (Fig. 4) shows 1 db2/dt 1 a lay,/ 
axl._r in which IaY,/ax),=, is a decreasing 

Table 1 

Benzene Methyl alcohol Ethyl alcohol n-Octane 

pl (Kg/m? 874 765 790 635 
cp. I (KWWC) 044 @62 0.58 0.60 
1, (Kcal/mh”C) 0.100 0.170 0.157 0.135 
aI (m’/h) 0.260 0.360 0.344 0.355 
T, (“C) 80 65 78 126 
h, (KWKg) 94 265 204 71 
h, (K&/Kg) 9620 4600 6460 10600 
Y 3.08 1.50 2.09 3.51 
R (m/“K) 10.85 2650 18.43 7.43 
D,* (cm’/s) 0.077 0.133 0.102 0.05 1 

* In air D _ &(T/273)“’ l/P (T : “K, P: atm.). 
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function of time, so that the evaporation curves 
become concave. The discrepancies between 
these evaporation curves are more emphasized 
for the cases ofmethyl alcohol and ethyl alcohol, 
which have larger values of the diffusion co- 
efficients of mass and heat. 

Figure 4 shows the temperature at the surface 
of an evaporating droplet, the dotted curves 
being also obtained with the assumption (34). 
The surface temperature increases rapidly at 
the beginning of evaporation and then ap- 
proaches gradually a value lower than the boiling 
point of the liquid. The asymptotic value of the 
surface temperature is so more close to the 
boiling point as the liquid is of a smaller value 
of the latent heat of vaporization, and is con- 
siderably higher in the case of quasi-steady 
model than in the unsteady model. In the latter, 
the amounts of mass and heat convected by the 
flow of evaporated vapor are taken into account. 
It would therefore be appreciated that the 
convections of mass and heat by the evaporated 
vapor flow have a considerable effect upon the 
process of evaporation. 

Figures 5-7 are the distributions of the 
temperature T,, the weight concentration of 
fuel vapor Y, and the velocity of the mixture of 
air and fuel vapor u2, respectively, at the time 
when the droplet radius becomes a half of the 
initial value. 

2.2 Combustion of a droplet 
Letting the locations of the flame front and 

the droplet surface be T = a and r = b, res- 
pectively, and denoting the quantities outside 
the flame front by subscript 1, between the 
flame front and the droplet surface by subscript 
2 and inside the droplet by subscript 3 (Fig. l), 
from equations (16), (17), (3), (6) and (7) with 
the use of a norm.alized coordinates (x) defined 

by 
r = bx (b 2 r 2 0) 

r = (a - b) x+b (a 2 r > b) 

rx = a (I 2 a), 

we obtain the governing equations for the 
combustion of a droplet as follows ; 

(35) 

(36) 

PI = PI&T, 

(38) 

(39) 

i ar, 
W y,2 = - NY,~ 

a-b 

1 aT, 
wT,2 = - NT,z----- 

a-bax 
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Pz = ~2R2T2 (44 

KC, xdbc7T3 + 1 8 -_--- 
at b dt c3.x 

--_z-((x2wT,3) = 0 
p,bx ax 

(45) 

wT,3 = - %3;$, 

where Y, and Y2 are the weight con~n~ations 
of oxygen and fuel vapor, respectively. 

The boundary conditions at a large distance 
from the flame front are taken as 

r, = Y,, Tr = K,, Pl = Pm. 

At the flame front, equations (9), (ll), (19) and 
(20) give the following relations, 

(46) 

CPI - PZL=l 

(48) 

and the assumption (ii) leads 

(I-&, = (Y&i = 0. (50) 

For eleven quantities to be determined at the 
flame front, that is, J-L Y2, T,, T,, PI, ~2, PI, P2, 

01, 02, and a, the number of the boundary 
conditions including the equation of state of the 
mixture at the front is eight. Equations (35H44) 
subjected to the boundary conditions at infinite 
are to define two quantities at the flame front, 
so that only one additional restriction is 
necessary to be imposed upon the quantities at 
the flame front. To this purpose, we assume (vii) 

the continuity of the temperature at the flame 
front, that is, 

Vi),=, = (&),=I. (51) 

The boundary conditions at the evaporating 
surface and the center of the droplet are given 
by the following equations in the same way as 
in 2.1; 

MP,U,)x=, = - 5 132 = 
( > r 1 

f --& 22% 
( > ax r=O 

(52) 

(53) 

(54) 

(55) 

tY,)x=o = exp [- &($ - l),..] t5@ 
8% ( > dx x=0 = 

0. (57) 

For the initial conditions, we take a droplet 
of temperature ?; surrounded by the uniform 
mixture of temperature Tbo, pressure pbO and 
fuel-vapor concentration ybO with a flame of 
temperature T,, located at r = a0 in a quiescept 
air at temperature T,, pressure pm and oxygen 
concentration Y,, that is, 

7; = T, Pl = Pm Yl = Y, VI = 0 

(r > a), 

T, = T,o a = a0 fr = a), 

T2 = Tbo P2 = Pm Y2 = %O (58) 

v2 = 0 (a > I > b), 

T,=7; b=l (7 = bh 

T3 = I; (b > r). 

The transformation of equations (35) to (58) 
into finite difference form with respect to space 
and time makes the quantities to be calculated 
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by stepwise At in time with a digital computer. 
The following figures represent the results of 
numerical calculations in this way, which 
display the processes of the combustions of 
benzene, methyl alcohol, ethyl alcohol, and 
n-octane in a still air at various temperatures, 
pressures and oxygen-concentrations. In the 
calculations, we used the physical properties of 
fuels and air shown in Table 1 and Fig. 2 with 
the same meshes of space and time as in the 
calculations of evaporation, 2.1. 

The droplet has initially the temperature of 
20°C and the radius of 1 mm. The other initial 
conditions concerning the flame temperature 
x0, the flame location a, the temperature of the 
mixture inside the flame TbO, and the concentra- 
tion of the fuel vapor Y,, are not uniquely 
defined at the time of the initiation of com- 
bustion for such a front model. Conducting a 
preliminary computation in order to examine 
the effect of the arbitrariness of these initial 
values, we concluded that they would affect the 
process only in a few steps after the start of 
combustion, so that appropriate values for the 
initial conditions could be chosen without any 
change in the succeeding process of combustion 
except in a short time immediately after ignition. 

Figure 8 shows the droplet-radius vs. time 
history of a burning droplet, which can be ex- 
pressed in a linear function of time by the theory 
of quasi-steady model [4-6]. Figs. 8a, 8b, 8c 
and 8d represent the effects of the kind of fuel, 

FIG. 8(a). Combustion ofadroplet (e!Tect offuel, T, = 300°C). 

2 0.6 

N- 
9 0.4 

0.2 

\ I\ \i 

0 I 2 3 
f, set 

FIG. 8(b). Combustion of a droplet (effect of ambient tem- 
perature, methyl alcohol). 

FIG. 8(c). Combustion of a droplet (effect of ambient pressure, 
methyl alcohol). 

I 2 3 
t, set 

FIG. 8(d). Combustion of a droplet (effect of ambient oxygen- 
concentration, methyl alcohols). 
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the ambient temperature, the ambient pressure 
and the oxygen-concentration, respectively. The 
location of the flame front is shown in Fig. 9, 
the ratio of the flame radius to the droplet 
radius in Fig. 10, the surface temperature of the 
droplet in Fig. 11 and the temperature at the 
flame front in Fig. 12. 

0 I 2 3 
t, set 

FIG. 9. Location of flame front (7’, = 300°C). 

The burning coefficient defined as Idb’/dt I. 
which is constant in the quasi-steady model, 
being called as the burning constant, takes a 
large value in the initial period of combustion 
as shown in Fig. 8 and then approaches a 
constant value, which is nearly equal to the 
value obtained by the experimental works as 
well as to that of the quasi-steady model. The 
surface temperature of the droplet shown in 
Fig. 11 keeps nearly constant at first and then 
increases as the history curve in Fig. 8 becomes 
convex. These features with the comparison 
between the solid and the dotted curves in Figs. 
3 and 4 suggest that the transfer processes of 
mass and heat would tend to be quasi-steady as 
the history curve of combustion becomes con- 
vex. The tendency to a quasi-steady state is also 
supported by the fact of the decreasing changes 
in the ratio of the flame radius to the droplet 
radius and in the flame temperature at such a 
time. The quasi-steady theory [6] for the 
combustion of a droplet in air at ambient 

6 

9 
b 

4 

I 2 3 
L set 

FIG. lo(a). Ratios of the flame radius to the droplet radius 
(effect of fuel, T, = 300°C). 
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FIG. 10(b). Ratios of the flame radius to the droplet radius 
(effect of ambient temperature, methyl alcphol). 

0 I 2 3 
t, set 

FIG. lo(c). Ratios of the flame radius to the droplet radius 
(effect of ambient pressure, methyl alcohol). 
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FIG. 10(d). Ratios of the flame radius to the droplet radius 
(effect of ambient oxygen-concentration, methyl alcohol). 

FIG. 11. Surface temperatures of burning droplets (T, = 
300°C). 

f, see 

FIG. 12. Flame temperatures (T, = 300°C). 

temperature of 300°C predicts that for benzene 
the ratio of the flame radius to the droplet 
radius is 19.7 and the flame temperature is 
2580°C and for ethyl alcohol they are l@O and 
2400°C respectively, which are considerably in 
excess of those shown in Figs. 10 and 12, though 
the compensation of the effects of the radius 
ratio and the flame temperature accounts for a 
satisfactory agreement of the burning rate 
between the values of the quasi-steady theory 
and the asymptotic values of the unsteady 
theory. 

The increment in ambient temperatures makes 
the flame temperature increase by the same 
order in magnitude as shown in Figs. 8(b) and 
10(b) to result in higher temperature at the 
droplet surface and higher burning coefficients. 
Since the dependence of the process on ambient 
pressures occurs through the changes in the 
boiling point and in the diffusivity coefficients, 
the effect of ambient pressures is distinguished 
upon the surface temperature of the droplet. On 
the contrary, the values of the radius ratio and 
the flame temperature are not so sensitive to 
ambient pressures. The oxygen concentration in 
ambient air affects directly the flame tempera- 
ture and consequently the burning coefficient, 
but hardly excerts influence upon the radius 
ratio. 

Figures 13-15 represent the space distribu- 
tions of the temperature, the concentrations of 
fuel vapor and oxygen and the veloicity, res- 
pectively, when the droplet radius becomes half 
a value of the initial. The pressure distribution 
is always uniform in the limit of + 10P4p, in 
time as well as in space. 

In the above calculations, we used step 
distributions of the quantities in space at the 
initiation of combustion, as shown in equation 
(58). It should be noted that these initial distri- 
butions of the quantities, especially outside the 
flame front, could have a serious influence upon 
the results, though the distributions inside the 
flame are less influential. For example, if as the 
initial condition we take distributions of the 
quantities at a convex point in the b2 - t curve, 
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FIG. 13. Temperature distributions for combustion (b = 0.5 mm, T, = 300°C). 
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FIG. 14. Distributions of fuel-vapor concentration for combustions (b = 0.5 
mm, T, = 300°C). 
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FIG. 15. Velocity distribution for combustion (b = 0.5 mm, T, = 300°C). 
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the recalculation with this initial condition 
results in a b2 - t curve which has no concave 
part. The same notice is valid in the case of 
evaporation treated in 2.1. It seems appropriate 
to remark finally that the dependence of the 
process on the initial distributions of quantities, 
which are not to be uniquely defined by the 
front model, requires some extension of the 
front model theory into the one in which the 
chemical kinetics of reaction can be taken into 
account in order to predict more completely 
the process of evaporation and combustion of 
a droplet. 

3. CONCLUSION 

The process of evaporation and combustion 
of a fuel droplet in a quiescent air is calculated 
numerically, treated as an unsteady diffusion- 
controlling phenomenon with the flame front 
model. Single droplets of liquid fuel-benzene, 
methyl alcohol, ethyl alcohol, and n-octane- 
are evaporated and burnt in air at various 
ambient temperatures and pressures and under 
various oxygen concentrations with the follow- 
ing results : 

(1) The process of evaporation can not attain 
to a quasi-steady state of mass and heat transfer 
at the droplet surface, 

(2) Concerning combustion, the process ap- 
proaches at its end to a quasi-steady state, 
though the values of the flame temperature and 

the ratio of the Same radius to the droplet radius 
are much smaller than those of the quasi-steady 
model. 

(3) The initial condition of the surrounding 
air of the droplet has an appreciable influence 
upon the process of evaporation and com- 
bustion. 
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R6txunGLe processus d’bvaporation et de combustion d’une gouttelette liquide darts de l’air au repos 
est calcule n~~~q~rnen~ en le traitant comme un phenom&ne instationn~~ control& par la diffusion 
avec la flamme B partir du mod&le. Des gouttelettes uniques de comb~tib~ liq~d~~n~ne, alcool 
mtthylique, alcool ethylique, n-octane-sent evaporees et brulees dam l’air sous differentes temperatures 
ambiantes, pressions et concentrations en oxyg&te. Le. processus d’evaporation ne peut pas parvenir a 
un &at quasi-permanent de transport de masse et de chaleur a la surface de la gouttelette. Concemant la 
combustion, le processus tend asymptotiquement vers un Ctat quasi-permanent, bien que les valeurs de la 
temperature de la flamme et le rapport du rayon de la goutte soient beaucoup plus faibles que ceux de la 
thtorie quasi-permanente. La condition initiale de l’air environnant a une grande intluence sur les processus 

d’tvaporation et de combustion. 

Z~m~enfa~~-~r Prozess der Verdampfung und Verbrennung e&s ~~ssigkeitstr~pfchens in 
ruhender Luft wurd numerisch bet-e&net Das Problem wird dabei als instationiires Ph%omen betrachtet 
und mit Hilfe des ~~rne~ro~t-M~e~ behandelt. Einzelne Triipfchen von flilssigem Brennstoff Benzol, 
Methylalkohol, Athylalkohol, n-Gktanwurden bei verschiedenen Umgebungstemperdtu, Drtlcken 
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und Sauerstoff-Konzentrationen verdampft und verbrannt Der bei der Verdampfung auftretende Stoff- 
und WIrmeiibergang an der TriipfchenoberflZiche wird nicht quasistationiir. Hingegen wird die Verbren- 
nung am Ende quasistationlr, obwohl die Werte der Flammentemperatur und des Verh%ltnisses Flammen- 
radius zu Triipfchenradius vie1 kleiner sind als diejenigen, die der quasistationiiren Theorie entsprechen. 
Der Anfangszustand der umgebenden Luft hat einen grossen Eintluss auf den Prozess der Verdampfung 

und Verbrennung. 

AaaoTar(srsr-Hponecc UCIIapeHUFl U rOpeHAR KalleJlbKU H(UAKOCTU B CUOKOfiHOM BO3AyXe 

paCCWiTldBaeTCR WCJIeHHO U paCCMaTpUBaeTCFl KPK HeCTaIJMOHapHOe KOHTpOJIUpyeMOe 

~Ui.j~y3Ue~ HBJIeHUe C IIOMOIIJbKI MOAeJIIl #pOHTa IIJIaMeHII. E~UHU'Ilib~e KafleJIbKU H(I,AKOrO 

TOIIJIUBa-6eH3UHa, MeTUJIOBOrO CIIUpTa, BTUJIOBOFO CllUpTa,n- OKTalla- UCna~'lHOTCR II 

croparor B BoaAyxe npn pasnwfanx TeMneparypax n nanneauflx 0upyHtaiomeli cpe~bt II 
KOHqeHTpaUUFIX KUCJIOpOAa. B IIpOUeCCe UCpapeHUSl He MOH(eT 6bITb AOCTUrHyTO KBa.BU- 

CTaUUOHapHOe COCTORHUe IlepeHoCa MaCCbI A TellJKl y IlOBepXHOCTU KaIIeJlbKU. YTO KaCaeTCR 

rOpeHUfi, TO ItpOUeCC B KOHqe npu6numaeTcn K KBa3UCTaqUOHapHOMy COCTORHUIO, XOTR 

3Ha'leHUR TeMUepaTypbl WlaMeHU U OTHOlUeHUe paAUyCa UJlaMeHU K paAUyCy KatIeJIbKU 

3HaqUTeJIbHO MeHblUe, 9eM II0 KBa3UCTaIJUOHapHOi-i TeOpUU. HaqaJIbHOe COCTOFIHUe OKpyJKa- 

rotnero no3Ayxa onaabt3aeT 6oabmoe 3nurrnue na nponecc ucnapenun u ropeeun. 


