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Abstract-In the present work, a comparison of an integral and the two~ime~ional boundary layer 
solution for the unsteady droplet vaporization problem has been made. The quasi-steady tw~imensional 
conservation equations (uncoupled from the liquid-phase) for the axisymmetric gas-phase boundary layer 
have been solved for both the circulating and the non-circulating droplets. The integral approach developed 
earlier (S. Prakash and W. A. Sirignano. Inr. J. Heat hfass Trumfer 23,253-268 (1980)) for the gas-phase 
analysis of the droplet vaporization problem has been modified and extended for time-dependent ambient 
conditions, namely tempcraturc, prcssurc, fuel mass fraction and free stream velocity. The effect of variation 
of these ambient parameters on the droplet vaporization has also been studied. It is found that the integral 
approach is reasonably good in predicting the heat and mass fluxes as well as the velocity temperature and 
the fuel mass fraction pro&s across the boundary layer. Also the droplet Iifetime is predicted reasonably 
welt by the integral approach. The diffcrcncc of fuel mass fraction at the droplet surface and in the 
ambience, ( YFS- Y&, through its effect on droplet surfam temperatures affects the droplet lifetime, though 
not signiticantly. Also, the rate of droplet heating during the earlier part of the droplet lifetime has a 
significant cI%ct on the vaporization rate and the droplet lifetime. The lower values of ambient pressure 
during the earlier part of the droplet lifetime result in higher vaporization rates. As expected, the mass 

vaporization rates are reduced and the droplet lifetime is increased because of drag. 

INTRODUCTION 

THE IMPORTANCE of the study of variation and 
combustion of liquid fuel droplets is well known [If. 
Generally, as in spray combustion, the droplets vap- 
orize and bum in a strong convective flow field with 
varying ambient conditions. The relative velocity 
between the droplet and the hot ambient gases 
decreases due to drag. Moreover, a droplet may 
encounter conditions of varying ambient temperature 
and fuel mass fraction as it approaches a hot flame 
zone. These varying ambient conditions, along with 
the unsteady heating and shrinking of the droplet, 
make the problem of droplet vaporization in a spray 
essentially unsteady. The semi-empirical correlations 
which are generally used to predict mass vaporization 
rate under quasi-steady conditions are, therefore, not 
adequate for use in the overall modelling of spray 
processes. 

Prakash and Sirignano {2] have studied unsteady 
convective dropkt vaporization, with liquid-phase 
circulation, for constant ambient conditions. They 
developed the gas-phase analysis based on the integral 
approach. However, the accuracy of the integral 
approach, which requires that certain arbitrary con- 
ditions at the interface be satisfied, has not been deter- 
mined. In the present work a comparison of an 
integral and the ~~imcnsional boundary layer 
solutions for the unsteady droplet vaporization prob- 
lem has been made. The gas-phase analysis using the 

integral approach developed by Prakash and Sirig- 
nano [2] for constant ambient conditions has been 
modified and extended to take into account the time- 
dependent ambient conditions. The coupled problem 
comprising the gas-phase analysis coupled to the one- 
dimensional unsteady liquid-phase heating without 
liquid-phase motion has been solved for temporally 
varying ambient conditions. The present study, it is 
hoped, will provide better understanding of the coup- 
ling between the vaporization rate and the varying 
ambient gas-phase conditions. 

FORMULATION 

The characteristic time for changes in the gas-phase 
boundary layer is the residence time [0(10 rs)] in 
the neighbourhood of the droplet and is very much 
smaller than the droplet life time [O(S ms)] for a 
droplet of the size usually encountered in many prac- 
tical situations. However, the changes in the ambient 
conditions considered here take place on a time scale 
which is of the same order as the droplet lifetime. 
Therefore, the quasi-steady gas-phase assumption can 
be employed. 

With the usual assumptions of unity Schmidt and 
Prandtl numbers in the gas-phase, equal and constant 
binary diffusion coefficients and constant specific 
heats at constant pressure for various components, 
the absence of Soret, Dufour and radiation effects and 
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NOMENCLATURE 

co-cd c~ffi~ents of fuel mass fraction profile 
diffusion coefficient 
velocity ratio, U/U, 
enthalpy ratio, h/h, 
latent heat of vaporization of fuel 
modified latent heat of vaporization, 
defined in equation (9) 
non-dimensional local vaporization mass 

flux, I(P&lP, ~,I - ~(~e*) 
average non-dimensional mass 
vaporization rate, (z/p, U,,/(Re,)) 
molecular weight of ith species 
pressure 
nondimensional gas-side heat flux, 

(UP, UA)J(Re,) 
average non-dimensional gas-side heat 
flux 
nondimensional liquid-side heat Rux, 

G&‘/P, u, k )J(Re,) 
average non-dimensional liquid-side heat 
flUX 

normal distance of the interface from the 
axis of symmetry 

r,lR 
droplet radius, universal gas constant 
Reynolds number 
transformed .r-coordinate 
non-dimensional transformed 
x-coordinate 
temperature 
gas-phase velocity in the x-direction 

&IV, 
free stream velocity relative to the droplet 
gas-phase velocity in the .r-direction 

V, nondimensio~1 gas-phase velocity in 
the y-direction 

V normal velocity parameter, defined in 
equation (15) 

wi rate of production of ith species 
x gas-phase tangential coordinate 

f gas-phase boundary layer coordinate 
normal to the interface 

Y, fuel mass fraction 
K mass fraction of ith species 
z mass fraction ratio, defined in 

equation (10). 

Greek symbols 
therma diffusivity 
pressure gradient parameter 
boundary layer species thickness de&ted 
in equation (22) 
transformed boundary layer coordinate 
normal to the interface 
tangential coordinate direction 
thermal conductivity 
density 
density 

@P)./PO @u, 
non-dimensional time, ct,t,‘R& 

Subscripts 
e edge of the boundary 
F fuel 
g gas-phase 
I liquid-phase 
n nondimensional quantity 
S gas-liquid interface 
co free stream values. 

low Mach number flow, the conservation equations 
for the quasi-steady axisymmetric boundary layer, in 
orthogonal boundary layer coordinates, for com- 
pressible Bow over a sphere can be written, neglecting 
the effect of curvature, as follows : 

The boundary conditions are : 

(i) at the edge of the boundary layer 

u = 24,(x, t) 

Y, = YFCW 

T = T,(t); 

(ii) at the surface of the droplet 

(5) 

(6) 

u Y -=_ 
% ue 

YF = YF.(G 

T= T,(t). (7) 

The conflation of fuel mass flux and heat Aux at 
the interface is expressed as and the equation of Stare is 
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au, 
[ 1 PDay ) 

= @u),( YFs - 1) (8) 

and 

= (p&r. (9) 

The velocity at the edge of the boundary layer u, is a 
function of both x and f. It varies with time on account 
of the variation of relative free stream velocity, U,, 
due to drag. 

In the present analysis the velocity distribution out- 
side the boundary layer is assumed to be potential 
flow over a sphere. However, for a better description 
of the flow field for Reynolds numbers of the order of 
100, the actual velocity distribution for viscous flow 
should be considered. The ambient temperature, 
pressure and the fuel mass fraction are assumed to be 
known functions of time. 

The surface temperature T,(t) is known from the 
liquid-phase analysis and Y&t) is related to T,(t) 
through a phase equilib~um relationship. In the 
present analysis, the liquid-pha~ heating has been 
approximated as one-dimensional, in the absence of 
liquid-phase motion, for simplicity. It has been shown 
by Prakash and Krishan [3] that in the absence of 
liquid-phase motion, the difference in the averaged 
heat flux, mass flux, and the surface and the centre 
temperature due to one-dimensional approximation 
is less than 5%. The error in the droplet lifetime is 
even fess. 

Two-dimensional approach 
The boundary layer equations (l)-(4) are trans- 

formed into similarity form by the change of variables 
that combine the Levy-Mangler and Howarth-Doro- 
dintzyn transformations. 

Defining 

X 
s*(x) = 

I 
~ewcr.2 d.x 

0 

and 

yP ‘itw’)=~ o ;dy 
f 

00) 

as the independent variables and 

as the dependent variables, the boundary layer equa- 
tions in the non-dimensional form become : 

~!c+af+au_, 
af al &;;- (II) 

. 
W as' 

,ef+vdf’ 
q =$+&-(l’)‘] (12) 

a9 a57 2i/*.g+ y-m- 
afl at12 

_ ,az, a~, azzi 
bf z+vq=&j 

where 

and 

(13) 

(14) 

(W 

The boundary conditions become : 

(i) at the surface of the droplet, i.e. 

f ‘(0) = ;, g(0) = ; , z(0) = A; (16) 
e FS 

(ii) at the edge of the boundary Iayer, i.e. q -) co 

f’(co) = I, g(m) = 1, z(Q)) = +, (17) 
- Fe 

The conservation of fuel mass flux and heat flux at 
the interface requires 

q-0 = 
I- yFe azi 

-_(o)(l-y,,)-l 1 I It 4-o 
(18) 

and 

(19) 

Equations (1 l)-(14), along with the boundary con- 
ditions (16) and (17) and the conservation conditions 
at the interface, namely equations (18) and (19), are 
solved by a predictor-corrector technique suggested 
by Douglas and Jones [4]. 

Integral approach 
The system of equations (l)-(4) and the boundary 

conditions (6) and (7) were solved using an integral 
approach as described by Prakash and Sirignano [2J. 
Since the method of solution and the equations closely 
resemble those in ref. [2], only the major differences 
are given here. Also, the same nomenclature as in ref. 
(21 has been adopted here. 

JZquations (2) and (3), when integrated across the 
boundary layer thickness ‘gl, become 
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To include the situation of the non-zero fuel mass 
fraction in the free stream (Y,,), 6 r, is defined as given 
below 

6rp = J * PU o GU’,- Y,e)dJ 
and correspondingly equation (4) becomes 

(22) 

It should be noted that in the present analysis, the 
ambient conditions, and correspondingly u,, pet h, 
and Y,, are time-dependent. 

Polynomial profiles of the fourth degree in the 
transformed variable are assumed for velocity, density 
and fuel mass fraction. Let 

where an, 6., c, are functions of x and time. The 
polynomial profile for fuel mass fraction takes into 
account the ambient fuel mass fraction Y,,. 

The integrated momentum, energy and fuel con- 
servation equations (20), (21) and (23) are non- 
dimensionahzed and after substantial algebraic 
manipulation are expressed as coupled non-linear 
ordinary differential equations. These ordinary 
differential equations are solved numerically as 
described in ref. [2] for S’, b, and ml. Once these 
quantities are known, other relevant quantities are 
calculated. 

RESULTS, DISCUSSION AND CONCLUSIONS 

Comparison of the integral and the two-dimensional 
analysis 

In the integral approach, the boundary layer equa- 
tions are integrated across the thickness of the bound- 
ary layer. The resulting non-linear ordinary differ- 
ential equations, along with the selected interface and 
the boundary conditions, are solved. For the solution 
of these coupled ordinary differential equations, 
fourth degree polynomial profiles for velocity, tem- 
perature and fuel mass fraction are assumed. The 
solution provides the heat and mass fluxes at the inter- 
face. The various coefficients associated with the poly- 
nomials and consequently the velocity, temperature 

and the fuel mass fraction profile across the boundary 
layer can also be determined from the solution. 

In the two-dimensional analysis, the boundary layer 
equations, along with the appropriate boundary con- 
ditions, are solved to get the velocity. temperature and 
fuel mass fraction profiles. From these profiles the 
mass and heat fluxes are then calculated. 

In the vaporization problem, the mass and heat 
fluxes at the interface are of interest. However, these 
fluxes are related to the gradients of the profiles at the 
droplet surface. It would, therefore. be appropriate 
to compare the detailed profiles, in addition to the 
comparison of heat and mass fluxes. 

For the purpose of comparison, the gas-phase equa- 
tions, uncoupled from the liquid-phase, are solved for 
n-decane droplets vaporizing in air at 1000 K and at 
10 atm pressure. Both the circulating and the non- 
circulating situations have been considered. For the 
circulating situation, a constant value of u,/u, = 0.1 
has been assumed, while for the non-circulating case 
u,/uc is zero. Because the maximum differences in the 
local mass and heat fluxes computed by the two 
approaches are expected to occur when the vapor- 
ization rate is high, a relatively high value of the 
surface temperature of 498.47 K was taken, which 
would be the temperature attained by a n-decane 
droplet towards the end of its lifetime. Velocity, tem- 
perature and fuel mass fraction profiles are computed 
at different locations along the droplet surface. 

The non-dimensional coordinate. normal to the 
droplet surface (q), has been defined differently in the 
two approaches. However, the coordinate ‘1, defined 
by equation (IO) for the two-dimensional approach, 
was used for the purpose of comparison. 

Figures 1 and 2 show the velocity, temperature and 
fuel mass fraction profiles computed by the two 
approaches at 8 = 0 and 1.8 rad, respectively, along 
the droplet surface, for the circulating and non-cir- 
culating droplets. The profiles coincide at the surface 
of the droplet and at the edge of the boundary layer, 
because of the imposed boundary conditions. It 
should be noted that the difference in the profiles 
obtained by the two approaches is quite small. Near 
the point of zero shear stress, i.e. at 0 = 180 rad (Fig. 
2) it should be noted that the differences in the profiles 
for the non-circulating droplet are greater than for 
the circulating droplet. It appears that the integral 
approach is good for the circulating droplet, even near 
the point of zero shear stress, when compared to the 
non-circulating droplet. This is because the point of 
zero shear stress for the non-circulating droplet is also 
the separation point, while for the circulating droplet 
separation occurs further downstream of the zero 
shear stress point and is closer to the rear stagnation 
point. 

The gradients of the fuel mass fraction and tem- 
perature profiles at the droplet surface are pro- 
portional to the mass and heat fluxes respectively. 
Figure 3 shows the variation of heat and mass fluxes 
with angular position using the two approaches. It 
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FIG. 1. Velocity, temprature and fuel mass fraction profiles at the stagnation point. 

can be observed that the difference using the two 
approaches is of the order of 10% (higher with the 
integral approach) except in a small region near the 
point of zero shear stress. However, the contribution 
of this region, near the point of zero shear stress, 
towards the overall heat and mass transfer is quite 
small. Therefore, the integral approach can be used 
as a good approximation to predict heat and mass 
fluxes for a vaporizing droplet. 

To compare the droplet lifetime estimated by the 
two approaches, the coupled problem was solved for 
the noncirculating, n-decane droplet vaporizing in 
air at 1000 K and 10 atm pressure. The gas-phase 

boundary layer analysis was coupled to one-dimen- 
sional unsteady liquid-pha~ heating 131. However, for 
the purpose of comparison, the contribution of the 
wake region towards the average mass vaporization 
rate and towards the gas- and the liquid-side heat 
fluxes was not considered because the boundary layer 
solution is not valid in this region, though its con- 
tribution is of the order of IS%, for Reynolds num- 
bers of the order of 100 [S]. 

Figure 4 shows the temporal variation of the aver- 
age mass vaporization rate, fR/Ro)3”2, the gas- and 
liquid-side heat fiuxes and the droplet surface tem- 
perature obtained by the two approaches for the 

1.80 RAOIANS 
ts -a&&7, TgJp4m a 

TWO OILIENSIONAL ANALYSIS 
- tNTEBRAL APPROACH 

NON CIRCULATINQ DROPLf3 
CIRCLfLATlN6 DROPLET 

FIG. 2. Velocity, temperature and fuel mass fraction profiles at 1.80 rad. 
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FIG. 3. Vaporization mass flux, gas- and liquid-side heat flux variations with 0. 

coupled problem. It is observed that the integral 
approach overestimates the mass vaporization rate as 
compared to the two-dimensional analysis, through- 
out the droplet lifetime. This is because the gas-side 
heat flux predicted by the integral approach is higher, 
whereas the liquid-side heat flux is almost the same 
(Fig. 4), leading to higher values of surface tem- 
perature throughout the droplet lifetime. Conse- 
quently the droplet lifetime is underestimated by 
about 12% using the integral approach. 

However, it may be pointed out that the effort 
required to set the problem using the integral 
approach is greater. Because of a limitation on com- 
puter time, the integral approach was, therefore, used 
to solve the coupled problem with the time varying 
ambient conditions. The coupled problem was solved 
for three fuels, namely n-hexane, n&cane and n- 
hexadecane, which have a wide range of volatility. 

Effect of varying ambient conditions 
It can be observed from the above comparison that The time varying ambient parameters considered in 

the solution obtained by using the integral approach the present study are pressure, temperature, fuel mass 
for the gas-phase boundary layer is reasonably good, fraction and free stream velocity. The assumed tem- 
particularly when it is noted that the other approxi- poral variations of pressure, temperature and fuel 
mations used in the droplet vaporization problem mass fraction are shown in Fig. 5. Two cases of ambi- 
involve larger errors. Further, the computation time ent pressure variation have been considered. In the 
required with the integral approach was about half first case, the pressure varies linearly with time from 
of that required with the two-dimensional approach. 5 to 15 atm for n-decane and n-hexane and from 4 to 

-- - - INTEGRAL APPROACH 
TWO OIMCNSIONAL AIWLVSIS 

FIG. 4. Comparison of results by two approaches. 
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FIG. 5. Ambient temperature, pressure and fuel mass fraction 
variations considered. 

12 atm for n-hexadecane, since the critical pressure 
for n-hexadecane is 14 atm. This situation is similar 
to that in a diesel engine, where fuel injection and 
vaporization of fuel droplets take place towards the 
end of the compression stroke, when the pressure 
within the cylinder is rising. In the second case, the 
pressure varies linearly from 15 to 5 atm for n-de-cane 
and n-hexane and from 12 to 4 atm for n-hexadecane 
droplets. This situation is similar to the situation of 
late injection in the diesel engine. 

Two cases of ambient temperature variation with 
time have been considered. In the first case the ambi- 
ent temperature increases linearly from 500 to 1500 
K. This represents the situation in which the droplet 
is approaching a hotter region. In the second case, the 
ambient temperature decreases linearly from 1500 to 
500 K. This represents a situation in which the droplet 
is moving away from the hotter zone. 

Three cases of ambient fuel mass fraction variation 
with time have been considered (Fig. 5). In all these 
cases, YF, remains well below the fuel mass fraction 
at the droplet surface, Y,,, throughout the droplet 
lifetime. All these cases represent the practical situ- 
ations in which a fuel droplet is moving in a region of 
heterogeneous fuel-air mixture, similar to the situ- 
ation in a diesel engine. 

The variation in the relative free stream velocity has 
been considered by taking into account the drag forces 
acting on the droplet. The drag coefficient variation 
with Reynolds number for vaporizing droplets was 
computed, as suggested by Yuen and Chen [6], using 
a standard drag curve and modifying the Reynolds 
number. For calculating the Reynolds number, the 
free stream density was used, while the viscosity was 
evaluated at the reference temperature T, and the 
reference fuel mass fraction YF.r which are defined 

below 

T, = T,+(T, - T,)/3 

and 

Y F.r = Y,, + (Y,, - Y&/3. 

The drag coefficient-Reynolds number correlations 
for a solid sphere were taken from Morsi and Alex- 
ander [7l. 

The results obtained with varying ambient par- 
ameters are discussed below. 

It is observed from Fig. 6 that for all the three cases 
of ambient fuel mass fraction variation considered, 
the mass vaporization rates are lower, the gas-side 
heat fluxes are hardly affected, while the liquid-side 
heat fluxes and droplet surface temperatures are 
higher, when fuel vapours are present in the ambience. 

Figure 7 shows the temporal variation of (Y,,- 
Y,,), the difference of fuel mass fraction at the 
droplet surface and in the ambience, for the three 
cases considered. An observation of the variation of 
mass vaporization rate (Fig. 6) shows that it follows 

. . 
the variation of (Y,,- YFe) because it is the motive 
force for the diffusion of fuel. However, the gas-side 
heat flux is not affected much due to the small modi- 
fications of the thermal boundary layer. Conse- 
quently, the liquid-side heat flux and the droplet sur- 
face temperatures are higher when fuel is present in 
the ambience. It should be noted that the percentage 
reduction in the mass vaporization rate is much 
smaller when compared with the reductions in 
(YF,- YF.) for the three situations considered, 
because the vaporization rate is primarily controlled 
by the heat flux received from the ambience for the 

FUEL: n-DECANL 

/ _-_ CASE I 
__ CASE II 

FIG. 6. Effect of temporal variation of ambient fuel mass 
fraction. 
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FIG. 7. Temporal variation of surface fuel mass fraction, 
ambient fuel mass fraction and ( YF,- Y,,). 

dropiet surface tern~~tu~s well below the satu- 
ration temperature. 

Similar observations are made for n-hexane and n- 
hexadecane droplets. In the case of n-hexane droplets 
the lifetime is not affected much because of the smaller 
heat-up period due to its higher thermal diffusivity. 

Figure 8 shows, for n-decane, the effect of temporal 
variation of ambient temperature. For case I, the 
ambient temperature increases from 500 to 1500 K 
and is iower (compared to T. = IO00 K) during the 
earlier part of the droplet lifetime. Consequently, the 

1.5 

F 

full n - O~cone 
Cow I / _^___ 

- ..- Cur If /I 

FIG. 8. Elect of temporal variation of ambient temperature. 

gas-side heat Aux, the mass vaporization rate and the 
liquid-side heat flux will be lower, leading to lower 
values of surface temperatures during the major part 
of the droplet lifetime. Consequently, the droplet life- 
time is longer. It is also observed that the non-dimen- 
sional gas- and liquid-side heat fluxes are higher while 
the droplet surface temperatures are lower. This is 
rather ~si~ding unless it is noted that the non- 
dimensionalizing parameters invoke the instan- 
taneous values of Pm, h, and the gas-phase Reynolds 
number, which vary with the instantaneous tem- 
perature. For this reason the actual heat fluxes are 
lower, even though the non-dimensional heat fluxes 
are higher. 

For case II the ambient temperatures decrease from 
1500 to 500 K and are higher compared to 1000 K 
during the earlier part of the dropkt lifetime. It is 
observed (Fig. 8) that the mass vaporization rate and 
the heat fluxes are higher (even though the nondimen- 
sional heat fluxes are lower, as explained above) lead- 
ing to higher surface temperatures during the major 
part of the droplet lifetime. Consequently, the droplet 
lifetime is shorter. 

From a comparison of these two cases of ambient 
tem~rature variations, it can be concluded that the 
faster rate of droplet heating during the initial part of 
the droplet lifetime leads to a faster vaporization rate 
and a shorter lifetime. 

Figure 9 shows the effect of ambient pressure vari- 
ations for ndecane. For case I, the ambient pressure 
increases linearly from 5 to 15 atm, being lower during 
the earlier part of the droplet lifetime, compared 
to the constant value of IO atm. At lower ambient 
pressures, the saturation temperatures are iower and 
consequently the fuel mass fractions are higher, cor- 

0 0.06 a.08 al) 
f 

FIG. 9. Effect of temporal variation of ambient pressure. 
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FIG. IO. Effect of drag. 

responding to any surface temperature. Therefore, the 
mass vaporization rate is higher and consequently the 
droplet lifetime is shorter. It is also observed that 
during the initial part of the droplet lifetime the sur- 
face temperatures are lower while during the latter 
part they are higher. This is because of the dependence 
of the heat flux on the ambient pressure, which is more 
complex. At higher ambient pressures the liquid-side 
temperature gradients are higher (even though the 
non-dimensional heat fluxes are lower, because of the 
higher value of density, pm, which appears as a non- 
dimensionalizing parameter), leading to higher drop- 
let surface temperatures. 

Similar observations have been made for case II 
when the ambient pressure decreases linearly from 15 
to 5 atm. 

Similar conclusions are drawn for n-hexane and 
n-hexadecane droplets. In the case of n-hexane the 
droplet lifetime is affected very little. In the situation 
when the pressure is decreasing, the droplet surface 
temperature reaches the wet bulb value towards the 
end of its lifetime and, consequently, the mass vapo- 
rization rate increases considerably. 

Figure 10 shows, for n-decane, the effect of drag. 
As expected, it is observed that the mass vaporization 
rate is lower throughout the droplet, lifetime when 
drag is included. Consequently the droplet lifetime is 
increased. It is also observed that the non-dimensional 
heat fluxes are higher when compared with the situ- 
ation of constant free stream velocity. However, 
because of the variation in the free stream velocity, 

U, (which is one of the non-dimensionalizing par- 
ameters), the actual heat fluxes are lower, though the 
non-dimensional fhrxes are higher. Consequently, the 
droplet surface temperature and the mass vapor- 
ization rate are lower throughout the droplet lifetime. 

CONCLUSIONS 

It can be concluded that the integral approach is 
quite good in predicting the heat and mass fluxes as 
well as the velocity, temperature and fuel mass frac- 
tion profiles across the boundary layer, although the 
differences are greater for the non-circulating droplet 
near the point of zero shear stress. 

The difference of fuel mass fraction at the droplet 
surface and in the ambience (Y,,- YFc), through its 
effect on droplet surface temperatures, affects the 
droplet lifetime, though not significantly. 

Also, the rate of droplet heating during the earlier 
part of the droplet lifetime has a significant effect on 
the vaporization rate and the droplet lifetime. The 
higher ambient temperatures during the earlier part of 
the droplet lifetime significantly enhance the unsteady 
vaporization rates and consequently reduce the 
droplet lifetime. 

The lower values of ambient pressure, particularly 
during the earlier part of the droplet lifetime, result in 
higher vaporization rates mainly because of the higher 
value of fuel mass fraction. However, the droplet iife- 
time is not significantly reduced by having lower ambi- 
ent pressure during the earlier part of its lifetime when 
compared with a reversed pressure variation. 

The mass vaporization rate is reduced and conse- 
quently the droplet lifetime is increased because of 
drag, which results in reduced convective effects. 
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VAPORISATION VARIABLE DE GOUTTELETIES DE COMBUSTIBLE DANS UN 
ENVIRONNEMENT CONVECTIF AVEC DES CONDITIONS D’AMBIANCE VARIABLE 

R6su&-On fait une comparaison entre une solution integrale et celle de la couche limite bidimensionnelle 
pour la vaporisation variable de gouttelette. Les equations bidimensionnelles quasi-permanentes (dCou- 
p&es de la phase liquide) pour la couche limite de la phase gazeuse axisymetrique sont r6solues pour les 
gouttelettes avec ou sans circulation. L’approche intigrale developpee anterieurement (S. P&cash et 
W. A. Sirignano, ht. 1. Heat Mass Tramfeer 23, 253-268 (1980)) pour l’analyse de la phase gaxeuse a 
W modif%e et &endue aux conditions d’ambiance variable : temperature, pression, fraction massique de 
combustible et vitesse d%couiement libre. On etudie l’effet de la variation de ces parametres ambiants sur 
la vaporisation de la gouttelette. On trouve que l’approche intigrale est raisormablement bonne pour 
p&dire les flux de chaleur et de masse ainsi que les profils de vitesse, de temperature et de fraction massique 
de combustible P &avers la couche limite. On pr6dit aussi raisonnablement bien la dur6e de vie de la 
gouttelette par l’approche intbgrale. La difference de fraction massique entre la surface de la goutte et 
l’ambiance (Y,,- YF,) n’a oas un effet sianificatif sur la dume de vie. Le flux de chauffage de la goutte ._ ._. 
pendant la partie initiale de la vie de la goutte a un effet sensible sur la vitesse de vaporisauon et lahur6e 

de vie. Comme p&u, les taux de vaporisation sont reduits et la duree de vie allongb par la train&a. 

INSTATIONARE VERDAMPFUNG VON BRENNSTOFFTROPFEN IN EINER 
KONVEKTIVEN UMGEBUNG UNTER VARIABLEN BEDINGUNGEN 

Zusamtnenfassung-In der vorliegenden Arbeit werden zwei Lasungsmethoden fib das Problem der 
instation&en Verdampfung von fropfen verglichen : eine integrale und eine zweidimensionale Grenz- 
schichtlirsung. Die quasistationPren xweidimensionalen Erhaltungsgleichungen (entkoppelt von der 
Fltlssigphase) fiir die achsensymmetrische Grenxschicht der Gasphase wurden fiir zirkulierende und nicht- 
zirkulierende Tropfen gel&t. Ein frither entwickelter Integratansatz (S. Prakash and W. A. Sirignano, int. 
1. Heat Mass Tram$=r 23, 253-268 (1980)) fiir die Unte~~hung in der Gasphase beim Tropfen- 
verdampfun~p~blem wurde modifixiert und tBr zeitabhiingige Um~bun~~in~ngen erweitert : 
die Temperatur, den Druck, den Massenanteil des BrennstolTs und die Freistrahlgeschwindigkeit. Die 
Auswirkungen einer Veriinderung dieser Umgebungsparameter auf die Tropfenverdampfung wurde eben- 
falls untersucht. Es ergibt sich, da5 der Integralansatx die W&me- und Stoffstromdichten gut vorhersagt. 
ebenfalls die Profile filr Geschtindigkeit, Temperatur und den Massenanteil des Brennstoffs in der 
Grenxachicht. Auch die Lebensdauer des Tropfens wird befriedigend durch den Integralansatz wieder- 
gegeben. Die Differenz des Brennstoffmassenanteils an der Tropfenoberfliiche und in der Umgebung 
(Yr,- YF,) beeinflugt die OberlIgchentemperatur und damit die Lebensxeit-wenn such nicht sehr stark. 
Die IntensitHt der Wiirmexufuhr an den Tropfen wiihrend der friihen Phase seiner Lebensdauer hat einen 
deutlichcn EinfluB auf die Verdampfung und auf die Lebansxeit. Der geringe Urn~bun~~ck in der 
friihen Phase der Lebensxeit bewirkt eine verstiirkte Verdampfung. Wie xu erwarten war, wird der 

Ve~mpfungs~s~nstrom durch den Schlupf vertingert, die Lebensxeit des Tropfens erhoht. 


