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Abstract - An analytical study has been ~rformed of both diffusio~~ontrolled and radiation~ontrolled 
(opaque droplets) evaporation of singie~omponent polydisperse sprays. The overall evaporation character- 
istics of sprays of different initial size distributions were found to be correlated best by their initial Sauter 
mean diameter. In the case of diffusion-controlled evaporation, the representation of a polydisperse spray by 
a monodisperse spray of droplet size equal to the initial Sauter mean diameter of the polydisperse spray is a 
good assumption during the early stages of evaporation. When 40% of the volume of droplets has 
evaporated, the error of the monodisperse model reaches 20%. On the other hand, in the case of radiation- 
controlled evaporation, the monodisperse spray model yields good results for most of the period of 

evaporation of the spray. 

~O~ENCLA~RE 

c~~cient of size distribution, defined in 
equation (3); 
coefficient of size distribution ; 
transfer number ; 
specific heat ofgases at constant pressure ; 
number fraction of unevaporated drop- 
lets [ = n(t)/n(O)] ; 
volume fraction of unevaporated droplets 

[ = kXr)/UO)J ; 
number of droplets of diameter x at time 

r; 
heat of vaporization; 
exponent of droplet diameter in the evap- 
oration law ; 
thermal conductivity; 
total number of droplets at time t; 
total number of droplets at time t = 0; 
heat of reaction ; 
time ; 
temperature; 
volume of unevaporated droplets; 
diameter of droplet; 
linear mean diameter of spray; 
surface mean diameter of spray; 
volume mean diameter of spray: 
Sauter mean diameter of spray ; 
“/Yi*; 
.x/.r32 ; 
mass fraction of oxidizer ; 
molecular weight of oxidizer ; 
defined in equation (33); 
constant of size distribution, defined in 
equation (1); 
gamma function ; 
constant of size distribution, defined in 
equation (1); 

defined in equation (18); 
coefficient of evaporation ; 
density of liquid droplet ; 
defined in equation (18); 
= ~ij(t)/xij(O); 
dimensionless evaporation time based on 
Xij [see equation (34)]. 

conditions far away from droplet; 
conditions on the surface of droplet. 

Tut: WAPOKAIWN of fuel sprays in diesel and other 
reciprocating engines strongly influences the ignition 
and subsequent combustion of the fuel in these 
engines. Modelling of the evaporation and combustion 
of polydisperse fuel sprays requires considerable 
numerical effort. This problem may be simplified, 
however, if the polydisperse fuel spray can be repre- 
sented by an “equivalent” monodisperse spray. The 
validity of such representation requires answers to the 
following questions: (1) What is the droplet size of the 
theoretical monod~sperse spray that best represents 
the evaporation of the corresponding po~ydis~~~ 
spray, and (2) what is theerror in the predicted amount 
of fuel evaporated if the monodisperse spray assump- 
tion is evoked? 

This investigation was directed towards providing 
answers to these questions by considering the evap- 
oration of polydisperse sprays of different size distri- 
butions. Some of the empirically determined size 
distributions of sprays used were: the Rosin-Rammler 
distribution [l], the Nukiyama-Tanasawa distri- 
bution [Z), and the Hiroyasu-Kadota distribution [3, 
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41. The Tanasawa-Toyoda distribution [S] (a limiting 
form of the Nukiyama-Tanasawa distribution) and 
the Hiroyasu-Kadota distribution are considered 
applicable to diesel engine fuel-injection systems. 

The diffusion-controlled evaporation of polydis- 
perse sprays has been considered by Probert [6], 
Tanasawa and Tesima [7], and Williams [8, 91. 
Probert [6] examined sprays with size distributions 
given by the Rosin-Rammler distribution, whereas 
Tanasawa and Tesima [7] examined a variety of size 
distributions that are generally described by equation 
(1) (see subsequent section). In both studies the volume 
of unevaporated droplets of the spray was determined 
as a function of time by graphical integration of the 
resultant equations. Williams [8, 93 developed an 
elegant theory of the evaporation of a polydisperse 
spray in a variable-area quasi-one-dim. rocket cham- 
ber. The combustion efficiency was determined as a 
function of chamber length for a spray conforming to 
the Rosin-Rammler size distribution. It must be noted 
that presently the Rosin-Rammler distribution is 
rarely utilized. Ingebo [lo, 1 l] found this distribution 
to represent poorly the droplet size distributions of 
sprays in turbulent air streams. 

Dickinson and Marshall [12] considered the in- 
fluence of the relative velocity of the droplets on the 
rate of evaporation of polydisperse sprays of various 
size distributions which included log normal and 
square-root normal distributions. For the case of 
negligible relative velocity of the droplets, i.e. diffusion- 
controlled evaporation, they concluded that no mean 
diameter can adequately characterize the evaporation 
characteristics of polydisperse sprays. 

The present study may be considered as an exten- 
sion of the Tanasawa and Tesima [7] study. In the 
present study, both diffusion- and radiation-controlled 
evaporation has been considered. Radiation in diesel 
engines is very significant [13, 141 and is expected to 
influence the evaporation rate of droplets strongly 
after combustion has been initiated. The influence of 
radiation increases with an increase in the size of the 
droplet, as well as with an increase in the temperature 
of its surroundings. For an opaque droplet in a low- 
convective flow environment, the ratio of radiative to 
convective heat transfer is directly proportional to the 
droplet diameter. In the case of a 100 pm n-decane fuel 
droplet in a 2500 K combustion gas environment this 
ratio is about 0.6. However, in spray combustors, 
which are high-convective flow systems, radiation is 
not expected to control the evaporation of droplets. 

The problem considered here is the steady-state 
evaporation of polydisperse sprays of different size 
distributions in a constant volume chamber under 
steady environmental conditions. All the droplets in a 
spray are assumed to start evaporating at time t = 0. 
The present treatment of the evaporation of sprays still 
remains idealized because the effects of (a) droplet 
interactions, (b) relative velocity between the liquid 
and gas phases, and (c) droplet preheating are not 
considered. 

DROPLET SIZE DISTRIBUTION IN SPRAYS 

The size distribution of droplets in sprays produced 
by diesel engine, gas turbine and other injection 
systems may be correlated by the general expression 
[8, 9, 151: 

dn 
- = ax’ exp[b.u;] dx, 
n 

where n is the total number of droplets and dnin 
represents the fraction of the number of droplets of a 
diameter between x and x + dx. Constants i: and ;J are 
experimentally determined parameters that depend on 
the type of injector used. The coefficient a can be 
evaluated from the total number of droplets, i.e. 

Thus, 

n= dn (2) 

(3) 

where the Gamma function is defined as: 

r(k) = ’ xk- ’ exp( - x) dx. (4) 
0 

The coefficient b can be expressed in terms of a 
characteristic mean diameter of the polydisperse 
spray. In the field of spray evaporation and combus- 
tion, droplet mean diameters of primary importance 
are: the linear mean diameter Xio, the surface mean 
diameter xZo, the volume mean diameter Xjo, and the 
Sauter mean diameter .&. These diameters are defined 
by the general formula 

ilj-[i:xidn:?^:x’dn]l”lil (5) 

Arbitrarily choosing the Sauter mean diameter as the 
characteristic mean diameter of the spray droplets, the 
coefficient b is related to this mean diameter by the 
expression : 

Using equations (3) and (6), the coefficients a and b of 
equation (1) are eliminated to give : 

dn - 
n 

= j 
dy,,. (7) 
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where yXZ = x/5?,,. In equation (7) the diameter of the 
droplets was normalized by the Sauter mean diameter. 
Similar expressions may be obtained using one of the 
other mean diameters of the spray to normalize the 
droplet diameter. 

The droplet volume distribution can be obtained 
from the droplet number distribution. Assuming 
spherical droplets, the volume of droplets of diameters 
between x and x + dx is 

dV= zx3dn = f anxLf3exp[-bx’] dx. (8) 

The total volume of the droplets in the spray is 

Using equations (6) and (9) in (8), the volume fraction 
of droplets of a certain size range may be expressed in 
terms of y,, as 

dY32. (10) 

It is apparent from the above equations that for a given 
injector (i.e. given values of c and 7) the number and 
volume distributions of droplets is determined by 
either the Sauter mean diameter or any other mean 
diameter of the spray. 

The number distributions and volume dist~butions 
for various values oft: and y are shown in Figs. 1 and 2 
respectively. 

A MODEL OF SPRAY EVAPORATION 

~overni~~~ equations 
Letf(x, t) be the number of droplets of diameter x at 

time t. Assuming no interaction between particles, 
such as coagulation of particles, and that evaporation 
is the only process that the droplets undergo, then a 
balance of the number of particles of diameter x at 
times t and t + dt gives 

af k af --* dt= - dt c?x 0 1) 

Equation (11) is a limited form of the genera1 spray 
equation preented in [9]. To proceed with its sol- 
ution, the variation of the diameter of the droplets 
with respect to time must be specified. In the present 
study, the vaporization process of individual droplets 
is described by: 

[x(01 k+ 1 = [X(0)-p+’ - IL (12) 

2.5 

n 

0 05 1 1.5 2 2.5 
Dimensionless Droplet Dmneter, ~32 

FIG 1. Number distributions of spray droplets for various 
combinations of the spray constants E and y. 

Consequently 

dx I, 

dt=-(k+l)Xk 

and 

(13) 

(14) 

where 2 is the coefficient ofevaporation and 0 5 k 5: 1. 
For diffusion-controlled evaporation, k = 1 [ 16, 173. 
This is known as the “&-law” because the square of the 
diameter of the droplet varies linearly with time [see 
equation (12)]. In this case the rate of change of the 
diameter of the droplet is inversely proportional to its 
diameter, whereas the rate of change of the volume of 
the droplet is directly proportional to its diameter. For 
radiation-controlled evaporation of opaque droplets, 
k = 0. In this case, the,diameter of the droplet varies 
linearly with time; consequently the rate of change of 
the diameter of the droplet is constant. On the other 
hand, the rate of change of the volume of the droplet is 
proportional to the square of the diameter. 

The assumptions underlying equation (12) are : 

(1) The evaporation is quasi-steady. 
(2) The droplet consists of a single-eminent fuel. 
(3) The evaporation of one droplet is not influenced 

by other droplets. 

1.5 

! 
1 ~~o~~~, , 

0 1 2 3 4 
Dimensionless Droplet Diameter. ~32 

FIG. 2. Volume distributions of spray droplets for various 
combinations of the spray constants c and y. 
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(4) The environmental conditions (i.e. pressure, 
temperature and gaseous species concentrations) are 
steady and uniform. 

and 

0 = [Xk+l + j.t]l.(k+l) 
(18) 

(5) The convective processes are negligible. Using equation (18), equation (16) is transformed to 

For steady conditions the evaporation constant i. is 
constant. For example, for diffusion-controlled evap- 
oration with constant properties, the coefficient of 
evaporation i, is given by [9] : 

!Y= 0, 

d6 

Hence the solution is 

f(x, t) = &a) = 4([xk+ ’ + i.t]l CL+ 1’). (20) 

The unknown function $(cr) is determined from the 
initial condition, i.e. at 

t = 0, 4(a) = fk 01. (21) 

Thus the time dependence of the size distribution of an 
evaporating spray with an initial size distribution 
given by equation (1) is 

8K 
i. = --ln(1 + B7.) 

C,P,. 
(15) 

where the transfer number B, is given by: 

B,= 

C,U, - T,l 
h ’ /cl 

for evaporation without 
combustion 

C,( T II _ TL) + Q, Y,7 for evaporation with 

h 
, combustion. 

fs 
The effects of interactions among droplets on their 
combustion characteristics have been studied by nu- 
merous investigators [18-261. Experimental studies 
on suspended droplets [18, 19, 20, 211 and arrays of 
freely falling droplets [22,23] found that the “d*-law” 
is still applicable; however the coefficient of evap- 
oration is significantly reduced. These results were 
theoretically substantiated by Brzustowski et al. [24], 
Umemura et al. [25] and Labowsky [26]. The last 
author concluded that, while not rigorous, the “d*- 
law” does approximate the burning history of an 
interacting droplet, especially during the initial period 
of combustion. 

The conditions of individual burning of single 
droplets versus collective or group burning of the 
droplets were studied by Suzuki and Chiu [27], 
Labowsky and Rosner [28] and Chiu and Liu [29]. 
These theoretical studies indicated that individual 
droplet burning is encountered rarely in spray com- 
bustors. Qualitative experimental confirmations of 
these results were obtained by Chigier and McCreath 
[30], Twardus and Brzustowski [31] and Sangiovanni 
and Dodge [32]. The last study showed that group 
combustion is sustained even at droplet spacings of the 
order of 25 droplet diameters. 

Substituting equation (13) in (11) yields 

r_f 2 a!- = 0, 
~_____ 

?t (k + 1)~~ dx 
(16) 

The initial condition based on the general droplet size 
distribution of equation (1) is 

f&O) = an#exp[ - bx;‘]. (17) 

Solution 
Equation (16) subjected to the initial condition (17) 

may be solved by using the following independent 
variable transformations: 

6 = [x“+ l + (1 + I)t]‘“k+” 

f(x,t) = anJx’+’ + jJ]r(k+l) 

x exp[ - b(xk+’ + %t)“(‘+ “1. (22) 

Using equation (22), the variation with time of several 
pertinent spray parameters, such as the number and 
volume of unevaporated droplets of the spray and the 
various mean diameters of the spray, can be evaluated 
as follows : 

n(t) = 
J 

’ f(x, W, (23) 
0 

V(t) = i 
J’ 

x3f(x, t)dx, (24) 
0 .i I 

I, 1 
1 (i-j) 

x’f(x. t)dx (25) 
xii(t) = 

J‘ 

9 

x’f(x, t)dx 
0 

The generalized integral H(a, b, c, z) 
Evaluation of the above spray parameters requires 

the evaluation of an integral of the form: 

s I 

I= Xs[Xk+ 1 + )bt]O.+ 1) 

0 

x exp[ - b(xk+’ + &)Tak+l)] dx (26) 

where s is an integer equal to 0, 1, 2 or 3. 
Defining 

and 

u E b(Xk+ 1 + lbt)? (k+ 1) _ b(j.t)‘(k+ 1) 

_, c b(Rt);!‘k+ 1) 

(2 

equation (26) becomes 

I= 

7) 

s-k k+i:+l 

Y 

(28) 
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where the function H is defined* as: 

H(a, b, c, z) = exp( - z) 

x 
s 

1 [(u + z)” - z’]* (u + z)c- ’ exp( - w)du. (29) 

The temporal variation of the linear mean diameter, 
surface mean diameter, volume mean diameter, Sauter 
mean diameter, and the number and volume of 
unevaporated droplets in the spray are then given by: 

i-k k+i:+i 
‘, ‘r’ ‘z/ 

k+l j-k k-i-i:+1 \ 

P’k-tl’ Y Y lz/ 

-k k+i:+l 

Y 

l(i- j) 

3-k k+c+l 
y 

(32) 

where z may be expressed as a function of the initial 
Sauter mean diameter of the spray, 2s2(O), as: 

where 

Numerical evaluation of H(a, b, c, z) 
For a given initial spray droplet distribution (i.e. 

specified values of I: and Y) and a given evaporation law 
(i.e. either k = 0 or k = l), the integral H(a, b, c, z) was 
evaluated for various values of z and consequently the 
dimensionless evaporation time ~~~ The integration 
was performed using Romberg’s numerical method 
[33]. Because the upper limit of integration is in~~ite, 
the integral was evaluated for successively larger upper 
limits until the values of two successive integrations 
agreed within a tolerance of 0.01%. 

RESULTS AND DISCUSSION 

Typical temporal variations of the number distri- 0 0.5 1 1.5 

bution and volume distribution of droplets in an Dimensionless Droplet Diameter, y32 

*The definition of the integral N(a, b, C, z) differs slightly 
from the definition given by Williams [9]. 

evaporating spray are shown in Figs. 3 and 4 re- 
spectiveiy. The constants of the initial distribution are: 
I: = 1.0, y = 1.0. Evaporation is assumed to obey the 
“d*-law” (i.e. k = 1.0). Figure 3 shows that as the time 
of evaporation progresses, the maximum in the num- 
ber distribution moves towards smaller droplet dia- 
meters. The size of droplets of maximum number- 
fraction, yy2, is given by 

- 
‘32 

ldkt 1) 

‘ (35) 

Thus, in the present case (i.e. E = 1.0, y = 1.0, 
k = 1.0) the mode occurs at yyz = 0 when 232 2 0.0625. 
The shift of the mode towards smaller diameters as 
evaporation progresses indicates that the diameters of 
the smaller droplets decrease faster than the diameters 
of the bigger droplets. This is expected, since the rate of 
change of the diameter of a droplet is inversely 
proportional to its diameter [see equation (13) for 
k = 13. On the other hand, the maximum of the volume 
distribution moves towards larger droplet sizes as 
evaporation progresses. This results because the rate of 
change of the volume of a droplet evaporating accord- 
ing to the “@-law” is proportional to its diameter. 

The temporal variations of the number and volume 
of unevaporated fuel droplets and of the various 
pertinent mean diameters of the spray droplets are 

-I 
2 

Frc. 3. Temporal variations of the number distribution of a 
spray (c = 1.0, y = 1.0) undergoing diffusion-controlled 

evaporation. 
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0 1 2 3 4 
Dwnens~~nless Droplet Diameter, y32 

FIG. 4. Temporal variations of the volume dis~~bution of a 
spray (1: = 1.0, 7 = 1 .O) undergoing diffusion~ontrolled 

evaporation. 

shown in Fig. 5 for the case of diffusion-controlled 
evaporation of a spray of initial droplet size distri- 
bution defined by: x = 1.0, y = 1.0. These parameters, 
which characterize the evaporating polydisperse 
spray, are normalized by their initial values. As expected, 
Fig. 5 shows that the number and volume of un- 
evaporated fuel droplets decrease with increasing 
evaporation time. On the other hand, the various 
mean diameters of the droplets, despite an initial small 
decrease in their vaiues (with the exception of the 
Sauter mean diameter), increase with increasing evap- 
oration time. 

Figure 6 shows the temporal variations of the 
parameters corresponding to Fig. 5 for the case of 
diffusion-controlled evaporation of a spray having 
initial droplet size distribution defined by E = 0.0, 
y = 1.0. In this case the various mean diameters of the 
droplets increase monotonically with increasing evap- 
oration time. 

The general tendency of the mean diameters of the 
spray droplets to increase in value during most of the 
evaporation period is partly a consequence of the “d’- 
law” of evaporation, which results in the smaller 
droplets decreasing in size at a faster rate than the 
bigger droplets. The temporal variation of the mean 

---- 0 I 
-__ ____ 

0 1 2 3 4 
Dlme~~~~nlass Evaporation Ttme. 132 

FIG. 5. Temporal v;iriations of the number and volume of 
unevaporated droplets and of the various mean diameters of a 
spray undergoing diffusion-controlled evaporation. (Initial 

size distribution: F = 1.0, y = 1.0.) 

diameters of the droplets also depends on the initial 
size distribution. For example, in the limiting case of a 
monodisperse spray, the mean diameter of the droplets 
decreases monotonically with increasing evaporation 
time. In this regard, Dickinson and Marshall [12] 
concluded that for diffusion-controlled evaporation 
there is a general tendency for the average diameter of 
the remaining droplets to increase in the moderately or 
highly nonuniform sprays and to decrease in the more 
uniform sprays. 

In the case of radiation-controlled evaporation of 
sprays (k = 0), the temporal variations of their per- 
tinent parameters are shown in Fig. 7 for an initial size 
distribution defined by I: = 1.0, 1’ = 1.0. 

The radiation-controlled evaporation law dictates 
that all droplets, independent of size, decrease in size at 
the same rate. Consequently it is expected that in 
general the mean diameters of the droplets decrease 
with increasing evaporation time. The initial distri- 
bution defined by i: = 0.0, ;’ = 1.0 is a special case. In 
this case, at any instant during the evaporation period 
the number fraction of unevaporated droplets is equal 
to their volume fraction and the mean diameters of the 
droplets are time-invariant. 

In spray combustion, one of the most important 
parameters to study is the amount of fuel evaporated 
as a ftinction of time. Often the evaporation process is 
the rate-determining step in the combustion of liquid 
fuels. In this case the rate of evaporation is equal to the 
rate of combustion. 

In many processes involving polydisperse sprays, 
such as evaporation and combustion of sprays, it is 
more desirable to work with the mean diameters of the 
droplets than with the complete droplet size distri- 
bution. As was stated earlier, in the field ofevaporation 
and combustion of sprays the important mean dia- 
meters of the spray droplets are the linear mean 
diameter, the surface mean diameter. the volume mean 
diameter, and the Sauter mean diameter. The question 
thus arises as to which of these mean diameters. if any, 
may adequately characterize the evaporation of the 
spray. 

Dimensionless Evaporation Time, r32 

FIG. 6. Temporal variations of the number and volume of 
unevaporated droplets and of the various mean diameters of a 
spray undergoing diffusion-controlled evaporation. (initial 

sii distribution: E = 0.0, y = 1.0.) 
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-~--..-_____ 
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Fn ___ 

0 05 1 1.5 2 
Dlmenstonless Evaporatmn Time, T32 

FIG. 7. Temporal variations of the number and volume of 
unevaporated droplets and of the various mean diameters of a 
spray undergoing radiation-controlled evaporation. (Initial 

size distribution: c = 1.0, y = 1.0.) 

To resolve this question, the evaporation rates of 
four sprays of different initial size distribution were 
compared for four cases. In each case the initial value 
of one of the pertinent mean diameters of the spray 
droplets was kept the same. For example, in the first 
case the evaporation of the sprays was compared 

Dimensionless Evaporation Time, rlo 

Dlmenslonless Evaporation Ttme. rzo 

c 

-0.5 

0 

2 

keeping their initial-droplet linear mean diameters the 
same, whereas in the second case the initial surface 
mean diameters were kept the same. 

These comparisons at constant mean diameters can 
be accomplished by considering the volume fraction F, 
of unevaporated droplets of each of four sprays as a 
function of dimensionless time, which is based on the 
initial mean diameter. Thus, a plot of F, vs 7to for the 
four sprays considered shows a comparison of the 
evaporation of the sprays at constant linear mean 
diameter 5,,. Figure 8 shows comparisons of the 
evaporation of sprays of various size distributions for 
the same initial-droplet linear mean diameter, surface 
mean diameter, volume mean diameter and Sauter 
mean diameter respectively. These are plots of the 
volume fraction F, of unevaporated fuel droplets as a 
function of the corresponding normalized evaporation 
time for various combinations of the size distribution 
constants I: and y. In all cases shown, evaporation 
obeys the “d’-law”, i.e. diffusion-controlled evap- 
oration prevails. 

To aid with the subsequent discussion, Table 1 
shows the ratios of each of the initial mean diameters 
to the initial Sauter mean diameter for the com- 
binations of values of c and y considered in Fig. 8. Also 

0 4 8 12 16 
Dimensionless Evaporation Time, r30 

0 1 2 3 4 
Dlmenslonless Evaporation Time. ‘32 

Y 
l- 

1 _ _ _ _ _ _ _ 
1 ----__ 

1 P__ 

FIG. 8. Comparisons of the diffusion-controlled evaporation of sprays of various initial size distributions. 
(a) Same initial linear diameters; (b) same initial surface mean diameters; (c) same initial volume 

mean diameters; (d) same initial Sauter mean diameters. 



Table I 

X10 .f20 
Y 

X30 - _I- - 
232 X32 x32 

-0.5 1.0 O&IO 0,346 0.493 
0.0 1.0 0.333 0.471 0.606 
1.0 1.0 0.500 0.612 0.721 

Data2&f 
1.0 0.6CO 0.693 0.783 

0.21 0,3t 0.46 

tabulated are the ~orr~s~ondi~g ratios compiled from 
a large number of experimental measurements on 
various sprays at various ~nv~ronmEntaI conditions 

e341, 
Comparison of Fig. 8 shows that the best correlation 

of the evaporation of the four different sprays is 
obtained by keeping their initial-droplet Sauter mean 
diameters the same [Fig. 8(d)]. In this case, the 
calculated volume fraction of unevaporated fuel drop- 
lets at any given time of evaporation is not appreciably 
influenced by the initial distribution within the spray. 
This is especially true during the early stages of 
evaporation, where the volume fraction of unevap- 
orated droplets may be considered nearly ~nde~ndent 
o~~n~tial-droplet size distribution within the spray. The 
influence of the initial distribution on the amount 
evaporated is strongest during the final stage of 
evaporation. 

On the other hand, it is apparent from Figs. 8(a), (b) 
and (c)that the evaporation rates of the various sprays 
of the same initial-droplet linear mean diameter, 
surface mean diameter or volume mean diameter vary 
considerably for different values of the size distribution 
constants I: and y. These combinations of the size 
distribution constants result in different refations 
between the corresponding initial mean diameters 

(Z,,, .&,, x,,) and the initial Sauter mean diameter 
I,,, as shown in Table 1. It is apparent, furthermore, 
that the lower the initial Sauter mean diameter of the 
droplets, the faster its evaporation rate. 

It may therefore be concluded that the diffusion- 
controlled evaporation of a spray is primarily in- 
fluenced by its initial-droplet Sautcr mean diameter 
and to a much lesser degree by the other pertinent 
mean diameters of the droplets. 

In the case of radiation-~onteolled evaporation of 
sprays, Fig. 9 shows the evaporation schedules for 
sprays in which one of the initial-droplet mean dia- 
meters of the sprays is, in turn, kept constant. The 
trends of these results are the same as in the case of 
diffusion-controlled evaporation. However, in the case 
of radiation-controlled evaporation it appears that 
when the initial Sauter mean diameters of the droplets 
are the same [Fig. 9(d)], evaporation rate is practically 
independent of initial-droplet size distribution. Thus 
the radiation-controlled evaporation of sprays is solely 
influenced by initial-droplet Sauter mean diameter. As 
in the case of diffusjon-controlled evaporation of 
sprays, a lower initial Sauter mean diameter causes a 
higher rate of evaporation of the spray. 

Consider now the representat~un of a polydisperse 
spray by a monodisperse spray of droplet size equal to 
the initial Sauter mean diameter of the polydisperse 
spray droplets. The temporal variation of the volume 
of unevaporated droplets of the monodisperse spray is 
given by: 

V(r) Mt) 3 
vco> = X&z?) [ 1 

_I_ = [f -T&~? (36) 

Tables 2 and 3 compare the variations of the volume 
fraction of unevaporated droplets with time, calcu- 
Jated from the above monodisperse model, with the 
corresponding results of two polydisperse sprays for 
the cases of diffusion-controlled and radiation- 
controlled evaporation respectively. The two polydis- 

perse sprays considered conform to the 
Nukiyama-Tanasawa distribution (X = 2, 7 = I.0) 
and the Hiroyasu-Kadota distribution (i: 1=: 0, y = 
1.0). In addition, Table 2 includes results obtained 
using Tanasawa’s empirical expression for burning of a 
spray (see ~ipinsk~ et al. [35]). The volume fraction 
of evaporated (unburned) droplets given by 
Tanasawa’s empiricaE expression is: 

Table 2 shows that the monodisperse model based on 
the initial Sauter mean diameter of the spray gives 
good agreement during the early stages of evap- 
oration This agreement degenerates, however, as 
evaporation proceeds. Theerror in the volume fraction 
of unevaporated droplets calculated by the monodis- 
perse model increases with increased evaporation 
time. When 40% of the volume of droplets has 
evaporated, the error of the monodisperse model is 
about 200/,. Bracco [X] found that a monodisperse 
spray model using an initial droplet size of 0.78 E@) 
gave acceptable results for the combustion of an 
enthanol spray in a constant-area rocket motor. This 
spray was assumed to have a Nukiyama-Tanasawa 
(E = 2.0, y = 1.0) initial size distribution. Note that for 
this distribution, the initial Sauter mean diameter, 
X&O), is equal to 0.78 ~~~(0) (see Table 1). 

In the case of radiation-controlled evaporation, 
shown in Table 3, the monodisperse model agrees 
much better with the evaporation of the poIydisper~ 
sprays than in the d~~usion~ontroIIed case. Here the 
error in the volume fraction of uneva~rat~d droplets 
calculated with the monodisperse model based on the 
initial Sauter mean diameter of the spray droplets does 
not reach 20% until about 70% of the volume of the 
droplets is evaporated. 

CONCLUSIONS 

(1) The rate of evaporation of a polydisperse spray 
is primarily influenced by the initial-droplet Sauter 
mean diameter and to a much lesser degree by the 
other initial-dro~~t mean diameters of the spray. 

(2) For disunion-~ontroIled evaporation, compa- 
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Frc;. 9. Comparisons of the radiation-controlled evaporation of sprays of various initial size distributions. 
(a) Same initial tinear mean diameters; (b) same initial surface mean diameters; (c) same initial volume 

mean diameters; (d) same initial Sauter mean diameters. 

Table 2. Diffusion-controlled evaporation of polydisperse sprays using a monodisperse spray model 

Volume fraction of unevaporated droplets, F, 
Nukiyama-Tanasawa Hiroyasu-Kadota Monodisperse 

Evaporation time distribution distribution Tanasawa’s model 

532 ,: = 2, )’ = 1 1; = 0, ‘/ = 1 model x(0) = GAO) 

0.05 0.938 0.931 0.918 0.926 
0.10 0.879 0.871 0.857 0.854 
0.20 0.770 0.769 0.783 0.715 
0.30 0,675 0.685 0.717 0.586 
0.40 0.593 0.615 0.660 0.465 
0.50 0.522 0.554 0.609 0.354 
0.60 0.46 L 0.502 0.564 0.253 
0.70 0.407 0.456 0.524 0.164 
0.80 0.361 0.416 0.486 0.089 
0.90 0.320 0.380 0.452 0.032 
1.00 0.285 0.348 0.421 0.000 
1.20 0.226 0.295 0.364 
1.40 0.181 0.251 0.315 
1.60 0.146 0.216 0.272 
1.80 0.118 0.186 0.234 
2.00 0.096 0.162 0.200 
3.00 0.006 0.084 0.074 
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Table 3. Radiation-controlled evaporation of polydisperse sprays using a monodisperse 
spray model 

Volume fraction of unevaporated droplets, F, 
Nukiyama-Tanasawa Hiroyasu-Kadota Monodisperse 

Evaporation time distribution distribution model 

T32 ,: = 2, y = 1 i: = 0, y = 1 x(0) = &(O) 

0.05 
0.10 
0.20 
0.30 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 
1.20 
1.40 
1.60 
1.80 
2.00 

0.859 
0.735 
0.533 
0.382 
0.271 
0.190 
0.132 
0.091 
0.062 
0.042 
0.029 
0.013 
0.006 
0.002 
0.001 
0.000 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

0.861 
0.741 
0.549 
0.407 
0.301 
0.223 
0.165 
0.122 
0.091 
0.067 
0.050 
0.027 
0.015 
0.008 
0.004 
0.002 

0.857 
0.729 
0.512 
0.343 
0.216 
0.125 
0.064 
0.027 
0.008 
0.001 
0.000 

rison of the evaporation rate of a polydisperse spray 10. 
with that of a monodisperse spray with droplet size 
equal to the initial-droplet Sauter mean diameter of 
the polydisperse spray shows reasonable agreement. 11. 

This agreement, which is excellent during the early 

stages of evaporation, deteriorates as evaporation 12. 
proceeds. 

(3) For radiation-controlled evaporation (opaque 13. 
droplets), the representation ofa polydisperse spray by 
a monodisperse spray of droplet size equal to the 14. 
initial-droplet Sauter mean diameter of the polydis- 

perse spray is an excellent assumption. 
15. 
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INFLUENCE DES PARAMETRES DE DISTRIBUTION DE TAILLE SUR L’EVAPORATION 
DES BROUILLARDS PQLYDISPERSES 

R&mm-Une ltude a~alytique Porte sur ~~vaporation controlee par la diffusion et par le rayonnement 
(goutteIettes opaques) de brouillards ~lydis~r~s dun composant unique. Les caract~ristiques globales de 
l’~va~ration pour des brouill~ds g di@rentes distributions initiales de taille sont mieux reprisentees par le 
diametre initial moyen de Sauter. Daus le cas de l’evaporation controlie par la diffusion, la representation 

dun brouillard polydisperse par un brouillard monodisperse de gouttelettes ayant un diametre igal au 
diametre moyen de Sauter du brouillard polydispersc est une bonne hypothese pendant les premieres etapes 
de l’tvaporation. Lorsque le volume des gouttelettes est evapori au taux de 40x, l’erreur atteint 207; pour le 
modele monodisperi. D’autre part, dans le cas de l’ivaporation controlte par le rayonnement, le modele du 
brouillard monodisperse donne de bons risultats pour presque toute la periode d’lvaporation du brouillard. 

DER EINFLUSS VGN TROPFENGRC)SSENVERTEILUNGS-PARAMETERN AUF DIE 
VERDUNSTUNG POLYDISPERSER VERDUNNTER SPRUHNEBEL 

Zusam~nfas~ng-us wurde eine anaiytische Untersuchung der durch Diffusion und such der durch 
Strahlung (trtibe Tr~pfchen) bedingten Verdunstung von poiydis~r~n ~inkomponenten-Spr~hne~~ 
durchgef~hrt. Es stellte sich heraus, da8 sich das Verdunstungsverha~ten von Spr~hne~~n mit unter~h~edli- 
then ~f~~~opf~~~~n-verteilun~ am besten mi t dem anfiinglichen Sauter-Durchmesser korrelieren 
l&t. Fiir den Fall der durch Diffusion bedingten Verdunstung ist die Darstellung eines polydispersen durch 
einen monodispersen Spriihnebel mit einer dem anftiglichen Sauter-Durchmesser des polydispersen 
Sprilhnebels entsprechenden Tropfengriibe eine fur die Anfangsstadien der Verdunstung gut zutreffende 
Annahme. 

Wenn 40% des Tropfenvolumens verdunstet sind, erreicht der Fehler des monodispersen Modells 20:~. 
Andererseits erzielt man im Fall der durch St&lung bedingten Verdunstung mit dem monodispersen 

Sprtihnebel-Model1 fur den Hauptteil des Verdunstungsvorgangs gute Ergebnisse. 

BJIMIIHHE I-IAPAMETPOB PACRPE&EJlEHHR KAIlEJIb HQ PA3MEPAM HA 
~~~APEH~E nO~~~~C~EP~HbIX PA36AB~EHHbIX KAnE~bHbIX B3BECEfi 

AHHoTau~ - Rpoeeiretio a~aJT~T~~ecx~ ~ccneAoaa~~e A~~~y3~oH~oro H paAHa~~oHHor0 (Karma 
He~po3paqHb~e) ~c~a~~~~ oA~oKoMno~eaTH~x no~~AHcne~Hbtx Kanenbrrbrx a3seceii. HaEAeuo, sT0 
CyMMapHbie XapaKTep&iCTKKEi HCua&EHEUI 83aeceii C pa3nWiHbrMlt HaYaJlbHbIMU PaCn~~eneH~~~~ 

KaneJIb no pa3MepaM nyruxe Bcero OullCbiaamTCX c nowourbro HaYanbHOrO CpeAHero nwaMerpa 
CayTepa. npTI AHJ$&/~HOHHOM LiCua~HHH B3BeCB nOnKAIiCuePCHyM KaRenbHyK3 B3BeCb Ha HananbHbIX 
CTaAWRX ~ClTa~Hti~ MOmHo C XOpOmeii CTeueHbK) TO’iHOCTH IlptZACTaBkiTb KBK MOHOAliC~e~HyFO 

c pa3Mepobi Kanenb, paatibtM uaranbtiobiy cpeAHehiy AaaMeTpy CayTepa ~na nonrrAacnepcrior7 B3Becki. 
nocne acnapekms 40 O0 ok&Ma Kallenb, uOrpelJ.tHOCTb, BHOCHMaR 38 C’itT HCuOnb30BaHWR MOHO- 
AwcnepcHoii MOAU’Ui, nocrm-aeT 20 oO. C ApyrOii CTOpOHbI, IlpH HCuapeHHH uOA BO3AekCTBHeM 
Ti3ny’ieHHs MOAenb MOHOAHCnepCHOfi 83BeCH AaeT XOpOmHe &E3ynbTaTbt uOuTH AJTs BCer0 uep&iOAa 

rrcnapemir Kanenbuoti a35ecr4. 


