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Abstract-The phenomena of droplet evaporation in a stagnant environment at high temperature and 
high pressure has been investigated experimentally and analytically. Experimental droplet temperature- 
time and radius-time histories have been obtained for n-hexane droplets evaporating in a nitrogen and 
also an argon gas environment. The ambient gas temperature for all experimental droplet evaporation 
runs was 548°K; the environment gas pressure was 6.8, 20.4, 40.8, 81.6 and 102 atm; the initial droplet 
diameter was grouped into two ranges, i.e. the 720-910pdia. range and the 1420-1780~ dia. range. 

A theory for droplet evaporation has been developed which (a) accounts for the transient character of 
the phenomerqa, (b) includes the effect of the motion of the droplet boundary thus relaxing the quasi- 
stationary approximation that has been made in previous droplet evaporation theories, and which (c) 
accounts for the effects of the non-ideal gas behavior for the calculation of the vapor-liquid equilibrium 
mole fraction boundary condition and for the effects of the non-ideality of the enthalpy of vaporization. 
The effects of the non-ideal behavior of the gas phase were found to be important for the theoretical 
predictions of the droplet temperature-time and radius-time histories of evaporating droplets especially 
at the higher pressures. The results of the comparison of the theoretical prediction for the droplet tempera- 
ture-time and radius-time histories to the experimental measurements indicated that, at the higher 
pressures, molecular mass transport may not be the controlling mechanism for the evaporation process. 
While at the low 6.8 atm pressure the effective mass diffusion coefficient was in good agreement with the 
formula calculated molecular mass diffusion coefkient, the effective mass diffusion coefficient was more 

than six times greater than the formula calculated molecular mass diffusion coefficient at 102 atm. 

NOMENCLATURE 

partial molar density [gmole/cm3]; 
molar density of the gas phase 

mixture [gmole/cm3]; 
molar density of the liquid [gmole/ 
cm31 ; 
Dimensionless concentration de- 
fined by 

c* = &+q; 

film molar density of the gas phase 
mixture defined by 

c, = IT,@ + a) + C&R t)l/2 
[gmole/cm3]; 
film mixture molar heat capacity 
defined by 

C~_ = XAfCPa + t1 - XA,) c?‘, 

[cal/gmole OK] ; 
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CPA) CPB’ molar heat capacities of compon- 

D, 
D eff, 

D MY 

_ 
e/J 

- 
es, 

f 
$1, 
A,, 

Kv, 

N 1.P) 
P, 
PV, 

P T, 

r, 

r*, 

R, 

ROT 

R*, 

R 

T, 

T*. 

ents A and B respectively [cal/gmole 

OK]; 
molar heat capacity of the liquid 
[cal/gmole “K]; 
diffusion coefficient [cm’/s]; 
effective diffusion coefficient 

[cm’/s]; 
molecular diffusion coefficient 

[cm’/s]; 
energy/mole of 

[cal/gmole] ; 
the liquid 

energy/mole of component A vapor 
at the temperature of the liquid 

droplet [cal/gmole]; 
fugacity of component A [atm]; 
enthalpy of the liquid [cal/gmole]; 
partial molar enthalpy of com- 

ponent A [cal/gmole] ; 
thermal conductivity of the gas 

phase mixture [cal/cms “K]; 
Lewis number; 

pressure [atm]; 
vapour pressure of the pure com- 

ponent A [atm]; 
ambient (total) pressure [atm] ; 
radial coordinate [cm]; 
dimensionless radius defined by 

r+ =‘. 
RO’ 

radius of droplet [cm, ~1 or gas 
constant [cal/gmole “K]; 
initial radius of droplet [cm, ~1; 
dimensionless droplet radius de- 
fined by 

R* + 
0 

droplet surface velocity [cm/s]; 
temperature [OK]; 
dimensionless temperature defined 

by 

TX = T, - T. 

T, ’ 

T % 1 
Tl.9 

T,,(z = O), 

ambient temperature [OK]; 
temperature of the liquid droplet 

[“Kl; 
initial temperature of the liquid 

droplet [OK]; 
rate of change of the droplet temp- 

erature; 
mean temperature of the liquid 

lroplet defined by 

lY 

T,, = ; T,(r)dz 
s 
0 

OK]; 

film temperature of the gas phase 
defined by T4, = (T,, + T,)/2 [OK]; 
time [s]; 
droplet evaporation time [s] ; 
dimensionless time defined by 

Dt p =-. 
Ri’ 

molar averaged radial velocity 

;;;I ; 
volume of the liquid 

[cm3/mole]; 
partial molar volume of component 

i [cm3/gmole]; 
mole fraction of component A 

defined by X, = C,(R, t)/C,(R, t); 
compressibility factor 

Z2: 

ratio of the liquid molar density to 

gas phase molar density evaluated 
at the liquid-gas interface 

M = C,,IC,(R, t); 

ratio of the liquid molar density to 
gas phase molar density evaluate at 
infinity 

a, = C,.IC,(r -j m); 
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thermal diffusion 

[cm%]; 
ratio of the molar heat 
the gas mixture to the 
capacity of the liquid 

B = CpmIGH; 

dimensionless quantity 

43 

coefficient 

capacity in 
molar heat 

defined by 

dimensionless quantity defined by 

&1_!!?. - 
rp’ 

derivative with respect to dimen- 
sionless temperature of the natural 
logarithm of the molar density 

d WL) 
v=yy; 

heat of vaporization [cal/gmole] ; 

chemical potential [cal/gmole] ; 

moles of liquid [gmoles] ; 
dimensionless time variable; 
dimensionless quantity defined by 

cp= 1 +?Y; 

fugacity coefficient of component A 
in the gas phase; 
dimensionless space variable. 

INTRODUCTION 

THE PHENOMENA associated with the evaporation 
of a single droplet and the methods of predicting 
its evaporation rate are important in the 
analysis of engineering operation involving 
the processes of spray cooling, drying, absorp- 
tion, desorption, humidification and combustion. 
Extensive literature, concerning both experi- 
mental and theoretical research, is available on 
the subject of single droplet evaporation in a 
stagnant environment or under forced convec- 

tive conditions at atmospheric or near atmos- 
pheric pressures. 

In many applications, for example, internal 
combustion engine operation (both gasoline and 
diesel engines), droplet evaporation at elevated 
pressures and temperatures is important. Know- 
ledge of liquid droplet evaporation rates at 
elevated pressures and temperatures is particu- 
larly important for the design of high-output 
combustors for aircraft jet engines. In jet 
engines, as discussed by Ingebo, [l] the fuel is 
frequently injected in liquid droplet form at a 
point upstream of the combustion zone. The 
concentration of the fuel vapor in the fuel-air 
stream entering this zone is determined by the 
rate of evaporation of the droplets. In Ingebo’s 
experimental investigation, the evaporation rates 
of pure liquid drops were determined under 
conditions similar to those encountered in 
aircraft combustion systems. A wetted cork 
sphere, simulating a drop of liquid, was placed 
in an air stream of constant mass-flow rate and 
of varying temperature. Liquid was injected 
into the sphere at a rate equal to the evaporation 
rate, and the loss of liquid from the sphere’s 
surface was determined. The resulting data on 
evaporation rates were found to correlate with 
a semiempirical theory of heat and mass transfer. 
Ingebo’s work triggered a series of experimental 
and theoretical investigations of single droplet 
evaporation aimed at their behavior in high 
performance combustors. Ingebo followed up 
his first study by considering the pressure effects 
on droplet evaporation (air stream static pressure 
range of 450-1500 mm of Hg). [2] His experi- 
mental procedure was similar to that used in 
his first investigation except that the gas 
environment was pressurized. Ranz and Mar- 
shall, [3] although interested in spray drying 
processes, used an experimental method similar 
to Ingebo’s and introduced the widely accepted 
concept of heat and mass transfer analogies for 
spheres in natural and forced convection en- 
vironment. In ail the experimental investigations 
mentioned, heat and mass transfer coefficients 
for spheres were developed from steady state 
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semiempirical correlations and the pressure 
effects on these transfer coefficients were ob- 

tained. In these experimental studies, no con- 
sideration of the transient behavior of an 

evaporating droplet is given. However, El Wakil, 
Uyehara and Myers in a series of three mono- 

graphs [4-61 used the Ranz and Marshall 
correlations to develop a quasi-steady, transient 
phenomenological model for single droplet 
evaporation in stagnant and forced convective 

environments. Their work also included experi- 
mental investigations which agreed with the 
predictions of the semiempirical theory. Al- 

though this study was the first comprehensive 

investigation of droplet evaporation in stagnant 
and flowing environments, the work was limited 
to droplet evaporation at atmospheric or near 

atmospheric pressures. 
With the advent of the liquid propellant 

rocket motors, the knowledge of liquid droplet 
evaporation rates became important in still 
another application. Analytical models have 
been formulated for the design of liquid pro- 
pellant rocket motors correlating the design 

parameters such as chamber pressure and 
temperatures, gas velocities and chamber geo- 

metries [7-g]. In some of these analyses, 
propellant evaporation is assumed to be the 

rate controlling process. It is for this reason that 

the prediction of evaporation rates at high 
chamber pressures and temperatures is im- 

portant. The justification of the assumption that 
the evaporation process is the rate controlling 
step is based on the findings of Heidmann, Priem 
and Humphrey, [lo], Bittker, [ 111, and Bittker 
and Brokaw [ 121 concerning the time and 
distance required for atomization, mixing and 

chemical reactions. However, the results based 
on the evaporation rate controlled model at high 
chamber pressures is questionable, since there 
is a lack of understanding concerning the 
evaporation phenomena in supercritical gas 
environments (high chamber pressures and 
temperatures). As used here, the term super- 
critical means a gaseous environment whose 
temperature and pressure are greater than the 

thermodynamically defined critical temperature 
and critical pressure of the pure component. In 

the loose sense (which is widely accepted) the 
supercritical environment would be a gaseous 

environment (any gas) that has a temperature 
and pressure greater than the critical temp- 
erature and pressure of the liquid. 

Torda [ 13,141 indicated that liquid propellant 
droplets evaporating in a supercritical environ- 

ment may remain in a transient heating state 
during the phase change contrary to the 
assumed “normal” process. The “normal” pro- 

cess is defined as droplet evaporation at a 
constant temperature where all the energy 

arriving at the droplet surface is used to vaporize 
the liquid and no energy is available for changing 
the temperature of the droplet. Such a process 
has been used in all design and combustion 
instability studies to date. Torda concluded that 

a thorough investigation of the mechanism of 
droplet evaporation at elevated pressures and 
temperatures is a necessary requirement for a 
more valid model for rocket design and instability 
studies. Hypotheses about the phenomena of 
droplet evaporation under supercritical condi- 
tions have been either: (1) that the droplets are 

heated to an equilibrium wet-bulb temperature 
somewhat below the critical temperature, or (2) 
that the droplets undergo transient heating 

through the critical temperature [15]. Wieber 
[16] has shown that it is posssible to predict 
analytically which of these two characteristic 
modes of behavior will take place under particu- 
lar conditions depending upon how much of a 
droplet’s mass is involved and how long the 

liquid-to-vapor transformation processes take. 
Combs [15] concluded from Wieber’s analysis 
that if a droplet heats through its critical temp- 
erature it will no longer exhibit liquid properties 
but exist as dense pockets of supercritical “fluid”. 
The subsequent combustion rate would be 
controlled not by propellant evaporation but by 
the turbulent diffusion and mixing of the pro- 

pellant vapors [ 171. 
Wieber’s analysis of the calculated temp- 

erature histories of vaporizing droplets to the 
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critical point has been widely accepted and 
used in the existing analytical modeling of 
liquid rocket engine combustion instability 
studies. The foremost objection in the analysis 
is that the theory for droplet evaporation has 
been developed at temperatures and pressures 
appreciably below the critical point of the fluid, 
whereas, a major fraction of the droplet’s life- 
time may be spent either in transient heating to 
its critical temperature while evaporating, or at 
some wet-bulb temperature below its critical 
temperature. Another objection in the analysis 
is the quasi-steady assumption of droplet 
evaporation, but Wieber indicated that at the 
very worst, the analysis defines the upper limit 
of application of the theory, which is, the droplet 
heating to the critical temperature. Other 
investigators [ 18, 191 disagree with this conclu- 
sion indicating that, for environmental gas 
pressures greater than one-tenth the critical 
pressure of the vaporizing liquid, the quasi- 
steady vaporization theory is not valid. 

It became apparent that experimental evapora- 
tion histories in supercritical environments were 
necessary either to verify existing theories or to 
formulate an improved theory. These experi- 
mental evaporation histories had to include the 
mass, radius and temperature-time variations 
for single droplets in varying high temperature 
and high pressure environments. The more 
fundamental problem of droplet evaporation 
in a stagnant environment was thought to be a 
first step in the understanding of the super- 
critical evaporation phenomena encountered 
in rocket engines. Although the problem of 
droplet evaporation in a stagnant environment 
departs grossly from the real situation en- 
countered in rocket combustors, the evaporation 
mechanism of a single stationary droplet, 
nevertheless, serves as a first indicator, or 
perhaps, as a reference in the behaviour of 
propellants. Preliminary results from this 
research program have been published 
[20-223. The results presented in this paper are 
extensions and improvements on this previous 
work. 

FORMULATION OF THE MATHEMATICAL 
MODEL 

The mathematical analysis presented here 
combines and extends some of the ideas found 
in the literature. This analysis extends the 
mathematical model formulated by Williams 
[23], capitalizes on the sophisticated mathe- 
matical methods for solving the transient diffu- 
sion equation subject to a moving boundary 
developed by Duda and Vrentas [24], and 
includes the important non-ideal gas effects for 
droplet evaporation at high ambient pressure 
and temperature that were investigated by 
Manrique and Borman [2_5]. 

Consider a single-component liquid droplet 
evaporating in an inert gaseous environment 
infinite in extent. The evaporation process is 
controlled by the transport of energy and matter 
in the gas phase. The liquid droplet is considered 
a perfect, isolated, fixed sphere and the transport 
processes occurring in the infinite gaseous 
atmosphere are dependent only on the radial 
distance from the center of the sphere and time. 
Uniform temperature inside the liquid droplet 
is assumed and the solubility of the gas phase in 
the liquid droplet is neglected. Constant mass 
diffusion coefficient and constant thermal con- 
ductivity of the gas mixture are also assumed. 
To simplify the calculation of the concentration 
and temperature profiles in the boundary layer, 
the mixture molar density and the mixture heat 
capacity are assumed constant and are assigned 
an arithmetic averaged film value. For boundary 
condition calculations, however, the value of 
the mixture molar density is determined by the 
temperature, pressure, and concentration of the 
binary mixture at the liquid-gas boundary. 

Under these conditions, the equation of 
continuity for component A (the evaporating 
component) in the gas phase is 

ac, Da -- 2 ac, R2 

at =-- Iar r2 ar [ 1 
-;,u(R,t)!$ (1) 

where R is the droplet radius and u(R, t) is the 
radial velocity at the liquid-gas interface. 
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Similarly, the equation for conservation of 
energy may be written 

aT a,a aT _=-- pJ_ 
at [ 1 12 ar ar (2) 

where 
-- 

a D = K&C,,,, 
is the thermal diffusivity. 

A material balance written for the droplet gives 

- 2 = 4nR2C,(R, t) [u(R, t) - l?) (3) 

where vL is the number of moles of liquid. 
Expressing the number of moles of liquid in terms 
of the volume of a sphere and the liquid molar 
density and taking into account the variation of 
the liquid molar density with temperature, one 
obtains 

dv,, d 4 _-=-- - 
dt [ 1 dt 3 

nR3C,, = 

-4nR2RC,, _ i rR3 $$ z. (4) 

Combining equations (3) and (4) and solving for 
the radial velocity at the droplet boundary yields 

Ra d ln(C,) d TL 
u(R,t) = I?[1 - a] - 3 dT do (5) 

where 

a = C,IC,(R, 0 (6) 

Substituting equation (5) into equations (1) and 
(2) gives for the equation of continuity for com- 
ponent A 

ac, Da ,ac, R2 -- -- 
at =--rF r2 r2 dr [ I 

Ra d In (C,) dT, 
x d(1 -a)-lp- 

aCA 

l- dT dt ar 
(7) 

and for the equation for conservation of energy 

aT tlD a aT R2 -=--- r2_ __ 
at r2 dr [ 1 f3r r2 

aT 
x 

Ra d In (C,) dT,, 
li(l-a)-T3-------- - 1 dT dt ar (8) 

where the expression for the radial velocity given 
in equation (5) has been used. 

Of the four boundary conditions and one 
auxiliary (free boundary) condition necessary 
for the solution of the energy and mass transport 
equations [equations (7) and (8)], the boundary 
conditions at the liquid-gas interface are of 
special significance. Material and energy balance 
requirements at the droplet interface result in 
differential equations relating the rate of change 
of the droplet temperature and droplet radius 
to the concentration and temperature gradients 
in the gas phase evaluated at that interface. 

A material balance at the droplet surface 
assuming the inert gas will not diffuse into the 
liquid allows one to find an expression for the 
time rate of change of droplet radius. The result 
is 

12= 
D ac* R d In (CA d T,, -- _-______ 

C,,U - &I ar R 3 dT dt 
(9) 

where 

X, = C,(R W,(R 0 

An energy balance for the droplet, neglecting 
work done by the surface forces and viscous 
dissipation yields 

R 
5 C,C,, 2 = Ku: + (zs - u,,) 

R 

+ C,[u(R, t) - k] (10) 
R 

where (us - F,) is the energy required for phase 
change of component A. The usual approxima- 
tion for the term @s - e,) is the latent heat of 
vaporization of the pure component A evaluated 
at the droolet temnerature. Manrique and 
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Borman [253, however, showed this approxima- 
tion to be= an over-simpli~cation for droplet 
evaporation at high total pressure where the 
effect of non-ideal behavior of the gas mixture 
becomes significant. A discussion on the calcula- 
tion of the energy requirements for phase change 
in the presence of an inert gas is presented in the 
next section. 

The remaining boundary condition 
droplet surface is usually expressed 
vapor-liquid equilibrium relationship 

c.4 
c,, = X,(R, t) = H[T(R, 0, &I 

at the 
by the 

(11) 

where H[T(R, t), PT] is some function whose 
value is determined by the droplet temperature, 
T(R, t) and the total pressure, P,. The usual 
approximations for determining the function H 
are that the gas mixture obeys the equation of 
state for ideal gases and that the presence of the 
inert gas does not affect the equilibrium vapor 
pressure of pure component A at the droplet 
temperature. With these approximations an 
expression for the local equilibria mole frac- 
tion is given by 

X,(R 0 = KO-(R, t)]P’, (12) 

where P, is the vapor pressure of pure com- 
ponent A at the droplet temperature, T(R, t). 
Manrique and Borman [25] showed that this 
simplism boundary condition, although per- 
fectly valid at low pressures, fails to be correct at 
high total pressures. A discussion on the calcula- 
tion of the vapor-liquid equilibrium function H 
for real gas mixtures is also presented in the next 
section. 

For completeness the remaining boundary and 
initial conditions required for the solution of the 
set of governing partial differenti~ equations 
[equations (7) and (S)] are stated as follows: 

Boundary conditions: 

r--+ co T --) T, (13) 

c, + 0 

Initial conditions: 

t=O R = R, 

T = T, 

c, = 0 R,<r<co 

T(R,, 0) =, T,_(O). 

(14) 

The introduction of dimensionless variables 

c* = f , T -T 

C&r -t m) 
; R*+ T*=+_; 

0 m 

t* ,E p =__I_ 

R;’ R, 

converts the governing equations to 

2 dC* R* = 
+;5ar* - 10 r* 

R*a d In (C,) dT; 
A*(1 -“)-Tdt*- - 

I 

dC* 

dt* dr* (15) 

+ 2 iYP = 

I* &* 10 _ R* I* 
R*cc d In (C,) d T2 i?T* 

I?*(l-a)----- - I dt* ar* (16) 
where 

N,, = 4 
a, 

At the droplet boundary the results are 

A* = 
1 ac* __- 

a,(1 - X,) ar* 

where 

%xJ = G/C& --) =J) 

R*dTf j.3 1 1 aT* -- 
3 dt* =2N,, ;+a, -?- [ 1 

+y 
R* d In (CJ dT; 

R’ +3-- 
dT dt* 1 (18) 

837 
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where _ _ 
1. = e, - e,, 

C, = C,(R, t) + C* = X,(R, t) (19) 

and for boundary conditions far removed from 
the droplet one has 

T = T, +T*=O 

c, = 0 -4 c* = 0. 
(20) 

The initial conditions in dimensionless nota- 
tion become 

t=O R* = 1 

T* = 0 
1 < r* < cx, 

c* = 0 
(21) 

T* = T, - T,(O) 
1. 

7-m 
Using a suitable transformation, it is con- 

venient to map the infinite gas phase region into 
a region of finite extent and to immobilize the 
moving boundary. Considering, then, the trans- 
formation 

+b = 1 - exp [-(r* - R*)] 

z = t* 
(22) 

it follows that 

C*(r*, t*) --f C[$(r*, R*, t*), T(t*)]. 

The governing partial differential equations 
become with the superscript (*) dropped 

F; -i- F(l - $)$ = (1 - i)‘G 

2 1 ac 
+ R - ln(1 - I+?) 

-1 (l-W@ (23) 

where 

R2 

F = [R - In (1 - $)I 

x 
i 

d(l-M)-$qi. -d 
I 

(25) 

and where 

d ln (CA 
rl= ____- 

dT 

The initial conditions become 

(26) 

c=o O<l/b,<l 

T=O 0<$61 
(27) 

and the boundary conditions far removed from 
the droplet become 

r+ cc *+1 c=o 
(28) 

T = 0. 

The temperature of the liquid droplet is 
equal to the temperature of the gas phase 
evaluated at the droplet boundary and this 
result can be expressed in terms of the trans- 
formed variables as 

T; = T*[R*(t*), t*] = T(t+b = 0, z). 

The rate of change of temperature of the liquid 
droplet, that is, the total derivative of the gas 
phase temperature evaluated at the droplet 
boundary, R(t), can be written in terms of 
transformed variables as 

The boundary conditions 
surface ($ = 0) then reduce to 

A= 1 ac Rg? --~ 
a,(1 - X,)a+ 3 

i-. (29) 

at the droplet 

(30) 

+ (1 - II/) 2 ac where 

N,., R - ln(1 - $) --l % 1 (24) 0 = 1 + YIY. . . 

(31) 
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The two unknowns in equations (30) and (31) where fi is the fugacity and pp and fp are the 
are the droplet surface velocity, I?, and the rate chemical potential and fugacity respectively at 
of change of droplet temperature, T. Eliminating some standard state. Using equations (34) and 
T from equation (30) using equation (31) gives (35), it may be shown that [28] 

A= 
1 ac ~tl --___ 

cc,s(i - ~,)a+ ~NL&P 
1 dT 

X 

1 1 ‘+- - 

~1 a, arl/ 
(32) 

X, [ TV, t), f’T1 = [W%!‘lW’~l 

x exp[f/RT Tv,,dP] 
PV 

(36) 

where 

b;=f-!!?. 
cp 

The droplet radius, R(t), and the droplet 
temperature, T,(t), can be determined, then, by 
solving the governing equations (23) and (24) 
subject to the initial conditions given by equa- 
tion (27) and the boundary conditions given by 
equations (28X (31) and (32). 

where P, is the vapor pressure of pure liquid A 
at temperature T, P, is the system pressure, v,;. 
is the molar density of the liquid phase, Cgy is the 
fugacity coefficient of component A at saturated 
liquid conditions and is given by 

@?A = fyyPv (37) 

and @“A is the vapor phase fugacity coefficient 
of component A and is given by 

NON-IDEAL EFFECTS AND THE EFFECT OF 
THE INERT GAS 

At the droplet surface, thermodynamic equili- 
brium between the vapor phase mixture and the 
liquid is assumed to exist and this condition may 
be represented by the vapor-liquid equilibrium 
relationship: 

x,(R, t) = H[T(R t) PTJ (33) 

where T(R, t) is the droplet temperature and P, 
is the total pressure, and X, is the mole fraction 
of n-hexane in the vapor phase at the droplet 
surface. The function H must be estimated 
subject to the conditions that the liquid phase is 
pure component A and that the gas phase (com- 
prising vapor A and inert gas B) is a real, non- 
ideal gas mixture. 

The condition for equilibrium in terms of 
chemical potentials is 

p; = ,u;. (34) 

The chemical potential for any component in 
the system, whether liquid or gas, pure or mixed, 
ideal or not may be written 

pi = RT In fJfP + PLY (35) 

@l = fi/X,P,. (38) 

Thus at least formally, equation (36) represents 
an expression for the function H. 

All of the quantities on the right hand side of 
equation (36) except @“A may be found from 
thermodynamic and volumetric data for n- 
hexane. Saturated thermodynamic properties 
were obtained from Canjar and Manning [26] 
compressed liquid molar volume data was 
obtained from Stewart, Sage and Lacey [27]. 

The fugacity coefficient of component A in 
the gas mixture can be calculated from the 
equation 

In @l = (l/RT) y[f,_, - RT/P] dP. (39) 
0 

An alternate form of equation (39) with volume 
replacing pressure as one of the independent 
variables given by [28-301, 

V 
- RT In Z. W) 

Since sufficient volumetric data were nn+ svail- 
able for the gas mixture, it was necessary to use 
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an equation of state for the gas mixture to calcu- 
late the fugacity coefficient. Based on the work 
of Chuch and Prausnitz [28,29], the Redlick 
Kwong equation of state with a set of mixing 
rules to calculate vapor phase fugacity coeffi- 
cients for high pressure systems was chosen. 

The procedure for calculating X, is straight- 
forward. At a given temperature and pressure 
in which equilibrium is assumed possible, a first 
estimate of X, is made by using equation (36) 
with @I = 1. The vapor phase fugacity @I 
assigned unity corresponds to the assumption 
that the gas mixture behaves ideally. Using the 
mixing rules the Redlich-Kwong equation 
of state parameters are calculated for the mixture 
since X, and X, = 1 - X, are known. The 
mixture molar volume Sis calculated by solving 
the Redlich-Kwong equation of state which is 
cubic in r Then the vapor phase fugacity 
@z is calculated using the integrated form of 
of equation (40) since the term (L%‘/~v~)~, “, ye is 
readily calculated from the Redlich-Kwong 
equation of state for the mixture [28]. Using 
equation (36), X, is recalculated this time using 
the computed value for @L. The entire calcula- 
tion procedure is iterated until a convergence 
criteria on X, is satisfied. 

A Fortran computer program was written 
to calculate the equilibrium mole fraction 
following the above computational procedure. 
The simplified ideal gas boundary condition, 
neglecting the effect of the inert gas, for the 
equilibrium mole fraction 

X,(R, t) = P”IPT (41) 

was also calculated and compared to the more 
realistic equilibrium mole fraction, X,, calculated 
from analysis. The results of these calculations 
were compared with the experimental data of 
Poston and McKetta [31] are also presented 
and except for the highest isotherm (340°F) there 
is reasonable agreement between the analysis 
and experimental data. At the highest isotherm 
the analysis fails to predict equilibrium mole 
fraction for pressures greater than 30 atm because 
the model assumes equilibrium exists for com- 

ponent A only and that the component B is 
present in the gas phase only, neglecting the 
solubility of component B in the liquid. A more 
valid model for the phenomena at this high 

c 
p 
g 01 

t 
0 

z 
5 

o Experimental doto of 
Poston ond McKetta [3I] 

* Eauatton (36) 
real gas mixture model 

q Equation (36) with + 5: I 

o Equation (41) 
rimphfled Ideal gas model 

0 30 60 90 

Pressure. otm. 

0 

FIG. 1. The variation of the equilibrium mole fraction of 
n-hexane in the gas phase with total pressure at constant 

temperature (220°F) for the n-hexane-nitrogen system. 

temperature is one whereby the condition for 
equilibrium exists for component B as well as for 
component A. The reason for choosing the 
former model over the latter one is because the 
calculation procedure is straightforward and 
because (from experimental observation) in 
most cases the liquid temperature lies below this 
high temperature throughout the droplets’ life- 
time. Fig. 1 shows the results of these calculations 
at a temperature of 220°F. 

From the results of the above analysis, the 
non-ideal behavior of the gas mixture must be 
accounted for (especially at the higher pressures) 
when estimating the equilibrium mole fraction. 
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The effect of the non-ideal behavior of the 
gas mixture on the energy requirements for 
vaporization is considered next. The deviations 
between the usually assumed latent heat of 
vaporization for the pure component and the 
enthalpy of vaporization which includes the 
effects of the non-ideal gas mixture are deter- 
mined using the Redlich-Kwong equation of 
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finite difference technique employing a slightly 
modified Crank-Nicholson computational 
scheme was used to solve the system of partial 
differenti~ equations. 

Theoretical predictions for the temperature- 
time and radius-time histories were obtained 
for n-hexane droplets evaporating in nitrogen 
gas at an ambient temperature of 548°K and for 

- k For pure component 
-‘lo2 otm 

0 I I L 

300 350 400 450 5 

Temperature. OK 

FIG. 2. The energy requirements for phase change. 

K) 

state [32]. The quantity which is calculated, J, 
is given by 

IZ = RArg, ‘17 P,, x,] - a,[t, I: pr]. (42) 

The results for the calculation of the enthalpy 
of vaporization, ,$ are presented in Fig. 2. The 
solid line represents the latent heat of vaporiza- 
tion of the pure component A, n-hexane, as a 
function of the equilibrium temperature [26]. 
The broken lines represent the heat of vaporiza- 
tion with the non-ideal behavior of the gas 
mixture included as a function of the equilibrium 
temperature at various constant total pressures. 

NUMERICAL SOLUTION 

Numerical methods were used to obtain 
solutions to the governing equations. An implicit 

environment pressure of 6.8, 20.4, 40-8, 81.6 
and 102 atm. Convergence of the finite difference 
technique was established by the usual methods 
of varying the mesh size. The effects of Lewis 
Number on the droplet temperature-time and 
radius-time histories for the range of environ- 
ment pressures were investigated and the results 
at 6.8 atm and 102 atm are shown in Figs. 3 and 4. 

The effects of the types of boundary conditions 
on the droplet temperature-time and radius- 
time histories for the range of environment 
pressures were investigated. The results at 6.8 
atm and 102 atm are shown in Figs. 5 and 6. The 
boundary conditions labeled ideal gas mixture 
in the figures refer to the simplified vapor- 
liquid equilibrium condition given by equation 
(41) and the pure component enthalpy of 
vaporization for 1. The boundary conditions 
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R’ 

FIG. 3. The effect of Lewis number on thedroplet temperature- 
time and radius-time histories. P = 6.8 atm. 

F1c.4. The effect ofLewis number on thedroplet temperature- 
time and radius-time histories. P = 102 aim. 

FIG. 5. Comparison of the real with the ideal gas mixture 
models. P = 6.8 atm. 

labeled real gas mixture refer to the vapor-liquid 
equilibrium condition given by equation (36) 
and 1 given by equation (42). In order to single 
out the effects of the type of boundary conditions 
on the evaporation histories, theoretical pre- 
dictions for the droplet temperature-time and 
radius-time histories were compared where in 
one case the vapor-liquid equilibrium given by 
equation (36) was used and L was first assigned 
a value corresponding to the pure component 
enthalpy of vaporization and then assigned the 
value calculated from equation (42). In the other 
case, the pure component enthalpy of vaporiza- 
tion was used for I and the vapor-liquid 
equilibrium was determined first from equation 
(41) and then from equation (36). Although both 
effects change the results significantly at higher 
pressures, the influence of the vapor-liquid 
equilibrium is somewhat greater. 

Concentration and temperature profiles in the 
gas phase were determined and the results for 
pressures of 20.4 atm and 102 atm are shown in 
Figs. 7 and 8. The time values given in the figures 
are the dimensionless times, r, and the radius 
values are the dimensionless droplet radius, 
R/R,, values at the corresponding dimension- 
less times. The concentration and temperature 
values at a given position in the dimensionless 
II/ space can be related back to the physical space 
with the aid of the transformation equation 

r* = R* - In (1 - II/). 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

The objectives of the experimental research 
are to record the temperature and size of a liquid 
droplet evaporating in a high pressure and high 
temperature environment. The apparatus for the 
experimental study consists of a test chamber 
pressurized with an appropriate gas (nitrogen or 
argon) and heated to a preselected equilibrium 
temperature in an electric furnace. The liquid 
droplet is injected and is suspended from a 0902 
in. chromel-alumel thermocouple to permit 
measurement of the droplet temperature. 
The time history of the droplet temperature is 
recorded using a Type RS2-channel Dynograph 
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FIG. 6. Comparison of the real with the ideal gas mixture 
models. P = 102 atm. 

0 0125 / 0000 
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FIG. 7. Concentration and temperature profiles in the gas 
phase (dimensionless time for evaporation is 14.92). P = 20.4 

atm; N,,, = @425. 

FIG. 8. Concentration and temperature profiles in the gas 
phase (dimensionless time for evaporation is 2.62). P = 102 

atm; N,,, = 0.425. 

Recorder and the time history of the droplet 
size is recorded using a Bolex 16 mm movie 
camera. A schematic drawing of the experi- 
mental apparatus is shown in Fig. 9. A detailed 
explanation of the various equipment that 
are numbered in the drawing is given following 
the ligure. A brief description of some of the 
more important parts of the apparatus is 
presented in the following discussion. 

An optical system was built to permit shadowed 
or silhouetted photography of the droplet image. 
In the optical setup, a 2095 mm Bausch and 
Lomb projection lens is used to project the 
silhouetted droplet image onto a ground glass 
screen. The projected silhouetted droplet image 
is, then, photographed using the Bolex 16 mm 
movie camera with an 85 mm focal length 
lens and an attached +3 diopter close-up lens. 
Using the Bausch and Lomb lens in combination 
with the Bolex movie camera optics, and overall 
magnification of the droplet image of approxi- 
mately 20-2.3 was obtained. 

An electronic strobe unit was also incorpora- 
ted into the optical system. The purpose of the 
strobe unit is to synchronize the movie film 
events with the temperature-time output from 
the Dynograph script recorder. Thus, when the 
strobe tires, the shadowed droplet image is 
overexposed on one or possibly two frames of 
movie film and this event is recorded on the 
script chart recorder. 

The technique of droplet injection into the 
pressurized test chamber was developed using 
three solenoid valves, one micro-needle valve, 
and one needle valve. A schematic drawing of the 
arrangement of the droplet injector solenoid 
valve assembly is shown in Fig. 10. A pressure 
difference (BP = 40 psi) is applied across the 
fuel supply tank and the pressure vessel. 

EXPERIMENTAL RESULTS 

Experimental droplet radius-time and droplet 
temperature-time histories have been obtained 
for a n-hexane droplets evaporating in nitrogen 
and also argon gas environments at a tempera- 
ture of 548°K and at a range of pressures from 
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1. Environment gas supply tanks. 
2. Valves for isolating tha gas environment and for 

purging of the environment gas in the pressure 
vessel. 

3. Pressure gauge for measuring the environment gas 
pressure. 

4. Pressure vessel. 
5. Injector cooling jacket to prevent the liquid fuel 

from evaporating before injection. 
6. A 0,002 in. wire diameter droplet support thermo- 

couple. 
7. A 0.065 in. wire diameter thermocouple for sensing 

the temperature of the gas environment. 
8. Electric furnace. 
9. Electrical resistance heaters of furnace. 

10. Furnace electrical power connections. 
11. Aluminum channel bed supporting the optical bench 

and camera. 
12. Projection bulb light source with ground glass 

diffusing screen. 
13. iris diaphragm. 
14. Condenser lens. 
15. A 209.5 mm focal length Bausch and Lomb lens 

with variable f stops. 
16. A 10 cm square tube by 110 cm long which prevents 

stray light from falling on ground glass screen. 
17. Electronic strob unit described in reference [33] 

modified for long flash duration. 
18. Ground glass screen. 
19. Bolex 16 mm movie camera with motor drive. 

FIG. 9. Schematic diagram of the experimental apparatus. 

20. Bolex motor control transformer. 
21. Tri-pod supports for aluminum channel bed. 
22. Remote 3-pole momentary contact switch for trig- 

gering of the camera recorder event markets, strobe 
unit, and electric clock. 

23. Two channel Dynograph Type RS Recorder. 
24. Ice (cold junction) bath for thermocouples. 
25. Two double pole double throw switches for inter- 

rupting the signal from the thermocouples to the 
recorder. 

26. Left event marker of recorder used to indicate the 
time interval on the recorder output paper that 
the movie camera was operating 

27. Right event marker of recorder used to indicate when 
the electronic strobe was fired. 

28. Left and right channel recorder pens. 
29. Synchroneous motor (60 rpm). two lobed cam, 

and micro-switch assembly for tripping the right 
event marker and electronic strobe (at a 2/s rate) 
only when remote switch is closed. 

30. A 6V d.c. battery for energizing the two event 
markers and for providing a 6 V pulse to trigger the 
electronic strobe. 

31. Furnace electrical power controls-variable 240 V 
ac. 

32. Liquid fuel storage tanks. 
33. Pressure gauge for measuring the fuel tank pressure. 
34. Droplet injector solenoid valve assembly. 
35. Electric clock. 
36. Injector coolant input and output. 
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FIG. 10. Schematic diagram illustrating the technique of 
droplet injection. 

6.8 atm to 102 atm. Duplicated experimental 
runs were made for two particular sets of con- 
ditions to check the reproducibility of the results. 
Three characteristics of each run, the initial 
temperature of the droplet, the initial size of the 
droplet, and the time for droplet evaporation 
were used to check the reproducibility of the 
experiments. Table 1 summarizes the results 
giving the mean value and standard deviation 
of the three characteristics for both sets of 
experimental conditions. 

Table 1. Reproducibility of experimental results 

Set 1: Five runs of n-hexane-nitrogen at 548°K and 102 atm 

Mean 
Standard 

deviation 

T,(r = 0) R, 

(“K) (4 G 

359 400 0.416 
2 22 0.028 

Set 2: Six runs of n-hexane-nitrogen at 548°K 
and 82 atm 

T,,b = 0) R, 
(“K) (tic) ::) 

Mean 403 350 0.407 
Standard 

deviation 4 12 0.035 

A sequence of enlarged 16 mm frames showing 
the droplet size-time relationship for an n- 
hexane droplet evaporating in nitrogen gas is 
presented in Fig 11. The symbols below each 
photograph refer to the frame number in the 
sequence of frames. For example, F-l refers to 
frame one of the sequence; F-7 refers to frame 
seven in the sequence; F-23 refers to the twenty- 
third frame in the chronological sequence of 
photographs; and so forth. In some of the 
sequences of photographs depicting droplet 
evaporation, an apparent downward motion 
of vapor was observed in the later frames. A 
possible explanation of this observation is that 
the motion is induced by density differences 
between the gas in the neighbourhood of the 
droplet and the hotter ambient gas below. 

The experimental radius-time histories have 
been obtained by the following technique. The 
projected areas of the silhouetted droplet images 
on the 16 mm movies obtained from experiment 
were measured using a photographic image 
scanning device. The device that was used to 
process the photographic data is the CHLOE 
system at the Applied Mathematics Division 
of Argonne National Laboratory, Illinois. De- 
tailed description of the CHLOE system are 
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given by Butler [34] and Clark and Miller [35]. 
The CHLOE system consists of a digital 
computer and an optical cathode ray tube 
scanner, the latter being under control of the 
computer. The spot of light from the cathode 
ray tube is projected onto the film and the light 
transmitted through the film is viewed by a 
photomultiplier by means of which a decision is 
made regarding the density of the film at the 

circle and by solving for the radius. The frame 
sequence-time relationship was known through 
synchronization of the camera and recorder, and 
an effective radius-time history was then 
obtained. 

Some of the results showing the effects of 
pressure on the droplet temperature-time and 
radius-time histories are presented in Fig. 12 for 
n-hexane droplets evaporating in a nitrogen gas 

10 

temperature 0 8 

Environment 
gas pessure 
95.2 oh 0 
61.2 atm 0 

272otm a 

-04 

300 , I 1 / 02 
0 I 2 3 4 5 

f s 

FIG. 12. The effect of pressure on the droplet temperature- 
time and radius-time histories for n-hexane droplets 
evaporating in nitrogen gas at an environment temperature 

of 548°K. 

environment and are presented in Fig. 13 for 
n-hexane droplets evaporating in an argon gas 
environment. The effect of droplet size on the 
temperature-time and radius-time histories 
for n-hexane droplets evaporating in a nitrogen 
gas environment at 100 psi is shown in Fig. 14. 

point in question. Although tht CHLOE system 
can recognize up to eight quantized density levels, 
it was only necessary for the system to distinguish 
between the light (background) and the dark 
(silhouetted droplet image) areas of the movie 
frame. The information from the cathode ray 
tube scanner was processed with the aid of 
supporting computer programming and the 
projected area of the silhouetted droplet image 
was obtained in arbitrary “CHLOE area” units. 
Several frames of a silhouetted diamond image 
of known film magnification and size were 
scanned along with the experimental film data 
so that the droplet projected areas could be 
calculated in physical units. An effective droplet 
radius was then calculated by equating the 
measured droplet image area to the area of a 

COMPARISON OF THEORETICAL PREDICTlONS 
TO EXPER~ENTAL MEASUREMENT 

The procedure for comparing the theoretical 
predictions for the droplet temperature-time and 
radius-time histories with the experimental 
measurements is to choose a theoretical predic- 
tion for the droplet temperature-time history 
that matches with the experimental one. Then, 
the dimensionless evaporation time and the 
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FIG. 11. Sequence of enlarged 16mm frames for experimental run 47-3.2. The event in frame two (F-2) is desig- 
nated zero time of the run. 
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FIG. 13. The effect of pressure on the droplet temperature- 
time and radius-time histories for n-hexane droplets 
evaporating in argon gas at an environment temperature 

of 548°K. 

physical evaporation time are assumed equiva- 
lent and by substituting the two evaporation 
times into 

(42) 

with R, known from experiment, an effective 
diffusion coefficient is calculated. The effective 
diffusion coefficient, Deff, is then compared with 
the molecular diffusion coefficient calculated 

from a formula recommended by Reid and 
Sherwood [36]. To illustrate the method, the 
comparison of the theoretical prediction to the 
experimental results for a droplet evaporating at 
6.8 atm will be discussed. The theoretical pre- 
dictions for the droplet temperature-time history 
at 6.8 atm for three Lewis Numbers are given in 
Fig. 3. Of the three predictions for the droplet 
temperature-time history the run with a Lewis 
Number corresponding to 0.375 is chosen. The 
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FIG. 14. The effect of droplet size on the temperature-time 
and radius-time histories. 
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FIG. 15. Comparison of the theoretical predictions to experi- 
mental measurements for n-hexane droplet evaporating in 
nitrogen gas at an environment temperature of 548°K 

and an environment pressure of 6.8 atm. 

asymptotic droplet temperature of this predic- 
tion corresponds to the asymptotic droplet 
temperature found from experiment. The dimen- 
sionless and physical times for evaporation are 
assumed equivalent in their respective time 
coordinate scales. The initial size of the droplet 
is given from experiment and with the aid of 
equation (42) the effective diffusion coeffkient 
is calculated. The molecular diffusion coefficient 
is calculated using the formula given in Reid 
and Sherwood [36] given a film temperature, 

ff* 

FIG. 16. Comparison of the theoretical predictions to experi- FIG. 18. Comparison of the theoretical predictions to 
mental measurements for n-hexane droplet evaporating in experimental measurements for n-hexane droplet evaporat- 
nitrogen gas at an environment temperature of 548°K and ing in nitrogen gas at an environment temperature 548°K 

an environment pressure of 20.4 atm. and an environment pressure of 102 atm. 

FIG. 17. Comparison of the theoretical predictions LO 
experimental measurements for n-hexane droplet evaporat- 
ing in nitrogen gas at an environment temperature of 548°K 

and an environment pressure of 81.6 atm. 

q,., defined by Tf, = (T, + 7J2. the environ- 
ment pressure, and the properties of the binary 
mixture (n-Hexan~nitrogen). The mean tem- 
perature of the liquid droplet, TL, is defined in the 
list of symbols. The results are given in Table 2 
and the comparison of the theoretical prediction 
to experimental measurement for the droplet 
temperature-time and radius-time histories 
for an n-hexan~nitrog~ system for pressures of 
6.8, 20.4, 81.6 and 102 atm are shown in Figs. 
15-18. 



LIQUID DROP EVAPORATION 849 

Table 2. Comparison of the molecular diffusion coefficient with the effective diffusion coefficient 
Fuel: n-Hexane 
Environment gas: Nitrogen 
Environment temperature: 548°K 

(at?) 
R* 7-k = 0) (ii N, iTZ) D eff D&f 
(PI (“K) (cm”/3 - De,, DM 

6.8 410 329 1.826 0.375 457 0.0292 0.0250 1.17 
420 335 1.952 cl.375 458 0.028 1 0.025 1 1.12 

20.4 350 346 0.984 0.425 470 0.0184 0.0088 2.09 
40.8 440 366 I.046 0.425 4% 0.0146 0.0046 3.21 
81% 400 353 0.618 0,425 486 0.0096 0.0023 4.12 

102 430 361 0,458 0.425 486 0.0105 oGo17 6.16 

CONCLUSIONS 

1. Reproducible temperature-time and radius- 
time histories for droplets evaporating in a 
quiescent environment at high ambient tempera- 
ture and pressure have been obtained and these 
experimental results aid in the understanding 
of high temperature and high pressure evapora- 
tion phenomena. 

2. A droplet evaporation model was formu- 
lated that accounts for the transient character 
of the phenomena, includes the effect of the 
motion of the droplet boundary on the governing 
equations, and accounts for the effects of the non- 
ideal gas behavior in the boundary conditions. 

3. The effects of the more realistic non-ideal 
behavior of the gas phase in calculating the 
local vapor-liquid equilibrium mole fraction and 
the energy requirements for phase change which 
includes the effects of the inert environment are 
important for the calculation of the temperature- 
time and radius-time histories of evaporating 
droplets especially at the higher pressures. The 
above conclusion means that the more cumber- 
some technique of calculating the vapor-liquid 
equilibrium mole fraction and the enthalpy for 
phase change must be used and if possible these 
calculations should be supported with experi- 
mental data. For the n-hexane-nitrogen system 
experimental equilibria mole fraction values 
were available so a check on the mole fraction 
calculation was possible. However, the enthalpy 

for phase change calculation was not supported 
by experimental data or known reliable tabulated 
data and the results of this calculation am in 
doubt. The derivation of this expression involves 
the derivatives of the equation of state that is 
used for the mixture and thus serious inaccura- 
cies for the value of the enthalpy for phase change 
may result. 

4. The results of the comparison of the theo- 
retical prediction for the droplet temperature- 
time and radius-time histories to the experi- 
mental measurements, presented in Table 1, 
indicate that the nature of the mass transport 
mechanisms may not be molecular since the 
ratio of the effective diffusion coefficient to the 
molecular diffusion coefftcient as calculated from 
existing correlations departs greatly from unity 
at the high chamber pressures. However, in- 
vestigators who are concerned with droplet 
evaporation phenomena at high ambient tem- 
peratures and pressures for applications to 
rocket engine design and modeling have, in the 
past, used molecular diffusion coefficients in their 
predictions of evaporation rates. The results 
presented here suggest that a more realistic 
diffusion coefficient should be used in such 
analyses. 

5. To provide a further check on this droptet 
evaporation theory, a model should be investi- 
gated that would include the variation of the 
thermal and physical properties in the boundary 
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layer. However, such an analysis although more 
complex than the present work (due to the non- 
linear character of the governing equations) 
would also be handicapped since a theory for 
variable mass diffusivity as a function of compo- 
sition, temperature and pressure would be 
required. 
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I?TUDE DE L’I?VAPORATION D’UNE GOUTTE LIQUIDE DANS UN ENVIRONNEMENT 
A HAUTE TEMPBRATURE ET HAUTE PRESSION 

R&um&On a Ctudi6 extirimentalement et analytiquement le phtnomtne d’tvaporation d’une goutti dans 
un milieu stagnant B haute temp&ature et haute pression. La vie de la goutte traduite par les lois tempera- 
ture-temps et rayon-temps a CtB ttudit5e pour des gouttes de n-hexane s’tvaporant dans un environne- 
ment d’azote ou d’argon. La temptrature du gaz ambiant pour tous les essais exptrimentaux d’haporation 
de la goutte est de 548°K; la pression du gaz environnant est de 6,8 ; 20,4; 40,8 ; 81,6 et 102 atm. ; le diamttre 
initial de la goutte est etabli dans deux domaines l’un variant de 720 g 910 p et I’autre de 1420 B 1780 p. 

On a dtvelopp& pour 1’Cvaporation de la goutte une thCorie qui (a) rend compte du caractkre transitoire 
du phenomtne (b) comprend l’effet du mouvement de I’interface de la goutte et abandonne ainsi l’approxi- 
mation quasi-stationnaire qui a ttk faite dans des theories prCcCdentes (c) tient compte des effets du 
comportement du gaz non id&al pour le calcul de la condition aux limites d’kquilibre vapeur-liquide et 
aussi des effets de non idtalitk de I’enthalpie de vaporisation. On a trouvC que les effets du comportement 
non id&al de la phase gazeuse sont importants pour les estimations thkoriques de la vie de la goutte rep& 
sent&e par les lois temptrature-temps et rayons-temps lors de 1’Bvaporation sptcialement aux pressions 
plus &levCes. Les r&.ultats de comparaison de l’estimation thtorique pour I’histoire de la goutte represent&e 
par les lois mention&es ci-dessus avec les mesures expbrimentales indiquent qd’8 de plus hautes pressions, 
le transport massique moliculaire ne peut itre le mkcanisme qui commande le processus d’Cvaporation. 
Tandis qu’g une pression de 6,8 atm., le coefficient de diffusion massique effectif est en bon accord avec le 

coefficient de diffusion massique mol&ulaire calcul&, il lui est 6 fois plus grand g 102 atmosphkres. 

UNTERSUCHUNG DER TROPFCHENVERDAMPFUNG IN EINER UMGEBUNG HOHER 
TEMPERATUR lJND HOHEN DRUCKES 

Zusammenfassung- In dieser Arbeit wurden die Phlnomene der Triipfchenverdampfung In einer ruhenden 
Umgebung bei hoher Temperatur und hohem Druck experimenteli und analytisch untersucht. Experi- 
mentcllc Tr(ipfchcntemperatur!Zeit- und RadiuslZeit-Charakteristika wurden fiir verdampfende n- 

Hexantriipfchen in einer Stickstoff- und einer Argonatmosphire aufgenommen. Die umgebende Gas- 
temperatur fiir die Verdampfungsmessungen betrug in allen FBllen 548 K; der umgebende Gasdruck 
betrug 6,8; 20,4; 40,8; 81,6 und 102 atm; der Ausgangsdurchmesser der Triipfchen wurde in zwei Bereiche 
eingeteilt, nlmlich den von 720-910 pm und den von 142&1780 pm. 

Fiir die Triipfchenverdampfung wurde eine Theorie entwickelt, die (a) den zeitlichen Charakter der 
Phlnomene beriicksichtigt, (b) den Effekt der Bewegung der Trdpfchengrenze einschliesst und daher die 
quasistationlre Annaherung friiherer Tropfchentheorien nicht verwendet und (c) den Einfliissen des 
nichtidealen Verhaltens fiir die Berechnung der Molenbruchrandbedingung fiir das Dampf-Fliissigkeits- 
gleichgewicht und den Effekten der NichtidentitPt der Verdampfungsenthalpie Rechnung trlgt. Der 
Einflugg des nichtidealen Verhaltens der Gasphase ist wichtig fiir die theoretischen Berechnungen der 
Triipfchentemperatur/Zeit- und Radius,‘Zcit-Kurven speziell bei hiiheren Driicken. Der Vcrglcich der 
theoretischen Kurven mit den experimentellen Messungen ergab, dass bei hBheren Driicken der molekulare 
Massentransport nicht der kontrollierende Mechanismus fiir den Verdampfungsprozess sein kann. 
Wihrend bei dem niedrigen Druck von 6,8 atm der effektive Massendiffusionskoefflzient gut mit dem 
berechneten iibereinstimmte, warder effektive Massendiffusionskoeffizient bei 102 atm. mehr als sechsmal 

griisser als der berechnete. 

MCCJIEJJOBAHHE kIC&%PEHBH ICAHEJIb ;rcI4jJHOCTI4 B 
BbICOKOTEMIIEP~4TYPHO$i CPEAE IJPM BbICOICOM AABJIEHBM 

kiHOTal(HSI-npOBeAeH0 3XCIlepHhleHTaJIbHOe Ii TeOpeTWIeCI~Oe mcne2oBame m3neHm 
ncnapeam Kanenb B Heno~Bn2moR cpege npn sb~co~oii TeiwnepaType Al fiasnenms. %cnepn- 
MeHTanbHo 0npefieneHhI xapalrTep n3MeHeHHH ~0 npeMeHH Te,+tnepaTyphr II paaayca HafleJIb 

mrft H-remaHaB aTMoc@epe BoHopona II aproaa. TeMnepaTypa o~pymamulero raaaana Bcex 

aKcnepMMeHTOB no McnapeHMm KaneJIb 6bma paBHa 548"E, AasnetrMe OKpymaro~eR CpenbI 

6b1no6,85;20,4;81,6n102a~M.n0 IrasanbHomy ~MaMeTpyKat~e.?b3KcnepIIMeHTbIAejIaJIHcb 

Ha ABa Anana3oHa-720-910p II 1420-1470~. 
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PaspaBoTaHa ~e0p14~ mmapeHm Kanenb, KoTopaH ywlTbmaeT a. KrcTaqliolra~~HI,Iii xapu- 

Tep FIBJIeHWI, 6. RJIMRHCIC ABIWKeHHfl rpaHIlqb1 Kalle,lb, CHLiMaH TaKIIM Olipa3OM Orp”H’l’I~‘Hll” 

KBa3I4-CTaqI4OHapHOrO IlpI&IWKeHI4H, IIPHHFITO~O B pa3pafioTaHlIblx paflee Teoprwx II 

n. BJILlFIHRe HeH~eanbHOCTU ra3a Ha paWeT IIOrpaH’i~HO”O ~C.7IOBIIIl p”RI~O”eClIII ~M~IiO(‘Tl,- 

Ilap (gnfi rwoneii), a TaKifEe BmflHme KeLl~eanbHocTki raaa Ha pacscT rIorpaHliwor0 ycnon11ri 

paBHOBeCllR WI~KOCTb-IE,p (ZlnFI. MO;Ieti), II DJIMFlHl,le HeK~eanbHOCTkl Ha :1IITa;IblllllU lll’II;t- 

peHHH. YCTaHOBneHO, ‘IT0 BJIBHHl4e He&ffieaZIl>HOrO IlOlle;leHI4H r%lOBOii @WI,1 llM?eT :IH;1’lCIlIl(’ 

XnH TeopeTmecKnX npencKa3amd L13MeHrHClH 130 Bpt’MeHIl TeMlIepaTj’pbI 51 pa~~Mjw II(‘ll~l- 

pFIIO~MXCH KaIIeJIb, OCO6eHHO IlpII 6OJIbUilfX ~aBJIeHIiHX. PWj’jIbTRTbI Cp~llHt’IlilJl 

TeopeTmecKisx pacqeTon IIaiveHeHmW uo iipe~e~u TekIrIepaTypbI 5l pa:rlIyca v :~K~rIepIiMeIIT- 

ajIbHbIMI1 ~aHHbIMH IlOKa:~aJILl, qT0 lIp51 fiO.rree HbICOKIlx ~~;1IL~PHlIHS ~~~.~eI~~;I~l~~llI~Iii 

MacCOIIepeHOC MO,KeT He 6bITb OlIpe~e.ZHIOI~llM MeX;IHM:~\IOM 13 IlpO~?(‘W llc’li3pCH’1Jl. 1 f 1”’ 

Hl43KMX ~aB.YIeHGlHX 6,8 BTM L#f&$eliTMRHblii liOC~&flI~ReHT j~II@~~V:lMII Ma(‘l‘bI Il~ixO~Il.~ll’ll II 

XOpOlueM COOTBeTCTBkIII C KO3~~lII~WZHTOM, p”“‘WTaIIHbIM II0 @O~JM~:” ;Ui$N~~:lllll \Ia(‘c‘bI. 

TOrna KaK IlpM 102 aTM 3@#eKTBBHbIfi li03l$l~~lll~~letlT ;I~i@@y:lLiII 6bln kTIW, ‘Ii’M H 6 p:l:I 1~1~1111~’ 

paW2THOrO :lHR’Il’H?1H. 


