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Abstract-An earlier model of the droplet growth in unary condensation is extended for binary mixtures. The 
theoretical results are compared with measurements in the driver section of a shock tube using ethanol/water 
systems. Droplet radii and concentration are determined by means of the dispersion quotient technique. 
Particle size in the range of 0.1-I Mm and particle densities between 10” and 10” rnw3 were determined. 

Theoretical and experimental results are in good agreement under the conditions chosen. 
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x coordinate along shock tube 
X mole fraction of component 
Z Zeldovich factor. 

Greek symbols 
heat conductivity number for sphere 
impingement rate 
activity coefficient 
coefficient, equation (51) 
radial coordinate 
isentropic exponent for the gas mixture 
thermal conductivity of gaseous 
component 
light wavelength 
partial chemical potential per molecule 
dynamic viscosity of the gas mixture 
density 
bulk surface tension of solution 
coefficient, equation (64). 

Subscripts 
i component 1 or 2 

1 droplet class 
0 carrier gas 
1 water 
2 ethanol 
r droplet surface 
W ambient vapour parameter 
* metastable equilibrium 
obs observation station. 

Superscripts 
rr gas phase 

liquid phase 
+ at boundary of Knudsen layer 
0 pure component 

average value. 

1. INTRODUCEION 

DUE TO its growing importance in various application 
such as energy conversion and in the analysis c 
meteorological processes, binary nucleation ant 
condensation has been met with growing interest. Fo 
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example, Bodmer [I] and Bohnsack [Z] directed their 
attention to the inthrence of trace elements in the feed 
water of power plants with primary emphasis on the 
condensation phenomena and subsequent erosion and 
corrosion in steam turbines, An attempt was made to 
explain qualitatively some of the observed damages by 
an enrichment of the condensed water droplets with 
other components such as acetic acid and silicic acid. 
On the other hand, the enrichment of raindrops by 
atmospheric impurities, e.g. sulphuric acid, have 
become of public concern. Up to now only the 
nucleation processes as a first step in homogeneous 

binary condensation have been studied. Doyle [3] and 
Mirabel and Katz [4] used the original assumptions by 
Flood [S] and Reiss [6], who considered steady-state 
nucleation. Stauffer [7] studied the intluence of 
polluting reactants in water condensation. High 
nucleation rates were predicted theoretically even for 
water activities below one. As mixtures with 
components such as sulphuric acid in water Iead to 
extremely small partial pressures, ethano~~water [S] or 
n-propanol/water [93 were used for comparison with 
theory. Observed discrepancies between theory and 
experiment with water rich mixtures were explained by 

surface enrichment effects by alcohol molecules as the 
surface tension of pure water is altered drastically by 
small amounts of alcohol. 

Only limited informatjon is available on droplet 
growth in binary vapours. First models were proposed 
by Kaser [lo], Fukuta and Walter [l I], Dingle [12] 
and Meyer [ 131, however, no experimental verification 
was obtained. This paper, therefore, is directed towards 
the theoretical analysis of this process and its 
experimental proof. Using the conservation equations 
for single binary drops in a surrounding gas, it is shown 
that the droplet temperature can be eliminated. The 
diffusion of vapours through an inert carrier gas is 
taken into account-- as required for an extended 
Maxwell-Mason type model. 

The theoretjcal results are compared with measure- 
ments of water/ethanol mixtures in the rarefaction 
wave of a shock tube. Opto-electronic diagnostics-i.e. 
dispersion quotient technique-is applied in determin- 
ing the particle size and concentration as a function of 

time. 

2. NUCLEATlON 

The computation of a flow with condensation 
contains three main elements: 

(I) the nucleation rate equation for newly formed 
nuclei : 

(2) the equations for droplet growth, change of 
composition and temperature ; 

(3) the gas dynamic equations for the surrounding 
vapour phase of the droplet. 

The initial conditions for the computation of droplet 
growth are predicted from nucleation theory. For 
binary condensation, the knowledge of the initial 

number of nuclei, their size and composition is 
required. Embryo size and composition are derived 
from the conditions of the thermodynamic metastable 
equilibrium. The free energy necessary to form a 
nucleus of arbitrary size and composition is given by 

Cl41 

AG = n,dp, + n,Ab~, + 4nr%(X;, 7’) 

+(n, Sn,)(p-P,)f. if) 
where 

D = x;v, + x;a,, 

Xi = rzJ(n, •t nz), 

hp. = pt-p!’ = _kT In ‘i 
L 

Psi' 

psi = pyix;yi(x;, T). 

Thelast terminequation(l)can beneglectedasitis very 
small compared to the other terms for moderate 
supersaturations of interest here. The necessary 
conditions of metastabie equilibrium are [15] 

and (2) 

d2AG t?‘&G a=AG 

-----xx- 
> 0. 

&Z, cjn, 

This set of equations characterizes the saddle point 
condition of the energy surface AGtn,, nz) and leads to 
nonlinear algebraic equations for droplet radius and 
composition 

il,,+?%-??;&_=o, 
I r 2 

A,,+++ 
3( 1 - X>)u &J 

-=rO 
r ax; ’ 

(3) 

(4) 

theseequations together with therelation for theradius 

$rr3 = (fir in&, (5) 

defines the droplet size and composition in the saddle 
point. This pass is the energy barrier the clusters have to 
overcome in order to become stable. 

The rate of homogeneous nucleation in a binary 

mixture is predicted by [3] 

J=Cexp -ye. 
( ! 

The frequency factor C was derived by Reiss [6] from 
reaction kinetics 

where 
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Here C$ is the angle between the projected nucleation 
path direction in the n,, n, plane to the n,-axis, P and Q 

the second derivatives of AG with respect to the new 
rotated axis in the direction of the main nucleation path 
and perpendicular to that one 

sin2 4, (8) 

Q = (F)sin2 +-2(E) 

cosz 4. (9) 

The second derivatives of AG with respect to n, and n2 

are obtained following Mirabel and Katz [4], for 
example. In considering the differential arrival rates of 
the condensing species at the embryo surface, the 
nucleation path deviates from the direction of steepest 
descent on the energy surface and the angle of rotation 
is given by Stauffer [7] : 

tan’ C#I + (fde - dA) * tan 4 -f = 0, 

wheref = /12//?i is the correction factor 

(IO) 

a2AG a2AG 
dA=-- ~ 

an: i an, an, ’ 
(11) 

a2AG a2AG 
dg= -= 

i 
~ 

2 an, an,’ 
(12) 

3. MODEL OF DROPLET GROWTH 

The growth of binary drops was theoretically 
investigated by Fukuta and Walter [ll], Kaser [lo], 
Mirabel and Katz [4], Dingle [ 121, and Meyer [ 133. 
Dingle’s model is based on a modified Maxwell 
diffusion equation for two components coupled with 
the energy balance ofthe droplet. This system is referred 
to as the explicit model as the droplet temperature 
equation is explicitly required to solve the diffusion 
equation. 

Kaser’s explicit equations of the droplet growth are 
derived from the mass and energy balance in the 
Knudsen layer around the droplet surface and from 
diffusion and energy equations in the surrounding 
vapour sphere. 

No information on the droplet composition is 
obtained using Fukuta and Walter’s implicit droplet 
growth model. Improvements proposed by Meyer 
allow the computation of droplet composition. The 
algebraic equation for its temperature, however, is used 
in explicit form. Mirabel and Katz’s model is limited to 
the case, where one component is highly diluted. 

One of the purposes of this paper is to develop an 
advanced implicit model whereby the growth, 
composition and droplet temperature equations are 
combined into a growth and composition equation that 

depends only upon the supersaturation ratios. The 
influence of droplet temperature on condensation is 
taken implicitly into consideration. 

The droplet with radius I and composition X; is 
considered in a surrounding vapour sphere. The 
influenceofadjacent drops and droplet slip is neglected. 
The gas phase consists of two condensing gases with 
partial pressures pi2 = pi +p2 and of a non- 
condensable inert gas with partial pressure po. 

The condensing components form a real solution 
and are diluted with the inert gas 

PO s Pl +P2. (13) 

In a good approximation, the pressure around the drop 

is constant and equal to the pressure at infinity (q -+ 00) 

p(q) = pm = const., (14) 

where q is the radial coordinate. 
By assuming an independent diffusion, the change of 

mass m = m, + m2 of a binary droplet may be expressed 
as 

dm dm, dm, 
-=dt+dr=??i,+ri12. 
dt 

(15) 

For moderate pressure levels of interest the behaviour 
of the vapours and the carrier gas is assumed to be 

perfect 

pi = p;R/MiT. (16) 

Ifthe change ofexternal flow parameters is not too fast, 
the transport phenomena in the gas sphere surrounding 
the drop can be treated as stationary and the 
conservation equations yield 

div (p”U) = 0, 

div(p;‘U) = -div j,, 

div(p’;U) = -div j2, 

(17) 

(18) 

(W 

p” g = div(X grad T), (20) 

where 

x = cgrlo + c;1, + c’;l,, 

c:’ = P; 

p’;,+p;+p’;’ 
(21) 

The influence of diffusion on energy transport is 
insignificant. Due to smooth gradients of pressure and 

temperature, the pressure-diffusion and thermo- 
diffusion effects can be neglected in the relation for mass 
fluxes jl and j, 

j, = p”D,, grad c’;, (22) 

j2 = p”D2, grad c’;. (23) 

In radial coordinates the set of equations (17H20) will 
be more convenient for integration. Taking into 
account boundary conditions for r) = r one obtains 

4nr’(p;U+j,) = -&, (24) 
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4nr2(p;U+j,) = -&, (25) 

4nr2p”U = -(n& + &*), (26) 

22 =- 
c > 

iiz,L, +m,L, 

4nr2 . 
(27) 

r 

The droplet temperature T, is approximated by a time- 
dependent step function (dq/dt = 0, T,(t) + const.) 
because the change of the internal droplet energy is 
significant only during extremely fast expansions [16]. 
An additional phenomenon of minor influence is 
radiative transfer from the drop, surface increase energy 
and heat of dilution will be omitted in this model 
[equation (27)J. 

Single integration of conservation equations (17)- 
(20) leads to 

$p”V = ai,, (28) 

q2p;V = -q2jl +a,, (2% 

q2p;V = -q2j2+a,, (30) 

where 

h = h, +E,T, 

The integration constants are defined as 

(31) 

a, = -ritJ471, a2 = -ri1,/4n, 
(32) 

ai2 = ai +a,, btz = -(rfz,L, +~&,)/4~. 

The latent heat release and conductive heat transfer 
from the drop are dominant terms and exceed others by 
orders of magnitude. This fact allows the elimination of 
the droplet temperature equation in the implicit model 
of growth. It should be emphasized that the solution of 
the energy equation (31) predicts the drop temperature 
T, with good accuracy as a step function. 

In combining equations (28H30) the following 
relations between condensation rates hi and diffusion 
fluxes ji are obtained 

ml (1 -c;)j, +d& 
2= - 
4x1)1 (l-cc’i)(l-c’;)-c’;c;’ 

(33) 

m2 (1 -c’;)j, -t-&j, -=- 
4n$ 

-. 
(l-c;)(l-cc’;)-c;cl; 

(34) 

In addition for fluid dynamic applicationsit is desirable 
to derive analytical solutions. With the assumption of 
equation (13) and relations (22) and (23), equations (33) 
and (34) lead to 

I, 

$+= D,,p”dc, 
drir i 

(l-c’;), 

F*I2 

Gq 

(35) 

(36) 

where 

R = i c;Rp 
i 

i=O 

For p” = & and with the Taylor expansion of the 
exponential term 

~xP(~~~~l+~~, 

theintegralsofequations(35)and(36)simplifyfor rl = r 
to 

rk 
_--!- = Bt(Pim-Pir)* 
4rtr2 

where 

(37) 

(38) 

Similarly, the solution of the linear energy equation (31) 
is obtained neglecting second-order terms. 

Forq=r: 

T--T, = 
ti,LJ +ti,L, i,L, f k&2 

4nrX = u,4m2 ’ 
(39) 

where 

is the heat conductivity number for a sphere. This 
number refers to the conductivity in a continuum. For 
droplets smaller than the mean free path T, Gyarmathy 
[17] proposed a correction factor for a, 

1 g=a,.f _ = a, 0 x 
2r 1 + 3,18r/2r = m’ 

(41) 

In analogy for the diffusion factor B” 

Bi = ” *’ 

1 0 DiO/(l - 4~0) 
5 = (r + 1.59f)RiT,’ 

(42) 

The mean free path can be estimated as 

1= l.~P,/(~T&,, (43) 

where p is the mean dynamic viscosity of the gas 
mixture. 

The partial pressure of the components in the drop 
can be calculated starting from Laplace’s equation in 
differential form 

dp,-dp=d F+; . 
( > 

Using the the~odynami~ derivatives of chemical 
potentiaf 

T = vi’ (45) 

with equilibrium conditions dpi = dpf one obtains 

(46) 
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The integration of equation (44) was carried out for 
ideal gases and by neglecting the liquid’s 

compressibility. 
The derivatives of D with respect to Xi can be 

obtained from equation (5) 

(47) 

(48) 

ar (-1 rui =_- 
ax; “, 3vx; 

(:)r,.; = (&!!r(:>... 

For binary mixtures 8/8X; = - a/ax’, . 
Theequilibrium over the curved surface pi, is,equal to 

where 

L. 
Ei = I 

RiT2,a’ 
(57) 

Finally, from equation (52) with equations (SO), (53), 
and (56) a system of two linear algebraic equations for 
the mass rates ti, and ti2 is obtained, leading to the 
differential equations for the growth and the change of 
binary droplet composition 

4 
__ = F, 
4rcr2 [ 

ln(S,/Sy)- 3 (S, In S,,-6, In S:,) , 
r 1 

(58) 

Pir 

K 

2aui 
- = exp ~ + (49) k2 
Psi r -=F, 

47V2 
lnS,-I*rT21nS2*-4!$L,E, , 1 (59) 

r 

These equations are identical with the saddle point 
conditions, equations (3) and (4), for metastable 

equilibrium. Assuming that relation (49) is ap- 
proximately valid also for nonequilibrium growth of 
droplets, the pressurep, can be expressed in terms ofthe 
radius and composition of critical droplets : 

In 
Pi, = + f hi In Pim 

P3T,)YirxIr 
(50) 

I PS(T)Yi*XI*’ 

6, = uir + 1.5( 1 - x;,)vl(a In n/ax;), 
’ vi*+ 1.5(1 -x:,)qa In ~/ax;),’ 

(51) 

The temperature ratio T/T, is close to unity. To obtain 
the droplet growth equations in a convenient form, the 
solutions of the diffusion equation (37) and the energy 
equation (39) should be connected and expressed as 
functions of component activities in the gas phase or 
component supersaturations. The activities, therefore, 
must be transformed 

ln Pim _ 
PS Tm ) 

ln + +ln Pir +In PXT,) 
(52) 

Pi, P3 T) zzl’ 

Here the term ~~,~/p~,. is approximately unity. 

Linearization and combination with equation (37) 
yields 

,n!h_ ,_I= ii 1 

iqispi,’ (53) 
PW Pi mlPir 

The second term of equation (52) is defined by equation 
(50) and the last one is estimated by the linear term of a 
Taylor series expansion 

ln Pm __ = d IndF(T) 
PZT,) 

(T,_ T,), 
(54) 

cc 

With the ideal gas assumption, the derivative of In p$ 
vs temperature is given by the Clausius-Clapeyron 
equation 

d In p$ Li 
dT m=- R,T2,’ 

Equation (54) with energy equation (39) gives 

(55) 

(56) 

where 

Si, = 2eL 
PZi’Ji*xI* ’ 

(61) 

1 

I 

-I 
F, = ~ +L,E,(l- L,E,F,) 

~1% 
, (62) 

(63) 

w = L,E1F2. (64) 

The masses of components in the drop m,, m2 are 
related to drop radius and composition as 

(65) 

x2 = 
m2/w2 

mllwl +m2/w2’ 
(66) 

The implicit mode1 developed may be applied to real as 
well as idea1 mixtures in the liquid phase. The mass rates 
are dominantly dependent on the species supersatur- 
ations Si. 

4. EXPERIMENTAL TECHNIQUES 

The study of binary condensation demands an 
extremely accurate preparation of the composition of 
the vapour mixtures. Only small amounts of 
condensing materials are required in the shock tube 
and arbitrary solutions can be supplied without 
problems. 

Prior to an experiment, the heated shock tube(Fig. 1) 

is evacuated. The liquid test mixture is injected, 
vaporized and superheated within the driver section. 
Carrier gas is filled and mixed with the test fluid by 
means of a thin perforated tube mounted within this 
section. The state along the tube before firing is 
determined by means of six thermocouples and a static 
pressure transducer. 

The static pressure during the unsteady expansion is 
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BEAM NEUTRAL PI-~OTOMULTIPLIER 
SFLITTER DENSITY 

PLATE FILTER 

FIG. 1. Schematic of shock tube with measurement arrangement. 

recorded by a Kistler quartz transducer, and the onset 
of homogeneous condensation is notified by measure- 
ments of light extinction. 

Only an integrating optical method is applicable due 
to the short measurement time and high droplet 
concentration. For sufficiently diluted particle systems, 
multiple scattering can be neglected [ 181. The chosen 
dispersion quotient technique was originally proposed 
by Teorell [19], and its application has been recently 
described in detail by Lester and Wittig [20], and 
Barschdorff et al. [21]. 

A monochromatic beam with intensity I, passing 
through an array of spheric particles is attenuated to 

1 = I0 exp [ -NzrZQexl(r, l,E)A]. (67) 

The droplet concentration N and the radius r are 
unknown. The radius r is obtained from the intensity 
ratios at two different wavelengths /2,, A,, 

For particles in the Mie range the dispersion quotient 
DQ decreases with size until the oscillatory scattering 
efficiency is reached (Fig. 2), and the particle size can 
easily be determined by equation (68). The compu- 
tation of the extinction cross section is provided by the 
Mie theory. For polydisperse particles, the volume 
averaged radius will be approximately determined in 
the Mie range under consideration. 

and mixture composition. The attenuated light 
intensity was measured by two photomultipliers with 
impedance followers and monitored by a transient- 
recorder. Pressure and light intensity distributions 

3( 

DQ 

The procedure has been tested using monodisperse 
latex particles suspended in water [22]. The latex 
particle diameters were less than 1 pm and the 
concentration was varied between 1Or3 and 10” 
particles me3. The excellent agreement between the 
predictions and measurements is demonstrated in 
Fig. 3. 

. 
I- 

,- 

5- 
0 

Particle Diameter / 10 -6 m 

Argon and helium-neon lasers were used as light FIG. 3. Dispersion quotient for monodis~rsed latex particles 
sources. The refractive index is a function of wavelength in water suspension. Theory and experiment [22]. 

3 

2 I 
It- 

OL 
10 

A, = 0.488 10s6m 

/ 
10 * IO” IO5 

Particle Diameter b/m 

FIG. 2. Dispersion quotient DQ plotted vs droplet diameter for 
water E = 1.33 and water-ethanol mixture (X2 = 0.8) with 

maximum value A = 1.37. 
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Pressure Disturbances 

P P4 P3 X I” X& X 

FIG. 4. Flow in unsteady rarefaction wave with condensation (schematic). 

were also displayed on an oscilloscope triggered by a 
quartz pressure transducer. 

5. FLOW IN UNSTEADY RAREFACTION WAVE 

To show the validity of the model, measurements of 
droplet growth and concentration are performed in the 
driver section of a shock tube. In the case of an 
expansion without phase transition, the flow field in the 
unsteady rarefaction wave is well known from basic 
gasdynamics. The flow with binary nucleation and 
condensation requires the solution of a system of 
partial differential equations for the expansion wave 
simultaneously with the equations for nucleation and 
droplet growth similar to unary condensation [23]. 
This procedure is time consuming especially for binary 
drops, and the theoretical results are not satisfactory 

~241. 
The simpler method, therefore, proposed by 

Barschdorff [25] will be used. The gasdynamic 
parameters necessary for nucleation, equation (61, and 
mass rates, equations (58) and (59), are computed by 
means of the method of characteristics for an unsteady 
expansion wave in a perfect gas. The method is 
applicable only if the influence of the latent heat on the 
flow is negligible, i.e. for mass fraction of the liquid 
phase 

c; +c; < 10-3. (691 

The binary mixture ofcondensing media is diluted in an 
inert gas and is expanded adiabatically below the 
saturation state until the homogeneous condensation 
occurs and the supersaturation collapses. 

The pressure history of the gas vapour mixture in the 
expansion wave can be expressed as a function of the 
characteristic slope x/t 

3 (70) 

where Ich is the isentrop exponent for the gas mixture; 
subscript 4 indicates initial conditions in the driver 
section before tube firing. 

The pressure me~urements are performed at a fixed 
test station. 
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The computation of condensation is carried out 
along the particle path which is obtained by integrating 
the local fluid velocity 

(71) 

The appropriate times ti, and t are obtained from the 
recorded pressure trace shown in Fig. 4. 

It should be noted that in our experiments a virtual 
displacement of the origin of the characteristics is 
caused by a Lava1 nozzle installed at the entrance to the 
driven section. The nozzle dampens the disturbances 
due to heat release by impeding the propagation of the 
disturbances into the expansion fan from the low 
pressure section and around the diaphragm. The 
pressure increase under identical initial conditions 
using the nozzle generally occurs without a preceding 
shock wave [Fig. 5(a)] in contrast to the flow of the 
straight, circular shock tube [Fig. 5(b)]. 

The pressure increase and the light extinction in 
general are time-consistent. 

6. EXPERIMENTAL RESULTS AND 

CRITICAL COWARISON WITH THEORY 

As mentioned earlier water/ethanol mixtures diluted 
with nitrogen were studied for comparison with the 
theoretical model. In general, initial conditions for the 
total pressure and temperature were held at 
approximately 2 bar and 313 K, respectively. 

A typical record of the light extinction at the two 
wavelengths of633 and 488 nm and the pressure trace is 
shown in Fig. 6. Corrections for the characteristic 
diagram x,,,J are taken 

proper conditions prior 
state. 

The activities onset of nucleation conditions are 
in excellent agreement with our previous results, Fig. 7 
[8]. The observed growth and change 

shown in 8 and 9 for different 
within the vapour mixture. It can 

be seen that the computed pressure agrees well 
with the experimental 

growth is only satisfactory 
0.5). 
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(4 I 
Nucleation Onset 

Time 

(b) 

FIG. 5. Pressure and light extinction oscillograms for water-ethanol condensation in shock tube with (a) 
rectangular set and (b) without it. 

At low alcohol concentrations (see Fig. 9) 
discrepancies between the model and the experimental 
results are observed as expected. For example the 
calculated onset ofcondensation and droplet growth is 
considerably earlier than that experimentally observed. 
The difficulty in utilizing the nucleation theory for 
mixtures with a drastically changing surface tension as 
a function of composition has been discussed by 
Mirabel and Katz [26] and could be responsible for the 
observed behaviour. Furthermore, the carrier gas 
effects on nucleation [25] are still under discussion. 

It should be noted that the integration of the droplet 
growth equations [equations (58) and (59)] along the 

x;=o. 30 

particle path is started by a sufficiently large nucleation 
rate 

j = nTj+ 1, 

nZj = nrj+cot $i, 

for #j > $, nij = nticot 4k 

nzj = nTi+ 1. 

xpo.70 

oa lc_ 

Nucleation Onset 

lime 

(72) 

FIG. 6. Pressure and extinction signal traces for condensation ofwater~thanol mixtures (see detailed analysis 
in Figs. 8 and 9). 
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FIG. I. Onset of nucleation for water-ethanol mixture-comparison of theory and experiments Cal. 

Activity Watr at 

In extrapolating the nucleation path direction for the 
first step, the droplet growth is forced to have an 
increasing tendency. 

Total liquid phase concentration is obtained by 
summing the individual masses over all drop classes. 
The two-phase mixture density therefore is equal to 

p;+p;+p; 

’ = 1 -C [(Nj/p)j$crj3p$] ’ 
j 

(73) 

where the values (Nj/p)j are constant along the pathline 
and N, = JAtj 

The drop mean radius is defined as 

lj I j I 

The change of the radius for small mass fractions 
c; 1-c; < 10e3 is influenced by the droplet growth in 
the respective classes and the increase of the drop 
concentration by newly formed classes. The latent heat 
release causes a pressure increase for concentrations of 
approximately c; +c; > 10m3 and a rapid quenching 

FIG. 8. Pressure trace, evolution of droplet mean radius and 
droplet concentration-comparison of theory and experi- 
ment for ethanol rich mixture. Initial conditions: Xl; = 0.70, 
p4 = 1.98 bar, T4 = 313.2 K, p12 = 0.09 bar. Measurement 
points: 0, pressure; A, droplet radius; ‘((r, droplet 
con~nt~tion. Calculated parameters: -.-.-, at observ- 

ation station; , along particle path. 

of the nucleation process. The increase of the mean 
radius under these conditions is accelerated as it 
depends only on the growth ofthe drops. The number of 
the drops remains constant and the con~ntration 
decreases slightly with the mixture dilution. 

In the critical evaluation of the experimental and 
theoretical results it has to be taken into account, that 
application of the light extinction technique under our 
experimental conditions-i.e. tube diameter, wave- 
length, expansion rate, etc.-requires a particle 
concentration in excess of 10’ 3 m- 3 which corresponds 
toanucleation rateofapproximately 10’6m-3s- i. It is 
obvious that the drastic change in the concentration 
leads to deviations between the calculated and 
ex~rimentally determined data. Considering this, the 
agreement in Fig. 8 is quite acceptable. 

Despite the extremely fast change of concentration 
within the particulate drop from the critical value to the 
equilibrium composition within the time span of 
approximately 10T5 s, this demonstrates the capa- 
bilities ofthe model. With respect to the droplet growth 

IogN 

l 

oo-- 

FIG. 9. Pressure trace, evolution of droplet mean radius and 
droplet concentration-comparison of theory and experi- 
ment for water rich mixture. Initial conditions: Xi = 0.30, 
p4 = 1.975 bar, T4 = 314.1 K, pit = 0.085 bar. Measure- 
ment points: l , pressure; A., droplet radius; v, 
droplet con~ntration. Calculated parameters: -.-.-, at 

observation station ; -, along particle path. 
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it should be emphasized that accurate measurements 
can only be expected down to 0.1 pm. This range on the 
other hand appears to be the upper limit of the validity 
of the calculations as the assumptions such as the 
thermal decoupling between gas phase and droplet will 
not hold. Still the agreement between the calculated 
and measured droplet size in this range is surprisingly 
good (Fig. 8) and is also dependent on the nucleation 
theory, not only on the droplet growth model. 
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FORMA~ON ET CROISSANCE DE GOU~ELE~ES DANS DES VAPEURS BINAIRES 

Resume-LJn modele anterieur de croissance de gouttelettes en condensation de corps pur est etendu a des 
melanges binaires. Les resultats theoriques sont compares avec des mesures dans la section dun tube g choc 
utilisant des systemesethanol/eau. Les rayonsde goutteletteset laconcentrationsont determines au moyen de 
la technique du quotient de dispersion. On determine des tailles de particules entre 0,1-l pm et les dens&is 
entre 10” et lOi rne3, Les resultats thtoriques et experimentaux sont en bon accord dans les conditions 

choisies. 
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TROPFENBILDUNG UND -WACHSTUM IN KONDENSIERENDEN BINAREN DAMPFEN 

Zusammenfassq-Ein Tropfenwachstumsmodell fur u&e Kondensation wurde auf binlre Gem&he 
erweitert und mit experimentell ermittelten Werten verglichen. Die Expansion von Athanol/Wasser- 
Lijsungen im Hochdruckteil eines StoBrohres hihrte zur Kondensation. Tropfenradius und -Konzentration 
wurden mit der Dispersions-Quotienten-Methode bestimmt. Die gemessene PartikelgriiBe liegt im Bereich 
0,1-l pm, die Partikeldichte zwischen 10” und 1O“‘m-a. Die theoretischen und experimentellen Ergebnisse 

stimmen gut iiberein. Auf Probleme wasserreicher Gemische wird eingegangen. 

06PA3OBAH~E M POCT KAHEJIb HPM KOH~EHCA~~~ HAPA 
6~HAPHbIX ~~~KO~E~ 

AHHoTa~-~~~o~eHHaa PaHee MOAP2b poCTa KaneJIb flpii KO~AeHCa~HH OAHOKOMnOHeHTHO~ 

mHAKOCTH o606mefra HaC~~~aii6HHapHblXCMeCei(.~POBeAeHOCpaBHeHAe~3yflbTdTOBTeO~T~~eCKOfO 
HCCJleAOBaHH5l C AEUiHblMH H3MepHHfi. nony~etittbrx na yqacrxe abicoxoro nanaemin ynapuof 
Tp)'6bI CO CMeCbH) 3TaHOJl - BOAa. PaAHyCbl A KOHUeHTpWAfl Kaflenb On,X?AenSinHCb MeTOAOM 

Aacnepcau noKa3aTenx npenoMneHHn. Onpeneneubt pa3Mepbt Kanenb B AHana30He 0~ 0.1 MKM no 

1 MKM H n,,OTHOCTH KOHUWiTpa~HH OT 10" A0 loI M-3. B PaCCMaTpHBaeMbIX YCJIOBHSIX TeOpeTW 

WCKNe Pe?)'flbTldTbI XOpOlllO COrJlaCyWTCR C 3KCllepHMeHTaJlbHblMH AaHHbIMH. 


