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A method-based on evaporation of a constant-composition droplet containing two 
components that differ markedly in volatility accurately estimates activity coefficients of 
both components. This new technique is developed to simultaneously determine the 
evaporation rate and composition of a droplet from intensity peaks observed in the light 
scattered by the droplet. It has no upper or lower limits on the relative volatility of the 
system and is particularly suitable for systems containing one relatively nonvolatile com- 
ponent. The data on the glycerol-ethanol system, obtained from evaporation of glycerol 
droplets in ethanol vapor and correlated with Margules and Wilson equations, are ther- 
modynamically consistent. The results of this study agree with ethanol activity coeffi- 
cients calculated from the total pressure us. solution composition data previously re- 
ported. 

Introduction 

Multicomponent phase equilibrium properties are impor- 
tant in designing many industrial processes and understand- 
ing numerous natural phenomena. It is not feasible to mea- 
sure vapor-liquid equilibrium data for systems containing 
many components. Usually, the properties of such systems 
are predicted from excess Gibbs free energy models contain- 
ing two or more parameters. The model parameters are nor- 
mally evaluated from experimental data on binary systems. 
The accuracy of this approach depends on the precision of 
binary vapor-liquid equilibrium data. 

The activity coefficients of a binary system can be mea- 
sured using several techniques that include: (i) measurement 
of isothermal equilibrium total pressure vs. composition data; 
(ii) dynamic and differential ebulliometry (Swietosiawski, 
1945; Palcmeka-Tulinska et al., 1990; Eckert et al., 1981; Lo- 
bien and Prausnitz, 1982; Trampe and Eckert, 1990; (iii) dy- 
namic gas chromatography (Pescar and Martin, 1966; Malik, 
1976; Donohue et al., 1985); and (iv) headspace chromatogra- 
phy (Hackenberg and Schmidt, 1976; Cheong and Carr, 1990; 
Li et al., 1990). These techniques can be used to obtain activ- 
ity coefficients of both components of a wide variety of bi- 
nary systems. However, these techniques only provide the ac- 
tivity coefficient of the more volatile component of a system 
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with very low relative volatility, and are not suitable when 
both components are relatively nonvolatile. 

Recently, Trampe and Eckert (1993) developed a tech- 
nique based on the dew point measurement of a vapor phase 
of known constitution. The technique is best suited for mea- 
suring the limiting activity coefficient of the less volatile com- 
ponent of a system with low relative volatility. Due to the 
limitations in the construction of a vapor phase of known 
composition and in the temperature measurement, the 
method is suitable for a system with relative volatility in the 
range of 0.3 to lo-’. 

Over the last few years, a new method based on the elec- 
trodynamic balance has been applied to measure activity co- 
efficients of water in salt solutions (Richardson and Kurtz, 
1984; Kurtz and Richardson, 1984; Richardson and Spann, 
1984; Tang et al., 1986; Cohen et al., 1987a,b). In this method, 
the weight change of a single salt particle suspended in an 
electrodynamic balance is measured as the total pressure due 
to water vapor is increased. 

Recently, Allen et al. (1990) have shown that measure- 
ments on a binary solution microdroplet evaporating in a va- 
por-free atmosphere inside an electrodynamic balance can be 
used to determine activity coefficients of two relatively non- 
volatile components. They have used weight change and scat- 
tered intensity data to determine the droplet size and compo- 
sition, and interpreted the results using quasi-steady-state 
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mass flux relations. The technique is only suitable for systems 
with nonvolatile components. When one or both components 
of a droplet are volatile, the evaporation process is non- 
isothermal, and the interpretation of data (determination of 
the droplet size, composition and temperature as functions of 
time from simultaneous differential equations) becomes te- 
dious. 

For systems with components that differ markedly in 
volatility, the conventional measurement methods do not 
provide any information on the activity coefficient of the less 
volatile component. For example, in the analysis of isother- 
mal total pressure vs. composition data, one neglects the con- 
tribution of the less volatile component to obtain the activity 
coefficient of the more volatile component. For the less 
volatile component, as the results from prior studies show, 
only fragmented data such as limiting activity coefficients may 
be directly determined from, for example, dew point mea- 
surements (Trampe and Eckert, 1993). 

The purpose of this study is to demonstrate that the activ- 
ity coefficients of both components, differing markedly in 
volatility, can be determined from measurements on a binary 
solution droplet evaporating in a vapor phase that is free of 
the less volatile component but contains known concentra- 
tion of the more volatile component. During the quasi-steady 
evaporation, such a droplet evaporates as a constant-com- 
position solution droplet. When the vapor pressure of the less 
volatile component is sufficiently low, the droplet remains at 
a dynamic equilibrium with the more volatile component in 
the gas phase, and the evaporation rate is dictated by the 
activity of the less volatile component. Thus, from the quasi- 
steady composition and evaporation rate, one can simultane- 
ously determine the activity coefficients of both components. 
In the present study, the composition and evaporation rate of 
a droplet are determined using a light scattering technique. 
In this article we present results on single glycerol droplets 
evaporating in partially saturated ethanol vapor inside an 
electrodynamic balance, and show that the measurements are 
thermodynamically consistent. The theory and experiments 
presented here demonstrate that measurements on droplet 
evaporation in controlled environments provide accurate va- 
por-liquid equilibrium data for a wide range of binary sys- 
tems. 

Theory 
Mathematical models for evaporation and growth of multi- 

component droplets are usually formulated under a quasi- 
steady assumption (Newbold and Amundson, 1973; Ren- 
ninger et al., 1981; Smolik and Vitovec, 1984). Huckaby and 
Ray (1989) and Vijayaragahavan (1990) have rigorously exam- 
ined the growth and evaporation of binary droplets under un- 
steady conditions by considering gas and droplet phase heat 
and mass transport as well as nonideal solution behavior. 
When a droplet is suddenly exposed to a gas phase, their 
results show that after an initial unsteady period the system 
attains a quasi-steady state, marked by uniformity of compo- 
sition inside the droplet. In the quasi-steady state, the droplet 
evaporates or grows as a constant composition mixture (the 
composition of the droplet does not change with time). Thus, 
for a binary droplet of components A and B ,  evaporating in 
a stagnant environment that contains a nontransferring 

species C (such as, air), the following relation holds during 
the quasi-steady period: 

(1) 

To develop a solution for the quasi-steady period, we make 
the following assumptions: 

The total molar density, thermal conductivity of the gas 
mixture and effective diffusivities are independent of temper- 
ature and concentration variations. 

The droplet size and system pressure are such that the 
continuum theory applies. 

The droplet-gas interface remains at equilibrium at all 
times, and the equilibrium can be described by the vapor- 
liquid equilibrium relations for bulk systems (that is, pi = 

.y,x,P?). This assumption implies that there is no interfacial 
resistance, and that the droplet is sufficiently large at all times 
to justify the neglect of the curvature effect (that is, Kelvin 
effect) 

Under the above assumption, the steady-state heat and 
mass-transfer equations can be solved to obtain the tempera- 
ture and concentration distributions in the gas phase sur- 
rounding the droplet. Using the gas-phase temperature and 
concentration distributions along with the interfacial condi- 
tions and Eq. 1, one may obtain the following simultaneous 
equations for the droplet temperature and composition: 

and 

A material balance at the droplet-gas interface provides the 
following relation for the droplet radius as a function time: 

Physical acceptable solutions of Eqs. 2 and 3 exist for the 
evaporation of a droplet under various scenarios. For experi- 
mental purposes, however, some of the solutions are not quite 
as meaningful as others. For example, when a droplet con- 
taining components that differ markedly in volatility evapo- 
rates in a vapor-free atmosphere, the mole fraction of the 
volatile component in the constant-composition droplet in the 
quasi steady may be negligibly small. For all practical pur- 
poses, the droplet evaporates as a pure droplet of the less 
volatile component. However, when a binary droplet evapo- 
rates in a gas phase that is devoid of the less volatile compo- 
nent but contains the more volatile component, the composi- 
tion of the droplet is dictated by the bulk gas partial pressure 
of the more volatile component. Thus, the droplet composi- 
tion can be varied in a controlled manner by systematically 
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altering the partial pressure of the more volatile component, 
and the activity coefficients of both components as functions 
of composition can be determined. 

The results of the above analysis simplify considerably if 
the less volatile component is relatively nonvolatile. For dis- 
cussion purposes we shall denote the less volatile component 
as A .  For P,/Pl I the droplet temperature can be as- 
sumed to be equal to the bulk gas temperature, and in an 
A-free atmosphere Eqs. 3 and 4 simplify to 

and 

(10) 
P A n L =  

Equations 7 and 9 show that if the composition and evapo- 
ration rate (slope of u2 vs. t data) of a droplet are measured 
simultaneously, then independent estimates of activity coeffi- 
cients of both components can be obtained from the mca- 
sured data. These equations are the bases for the interpreta- 
tion of experimental data of the prescnt study. I t  should be 
pointed out that errors in the activity coefficient estimates 
due to uncertainties in physical properties or any random 
fluctuations of experimental conditions can be minimized by 
collecting data on the same droplet at varying gas phase ac- 
tivity of B. The data can then bc analyzed on the basis of the 
evaporation rate slope ratio which is given by: 

u z  = a; - 2 DA ( &f! 1 ( t  - t o )  (6) 
S P wA 

(11) 
- - D A M Y A X A P A  

’0 D A C w A P  . In addition, if component B is significantly more volatile than 
A (that is, p < Eq. 5 reduces to 

(7) 

Thus, during the quasi-steady evaporation, the composition 
of the droplet remains in a dynamic equilibrium with respect 
to component B in the gas phase, and the difference be- 
tween the droplet and bulk gas activity of A (yAxA)  drives 
the evaporation process. 

The experiments of the present study involve evaporation 
of a pure glycerol ( A )  droplet surrounded by an atmosphere 
containing ethanol ( B )  vapor and air (C) .  Under the experi- 
mental conditions (Tx = 2 5 T ,  PI = 1 atm), P:(T=)/P, = 2 X 
lo-’, and p = 2.1 x lo-‘; thus, it can be safely assumed that 
the composition of ethanol x n  in a glycerol-ethanol droplet 
during the quasi-steady evaporation is equal to the equilib- 
rium composition corresponding to the gas-phase activity or 
saturation ratio a,. Since, under the experimental condi- 
tions, yA I P:(Tx)/Pl = 2 x  l op7  and y ,  z PB,/Pt are nearly 
independent of the position, the gas-phase effective diffusiv- 
ity of A can be expressed by: 

- I  

DAM = [ (1 - &) 2 + 2-1 
DA R DAC 

The above equation shows that the activity coefficient csti- 
mates are affected neither by the cxperimental temperature 
nor by the total pressure fluctuations, and nor by the uncer- 
tainty in the vapor pressure of A .  

Experimental Studies 
The experimental system used in this study is shown in Fig- 

ure 1. The salient features of the system have been described 
in detail by Ray et al. (1989, 1991); here we will prescnt a 
brief discussion on the system. An electrodynamic balance 
mounted inside a temperature controlled chamber is used to 
suspend single droplets in a gas stream. The balance consists 
of two central ring electrodes and two cndcap ring electrodes 
above and below the central ring electrodes. A variable AC 
potential on the central ring electrodes focuses a droplet to 
the center of the balance, while a bipolar DC potential ap- 
plied across the top and bottom electrodes balances the verti- 
cal forces acting on the droplet. This design facilitates unhin- 
dered flow of a gas stream through the balance. Thc follow- 
ing force balance relation applies to a droplet at the center of 
the balance: 

4 i ~ u ” p / 3  = 2 KqVd, + 6.rrupv. (12)  

The above relation justifies the assumption of constant gas 
mixture diffusivities. 

Equation 6 shows that during the evaporation of a droplet 
containing a relatively nonvolatile component in the presence 
of a volatile vapor, the square of the radius changes linearly 
with time with a slope of: 

(9) 

In a vapor-free atmosphere, which corresponds to evapora- 
tion of a pure droplet of A ( x A  = 1, yA = 1, p = pa, w, = 1, 
and DAM = DAc), the relation for the slope simplifies to 

A suspended droplet is illuminated by a vertically polar- 
ized He-Ne laser beam, and the intensity of light scattered by 
the droplet is detected by a photo-multiplier tube (PMT) 
mounted on the horizontal plane containing the droplet. The 
ethanol activity in the gas stream flowing past the suspended 
droplet is controlled by mixing an ethanol saturated air stream 
with a dry air stream at an appropriate ratio. The ethanol 
saturated air is generated by passing dry air through an evap- 
orator-condenser system. The air stream leaving the evapora- 
tor is passed through a two-stage falling film condenser. The 
second stage operates isothermally, and the air stream leav- 
ing this stage is saturated with ethanol at the condenser out- 
let temperature. The flow rates are maintained by micropro- 
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Figure 1. Experimental system. 

cessor controlled flowmeters, and prior to introduction to the 
chamber, the temperature of the mixed gas stream is brought 
to the chamber temperature by passing it through a heat ex- 
changer. 

In a typical experiment, a pure glycerol droplet was sus- 
pended in a dry air stream at  25°C. A spectrophotometric 
grade glycerol (purity > 99.5%) obtained from Aldrich Chem- 
icals was used. Before the start of the experiment the droplet 
was dried for a few minutes to  remove volatile impurities such 
as water. Then the intensity of scattered light and D C  voltage 
required to balance the droplet were recorded as functions of 
time. After collecting sufficient data in dry air, the activity of 
ethanol in the air stream was increased in steps. After each 
step increase in the ethanol activity, the droplet grew to a 
maximum size by absorbing ethanol vapor and then evapo- 
rated. Only the data collected during the quasi-steady evapo- 
ration were used in the analysis. 

Data Reduction 
In this study, the intensity of scattered light vs. time data 

are analyzed using Lorenz-Mie theory to obtain the size and 
refractive index (composition) of an evaporating droplet re- 
sponsible for the scattered intensity spectrum. Here, we shall 
present a brief review of the theoretical basis for the inter- 
pretation of light scattering data, and then describe the pro- 
cedure used for determining compositions and evaporation 
rates. 

Light scattering by spherical particle 
When a spherical particle is illuminated by a vertically po- 

larized monochromatic beam of wavelength A, the far-field 
intensity of scattered light in the horizontal scattering plane 

is given by (van de Hulst, 
Huffman, 1983): 

1981; Kerker, 

P,' (cos 9 ) 

"l sin o 

n 

983; Bohren and 

where 0, the angle between the incident light direction and 
the scattering direction, is called the scattering angle. In the 
present study 0 corresponding to the PMT position is cali- 
brated to an accuracy of 0.05". For a homogeneous sphere of 
radius a, the scattering coefficients a ,  and b, of the trans- 
verse electric (TE) and magnetic (TM) modes depend on the 
size parameter, defined by X = 27~u/A,  and the refractive in- 
dex of the sphere relative to the surrounding medium m. The 
coefficients may be written in the following forms: 

and 

B, (X ,m)  
B , (X ,m)+ iD, (X,m)  ' 

b, = 

where A,, B,, C, and D, are related to  Riccati-Bessei func- 
tions of first and second kinds with arguments X and mX 
(Bohren and Huffman, 1983). 
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Figure 2. Experimental intensity vs. time data with theoretical intensity spectra for two refractive indices. 

At a fixed scattering angle, the scattered intensity as a 
function of size parameter shows sharp peaks, called reso- 
nances, superimposed on a slowly varying intensity profile. 
Resonances occur for values of X and rn for which the imag- 
inary part of the denominator of one of the scattering coeffi- 
cients goes to zero, and the coefficient itself attains a maxi- 
mum value of 1. The locations of resonances can be com- 
puted from the roots of C,(X,rn) = 0 for a TM coefficient 
(that is, a,) and D,(X,rn) = 0 for a TE coefficient. These 
resonances are identified by the mode number n and an or- 
der number e, where the first root is labeled e = 1. 

Experimentally, an intensity spectrum is obtained either by 
varying the incident wavelength (Ray and Huckaby, 1993) or 
by varying the size of a droplet illuminated by a fixed wave- 
length light (Richardson et al., 1986; Taflin et al., 1988; Ray 
et al., 1989, 1991). For given rn and 0, the shape of an inten- 
sity spectrum is unique and depends on the size parameter 
interval. By matching the shape of an experimental spectrum 

with a theoretical spectrum, and by identifying the reso- 
nances responsible for the observed intensity peaks, thc size 
of a spherical particle can be obtained with high precision. 

Composition and evaporation rate determination 
A typical intensity vs. time spectrum obtained from a glyc- 

erol droplet evaporating in 17.4% ethanol saturated air is 
shown in Figure 2. In previous studies, such spectra obtained 
from evaporating droplets have been visually matched with 
theoretical spectra to obtain size and/or refractive index vs. 
time information (Richardson et al., 1986; Taflin et al., 1988; 
Ray et al., 1989, 1991; Allen et al., 1990). The visual matching 
is only accurate for situations in which the refractive index of 
the droplet and the functional form of the size variation with 
time are known. For example, the size or the square of the 
size varies linearly with time in the kinetic or continuum 
regime evaporation of a single component droplet. In those 
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situations, intensity vs. time spectra can be visually matched 
with theoretical spectra of intensity vs. size parameter 
(Richardson et  al., 1986) or square of the size parameter (Ray 
et  al., 1989) to  obtain size vs. time data. 

For the present experiments, Eq. 6 provides the functional 
form of the size variation. The problem involves determina- 
tion of the refractive index and slope of a* vs. t data from an 
intensity spectrum obtained from a droplet evaporating in a 
partially saturated ethanol vapor. The shape of a theoretical 
spectrum is not sensitive to the refractive index. An example 
is provided in Figure 2 which compares the experimental 
spectrum with theoretical intensity vs. X 2  spectra for m = 

1.464 and 1.468. The experimental intensity spectrum agrees 
visually equally well with both theoretical spectra, and in- 
deed, such an agreement holds true for any theoretical spec- 
trum in the range 1.464 I m I 1.468. Any one of the theoreti- 
cal spectra in that refractive range can conceivably be the 
true match for the observed spectrum. A visual match, thus, 
provides a refractive index range for the observed spectrum. 
Conversely, the refractive index can be determined with a 
degree of uncertainty (such as m = 1.466 kO.002 for the spec- 
trum in Figure 2.) 

To further narrow the refractive index range we have 
adopted an optimization procedure based on the alignment 
of experimental peaks with theoretical peaks. The experi- 
mental data provide the time of occurrence tk,obs, of each of 
the observed peaks labeled, say, k = 1 to N .  We also know 
that the size of an evaporating droplet is governed by Eq. 6 
which in terms of the size parameter can be written as: 

The problem now involves determination of three parame- 
ters: X,, 6 and in. The procedure for the determination of 
optimum values of these parameters can be understood by 
considering Figure 2 where the sharp peaks in the experi- 
mental spectrum are labeled 1 to 15, and the size parameter 
values of the corresponding peaks in the theoretical spectra 
are also shown. Figure 2 shows that the size parameter values 
of all the theoretical peaks increase as the refractive index 
decreases from 1.468 to  1.464, and the magnitude of increase 
varies from peak and peak. Thus, for each observed peak a 
visual match provides a unique relation between its position 
(size parameter value) and refractive index. The uniqueness 
arises from the fact that a visual match identifies the mode 
and order numbers of the observed peaks whose positions 
can be calculated from C,(x,  m)  = 0 or D,(x, m) = 0. Thus, 
we have a relation for the position of an observed peak as a 
function of m, that is 

where nk and Pk are the order and mode numbers of k th  
peak determined from the visual match. Equation 17 shows 
that for an assumed refractive index we can calculate the po- 
sition of a resonance peak observed at time tk ,"bs .  This proce- 
dure is used to  generate X k  vs. tk,obs data which are then 
regressed to Eq. 16, using a least-squares method, to obtain 
the best estimates of parameters X o  and b for the assumed 
refractive index value. The resulting formula (Eq. 16) is then 

Droplet refract ive index,  m 

Figure 3. Peak alignment error and evaporation rate pa- 
rameter b vs. refractive index data for two 
evaporating droplets. 

used to calculate tk ,cal ,  the time of occurrence of kth peak, 
and the alignment error between the observed and calculated 
peak occurrence times is estimated using the following rela- 
tion: 

Using a computer program, these steps are repeated by 
changing the refractive index value, and the minimum in the 
error estimate is obtained. The values of X u ,  b and m at the 
minimum are the best estimates. 

The results obtained, using the times corresponding to the 
peaks labeled 1 to 15 in Figure 2, are shown in Figure 3. 
Here we have plotted values of standard error (T and param- 
eter b as functions of the refractive index. The results show 
that the error is a continuous function of rn and has one 
distinct minimum which occurs at m = 1.4661. Moreover, the 
parameter b decreases as rn increases, and at the minimum 
error it has a value of b = 0.7924 s - ' ,  which corresponds to 
an evaporation rate (slope of u2 vs. t )  of 8.037X lop3 pm2/s 
in air with ethanol vapor at a saturation ratio of 0.174. 

The validity and sensitivity of the optimization procedure 
are demonstrated by the results obtained from a glycerol 
droplet evaporating in ethanol-free air. Figure 3 shows that 
the error minimum for that droplet occurs at m = 1.4722 and 
the corresponding value of b is 0.8299 s-'. The optimum re- 
fractive index value agrees well with the measured value of 
1.4720 for bulk glycerol samples. Moreover, the evaporation 
rate of 8.418 x l op3  pm*/s at the optimum refractive index 
compares well with (8.51 _+O.lO)x l o p 3  pm2/s, the data re- 
ported by Ray et al. (1989). These facts and the shapes of the 
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error vs. m plots lead us to conclude that the refractive index 
can be determined with an accuracy of 3 parts in lo4. Since 
the refractive indices of pure glycerol and ethanol are 1.4722 
and 1.3611, respectively, we can resolve the composition of a 
droplet by about 3 parts in lo3. As mentioned before, the 
refractive index and slope estimations are interrelated; thus, 
an error of f 3 x in the refractive index introduces an 
error of 0.04% in the simultaneous slope determination. 

To determine the composition from the refractive index 
value, we have used the following molar refractivity relation 
for a binary solution (Born and Wolf, 1989): 

U 
‘ 4  

Droplet 

Droplet 

Droplet 

d *  
rd 

M m 2 - 1  
--= R A x A  + R , x ,  
p m 2 + 2  

To estimate molar refractivities we have measured refractive 
indices of glycerol-ethanol mixtures at various compositions, 
and regressed the data to Eq. 19 to obtain R,=0.020575 
and R ,  = 0.01 2909. The solution density has been calculated 
from the following polynomial obtained by fitting the density 
vs. weight fraction data reported by Washburn (1928): 

p = 1253.43-667.22~~ +387.53~2 - 183.58~; (20) 

Results and Discussions 
In a typical experiment, the data were first obtained on a 

pure glycerol droplet evaporating in an ethanol-free air 
stream. Then the same droplet was exposed in steps to air 
streams containing ethanol vapor at various saturation ratios. 
The experimental ethanol weight fraction and slope ratio vs. 
ethanol saturation ratio data, obtained from three droplets, 
are shown in Figure 4. At a given saturation ratio, the maxi- 
mum difference between the weight fractions observed in any 
two droplets is less than 1%, while the measured slope ratios 
differ at most by 2%. Thus, the experimental data are repro- 
ducible. 

The experimental data of the present study represent inde- 
pendent measurements of three quantities: ethanol satura- 
tion ratio a,, composition x B  and slope ratio S, at constant 
T .  For the flow rate and droplet size range involved in the 
study, the maximum value of the Shenvood number has been 
estimated to be 2.008. Thus, for the analysis of the data, Eqs. 
7 and 11, obtained by considering a stagnant medium, can be 
applied without any correction. For calculations, we have used 
diffusion coefficient values DAc = 9.14 X m2/s and DAB 
= 5.97X mys, estimated from the relation of Fuller et 
al. (1966). It should be noted that small errors in the diffu- 
sion coefficient estimates introduce only negligible errors in 
the glycerol activity calculated from Eq. 11 since the diffusiv- 
ity ratio computed from Eq. 8 varies only from 0.97 to 1 for 
ethanol saturation ratios involved in the experiments. 

Since the experimental y B x B  - xB - yAxA data imply 
over-determination of thermodynamic vapor-liquid equilib- 
rium parameters for glycerol-ethanol system, we can obtain 
parameters of a Gibbs free energy model as well as test our 
data for thermodynamic consistency. To this purpose, we have 

0 
CD 0 T r T T T r r m r r r m T I  I I 1 ’ 1  1 1  I I 1 %  I I 1 1  1 1  ‘ ‘ I  $ 1  w 0 20 40 60 80 0 

Ethanol saturation ratio, a B  
Figure 4. Measured droplet compositions and evapora- 

tion rate slope ratios at various ethanol satu- 
ration ratios. 

followed the procedure recommended by Van Ness et al. 
(1973), using the following forms of the Margules and Wilson 
equations: 

- x,InyA + x,lny, 
g“ _-  
RT 

We have fitted the experimental data to these equations us- 
ing all the experimental data; ynx, - x B  data; yAxA - x B  
data; and y B x B  - yAxA data, and minimized the following ob- 
jective functions to obtain the best estimates of parameters 
A and B :  

where 

and 
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Table 1. Margules Equation Constants Obtained from Four 
Data Subsets 

Parameters RMS Deviation 

Model Data Used A B A Y A X A  A Y ~ x R  

1.525 0.856 
1.574 0.844 
1.467 0.689 
1.459 0.824 
0.131 0.970 
0.181 0.898 
0.139 0.986 
0.140 0.966 

0.011 
0.013 
0.005 
0.011 
0.010 
0.012 
0.009 
0.010 

~ 

0.009 
0.009 
0.019 
0.012 
0.012 
0.009 
0.014 
0.011 

For the first three data sets, the calculated quantities in 
the objective functions have been estimated using the experi- 
mentally determined values of composition. Since the last 
data subset involves yAxA vs. yBxB data, we have first calcu- 
lated compositions by equating measured activities of B with 
calculated values, that is, from the relation: 

(24) 

and then used the calculated values of composition in the 
objective function. 

The best estimates of parameters A and B obtained from 
the analyses of four subsets of data are listed in Table 1. The 
results show that the parameter values depend on the choice 
of data subset, and vary significantly from one set to another. 
However, the quality of the data can only be judged by com- 
paring the measured quantities with values predicted by these 
sets of parameters, and from deviations among predicted val- 
ues. The root-mean-square (RMS) deviations between the 
measured and calculated activities are shown in Table 1. Cal- 
culations based on both the Margules and Wilson equations 
predict similar levels of deviations. Figure 5 compares the 
experimental yAxA and yBxB vs. x B  data with the predictions 
from the Margules equations with four sets of parameter val- 
ues listed in Table 1. The results show that the predictions 
from any one of the four sets differ from the predictions from 
the other sets at most by 4%. The parameters from yBxB - x B  
data predict highest values of yAxA and y B x B ,  while the pa- 
rameters from yAxA - x B  data predict the lowest values. The 
predictions from the other two data subsets lie in between 
these extreme values. Due to the nature of the objective 
functions, the measured activities of A and B agree with the 
lower and upper extremes of the predicted values, respec- 
tively. 

The real proof of thermodynamic consistency lies in the 
ability of the parameters obtained from any two of the mea- 
sured quantities to predict the third measured quantity 
(Prausnitz et al., 1986). When the parameters obtained from 
y B x B  - x B  data are used, RMS deviations between the mea- 
sured and calculated values of yAxA based on the Margules 
and Wilson equations are 0.013 and 0.012, respectively. When 
yAxA - x B  data are used RMS deviations in yBxB are slightly 
higher. Similarly, for the yAxA - yBxB data the measured ac- 
tivities of A and B deviate on the average from the calcu- 
lated activities at the measured compositions by about 0.011. 
In these three cases, the maximum deviation between the cal- 
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Figure 5. Experimental vs. predicted activity values. 

culated and measured quantities is less than 0.035. Thus, on 
the basis of the RMS and maximum deviations, we can con- 
clude that the data are thermodynamically consistent. How- 
ever, the deviations are somewhat larger than expected on 
the basis of the accuracies involved in the composition and 
slope determination, and can be attributed mostly to inaccu- 
racies in ethanol activity measurements, as discussed in the 
conclusions section. 

To examine the ability of the present data to predict the 
results of another study in Figure 5, we have compared the 
measured ethanol activity vs. composition data of Dulitskaya 
(1945) with the predictions from the present study. The 
ethanol activity values of Dulitskaya have been calculated 
from the total pressure vs. ethanol mole fraction data re- 
ported by Gmehling et al. (1977). The comparison shows that 
the maximum deviation between Dulitskaya's data and calcu- 
lated values based on four data subsets is less than 4%. The 
parameter based yAxA - x B  data most accurately predict 
Dulitskaya's yBxB-xB data (the average and maximum devia- 
tions are less than 0.01), while the measured and predicted 
values of yBxB - yB data of the present study deviate most 
from Dulitskaya's data, again suggesting higher levels of error 
in ethanol saturation ratio measurements. 

Conclusions 
A technique, based on the evaporation of a binary droplet 

in a controlled vapor phase, has been demonstrated to be 
capable of determining activity coefficients of components 
that markedly differ in volatility. The experimental yA xA- 
yBxB-xB data on the glycerol-ethanol system have been ana- 
lyzed by considering all three measured variables as well as 
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using three different combinations of two measured variables 
at a time. The analyses show that both the Margules and Wil- 
son equations examined here can describe the experimental 
data, and that the data are thermodynamically consistent. The 
values of glycerol activity computed from the measured 
ethanol activity vs. composition data agree with the measured 
values. A similar agreement is also observed when the mea- 
sured glycerol activity vs. composition data are used to pre- 
dict the measured values of ethanol activity. The maximum 
deviation between the calculated and measured values is less 
than 0.035. The results of the present study also agree with 
the data reported in the literature. In particular, the values 
of ethanol activity calculated from the measured glycerol ac- 
tivity vs. composition data are almost identical to the re- 
ported values. 

The light scattering tcchnique used here can determine re- 
fractive index of a droplet with an accuracy of k 0.0003, and 
the slope of u2 vs. f data with 0.04%. Thus, the absolute 
errors in the composition and glycerol activity determination 
are likely to be less than 0.05. These accuracies are reflected 
in the agreement between the ethanol activity values re- 
ported in the literature and the values calculated from the 
measured glycerol activity VS. composition data. Although the 
tllermodynamic consistency of thc data and the agreement 
between the present data and literature data are reasonably 
good, the ethanol activity data deviate most from the calcu- 
lated as well as from the reported values. This leads us to 
believe that most of the experimental errors are associated 
with ethanol activity measurements. The results suggest that 
the measured ethanol saturation ratios are  consistently 
higher, on the average by about 2% and at  most by 3.5%, 
than the values rcported in the literature as well as predicted 

ful for systems containing a fairly nonvolatile component 
whose activity coefficicnt cannot be determined using con- 
ventional techniqucs. 

The sensitivity of composition determination in the present 
technique depends on  the liquid-phase refractive index dif- 
ference between the individual components of the binary sys- 
tem. When the refractive indices are close to each other, the 
composition cannot be determined from the refractive index. 
However, for such systems the evaporation rate can still be 
obtained accurately from light-scattering data, and the droplet 
density (composition) from the balancing DC voltage data us- 
ing Eq. 12. If the system contains a fairly nonvolatile compo- 
nent such that the evaporation rate is sufficiently slow, a more 
precise light scattering technique based on varying incident 
wavelength may be adopted. Ray and Huckaby (1993) have 
shown that such a technique can detect size changes as low 
as 1 nm and the absolute refractive index with a resolution of 
onc part in lo5. 
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Notation 
a =droplet radius, p m  

a, =gas-phase activity or saturation ratio 
a, =scattering coefficient in Eq. 14 
A =parameter in Eq. 21 

from the analysis based on yAxA - x B  data. The ethanol satu- 
ration ratios have been determined from the temperature of 
the saturated stream leaving the condenser and the volumet- 
ric flow rate ratio of ethanol-saturated to ethanol-free air 
streams. The condenser outlet temperature measurement is 
accurate to 5 0.1 K, and an error of 0.1 K introduces an 
error of about 0.6% in the ethanol saturation ratio. Finally, 
the adsorption and absorption of ethanol vapor in the tubing 
between the condenser and chamber may have reduced the 
ethanol vapor saturation ratio actually encountered by a 
droplet. These problems can be considerably mitigated and 
the accuracy of determination of activity of the volatile com- 
ponent can be significantly improved by directly measuring 
the vapor concentration close to  the inlet and/or outlet of 
the chambcr, using, for example, a chilled mirror dew point 
sensor. 

A major advantage of the present technique is that the ac- 
tivity coefficients of both components can be determined over 
a wide range of composition from an experiment on a single 
droplet. The technique is not limited only to binary systems 
containing components that differ markedly in volatility. The 
theoretical basis of the techniquc lies in the fact that a binary 
droplet in the presence of the more volatile vapor evaporates 
as a constant composition droplet. The activity coefficients of 

S-’ 
b, =scattering coefficient in Eq. 14 
B =parameter Eq. 21 
c,  = gas-phase total molar density, kmol/m3 

CPM =(xACpA + x,C,,) ,  gas-phase molar heat capacity, 
J/kmol. K 

D,, = gas-phase diffusivity, m2/< 
ES =sum of error squares, s’ 

g =acceleration due to gravity, m/s2 
g = excess Gihhs free energy 

I = intensity of light, W/m’ 
k ,  = gas-phase thermally conductivity, W/m . K 
K =electrodynamic balance constant 

Le =DAMc,CpM/kM, Lewis number 
rn =droplet refractive index 
M =average molecular weight of solution 
M, =molecular weight of component i 
N =number of resonance peaks 

NA =molar flux of component A ,  mol/m’ - s 
pI ,  P,O, P, =partial vapor and total pressure respectively, Pa 

q =Columbic charge on a droplet, C 
R =gas constant, J/kmol*K 

R, =molar refractivity, m3/kmol 
S =slope of a2 vs. t data, pm2,4 

S, =slope ratio defined by Eq. 11 
t =time, s 

both components and the droplet temperature can be deter- T =temperature, K 
u =gas velocity around a droplet, m/s 

V,, = DC potential on endcap electrodes 
mined if the evaporation rate, droplet composition and activ- 
ity of the vapor-phase component are measured indepen- 
dently. Thus, the technique has no upper or lower limits on 
the relative volatility of the system, but it is particularly use- 

w, =weight fraction 
x ,  = liquid-phase mole fraction 
X =potential size parameter 
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Greek letters 
p =DAMPi/DBM,P;, parameter in Eq. 5 
y, =activity coefficient 

% =scattering angle corresponding to PMT position, rad 
A =wavelength of incident light, p m  
p = gas-phase viscosity, kg/m * s 
p =solution density, kg/m3 
p ,  = liquid-phase density of i ,  kg/m’ 

A H , , ,  = ( x A A H , ,  + x , A H , , ) ,  heat of vaporization, J/kmol 

Subscripts 
A ,  B ,  C =components 

i ,  j =components 
k =kth labeled peak 
e =resonance order number 

M =gas mixture 
n =resonance mode number 
o =initial value 
s =droplet surface 
==bulk gas 
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