EVAPORATION OF DROPS OF BINARY LIQUID MIXTURES
IN AIR UNDER FREE-CONVECTION CONDITIONS

V. I. Blinov and G. V. Plokhikh UDC 536.423.1:536.25

The evaporation of drops of mixtures of tetrafluorodibromethane with benzene, toluene and
xy lene is studied at room temperature in air at rest.

Sprayed liquid mixtures are widely used in energetics, the food industry, agriculture, ete., so that a
study of the evaporation of drops of liquid mixtures is of practical as well as theoretical importance, This
research began with a study of binary mixtures of liquids having approximately equal boiling points [1-3]. A
natural second step is to study binary mixtures in which the boiling points are very different.

We report here a study of the evaporation of drops of mixtures of tetrafluorodibromethane (Freon 114-C-
2), which boils at 46.2°C, with benzene, toluene, and xylene, whose boiling points are 80, 111, and 141°C,
respectively. Part of the motivation for choosing these mixtures is that it thus becomes possible to study
several questions involving the suppression of the combustion of liquid fuels and questions which are of econom-
ic importance.

In the experiments we measured the mass m, diameter d, and temperature « of the evaporating drops.
We separately determined the composition of the vapor phase.

The mass measurements were carried out with a microbalance [4] having a sensitivity of 1.8-107° g per
scale division. The drops were suspended on a glass filament at whose end there was a ball 1 mm in diameter.
The diameter of the evaporating drop was measured with a microscope with an ocular. The drop temperature
was determined with a manganin—Constantan thermocouple, with wire diameters of 30 and 100 p.

The initial drop diameter varied from 1.4 to 1.8 mm,

The composition of the vapor phase was determined in the following manner: awesaknitrogenstream was
passed through a Drechsel bottle containing the test solution. The stream, saturated with the vapor of the mix~
ture, then entered a U-shaped glass tube in a Dewar with liquid nitrogen, from which it escaped into the atmo-
sphere. The vapor condensed in the U-shaped tube. A refractometer was used to determine the refractive in-
dex of the condensate, and then the composition of the condensed liquid was found from a calibration curve, The
flow rate of the nitrogen in the determination of the composition of the vapor phase did not exceed 1 liter / min
and was chosen empirically, such that a further reduction of the flow rate did not affect the condensate com-
position. The pressure in the system was atmospheric.

We first carried out experiments with the liquids used as components in the mixtures. The cha;nge in the
drop mass during the evaporation can be described well by the equation from [4, 5]:

m = my — at -- bf?, @)
where a and b are coefficients which depend on the nature of the liquid.

The agreement of Eq. (1) with experiment can be judged on the basis of Fig. 1, which shows experimental
data for Freon and toluene; the solid curves are drawn from Eq. (1).

The drop diameter falls off essentially linearly over the range studied.

Some experimental data obtained in a study of the evaporation of the mixtures are shown in Fig. 1. We
see that the m () curves for the mixture differ from the corresponding curves for the pure liquids. Analysis
of the experimental data reveals that when the initial weight fraction of the Freon in the mixture, x;, is no
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Fig. 1. Time dependence of the drop mass during evaporation. 1)
Toluene; 2) Freon; 3-5) mixtures of Freon with toluene. The weight
fraction of Freon is: 3) 0.38;4) 0.72; 5) 0.86. Heret is in seconds.

Fig. 2. a: Time dependence of the drop evaporation rate: 1) Freon;
2) toluene; 3-6) mixtures of Freon with toluene, The weight fraction
of the Freon is: 3) 0.91; 4) 0.86; 5) 0.72; 6) 0.38. b: Time depen-
dence of the rate at which the Freon evaporates from the drop, up.
1) Pure Freon; 2, 3) mixtures of Freon with toluene [the weight
fraction of the Freon in the mixture is: 2) 0.91; 3) 0.83]; 4, 5)
mixtures of Freon with benzene [the Freon fraction is: 4) 0.91; 5)
0.79]; 6) mixture of Freon with xylene with a Freon weight fraction
of 0.72. Here t is in seconds.

higher than 0.2 the m(t) curves are described satisfactorily by (1) if the coefficients ¢ and b are approximately
equal to the values of these coefficients for the second component. At x; > 0.3 the curves for the mixtures are
not described completely by Eq. (1). Nevertheless, Eq. (1) does give a satisfactory description of the first,
rapidly falling, and second, slowly falling. parts of the curves for various values of « and b, which. of course,
depend on X, and the nature of the second component. This circumstance can be seen from Table 1, which
shows the ratios of the coefficients « for the first parts of the curves for the mixtures to the coefficients for
drops of pure Freon, benzene, toluene, and xylene (a4¥, aip. ait. and a1x. respectively).

We see from this table that the values of a;F increase with increasing x;, tending toward a value of unity;
at a given value of %, they are nearly the same for all the mixtures studied. The ratio of a; to the coefficient a
for the second component is larger than one and increases rapidly in the series from benzene to toluene to
xylene,

Analysis of the experimental data shows that the transition from the first to the second parts of the m(t)
curves occurs after the evaporation of that fraction of the drop for which the ratio of the mass m to the initial
mass m, is essentially equal to the weight fraction of the Freon in the drop, x,.

Using these experimental data, we can find the rate of evaporation of the drops. For this purpose it is con-
venient to use the quantity ;, which is the ratio of the rate of change of the mass, m. to the drop diameter at
the given instant. The results calculated for mixtures of Freon and toluene are shown in Fig. 2a. We see that
t" = evaporation rate { of the mixtures is initially high; it subsequently decreases, eventually becoming approx-

TABLE 1, Relative Values of the Coefficients a

Second I . i : .
X, i 0.33 0 6,71 | 4.79 0,83 0.9
component ] | | ; :
Benzene Coap |04 07 | 0w — | 10
R mp L 22 38 37 | — | oo
Toluene aif 0,3 [ 0,5 h — | 0,86 | 0,93
1 ary 2,6 | 4.2 — [ 7.2 \[ 7.8
Xylene | arp — | o6l - 0.8
| @x - | 14,5 — ‘ 18,0
i !
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Fig. 3. a: Time dependence of drop temperature. 1) Freon; 2)
toluene; 3-5) mixtures of Freon with toluene [the weight fraction
of the Freon is: 3) 0.38; 4) 0.63; 5) 0.79]. b: Minimum tempera-
ture #mip as a function of the mole fraction of Freon in the mix-
tures. The second component is: 1) xylene; 2) toluene; 3) ben~
zene. Here Jis in Celsius degrees, and t is in seconds.

Fig. 4. Time dependence of x during the drop evaporation. a)
Mixtures of Freon with benzene with a Freon weight fraction of:
1) 0.91; 2) 0.79; 3) 0.38. b: The same, for mixtures of Freon with
toluene with a Freon weight fraction of: 4) 0.91; 5) 0.86; 6) 0.71;
7) 0.38. Here t is in seconds, and x is expressed as a weight
fraction.

imately equal to the evaporation rate of the second component. The initial rate, 1, increases with increasing
X5 2t Xy = 0.9 it is approximately equal to the value of u for the pure Freon.

The shape of the m(t) curves for the mixtures of Freon with benzene and of Freon with xylene is the same,

Figure 3a shows some of the measured temperatures of the evaporating drops. We see that during the
evaporation of the Freon—toluene drops the temperature 4 initially decreases rapidly and then remains essen-
tially constant throughout the experiment, A different situation is observed in the evaporation of drops of mix-
tures. In this case ¢ initially decreases rapidly, but after reaching some minimum value #pin it begins to
rise again, tending toward the temperature of a drop of the second component (which is relatively involatile).
The minimum temperature is lower, the higher the Freon concentration in the mixture, x;,. Figure 3b shows

. dmin as a function of the mole fraction of Freon in the drop, x).

These results clearly imply that the composition of the drops of these mixtures changes during the evap-
oration. At x; > 0.3 the Freon evaporates from the drop rapidly; the Freon concentration decreases rapidly,
and in the late stage of the evaporation the evaporation rate is essentially equal to that of the second component.
The drops of mixtures with a low initial Freon concentration evaporate at a rate nearly equal to that of the less
volatile component.

Using these experimental results we can easily determine the evaporation rates of the components. The
equations required for these calculations can be easily derived in the following manner, after [4].

We clearly have
my=mg + m;. )
If the process is assumed quasisteady, we can write
mypLg —+ oLy = 0. (8— §) S = ndA Nu (8, — 9). @)

Here fxld, an, and r'nz are the evaporation rates of the drop, the Freon, and the second component, respec-
tively; Ly and I, are the heats of vaporization of the Freon and the second component; and ¢ and 4y are the
temperatures of the drop and the medium.
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TABLE 2. Values of A /%y, €, 7, and 7/t; for Certain Mixtures

1 ! | I T
Component | =« EA/xo e T t/t, |Component| x, | A/, | & | T Fw,,
| i i | I
Benzene 0,22 l 0,6710,08{ 8 |0,06 Toluene 0,38 | 0,89 0,08 28 0,13
0,39 10,90 0,121 15 10,17 0,72 | 0,90 10,07 31 10,19
0,79 | 1,0 {0,13{ 26 | 0,40 0,86 | 0,95 !0,10] 29 10,29
0,91 [ 1,0 | 0,17 | 27 | 0,78 0,91 | 1,0 0,15 32 0,43
Xylene 0,91 | 1,0 |0,12] 36 | 0,19, [
From Egs. (2) and (3) we find
. m;  aANu(§,— ) —Lu
— UF jus) 2t d
Bp=— = . 4
F= g L. —L, )
According to the data of Ranz and Marshall [6], we have
Nu =2+ 0.6Gr'/*Pr'/®. )

Using Eqgs. (4) and (5), we can easily find MF the evaporation rate of the Freon from the drop; from
Eq. (2) we can determine the evaporation rate of the second component.

Some of the results obtained in this manner are shown in Fig. 2b; we see that the evaporation rate of the
Freon from the drop of mixture, uF, is a strong function of xq and falls off rapidly as time elapses. The
initial value of QF for the solution with a Freon concentration of 0.9 is nearly the same as the evaporation
rate of a drop of pure Freon. Interestingly, the ;lF(t) curves corresponding to solutions with the same values
of x, and different second components essentially coincide.

The evaporation rate of the second component from drops in which there is a high initial Freon concen-
tration is initially small; it increases as time elapses, approaching the values of i for the drop of the pure
second component. During the evaporation of mixtures with a low Freon concentration, the rate { changes
little over time and is approximately equal to the evaporation rate of a drop of the pure second component,

Since the mass and diameter of the drops are measured simultaneously in the experiments, it is pos-
sible to determine the drop density p; using this value and a calibration curve, we can find the weight fraction
of the Freon in the drop, x, during the evaporation. Since the drop diameter changes by no more than 1 mm
during the experiment, we can use only the results of experiments which were carried out particularly care-
fully for this purpose. The results calculated for certain mixtures of Freon and toluene are shown by the tri-
angles in Fig. 4b. We see that the composition of the drops of mixtures changes during the evaporation, and
we can determine the time dependence of x.

Dobrynina [5] gave the following equation for the complete mixing of evaporating binary solutions:

n™ “ dx . (6)

As we mentioned earlier, in these experiments we studied the composition of the vapor from these mix-
tures. It turns out that x and y can be related satisfactorily by

Yy 5 o g Sx

l—y 1—x 1=(6—1x " @

Here 6 is a coefficient. For the Freon—benzene mixtures it turns out to be 6; for the Freon—toluene
mixtures it is 16, and for the Freon—xylene mixtures it is 91,

Using empirical equation (7) we can easily calculate the integral on the right side of Eq. (8), finding

ﬁ_— i‘_ﬁ 1___x0_ 1-B
mo_(xo)(l——x) ’ ®)

where g =1/6.

If we determine the times corresponding to various values of the ratio m /my from the experimental
curve, we can use Eq. (8) to find the values for the corresponding times if there is complete mixing in the drop.

Corresponding calculations were carried out for mixtures of Freon with benzene, toluene, and xylene.
Some of the results are shown in Fig. 4a and 4b (circles). We see that the values of x determined from the



density and from Eq. (8) agree satisfactorily. The clear implication of this agreement is that total mixing
occurs in the evaporating drop of solution* and that Eq. (8), along with the experimental data, can be used for
reliable calculations of the quantity x, which is a measure of the composition of the evaporating drops There
is another way to debermme x: we can use Eqgs. (2) and (4) to find the evaporation rate of the Freon, pg. and
that of the second, uz, from the drop of mixture, and we can use the $(t) curve to find the drop temperature .
Then, noting that the evaporation rate of pure Freon is proportional to the saturation vapor density of the drop,
and knowing the dependence of the evaporation rate on the diameter d, we can easily calculate the evaporation
rate of a drop of pure Freon, [:LpF at a temperature $and at a diameter equal to the diameter of the mixture
drop. Assuming py :fipF =cdr:cF, where cgr and cy are the measured concentrations of Freon in the
vapor phase near the surface of the mixture drop and near the surface of a drop of pure Freon (expressed in
grams per cubic centimeter), we can find cqy.

In the same manner we can calculate the vapor density of the second component, and then it is a simple
matter to find y and then x, from the y (x) curve.

The results calculated in this manner agree satisfactorily with the values of x found from Eq. (8). This
agreement again confirms that there is a total mixing in the drop.

The dependence of x on the time t{ can be described well by the empirical equation
A

ze———xp(z)—}-l’ z=¢({—1). (@)

Here A is a quantity approximately equal to xy, 7 is the time at which we have x = 0.5A, and ¢ is a coefficient.

Figure 4 compares Eq. (9) with the experiment; the solid curves are drawn from this equation, with the
appropriate values of A and £, Some data on A /%, ¢, 7, and 7/t,, where t; is the time required for complete
evaporation of the drop, are shown in Table 2.

This study has thus made it possible to determine the evaporation kinetics of drops of solutions in which
the components have very different boiling points. It turns out that there is an initial rapid evaporation of the
drops; then the evaporation rate i decreases and tends toward the evaporation rate of the drops of the pure
second components. Using the laws of energy and mass conservation, we can find the rates at which the com-
ponents evaporate from the mixture drops. We have found that there is a complete mixing in the drops and
that Eq. (8) can be used to calculate x in an evaporating drop. It has been established that empirical equation
(9) gives a good description of the time dependence of x.

NOTATION

m,, m, initial mass and instantaneous mass of evaporating drop @); d, drop diameter (cm); ¢,4min. ¥m,
temperatures of drop, minimum temperature, and temperature of medium; x;, initial weight fraction of Freon
in mixture; x, weight fraction of Freon in the evaporation drop; X, initial mole fraction of Freon; y, weight
fraction of Freon in vapor phase; ¢ = m /d (g/sec-cm); m, rate of change of drop mass; L, heat of vaporiza-
tion; A, thermal conductivity of air; S, surface area of drop; Nu, Gr, Pr, Nusselt, Grashof, and Prandtl num-
bers; o, heat-transfer coefficient; t;, time required for complete evaporation of drop; ¢, vapor concentration

g /cm?).
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*This conclusion was also verified by direct observations: In the evaporating drops we clearly observed an in-
tense, ordered motion of dust particles which had entered the drops; this motion could occur only if there
were a convective flow of the liquid, which would tend to equalize the concentration and temperature in the

drop.



