EVAPORATION IN A FREE TURBULENT AIR-DROPLET JET
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It is shown that under certain conditions the rate of evaporation of a liquid is determined not
by the evaporation kinetics of the individual droplets but by the rate of diffusion of outside air
into the jet as a whole,

Most published studies of droplet evaporation are concerned with the individual droplet. At the same
time, in technical applications it is always necessary to deal with a system of evaporating droplets and, in
particular, with a system of droplets suspended and evaporating in a turbulent stream of gas.

Under these conditions the problem reduces to the solution of Maxwell's equation [1] with allowance
for the motion of the droplets relative to the gas, convective diffusion, and the variable vapor concentra-
tion, Obtaining and analyzing the solution would be difficult. This has prompted a search for simpler ap-
proximate methods.

In particular, it is possible to make use of the fact that turbulent diffusion of outside air into the
stream proceeds at a certain rate described by the equations of the theory of turbulent jets, Consequently,
in certain regimes of practical importance droplet evaporation may take place under conditions of "air
starvation," i, e., under conditions such that the rate of evaporation is determined not by the individual-
droplet evaporation kinetics (i.e., not by the rate of diffusion of air from the neighborhood of the droplet to
its surface) but by the rate of diffusion of outside air into the jet as a whole.

We will estimate the conditions under which these regimes are realized,
According to [2] the admixture concentration in the main part of a submerged turbulent jet is given by
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The derivation of Eq. (1) was based on the conditions of identicalness of the excess admixture content
and universality of the laws of admixture concentration and velocity distribution in different cross sections
of the jet and the relation between the concentration and velocity values following from the Taylor theory of
free turbulence, which has been shown to be in agreement with the experimental data; an empirical equation
closely corresponding to the experimental data for incompressible fluid jets was used to describe the func-
tion determining the dimensionless velocity profiles, Consequently, Eq. (1) gives a good description of the
experimentally observed distribution of excess admixture concentrations in the main part of submerged
turbulent incompressible-fluid jets. Equation (1) is approximately applicable to the present case of a two-
phase jet at the relatively small temperature differences characteristic of droplet evaporation in unheated
or weakly heated air and at the moderate initial admixture concentrations, for which the effect of heavy ad-
mixtures on the jet structure is relatively small; in order to simplify the calculations the corresponding
corrections given in [2] have been disregarded.

Following the modern theory of two-phase jets [2], we assume that the number density of the droplets
in the main part of the jet is given by the expression [1]
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As a result of evaporation the vapor concentration at an arbitrary point of the main jet reaches a cer-
tain degree of saturation estimated by the coefficient K
C = KC,.
From the material balance it follows that
4in
KCy—Co =n—=(rt—r) o (3
Here, it has been assumed that the vapor formed as a result of droplet evaporation remains in the neigh-
borhood of the droplet. Substituting the value of n from (2) and solving Eq. (3) for r, we obtain
i 0.026 (KC, —Co)x )3
r=rn|l— 3 5
Retorio, (1 — &)
The distance from the nozzle at which droplets of initial radius ry are completely evaporated (r = 0)

3 1.5
gy 38T Robos (L=87) 94 () 1) pR,, (5)

! KCy—C.

where B = 47rr%nopf/3 (KCy~C_)isa dimensionless criterion characterizing the ratio of the initial specific
rate of consumption of the liquid in the droplets to the specific "vapor capacity" of the jet.

(4

Even if the evaporation of the droplets proceeded at an infinitely rapid rate, it could not be completed
~at distances from the nozzle less than xt; however, in this case the coefficient K would be equal to unity.
Consequently, at K = 1 the surface x¢ = {(£), represented in the figure by a dashed line, separates the in-
ner region of the main part of the jet, in which evaporation is incomplete owing to lack of air, from the
outer region, in which evaporation goes to completion. Obviously, at a relatively high evaporation rate
(relatively small droplet size) in the first approximation it is possible to neglect the deviation of K from
unity and assume that evaporation is complete at the surface x; = £(¢) with K = 1, In order to estimate
the admissibility of this simplification it is possible to employ the dimensionless criterion
E -t (6)
Ta
where 7 is the residence time of the droplets in the inner region of the main part of the jet (the time re-
quired to travel the distance xt).

‘In view of the above-mentioned difficulties in determining T and 74, it is possible to estimate T¢
from Maxwell's equation [1] (valid for the quasistationary evaporation of an individual droplet in still air
with negligibly small temperature changes)

. 2
Dfro
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The quantity 7; can be approximately (without allowance for the differences between droplet and air
velocities) determined by means of the empirical equation of the theory of turbulent jets [2], which gives
a good description of the velocity profiles in the main part of a turbulent submerged incompressible-fluid
jet*

o 124 Ry, (1 —g") (8)
P )
whence we obtain
p dx 0.0806 xdx
T= = ey
u Rotty (1—E")
and for x = 0 at 7 = 0, using (5),
. . 008035  34RB
t Ryttg (1 —E5)° 0 . (9

*The above remarks concerning the applicability of Eq, (1) to a two-phase jet apply equally to Eq. (8).
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Fig. 1. Diagram of a turbulent submerged air-droplet
jet; the dashed line represents the surface x = f(£) sep-
arating the inner region of the main part of the jet, in
which evaporation is incomplete owing to lackof air, from
the outer region, in which evaporation goes to comple-
tion.

Substituting these values of 7 and 74 in (6), we find

E_ 6.88 R,DB*(C,—C.) 688 Ronf(Qf/EQaf -
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(10)

It follows from Eq. (10) that E is the greater, the greater the initial radius of the jet and the specific
liquid flow rate and the smaller the initial velocity of the jet and the droplet diameter.,

Obviously, at E > 1 it is possible to employ Eqs. (4) and (5) for approximate droplet evaporation cal-
culations. At E « 1 the degree of evaporation of the droplets in the main part of the jet is only slight,
evaporation takes place chiefly outside the jet* and evaporation in the jet can be neglected. In the inter-
mediate region it is necessary to determine the corresponding values of K experimentally.

We have considered evaporation proceeding under conditions such that temperature changes can be
neglected. A similar approach is possible in the presence of nonisothermal evaporation in the jet; in this
case it is necessary to take the heat balance and the temperature dependence of the vapor tension into ac-
count,

NOTATION
r is the droplet radius;
ry is the initial droplet radius;
D is the vapor diffusion coefficient in air;
of is the liquid density;
G, is the saturated vapor concentration;
Cw is the vapor concentration in the surrounding atmosphere;
T is time;
u is the air velocity in the jet in the direction of the x axis;
R, is the initial radius of the jet;
u, is the velocity in the initial section of the jet;
X is the distance from the nozzle (from the initial section of the jet), m;
¢ = y/0.22x
y is the distance from the jet axis, m;
n is the number density of the droplets in the jet;
n, is the initial number density;
7 is the admixture concentration in the jet;
Mg is the initial admixture concentration;

*Theoretically the jet is of infinite extent, but in practice its limits are definite enough,
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M. 18 the admixture concentration in the surrounding atmosphere;
Tq is the droplet evaporation time;

Qf s the liquid flow rate;

Q, is the air flow rate.
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