KINETIC DROPLET EVAPORATION IN A
TURBULENT AIR JET
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Droplet evaporation in a turbulent air jet is considered for conditions such that the evapora-
tion rate is determined by the evaporation kinetics for the individual droplets rather than by
the diffusion rate of the air in the jet. Numerical solution of the equations by computer has
shown that the mean air speed in the jet has little effect on the droplet evaporation in the
range covered. A simplified solution is presented for the dispersal of an evaporating impur-
ity in a jet. Experiments confirm that this solution is correct, and they show that the turbu-
lent pulsations play a large part, with the result that an initially monodisperse system be-
comes more and more polydisperse away from the jet.

Technical studies on droplet evaporation are usually based on measurements on individual droplets;
not much is known about the actual evaporation processes for droplet systems, especially ones suspended
in turbulent gas jets.

It has been shown [1] that the evaporation rate for a droplet system in a turbulent air jet may be de-
termined by the evaporation kinetics of the individual droplets (kinetic state) or by the diffusion rate of the
outer air into the jet as a whole (diffusion rate). The state of evaporation can be defined via a criterion
that characterizes the ratio of the individual droplet evaporation time 74 to the time 7y spent in the internal
zone, where the air is sufficient for all the droplets to evaporate completely, E = 74/7y; if E >>1, one gets
the kinetic state, while the diffusion state occurs for E « 1.

Here we consider evaporation in the kinetic state.

The droplets evaporate in a turbulent air jet because they move relative to the air, on account of the
difference in speed between the droplet and the mean motion of the air, together with the turbulent pulsa-
tions.

The following formula incorporates the effects of the average air speed on the rate of reduction in the
radius r of an evaporating drop [2]:

dr = — (D/pr)(cy — ) (1 -i- PRe"Se*) dr, Re = 2(v — u) riv 1)

where D is the diffusion coefficient of the vapor in air, ¢ is the vapor concentration at saturation at the
temperature at the droplet surface, c. is the vapor concentration in the surrounding air, py is the density
of the liquid, Re is Reynolds number, Sc = v/D is Smith's criterion, 7 is time, v is droplet speed, u is air
speed, v is kinematic viscosity for air, and 8 = 0.30.

The equation of motion for a droplet of variable mass is
d (mv)ldt = $Sp, (v — w)*2
or as follows after the substitutions m =4 /37r%;, S =7r?

(p—u?

p) 2)

4 d d
T*pl (r%—*— 30%) = Pp,
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Fig. 1

where m is droplet mass, S is the area of the middle cross section, p, is the density of air, and ¢ is the

droplet resistance coefficient.

It is stated [3] that the latter for 6 =Re =400 is

¥~ 0.42 + 37/ Re

section [4):
u = const = y,

while that in the main part of the jet is

u=124Ruz* (1 — £%)?

where Ry is the radius of the initial cross section and X is the distance from that cross section:

E=42y/z
y being the distance from the jet axis.

In the range of temperatures [or water Tk = 283-293° K
co = 7.9:1077T), — 2.148-10-¢

where ¢, is in g/cm?.

Maxwell [2] gave as follows for the quasistationary evaporation of a drop in immobile air:

Tow— Ty = DLA T (cy — cx)
where Ais the thermal conductivity of air and L is the latent heat of evaporation.

From Egs. (7) and (8) we have for water

7.94077 (T -+ DLA ) — 2.448-107
Co= 13- 7.9-407DLA1

where T is the temperature of the surrounding air.

Equations (1)-(9) have been solved by computer for droplets of water and ethanol; it was assumed

&)

The following is the air speed at the axis of the initial part of a turbulent free jet of circular cross

()

(®)

(6)

(7)

(8)

©)

that the drop moves along the axis of a turbulent air jet (¢ =0) from the point x=0, where the radius r=x;

and velocity v =0. Solutions were obtained for r, from 10 to 55 p, and u, from 28 to 150 m/sec, with R,
from 3 to 7 cm, ce from 0to 9+ 107 g/cm?, ¢, from 9.4 1076 to 53+ 107 g/cm?, D from 0.135 to 0.250

em?/sec, L from 222 to 591 cal/g, A =6.2 1075 cal/deg - cm - sec, and p,=1.2-107" g/cm?,

The solid line in Fig. 1 shows typical results (r for various distances x from the nozzle); it also

shows the results for r = f(x) from the simplified lormula
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r={re® — Dz*(cy — cw) / 12.4p,Rouy}"s (10)

(broken line), as obtained from Eq. (1) by neglecting the effects of droplet motion relative to the air (ﬁRe‘/2
Sci/3 = 0, d7 = dx/u).

The values for xp,, the distance traveled by the drop along the axis before complete evaporation, as
calculated from Eg. (10) are larger than those found by numerical solution, but the differences were only
1.5 to 7% in the above ranges in the parameters, i.e., one can neglect the difference between the drop speed
and mean air speed in approximate claculations in this range and thus use Eq. (10).

Figure 2 shows a scheme for an air and droplet jet in the kinetic mode; the broken line denotes the
boundary between the core of the jet in which the droplets of identical initial radius r, have not completely
evaporated and the periphery of the jet, where there are no droplets. This boundary is defined by Eq. (10)
with r=0:

Ro
z = 3.52r, Vﬁ (1 — &%) =z, (1 — £19),

. T Roups 11
T = 3.52r, Tlo—cy (11)

where xy, is the length of the core.

Figure 2 clearly illustrates the dispersal of the evaporating droplets, which differs from that of con-
served impurity.

In the case of evaporating impurity, the amount of liquid in the jet decreases as x increases and be-
comes zero for x =xp,, £ = 0; a conserved impurity is constant in amount at all x. In the latter case, the
distributions for dimensionless concentrations are of the same shape in all sections, whereas this is not
so for an evaporated impurity.

This means that the solutions obtained in jet theory for dispersal of a conserved impurity [4] are un-
suitable for a jet with a evaporating impurity; the method used in jet theory to solve the dispersal problem
is based on referring the diffusion equation in partial derivatives with variables x and ¢ to an ordinary dif-
ferential equation with one variable ¢, which is possible on account of the similarity in the dimensionless
profiles. This is clearly inapplicable for the case of evaporation.

In the latter case, the droplet concentration n is found by solving the diffusion equation [4]:

o Ou

L0 8 (0 du
\ ay

A\
c = (K ) for u=un (1 =S99, K;"TZ%Z“”

and is defined by Eq. (11) with the boundary condition n=0 on the axially symmetrical surface with the gen-
erator x = f(£).

As the solution is cumbrous, we restrict ourselves to the following approximation. Drops displaced
from the core by the turbulent pulsations evaporate and do not return to the core.

We assume that the concentration is not zero but has a certain constant value ng at the surface of the
core in a jet with the generator of Eq. (11); then in one set there is the following reduction in the number of
drops in the part of the core of extent x in 1 sec:

Zm

yru :
s

Fig. 2

94



AN = — nsgav'Znyd.r (12)
0

where qv' is the mean transverse velocity of the droplets, which we take as proportional to the mean trans-
verse velocity pulsation of the air v'.

Then ng is defined by the normalization condition:

*m

ns E av’2nydz == N, 13)
where Nj is the total number of drops passing through the initial cross section of the jet in 1 sec.
It is found {4] that
v = u = Uy u/dy = Cx du/ dy (14)

where [ is the "mixing length" and C is a constant.

We express v' and y in terms of the coordinate x of the jet core as defined by Eq. (11); from Egs. (5)
and (6) we get

y=-"l1_%

4.2 % z

-~

2y , Vo= — 15611’01100 (1 _ x )‘.’:
I x
m m

m

and substitute these expressions into Eq. (12) to get

X

AN:ZWLS“SMO" ad ‘)"E_x_(i_.i.)’.’dx =A(.x' _ r3z)
° m : m

Similarly, we transform Eq. (13) to Ny = Ax,, /6.

The following is the relative number of droplets passing through the cross section of coordinate x in
1 sec:

NINyg=1—AN/Ng=1—3(x/zy)? -2 (/2,7 (15)

This formula indicates that the flux N of droplets, which equals Ny in the initial cross section, falls to
half at x = xy,/2 and vanishes at X=X,

Our experiments were designed to establish the effects of a major factor not incorporated in droplet
evaporation theory, namely the turbulent velocity pulsation in the jets.

The apparatus was in a room of size 10 x 5.7 x 2.8 m? the air was blown in by a fan through a meter
to a circular nozzle, whose axis was horizontal. Droplets of uniform size were produced from distilled
water by a rotating system (an air turbine with an air bearing, having the liquid fed via a needle to the cen-
ter of the rotor and a small adjustable gap between the necdle and the rotor {5]). This source was before
the nozzle. The droplets were thrown outwards from a slot in the body as a [lat divergent stream directed
away from the jet axis, i.c., unsymmetrically. We found that the distribution became axially symmetrical
at x = 50 cm for droplets of initial radius ry=14 p, the distribution being close to the theoretical one for
a conserved impurity. The initial droplet size was determined by extraction into a cell containing an im-
mersion medium (a mixture of spindle and other oils) at x = 30 cm from the nozzle, with subscquent mea-
surement of the droplets under the microscope.

We determined r and ny at points 1.9 to 7 m from the nozzle, using deposition in strips coated with a
film of 10+ solution of Collargol in water [6]. The droplets formed light circular impressions on the film,
which were measured under the microscope. We found that the spreading factor was 2.44 for radii of 13-
43 1 at speeds of 1-6 m/sec (coefficient of variation 3.5%). The trapping factor was calculated from the
data of [7]. The exposure times varied from 60 to 1320 sec. We also calculated the theoretical concentra-
tions n, from the formulas for turbulent jets with conserved materials.

Cascade impactors [8] were also used to sample the droplets at the axis, using glasgs plates coated
with Collargol.
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The experimental jet coefficient [4] was found as 0.0764 from the velocity profiles; the initial droplet
concentrations were very small (less than 1 cm™), while E was large (about 10%), i.e., the mode of evapora-
tion was kinetic.

Table 1 gives results from the deposition on the strips, which are also represented by the typical
curves of Fig. 3, which give the relative droplet concentrations (ny/ny) at various distances for ry = 20 p.
The points denoted by 1 in Fig. 3 relate to x = 3.5 m, while those denoted by 2 relate to 5.0 m, and those by
3 to 6.0 m.

The values found for n; were much less than for ny; n;/n, decreased rapidly away from the nozzle (as
x increased) and also away from the axis (as y increased).

The values of N/N; calculated from Eq. (15) were compared with those found by experiment, and it was
found that most of the observed points lay below the theoretical curve, which was due to the excessive values
assumed for N in the calculations (some of the droplets formed by the source did not enter the jet). The
agreement between theory and experiment is to be considered satisfactory in view of the accuracy of the
measurements.

We were able to relate the standard deviation o of the droplet radii at a particular point to the mean r
for various distances from the nozzle for ry of 14 and 20 p; the value of y near the nozzle was about 5%,
but away from it it rose rapidly and varied from 8.5 to 17.5% at 1.7 m and from 23.2 to 28% at 4.7 m. Then
an initially monodisperse droplet system evaporating in a turbulent jet becomes more polydisperse as the
nozzle is left behind; this is due to the turbulent velocity pulsations, which are not incorporated in Eq. (1),
which would indicate that an initially monodisperse aerosol would remain the same if only the mean air
gpeeds were involved.

Figure 4 showsthe variationinthe meandroplet radius r along the axis givenby the measurements (1 for
ro=14 p, 2 for ry=20p, and 3 for ro=25 u). The solid lines represent numerical solutions from Egs. (1)-
(9). Initially the measured r fall more rapidly than the theoretical ones, whichis ascribed to the ne-
glected effects of the turbulent velocity pulsations. Then at large distances from the nozzle the measured
and theoretical r become identical, after which the theoretical r decrease more rapidly than the measured
ones down to complete evaporation (r=0). The reason for this will be clear from Fig. 5, which shows the
fall in ny/ny along the axis (points 1 correspond to ry=14 4, 2 to 20 4, and 3 to 25 ).

The droplet concentration at the axis was about 30 % of the theoretical value ny for a conservative ma-
terial at x = 1.9 m, and the value at larger x fell rapidly to 1% or less of ny. This has been explained above
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in deriving Eq. (15); there is irreversible loss of droplets from the core, which is reflected in Eg. (15), and
this is accentuated by the statistical character of evaporation arising from the turbulent velocity fluctua-
tions, though droplets identical in ry in the initial cross section move to point x along different paths and
therefore different radii at that point. The measured values for the mean r shown in Fig. 4 for large x con~
sequently represent not the original set of droplets but some small number of droplets of elevated initial
radius, which have passed through conditions least favorable to evaporation.

Then the curves of Figs. 3-5 not only confirm the proposed theory for an evaporating impurity in a
turbulent jet (dispersal accelerated relative to that for a conserved impurity) but also illustrate an import-
ant feature of droplet evaporation in a turbulent jet: the stochastic character of the process, which trans-
forms a monodisperse system into a polydisperse one not only over the cross section of the jet as a whole
but also at each point.
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