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A model of the evaporation of drops in the spray cone is proposed. A
system of equations for calculation of the main characteristics of the
spray cone is derived,

The well-known technological and energetic advan-
tages of superheated vapor as a heat-carrier in driers
[1] can be used in several cases for the production of
efficient spray driers [2].

There are opportunities in this case for accelera-
tion of evaporation, the realization of a practically
closed entrainment-free system, and so on. The use
of spray driers, which are designed for evaporation
of droplets of a solution into its own superheated vapor
is advantageous, for instance, in cases of drying of
small amounts of particularly valuable or toxic ma-
terials. Design calculations for such driers require
information about the quantitative relationships gov-
erning the evaporation, movement, and interaction
of the drops (singly and in polydisperse aggregates).

This led us to carry out experimental and theoret-
ical investigations to determine the basic prerequi-
sites for the conduction of engineering calculations.

The experiments were carried out on two rigs. The
first rig was designed for the investigation of drying
of single drops attached to a thermocouple junction
situated on the axis of a tube of diameter 60 mm. Su-

perheated steam at atmospheric pressure flowed
through the tube at a mean velocity of 1 to 12 m/sec.
The temperature of the steam varied from 423 to 823°
K. There was provision for spraying drops of water
of different size into the steam flow.

In the experiments we measured the parameters
of the steam flow, and the variable temperatures and
sizes of the drops.

The second rig was a single-pass pilot-plant spray
drier with a chamber 1.6 m high and 0.31 m in dia-
meter.

The sprayer was a centrifugal nozzle providing a
flow of solution at a rate of 1.4 to 2.8 g/sec. The
steam flow rate varied from 8.3 to 33.4 g/sec, and
its initial temperature from 423 to 823° K. All the
parameters in the drier chamber were measured by
means of a set of new measuring devices [2]. In all
the series of experiments we investigated the evapora-
tion of drops of an aqueous NaNOj3 solution (concentra-
tion 200 g/l ) inthe firstdrying period and twice-distilled
water. To obtain comparative data we also used air
as a heat-carrier. Figure 1 shows the experimental
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Fig. 1. Mass transfer in evaporation of drops: 1) from Fres-
sing formula (air); 2) experimental data; a) air [Nupy = f(Re}];
b) superheated steam (Num (Ts/Tw) "% = f(Re)).
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Fig. 2. Distribution of drop sizes in
cross section of evaporating cone: the
solid line is the theoretical distribution
y/¥o,99 = (6M;/0.99)""%; the dashed line
represents the experimental data.

data for the evaporation of drops (Re = 0.01—-500). At
Re = 0.01—2 we used the results of measurements of
the distributions of the phase velocities, irrigation
densities, temperatures, and dispersity of the drops
directly in the spray cone. The other results were
obtained from the investigation of the kinetics of evap-
oration of single attached drops.

These experimental data could be approximated by
the following relationships:
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Fig. 3. Results of measurements inside
evaporating cone in superheated steam
(x and y in mm). a) x =203; Zx» =0.73
Way = 32%; b) x = 345; Zy = 0.85 Way =
=19%; c) x = 725; Zy =0.99 Way = 3%;
1) irrigation density (g in g/cm?®- gec);
2) volume-surface diameter of drops (6
in p); 3) temperature of dispersed me-
dium (te in °C).

1) for evaporation into superheated steam
Nu
Nu

NU_ _ 0950, K for 573°K< T.<T73°K, (2)

=0.7m,K for T.<573°K, (1)

m

U

where m, = (p" = Pw)/P(Tyy)i
2) for evaporation into air

Nu
Nu,,

where 7, = (cyy ~ cyw)/pm(Tav);

The theoretical relationship for the determination
of Nuyy, is given below (relationship 10).

An evaluation of the confidence limits of the cal-
culated heat and mass transfer coefficients by Stu-
dent's method [4] showed that the error in the evaluation
of these quantities was about 15%. The results of mea-
surement of the velocities of the drops along the axis
of the spray cone can be represented by the following
approximate relationship:

=K for 428°K<T.<823°K,  (3)

C,= 80Re2 (4)

The scatter of the experimental points was +25%;
Nup, =2-9, Re = 0.01-50.

Using the obtained relationships for the determina-
tion of Nuy, and.Cy we analyzed the transfer processes
in the spray cone.

Figure 2 shows the theoretical and experimental
curves of y = f(8). We attributed the noncoincidence
of the curves to mixing of particles of different mono-
disperse groups as they moved together within the
spray cone. This is largely due to the fairly powerful
ejection streams which arise around the cone, The
possibility of regarding the spray cone as a stage of
ideal mixing is confirmed also by the experimental
data in Fig. 3. For the three cross sections of the
cone in which we measured the radial temperature
distribution of the heat-carrier (steam) we obtained
a practically constant (to within +5%) value. In con-
sidering the question of evaporation of drops in the
cone we used the arguments expounded in [3] and made
the following assumptions:

a) The evaporating cone can arbitrarily be divided
lengthwise into two zones (Fig. 4): the stagnation zone,
Xi < x3; the residence zone, xj > x;.
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Fig. 4. Diagram of motion of drops in cone.




b) In view of the relatively small value of x; (in our
experiments 150—250 mm) and the intense mixing of
phases we can assume for the stagnation zone

5)
6)

T.. = Twi = const,

We == Waj = const.

In addition, on the basis of our experimental data, ob-
tained on the rig for investigation of the evaporation
of an attached drop in a stream of suspension of drops
in gas, we assumed that there is no coalescence of
drops in the stagnation zone (Kgo = 0).

¢) For the residence zone we assumed:

(7)

(8)
(9)

Tw = Ty, = const,

u= Ures’

O0<Kpo<< 1.

The temperature Tx, of the heat-carrier, correspond-
ing to the cross section x; of the cone, is determined
from the balance equation with allowance for evapora-
tion of drops in the stagnation zone. Taking into ac-
count what was said above we derived a system of
equations:

0.4
Nu,, = 2-10.35 Rew( ; ) , (10)
dv u —
e il 1
n o, 5 (11)
C, = 80Re 2
5;
2 G
0 -1 —
Gy
(12)

(]

The last equation describes the integral distribution of
drops in a nonevaporating ("cold") cone.

The joint solution of Egs. (10)—(12) leads to the fol-
lowing relationships. For the time of flight (in the
stagnation zone)

A' u 0.4K—0.8
T(x,y) —m{(u—o) _lil, (13)
where
1.2
a=Len O
60 0. Y7,

av

For the range of a drop with initial diameter 6,

Aw, f u \0.4K—0.8 |
"—zo‘.s—_b‘.rmg-‘s‘[(?o) - ]*
A

(14)

=) ™o

For the radial coordinate of a drop with initial dia-

meter &g
u 0.4K-+40.2
_ (*) J sinp.  (15)
120)

04K +0.2

T

0.4K + 0.2

The trajectory of drops in the stagnation zone can be
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calculated more easily by assigning various interme-
diate values of u = uy — vyesg. The total degree of evap-
oration of drops in the cross section xj is

dmax k
u
Zy = G| 1—|— . 6
;= ¥ [ (u)] (16)
Smin
where
po G P 00, (_Ts_)“
10 V(Tav) Pu Te

The expression for calculating the size of the drop in
the residence zone from cross section x; to xj is

By, = [ai‘—

Calculation from relationship (17) is carried out
for each monodisperse group of drops which continue
to move after the cross section x;. The number of cells
which must be taken within the space of the evaporating
cone is determined in each specific case by the re-
quired accuracy of the calculation. Using the calcula-
tion procedure presented above we determined the
dimensgions of an industrial model of spray drier. Tests
of this model confirmed the correctness of the postu-
lated picture of the process and the reliability of the
experimentally obtained relationships.
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NOTATION

pL, p", and pe are the densities of liquid, saturated
steam, and dispersed medium; py, (Tay), and p (Tay)
are the densities of steam-air mixture and superheated
steam at Tgy; Tg and T are the temperatures of equi~
librium evaporation and gas phase; Ty = 0.5(Ts +
+ T,) is the average temperature in boundary layer;
cyo and Cy, are the concentrations of steam in air on
surface of drop and outside it; Cx is the dynamic drag
factor of drop in steam; 6 and &y, g9are instantaneous dia-
meter of drop and diameter corresponding to 99% of
total weight of drops less than 6y, g5 in diameter; Wav
is the average moisture content of particles over cross
section; x; is the range of drops with diameter §¢, gg;
Twi and Wesi are the initial temperature and velocity
of gas phase; vreg is the residence velocity; uand v
are the relative and absolute velocities of drop; Kqo
is the effectiveness of coalescerice of drops on colli-
sion; ww isthe velocity of gasphase;mand f are the mass
and cross section of drop; Gi and Gy are the weight
of monodisperse group of drops and output of nozzle;
Om and n are the constants of size and uniformity of
Rozin-Ramler distribution in "cold" cone; T(x, y) is
the instantaneous time of flight of drop; Uy and Vg are
the initial relative and absolute velocities of drop; &g
is the initial diameter of monodisperse group of drops;
V(Tay) is the kinematic viscosity of gas at Tav; B is
the angle of spray cone; x and y are the longitudinal
and radial coordinates; Zy is the total degree of evap-
oration of drops; D(T,y) is the diffusion coefficient of
gas at T,yy; Re, Nu, Nup,, and K are the Reynolds,
Nusselt, mass transfer Nusselt, and Kutateladze num-
bers; Cy =(Nuy,/Re’¥)(Ts/Tw)".
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