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Abstract - The paper presents the results of a complex experimental and analytical investigation of the 
structure of a one- and two-component flow with tangential liquid supply and axial spraying of the second 
component. It is shown that the structure of this type of flow allows enhancement of the intercomponent heat 

and mass transfer. 
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NOMENCLATURE 

air flow rate, m3/h; 
radius under consideration and chamber 
radius, respectively, mm; 
axial, radial, and tangential flow velocity, 
respectively, m/s; 
hydrodynamic pressure, atm ; 
mass, kg ; 
midsection, m2 ; 
particle velocity, m/s; 
drag coefficient ; 
density, g/m3 ; 
kinematic viscosity, m2/s ; 
constant for the given chamber radius. 

isas ; 
particle. 

INTRODUCTION 

ONE OF the effective means of influencing heat and 
mass transfer in spray drying is the arrangement of 
swirled flows in the apparatus which create a specific 
hydrodynamic situation in it [l] and promote an 
increase in the relative velocities of the flow com- 
ponents (gas and dispersed liquid) and agitation of the 
flow of suspension. 

A new scheme of the vortex spray chamber is 
suggested (Fig. l), the essence of which is that two 
opposing swirled flows are produced in the chamber 
which rotate in different directions. The chamber is a 
horizontal tube into which the gas and the heat carrier 
are supplied tangentially in opposite directions [2]. 
The gas is lead off from the chamber at its center. By 
convention, the chamber can be subdivided into three 
zones. Tangential injection of gas on two sides and 
formation of countercurrent swirled flows occur in 
zone 1. Zone 2 is located between the end-face surfaces 
of the chamber and zone 3, the latter being the region 
where jets meet. In contrast to the cyclone-type 
apparatus, backward vertical currents are virtually 
absent in zone 2. 

As is known, interpretation of the complex hy- 
drodynamic situation in cyclone and vertical ap- 
paratus is based on representation of the flow as a 
cylindrical turbulent hollow jet [3] the basic qualit- 
ative characteristic of which is the tangential flow 
velocity. 

The tangential velocity field recorded by a ther- 
moanemometer in a one-component flow (Fig. 2) is 
characterized by the presence of zones of quasi-solid 
and potential rotation, i.e. the flow structure in the 
chamber obeys the basic laws which govern the swirled 
flow of an incompressible liquid [4]. The velocity 
profile over 80% of the chamber length is governed by 
the following relation valid at r/R < 1 

(1) 

where vi. is the flow velocity in the inlet channel. 
The comparison has been made between the net 

velocities of the one-component swirled flow and the 
rectilinear flow. 

The degree of nonuniformity was assessed by means 
of the coefficient 

The net velocity in the swirled flow, vI, was de- 
termined as a mean-integral value for each section of 
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FIG. 1. Schematic of chamber 
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FIG. 3. Comparison of theoretical and experimental curves of 
the washing-off process. n--l, 20, ‘x, experimental curves 
AOn@, Labeled substance = 0.57’!,, 0.75?,,, 1.29”: and 

1.52%, respectively. 

FIG. 2. Distribution of relative velocities in chamber: 1, 
sections I-III ; 2, section IV; 0, L = 200 m’/s ; x ,300 m3/s ; 

0, 380 ma/s; 0, 440 m3/s ; A, 500 m3/s. 

Table 1. 
~ .___~~~_. _~~ ._ ~~ 

Sections 
L, m3/h I-111 IV 

_.~~ ~~~~~_.._~~~~ ~~~~~~~__~.___~~ -~~ 
200 6.80 5.05 
300 6.18 4.70 
380 5.95 4.55 
440 5.66 4.42 
500 5.55 4.27 

< = 6.03 i: = 4.58 

the chamber, while the net velocity of the rectilinear 

flow, v2, was determined as a mean value over the 
chamber cross-section. Table 1 lists the values of C: as a 
function of the air flow rate which hardly affects the 
degree of flow non-uniformity. Comparison of the 
mean values of the non-uniformity coefficient 5 for 

different regions of the chamber shows that in zone 3 

the non-uniformity degree is diminished by about 30%. 

Here the zone of quasi-solid rotation is practically 
absent, which can be attributed to the appearance of 

local eddies. 
It is the high value of the degree of non-uniformity 

which is the basic advantage of the swirled flow 
because it leads to enhancement of the interphase 

exchange. 
While the non-uniformity coefficient 5 characterizes 

the flow in separate chamber sections, the degree of 
departure of the whole process from the state of 
equilibrium, which determines its intensity, is charac- 
terized by the moving force which corresponds to the 
type of the apparatus. An experimental study of the 
apparatus type as to the structure of the flow in it was 
carried out by the step function technique [IS] with the 
use of a labeled substance (helium) and conventional 
division of the apparatus into n-pseudo-sections. The 
analysis of the data (Fig. 3) shows that increase in the 

flow rate of the labeled substance leads to a change in 
the number of pseudo-sections of the apparatus, i.e. it 

characterizes the vortex-type chamber as an apparatus 
with ideal mixing. 

Apart from determining the type of the apparatus 
(qualitative picture), the quantitative assessment has 
been made of the extent to which the moving force is 
used 

where Ax, is the moving force in the apparatus with 
ideal displacement, and Ax, is the moving force in the 
actual apparatus. 

In the present case E = 0.7-0.8, which confirms that 
the classification of the apparatus is correct [6]. 

The analytical study of the hydrodynamic con- 
ditions in the apparatus with a one-component flow is 
based on the occurrence of a forced vortex (‘tangential 
nozzle’) in the entry section. Assuming that the flow is 
isothermal and the fluid properties are constant, we 
shall use an axisymmetric system composed of the 
Navier-Stokes and continuity equations 

au au w2 2~ 
L’_ +. U_~ - _ = _ ~;~ 

ar ax r cr 

au au ap t,-++-= --+-- 
dr ax ax 

c(ro)+&(ru)=O 

Here x and r stands for the distances measured from the 
wall along the axis of symmetry and from the chamber 
axis in the radial direction, respectively. In the initial 
system of equations (4)-(7), s and r are normalized 
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with the aid of R, v, w, u - vtn, P - p& and the number 
Re is determined as Re = (V&)/V. Then, r and x 
change within the ranges 0 d r G 1,O G x G x0, while 
the ‘tangential nozzle’ is located in the subregion x, 6 
x c xp. 

The mean velocity distribution over the inlet nozzle 
length is assumed uniform over the chamber 
generatrix 

u = cos i&, 

u= -cosv)*, (8) 

w = &,, 

where rp, and rp, are the parameters which characterize 
the swirling of the flow and which are determined 
depending on the type of the apparatus [7]. 
’ After suitable transformations of the system of 
equations with account for the boundary conditions of 
the given model of a swirled flow, we solve the system 
of equations (4~(7) numerically using the method of 
~tabi~shing [S]. 

Figure 4 presents the profiles of the tangential 
velocity. The analysis of the curves shows that the 
circumferential maximum of the velocity degenerates 
under the influence of viscous friction. However, the 
primary pattern of the curve coincides with the 
experimental data of Fig. 2. 

The study of the structure of the torch of a liquid 
sprayed into a swirled flow was carried out in a test 
facility allowing for the process visualization and its 
photor~ording in a wide range of the parameters of 
interacting flows [9]. To a certain extent the experi- 
mental data make it possible to q~li~tively and 
quantitatively characterize the structure and basic 
parameters of the torch. The effect of the process 
hydrodyn~ics on the time of motion of particles in 
the chamber volume is graphically illustrated in Fig. 5, 

The analysis of the relation 

indicates that the velocity of the swirled flow, and 
hence the flow structure in the chamber, are dominat- 
ing in duration of particle transport. A qualitative 
picture of the transport of particles is determined by 
the initial impulse (pressure of the compressed air 
which atomizes the liquid) and by the chamber design 
parameters. Quantitatively, the position of separate 

FIG. 4. Profile of the tangential velocity component in 
sections xt_ru = 0.5, 1.0, 1.4, respectively. 

FIG. 5. Effect of the hydrodynamic conditions on the time of 
transport of particles. tx, time required for drops to move 
from the spouter nozzle out to the prescribed point; zo, the 
same but in axial direction; R,, radius under consideration ; 
lx, distance along the axis up to the prescribed radial location. 
1-3, P = 3.2atm; 4-6, 2.2atm; 7-9, 1Satm; 1,4,7, vi,, = 

3Om/s; 2,5,8, ZOmjs; 3,6,9, lOm/s. 

particles, and cons~uently, of the whole drop suspen- 
sion flow, depends on the velocity of the swirled flow 
(u,,). It should be noted that the path covered by 
particles is not proportional to the air flow velocities. 
Thus, an increase in the velocity up to 30m/s is not 
advisable, since the backward currents forming in this 
case cancel the intensifying effect of the velocity. The 
analysis of the data allows one to substantiate the 
choice of the optimal hydrodynamic conditions for a 
dispersed jet in swirled flows and the design para- 
meters of the chamber. 

The trajectory of single particles in a swirled flow 
calculated by the numerical method [lo] from the 
equation 

CPF m$z -T]vp- +jz - VI, (9) 

is given in Fig. 6. It is natural that the higher the 
angular velocity, determine by the tangential 
component 

w--t‘ PM 

the quicker the chamber wall is reached by a particle. 
In order to analyze the hydrodyn~ics of meeting of 

FIG. 6. Trajectory of particles. Angular velocities: (1) 45 
rad/s; (2) 30 rad/s; (3) 20 rad/s. 
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jets (swirled flows in the center of the chamber) it is 
possible to limit the discussion by the motion of 
separate particles. As is known, when the jets collide, a 

solid particle experiences multiple decaying vib- 
rational displacements. 

Equation (9), with account for the basic concepts of 
the theory of jet impingement onto the wall [ll], 
allowed determination of the maximum depth of 
particle penetration into the incoming jet (z,,,) and a 

maximum deviation of the particle trajectory in the 
tangential direction (cp,,,) [12]. Thus, for the tran- 
sitional region we have 

z,,, = 0.245 
d’%J(a,,) 

v”.sp&12 + 1)“4. 
(11) 

The predicted results are confirmed rather satisfac- 
torily by experiment. The maximum path of re- 

tardation fluctuates within 0.01-0.11 m for liquid 
drops of 100-1000 pm in size. 

The study of the hydrodynamics of the opposite 
swirled flows of dispersed particles makes it possible to 

elucidate the mechanism underlying enhancement of 
the interphase heat and mass transfer, for example, in 

the process of spray drying, and to suggest the method 
of calculation of the apparatus. 
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RECHERCHE EXPERIMENTALE ET THEORIQUE SUR L’HYDRODYNAMIQUE 
DUN LIQUIDE EN BROUILLARD DANS UN ECOULEMENT TOURBILLONNAIRE 

R&urn&On presente les resultats d'une etude complexe experimentale et thiorique sur la structure d’un 
Ccoulement a un et deux composants avec alimentation tangentielle de liquide et dispersion axiale du second 
composant. On montre que la structure de ce type d’ecoulement provoque I’accroissement simultane du 

transfert de chaleur et de masse. 

EXPERIMENTELLE UND ANALYTISCHE UNTERSUCHUNG DER HYDRODYNAMIK 
EINER IN EINE WIRBELSTR(jMUNG EINGESPRITZTEN FLUSSIGKEIT 

Zusammenfassung-In der Arbeit werden Ergebnisse einer umfassenden experimentellen und analytischen 
Untersuchung iiber die Struktur einer Ein- und Zweikomponentenstromung mit tangentialer 

Fliissigkeitseinspeisung und axialer Einspritzung der zweiten Komponente mitgeteilt. Es wird gezeigt, dab 
die Struktur dieser Striimungsart eine Erhohung des Warme- und Stoffiibergangs zwischen den 

Komponenten zullbt. 

3KCIIEPHMEHTAJIbHOE M AHAJIMTMYECKOE MCCJIEflOBAHWE FMAPOAHHAMMKH 
PACIlbIJIEHHOfi KKMflKOCTB B 3AKPYYEHHOM IIOTOKE 

AHIIOT~~II~- B cTaTbe u3noxeubt MaTepIianb*KOMnneKcHOrO3KCnep#MeHTanbHOrO I( auanurerecltoro 

HCCJIe~oBaHWl CTpyKTypbt OJtHO- li flByKOMnOHCHTHOr0 uOTOKa npH TaHreHuAaJtbHOM 110/1BOL7e 

XGiAKocTA II OCeBOM pacnblne BToporo KOMuOHeHTa. noKa3aHo. ~To cTpyKTypa noToKoB nono6Horo 

runa 1103BOnlIeT HHTeHCW&ttHpOBaTb MeXKOMtIOHeHTHbIfi 06MeH. 


