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The relationship between the mixing process in a swirling jet and operational parameters Re and Ree, which are
respectively the general Reynolds number based on cross-sectional average velocity in a jet nozzle and the newly
defined swirl Reynoldsnumberbased on characteristic angular velocity of swirling motionat a nozzle exit, was
investigated by measuring concentration distributions of expanding tracer puffs.
It is clarified that the increase of Re promotes both radial and axial mixing, and that the increase of Ree greatly

promotes radial mixing but suppresses the axial mixing. Considering the effects of Ree on the Peclet number, it is
made clear that the mixing process is remarkably changed by the generation of reverse flow in a swirling jet.

Introduction

The flow behavior of a swirlingjet is much different
from that of a non-swirling jet in many respects, e.g.
the jet angle expanding in the radial direction, the

axial velocity distribution, and the turbulence struc-
ture. Thus the mixing process in a swirling jet is

clearly influenced by the swirling motion, and the
characteristic effect is applicable to manykinds of
equipment using jet mixing, such as spray dryers and
combustion furnaces. A swirl burner is a typical

example, and many investigations3'5'7'^ have been
made with respect to the thermodynamic and aerody-
namic structure of swirling flames. In such reacting
flows, the mixing process of chemical species is a very
important factor in the performance of the equip-
ment. There have been, however, only a few previous
reports1'2'^ about swirling jet mixing, and the mixing
process within a swirlingjet and its dependency on the
operational conditions have not yet been sufficiently
clarified. One reason is that there have been few
detailed investigations of the factors which influence
flow behavior.

The present work investigates the factors that
influence flow behavior, which controls most of the
mixing process in a swirling jet and examines experi-
mentally the mixing process within a swirling jet
of water, as compared with a non-swirling jet, by
measuring concentration distributions of a liquid
tracer. It makes clear the effects of the operational
conditions, especially the intensity of swirl, on the

mixing process.
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1. Important Dimensionless Factors for a Swirling
Jet Flow

It is considered suitable to study vortex motion
such as a swirling jet flow by the following vorticity
equation:

^ +(U \)Q-(ftà"V)U=vV2ft (1)dt

In this paper, some dimensionless factors that are
important in expressing the operational conditions of
swirling jet equipment are derived from Eq. (1). In
swirling flow, as was made clear in the previous
paper,4) the vortex motion around the center axis
influences the flow behavior, and the characteristic
angular velocity cot of the vortex motion should be
treated as a key velocity. In a normal jet flow, the
cross-sectional average velocity Ua in the jet nozzle is
usually used as a characteristic velocity. Therefore, it
is reasonable to use the above characteristic velocities
cot and Ua, which are measured at the exit of the jet
nozzle, to provide the dimensionless quantities of the
vorticity ft and the velocity U in the vorticity equa-
tion. As a result, the following three types of dimen-
sionless equations are derived according to the ar-

rangement of the dimensionless terms:
+-^-{(U* à"V*)ft* -(ft* à"V*)V*} =-r-V*2ft*

dt* Rcotl R2^
(2a)

^ ^+(^* -V*)ft* -(ft* -V*)f/*=-^-V*2ft*

(2b)

^!^ ^+^£{(t^.V*)fl* _(fl*.V*)l7*} =V*2fl*
v dt* v

(2c)
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Fig. 1. Experimental apparatus.

where * denotes a dimensionless quantity. The char-
acteristic length and time are the inner radius R of
the jet nozzle and co[~l, respectively.

In the above three types of dimensionless equa-
tions, there are three commondimensionless quan-

tities, namely the general Reynolds number 2RUJv, a
kind of Reynolds number R(Rcoi)/v based on the

characteristic angular velocity and the ratio of rotat-
ing velocity to axial velocity RcoJUa. These quantities

are considered to be important as dimensionless
factors in expressing the operational conditions of a
swirling jet and to be related with the flow behavior
and further the mixing state. Only two dimensionless
quantities, however, are considered to be independent
factors by estimating from the number of operational
variables. Actually, any one amongthe above three
dimensionless quantities can be expressed as a quo-

tient of the other two quantities. In this study, two
kinds of Reynolds numbers, namely the general
Reynolds number Re (=2RUJv) and the Reynolds

number of swirl ReQ (=R(Rcoi)/v) will be used.
2. Experimental

Figure 1 shows a schematic diagram of the experi-
mental apparatus, which consists of an acrylic-resin
jet mixing tank with an inside diameter of 312mm
and a height of 372mm. A jet nozzle with an inside

diameter of 12mm is set at the center of the tank
bottom.

The test fluid, water, is supplied into the nozzle pipe
through two entrances. One is an axial entrance from
which the test fluid is supplied with the flow rate Qz,
and the other is a tangential entrance from which the
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Table 1. Operational conditions

Re Ree Re Re.
h [-1 Key h H Key

5100 2300 3 6800 0 A
6800 2300 O 6800 1 500 Q

8300 2300 © 6800 2300 O
10500 2300 © 6800 3600 V

6800 5700 O

test fluid is supplied with the flow rate Qe. The total
flow rate Q is the sum ofQz and Qe.
The circular tank used is surrounded by a water-
filled rectangular tank, and some visualization experi-
ments were performed by using dyes and polystyrene
particles.

The operational conditions, namely the above two
Reynolds numbers Re and Red, are changed by

adjusting Q and Qe. The characteristic velocities Ua of
Re and Rco( of Ree are obtained by Ua=Q/nR2and
(D^rjlnR2 respectively (where Ft is the intensity of
swirl (the circulation)4) at the jet nozzle exit and can
be measured practically). In this study, two experi-
mental series of Re=variable, /te0=23OO and Re=
6800, Ree=variable were carried out as shown in
Table 1.

The tracer liquid used was an aqueous solution of
KC1, injected into the jet nozzle just before the exit in
the impulsive state using a solenoid-operated valve.

The opening time interval of the valve was chosen as
0.06s so as to becomeshort enough compared with
the time interval between the beginning and the end of
the measured concentration signal in the jet region.
Measurementof the tracer concentration was con-
tinuously carried out by detecting the electric con-
ductivity of the solution. The probe used consisted of
a couple of platinum wires with a diameter of 1.0mm,
a length of 8.0mm and an interval of 2.0mm.

The measurements were carried out at an axial
interval of 20.0mm between the nozzle exit (z=0m)
and z=0.18m, and at a radial interval of 10.0mm
between the center axis (r=0m) and r-0.12m at

maximum.Ten detecting trials were performed under
the same operational conditions for each measuring
position in order to obtain a smooth curve of con-
centration change.

3. Experimental Results
3.1 Visual experiments

Figure 2 shows photographs of dyed swirling jets
where dyes are injected in the step state. From these
results, remarkable characteristics are seen with re-
spect to the radial expanse of the dyed region.
Namely, in the case of Re=constant, the expanding
angle in the radial direction becomes larger with

increasing Red, and in the case of Ree=constant, it is
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Fig. 2. Dyed region of swirling jet and operational
conditions.

almost independent of Re. Such results seem to be
consistent with the following results of tracer
experiments.

The shape of the dyed region can be regarded as
almost axisymmetric in any operational condition,

and therefore the assumption of axisymmetry may be
applied in this study.

According to the observation of flow by using
polystyrene particles, the existence of reverse flow,

which is characteristic in the swirling flow of large
Ree, was confirmed near thejet nozzle in the range of

about 7te0>3OOO within the present experimental
conditions. This reverse flow changes the flow con-
dition greatly and is thought to influence the mixing
process in all directions.
3.2 Motion of tracer puffs

Some examples of spatial concentration distri-
butions of tracer puffs at a certain time are shown in
Fig. 3, which shows iso-concentration lines in an r-z

plane. These figures were obtained by using the
graphic program GPSLof HITACHIbased on the
measured discontinuous data. The numerical values

shown in the figures indicate the standardized con-
centration by that of the original tracer liquid.

From the above figure, it can be estimated that the
swirling motion promotes radial mixing, but it sup-
presses axial mixing and the axial travelling velocity
of the tracer puffs. It is possible to predict that both

mixing in all directions and axial travelling velocity
are promoted by the increase of Re. These spatial
concentration distributions are much different from
those in uniform flow, owing to the complicated
three-dimensional flow condition in the swirling jet.
In this study, the above qualitative views are quanti-
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Fig. 3. Concentration distributions of tracer puffs.

tatively investigated by using the mixing diffusivity
(the variance coefficient) and the Peclet number,

which represent the intensity of mixing and the degree
of relative expanse of tracer, respectively.

4. Discussion

Based on the experimental data of impulse response
tests, the mixing process in the swirling jet is in-
vestigated in relation to the operational conditions.

4.1 Average position
Assumingthat the mixing state is axisymmetric, the
average position (ra, za) of tracer puffs is calculated at

each time by using the concentration Ctj at every

measured position (rtj, ztj) as follows:
ra=0 z^ZZ^.P,, (3)

i j

Pu=CuVij IH Wj (4)

where Ptj is the existence probability of tracer in the
region (/,/) of volume Vtj as shown in Fig. 4. It is
assumedthat the concentration within region (i,j)
can be uniformly represented by Ctj.
The axial motion of tracer puffs is studied with the

average position za ofEq. (3) as shown in Fig. 5. The
axial travelling velocity of tracer puffs decreases with
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Fig. 4. Division of measuring region.

Fig. 5. Average position of tracer puffs

increasing of Ree, and this result is considered to be
closely connected with the axial flow velocity distri-

butions in the swirling jet, such as the distribution
with decreasing of axial velocity in the central region
of thejet. In this way, Ree has the opposite effect on
the axial travelling velocity of tracer puffs to that of

Re.

4.2 Spatial variances and variance coefficients
The spatial variances of tracer expanse around the

average position (rfl, za) are calculated at each time in
order to investigate the mixing degree. Three kinds of

variances, namely radial, axial and total variances,

are calculated as follows:

i J

^=ll^ij-^2Pij (6)
i J

^=II{(ru-O2+(^-^m;=^2+ffz2 (7)
i j

By using these variances, the following variance

coefficients are defined in the same way as the general
mixing diffusivity or the turbulent diffusivity:

Er = da2r/2dt (8)
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Fig. 6. Relationships between radial variance and time.

Fig. 7. Relationships between axial variance and time.

Ez = da2J2dt (9)

E= do2\2dt= EY + Ez (10)

Considering that the average velocity field in swirling
jet flow is three-dimensional and not uniform, the
above coefficients include the effect of bulk diffusion
as well as turbulent diffusion. In this study, however,
the above variance coefficients are presumed as ap-
propriate indexes to indicate the degree of mixing
diffusion in the jet region.

The changes of variances a2, o2z and a2 ofEqs. (5),
(6) and (7) with time are shown in Figs. 6, 7 and 8. The
increase of Re promotes radial, axial and total mixing.
On the other hand, the increase of Ree promotes
radial mixing but suppresses axial mixing.
As seen from in Figs. 6, 7 and 8, there are linear
relationships between time and the variances except
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Fig. 8. Relationships between total variance and time.

Fig. 9. Relationships between variance coefficients Er, Ez, E
and operational conditions.

for results in the initial mixing stage. From these

relations, the variance coefficients Er, Ez and E of Eqs.
(8), (9) and (10) can be determined as values peculiar

to each operational condition. Figure 9 shows the
relationships between Er, Ez, E and operational con-
ditions. The axial mixing diffusivity Ez is negligibly
small in the flow conditions with reverse flow. The
decrease of Ez with increasing Ree is considered to be
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Fig. 10. Relationships between radial variance and average
position.

  Fig. ll. Relationships between axial variance and average
  position.

 closely connected with the decrease of the axial

 velocity in the central region of the swirling jet.
 4.3 Peclet numbers

 The Peclet number is defined by using the moved
 distance za and the travelling velocity Um of tracer
 puffs as follows:

          Per^ UmzJEr       (1 1)

 where the following relation is considered to be
 possible for Um:

          Um = dzjdt       (12)

 Consequently, from Eqs. (8), (ll) and (12),

         dt aJI\2 dt

        =dz2jda2        (13)

 The axial and total Peclet numbers are also calculated
 in the same manner:

      Pez ^ UmzJEz = dz2Jdv2z    (14)

      Pe ^ UmzJE= dz2a/da2     (1 5)

 These Peclet numbers are considered to be dimension-
 less quantities which indicate the degree of relative
 expanse between the average distance moved by

 tracer puffs and the mixed distance.
 To obtain the values of the Peclet numbers Per, Pez

                                      443



Fig. 12. Relationships between total variance and average
position.

Fig. 13. Relationships between Peclet numbers Per, Pez, Pe
and Reynolds number of swirl Re0.

and Pe ofEqs. (13), (14) and (15), the relationships of
a2, o2z and o1 respectively to z2a are shown in Figs. 10,
ll and 12. There are linear relations between them
except in the range of small zfl, and the Peclet numbers
can be determined as values peculiar to each oper-

ational condition. Here, the effect of Re on the Peclet
numbers seems to be almost negligible within the

operational condition of this study, and therefore the
respective relationships of Per, Pez and Pe to Ree can
be obtained as shown in Fig. 13. The result, that Per is
independent of Re, does not contradict the previous
result by visual experiments.
As seen from the change ofPe in Fig. 13, there is a
remarkable changeof the mixing process near about
ReQ=3000, where reverse flow is generated. And it is
seen that radial mixing mainly controls the whole
mixing process in the swirling jet with reverse flow.
In this study, tracer experiments of changing Re
were carried out only in the flow condition without
reverse flow, and therefore it is not certain whether Re
444

influences the Peclet numbers in the flow condition
with reverse flow. Fromthe results, however, of
preliminary visual experiments, it is estimated that

there is little effect of Re on the Peclet number on the
whole.

Conclusions

The mixing process in a swirling liquid jet was
experimentally investigated by using the impulsive
tracer technique. The conclusions which could be
drawn are summarizedas follows:
(1) It is shown that two dimensionless quantities,
the general Reynolds number Re and the Reynolds
number of swirl Ree based on the characteristic
angular velocity, validly express the operational con-
dition of the swirling jet.
(2) An increase of Re causes the increase of radial,
axial and total mixing diffusivities, while an increase
of Ree causes the increase of radial mixing diffusivity
but the decrease of axial mixing diffusivity. Total
mixing diffusivity changes so as to have a minimal
value with the change of Ree.
(3) The Peclet numbers which are defined by Eqs.
(ll), (14) and (15) are dependent only on Re0 within
the operational conditions of this study. A remark-
able change of the mixing process is recognized near
the value of Red at which reverse flow is generated.
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Nomenclature

C = concentration of tracer [kg/m3]
E = variance coefficient [m2/s]

P = existence probability of tracer [-]
Pe = Peclet number [-]

Q = flow rate [m3/s]
R = inner radius of nozzle pipe [m]
Re = Reynolds number, IRUJv [-]
Ree = Reynolds number of swirl, R(Ra)i)/v [-]
r = cylindrical polar coordinate in radial direction

[m]
ra = average radial position of tracer puffs [m]

t = time [s]

U = velocity vector [m/s]
Ua = cross-sectional average velocity in jet nozzle

[m/s]
Um = travelling velocity of tracer puffs [m/s]
V = volume of region (if) in Fig. 2 [m3]
z = cylindrical polar coordinate in axial direction

[m]
za = average axial position of tracer puffs [m]
Ft = intensity of swirl (circulation) at nozzle exit

[m2/s]
v = kinematic viscosity [m2/s]
o2 = variance [m2]

Q = vorticity vector [1/s]
cOi = characteristic angular velocity, rj2nR2 [1/s]
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(Subscripts)
Uj = region (ij) in Fig. 4
r = radial direction

0

axial direction
tangential direction
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EXTRACTION KINETICS OF NICKEL WITH
A HYDROXYOXIME EXTRACTANT
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In the solvent extraction of nickel from aqueous ammoniumnitrate solution with anti-2-hydroxy-5-

nonylacetophenone oxime in MSB210, measurements of initial extraction rate using a stirred transfer cell were
carried out at 30°C. The extraction rate was found to be described by the rate expression

1.1 x 10-10[Ni2+][HR]/[H+]

1+1.1 x l(T6[Ni2+]/[H+]

which was derived on the assumption that the elementary reaction step between the intermediate complexadsorbed
at the interface and free extractant molecule in the aqueous phase is rate-determining. The reason whythis step is
rate-determining was inferred.

Introduction

Since the pioneering work by Flett et aL4) on the
extraction kinetics of copper with LIX 65N, an
aromatic /Miydroxyoxime developed for copper hy-
drometallurgy, the extraction rate mechanism of cop-
per with hydroxyoximes has been a subject attracting
the interest of manyresearchers in the filed of solvent
extraction chemistry in the last several years.
Komasawaet al.8) and Cox et al.2) proposed the
same rate expression, which is of first order with

respect to metal ion and monomericspecies of the
extracting reagent and is of inverse first order with
respect to hydrogen ion for the forward extraction
rate of copper with anti-2-hydroxy-5-nonylbenzo-
phnone oxime (the active species of LIX 65N)
and anti-2-hydroxy-5-octylacetophenone oxime, re-
spectively. Their rate expressions are based on the
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inter facial reaction scheme where the elementary
reaction step between the intermediate complex,
CuR+, and the monomeric species of the hydroxy-
oxime at the interface is rate-determining.
However, this reaction scheme is against that based

on Eigen's mechanism of complex formation3) in

aqueous phase, in which the ligand substitution of the
reagent molecule or anion for water molecules hy-
drated to metal cation to form the intermediate
complex is rate-determing. It can indeed give satisfac-
torily reasonable explanations for the rate mechanism
of complex formation in the aqueous phase and that
of solvent extraction of metals with the extraction
reagents commonly used in analytical chemistry,
which have rather high aqueous solubility and low

inter facial activity. On the contrary, it cannot in-
terprete the rate law observed in solvent extractions
with commercial extracting reagents with high in-
ter facial activity and very low aqueous solubility.
Hence, it is a problem to be elucidated why the
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