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Abstract

In this paper, a new gas–gas mixer, Oxynator, is characterized. The performance of this mixer is compared with two static mixers: Sulzer
SMI and Chemineer KMA. In order to study these three gas–gas mixers, first the pressure drop is measured. Secondly, the mixing efficiency
is characterized by laser sheet visualizations at the outlet of the mixer. The hydrodynamics and turbulence induced by the mixers are then
measured by laser Doppler anemometry (LDA).

The purpose of this work is to understand the aerodynamics and the mixing mechanisms of the Oxynator mixer and to compare it with
two static mixers. The mixing mechanisms of the Oxynator are very particular. The Oxynator creates eight swirls and a center zone, each
zone increasing in space when they go away the injector. The homogeneity is reached when the zones meet and form a single zone. The
intensity of turbulence created by this mixer is greater than the turbulence created by the other mixers and the pressure drop is minimum
(lower than KMA and equal to SMI). The particularity of this mixer is that there is no impact between the secondary flow and the tube.
The influence of flow rate on flow pattern is determined. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chemical plants operation has been improving for 20
years, enhancing energy efficiency, catalyst life, selectivity
and yield in order to achieve higher production at lower
cost. High selectivity catalysts fully achieve their goal when
reactant distribution can be known at their surface. Homo-
geneous distribution is preferred as far as operability of
equipment is concerned. For a long time gas–gas mixing
was considered as a straightforward operation, easy to de-
sign and operate. It is now recognized that this operation
is not as simple as it might first appear. The general design
principles established in the past could be significantly im-
proved by taking into account the complex flow structures
and the geometry of the various mixing systems.

Low viscosity fluid flow is usually turbulent, but not
enough to fully eliminate inhomogeneities of concentration
or temperature within short lengths of empty pipe when in-
jection is standing alone. As an example, from a coaxial
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injection device, to obtain a homogeneous mixture, charac-
terized by only 1% standard deviation from the mean con-
centration, a length of about 100 diameters is needed [1].
Moreover, relatively stable stream layers may be formed if
the fluids, especially in the case of gases, exhibit differ-
ences in density. Consequently, a long pipe is required to ho-
mogenize the fluid (in concentrations and/or temperature).
However, short mixing lengths are required when limited
space is available. Suitable high efficiency mixing equipment
must be developed with particular attention to low pressure
drop.

Debottlenecking operations with oxygen injection may be
one way of improving both process yield and costs, but cata-
lyst, other pieces of equipment, and operability range should
be addressed: whereas operation may be running smoothly
at the new mean oxygen concentration (typically between
22 and 28%), operators may want to assess that there is no
local oxygen content peak where specifications are not met
any longer. Static mixers, which are commonly used in con-
tinuous fluid mixing, often answer to these specifications.
Another kind of mixer has been developed by Air Liquide
in order to be implemented on an existing compact unit
with oxygen injection: the OxynatorTM. It has been designed
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Nomenclature

D tube diameter (m)
I turbulence intensity (%)
L tube length (m)
Q1,2 principal, secondary air flow rate (m3 s−1)
r radial position (mm)
Re Reynolds number
RMSZ,r,θ root mean square velocity: axial, radial,

tangential (m s−1)
S tube area (m2)
Vmean mean velocity in the empty tube (m s−1)
VZ,r,θ axial, radial, tangential velocity (m s−1)
Z0,1,2,3 axial positions

Greek letters
λ adimensional pressure drop
µ dynamic viscosity (Pa s)
θ angular position
ρ density (kg m−3)

to minimize pressure drop and maximize mixing efficiency
over a very short length with easy retrofit.

The purpose of this work is to study the aerodynamic
characteristics of this gas–gas mixer in order to better un-
derstand the mixing mechanisms of this apparatus. The ac-
quired knowledge in liquid–liquid mixing characterization
is transferred and adapted to gas specificities. The aero-
dynamic and efficiency of mixing of the Oxynator is then
compared with two static mixers: the Sulzer SMI mixers,
which is commonly used in gas mixing, and the Chemineer
KMA which is often encountered for viscous fluid mixing
but was proposed for this application by the manufacturer.

The choice of these static mixers has been done by manu-
facturer regarding the specificities, the pressure drop and the
cost. The SMI static mixer is a standard mixer that allows
to mix miscible fluids in turbulent region. Sulzer also pro-
duces the SMV, for which efficiency in gas mixing is high
[2], but which is with a greater cost.

The KMA static mixer was originally developed for lam-
inar flow mixing but it has commonly been used for gas–gas
mixing in turbulent regime too. For turbulent flow, an other
static mixer developed by Chemineer, the HEV static mixer
exists. The performance of this static mixer has been studied
by Fasano [3], Myers et al. [4] and Bakker and Cathie [5].

The purpose of this work is not do an inventory of all the
mixers and determine the most efficient in turbulent gas mix-
ing, but to determine the mixing mechanisms of the Oxy-
nator and to give some elements of comparison with others
mixing mechanisms.

In order to do this comparison, Sulzer SMI and Chemineer
KMA, standard static mixers commonly used in gas mixing,
regarding their efficiency and cost, are chosen.

For more information about performance of several static
mixers — pressure drop, stretching, mean shear rate and

mixing efficiency — one can be reported to Rauline et al.,
who investigate hydrodynamic and mixing characteristics of
several static mixers in laminar flow [6]. Only a few infor-
mation about mixing efficiency in turbulent flow in static
mixers is given in [7,8].

2. The mixing apparatus

The experimental device is composed of a 1000 mm long
glass tube of 100 mm diameter (Fig. 1). A blower provides
the principal air streamQ1 with a flow rate ranging from
300 to 500 N m3 h−1, while compressed air is supplied for
secondary air with a flow rateQ2 from 10 to 25 N m3 h−1.
The injection of the secondary flow rate is performed by
a coaxial tube, 10 mm in diameter. Mixing is performed at
atmospheric pressure and temperature ranging from 25 to
50◦C, in the following flow conditions:Q1 = 300 N m3 h−1

andQ2 = 10 N m3 h−1, which corresponds to the nominal
conditions noted 10/300 N m3 h−1. The Reynolds number,
Re = DVmeanρ/µ, is 82 000. So the regime is fully turbu-
lent. The nominal condition is determined in order to avoid
the impact of the secondary stream jets on the tube wall. For
a given value of the ratioρ2V axial2/ρ1V axial1, the impact
point between the jet trajectory and the principal stream is
calculated by the Abramovitch regression [9]. The nominal
condition corresponds to a ratioρ2V axial2/ρ1V axial1 giving a
good location of the impact point, i.e. close to the tube wall,
but without touching it. The theoretical value has been veri-
fied by the manufacturer with an experimental study. When
both fluids are the same (same temperature and density), op-
timal condition can be expressed byVaxial2/Vaxial1 or directly
by Q2/Q1. The influence of flow conditions are studied, the
other flow conditions used are 7.5/300 and 15/300 N m3 h−1.

Oxynator is adapted on the coaxial tube and achieves both
injection and mixing. Static mixers are located 2 cm after
the exit of the coaxial tube (Fig. 1b).

Oxynator is a hollow cylinder, 2 cm in length and 1 cm in
diameter (Fig. 2a). The left extremity is open and connected
to the coaxial tube which provides the gas to be mixed. On
the right extremity, the cylinder section is closed. The gas
leaves were located perpendicularly through a circular ori-
fice 2 mm in width just before the section wall. A tangen-
tial movement is given to the flow by eight static blades
uniformly distributed on the closure section of the cylinder
(Fig. 2b). With this apparatus, the injection occurs in the
radial direction of the primary flow.

The Sulzer SMI and the Chemineer KMA have a diameter
equal to the tube diameter (100 mm) and have lengths of 480
and 454 mm, respectively. The SMI mixer consists of two
sets of mixing elements, some kind of baffles, welded on a
tube (Fig. 2c). The KMA has twisted tape inserts (Fig. 2d).
The tape are twisted through 180◦ and abut one another at
a 90◦ angle providing successive right- and left-hand ro-
tation to the fluid elements. As mentioned previously, the
kind of static mixers as well as their dimensions have been
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Fig. 1. Experimental device: (a) Oxynator; (b) static mixer.

Fig. 2. Mixers slides: (a) Oxynator, longitudinal view; (b) Oxynator, top
view; (c) SMI static mixer; (d) KMA static mixer.

determined by each manufacturer, to obtain a standard de-
viation lower than 2% (homogeneity is generally assumed
in industrial application for a standard deviation lower than
5%) at the outlet of the mixer at the specified flow rates,
pressure and temperature.

3. Measurements

For the three mixers, the pressure drop is measured on
the main flow with water manometers, giving differential
pressure versus atmospheric pressure at each end of the tube
(Fig. 1).

In a second step, the mixing efficiency is characterized by
laser sheet visualizations. The injected gas flow is seeded
with paraffin oil droplets (refraction index= 1.4679, mean
diameterd32 = 3.5�m). A laser sheet allows visualiza-
tion of the droplets distribution on a pipe section. When a

difference in droplets density on a measuring section is no
longer observed, homogeneity is assumed. This visual ob-
servation does not give quantitative value on mixing, and the
standard deviation cannot calculated from the laser sheets.
But the visualizations allow to notice high and low concen-
trations in tracer on a section, and thus allow to understand
mixing mechanisms and to compare, if the observer is
always the same, different sections for different mixers.

The mixing mechanism of the Oxynator is highlighted by
several laser sheets located from the outlet of the mixer to
250 mm downstream of it. Laser sheets at the outlet sections
of the Chemineer and Sulzer mixers allow comparison with
the Oxynator mixer.

Velocity and root mean square velocity measurements are
then performed by laser Doppler anemometry (LDA). This
is a well-known technique in our laboratory, which has been
successfully used for the hydrodynamic characterization of
stirred vessels [10] and continuous mixing devices [11,12].
It is a non-intrusive method, which requires particles that can
scatter the incident light in the gaseous stream. It is difficult
to find an efficient seeding in gaseous streams. Some authors
have used solid particles seeding by the aide of fluidized
bed [13]. We choose to seed the secondary flow with liquid
droplets. A seeding generator (DISA) provides paraffin oil
droplets (Risella 15, Shell).

Experiments are performed in forward scatter mode in or-
der to obtain an analyzable signal. The laser bench is com-
posed of the following elements:

• an ionized argon laser source (Spectra Physics) with
power of 4 W;

• an optic part including a color separator, a ray divider, a
Bragg cell and an optic fiber to transmit the beam;

• an emitter and a receiver equipped with the appropriate
lens;

• a photomultiplier connected to the receiver;
• a flow velocity analyzer (Dantec) which allows the pro-

cessing of the Doppler signal;
• an oscilloscope to control the quality of signal;
• a computer equipped with the software Floware for data

processing.

For the three mixers, velocities and RMS velocities are
measured in the three directions: axial, radial and tangential.
It is impossible to perform measurements close to the wall of
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Table 1
Pressure drops induced by mixers at nominal conditions (Qtotal =
310 N m3 h−1, ρnormal conditions= 1.2928 g l−1)

Oxynator KMA static mixer SMI static mixer

P (mbar) 2.6 4.3 2.6
λ 3.346 5.534 3.346

the tube, i.e. at less than 5 mm, because of the deformation
of the laser beam in this region.

4. Results and discussion

4.1. Pressure drop

The pressure drop of gas–gas mixers is measured at the
nominal flow rate. In order to account for the pressure drop
due to the mixer, the pressure drop corresponding to the
coaxial injection is measured and deduced to the total pres-
sure drop. The pressure drop for a coaxial injection is 2.4 cm
of water (i.e. 2.4 mbar).

Table 1 gives the pressure drops induced by the mixers.λ

is a dimensionless way to characterize the pressure drop. It
is calculated by

λ = pressure drop

ρV 2
mean/2

(1)

The Oxynator and the SMI static mixer produce the same
pressure drop equal to 2.6 mbar. Therefore, in an industrial
process, the use of these mixers will not produce great energy
dissipation.

The KMA static mixer has a pressure drop at 4.3 mbar;
which is 1.65 times more than that produced by the Oxynator
and SMI static mixer. This mixer dissipates more power than
the other mixer systems. The pressure drop per length unit of
static mixer can be calculated for SMI and KMA. Values are
5.4 and 9.5 mbar m−1, respectively, for SMI and KMA. For
the Oxynator, this information is not useable because mixing
is not performed in the mixer but downstream of the mixer.
A good comparison with both other mixers could be the
pressure drop per mixing length unit, which is a parameter
to be determined in this work.

4.2. Laser sheet visualizations

In order to show the mixing mechanisms of each mixer,
laser sheet visualizations are given. Firstly, experiments are
performed in an empty pipe, with a coaxial injector and
without any mixing system. Fig. 3 shows the visualizations
located at 0, 50, 100 and 150 mm of the injection. The injec-
tion diameter is 1 cm (Fig. 3a). At 50 mm, the zone with oil
has a diameter equal to 3 cm. At 150 mm, the oil occupies a
circular area which a diameter equals only half of the tube
diameter. Clayton et al. [1] show that to obtain a homoge-
neous mixture, a length of about 100 diameters is needed.

Fig. 3. Laser sheet visualizations for the coaxial injection and flow rates
10/300 N m3 h−1: (a) 0 mm; (b) 50 mm; (c) 100 mm; (d) 150 mm.

For the Oxynator, the mixing evolution along the tube
can be clearly observed on the five laser sheets located at
0, 20, 50, 100 and 150 mm of the outlet. For the nominal
flow rate, the sheets are given in Fig. 4. The secondary
flow is divided in eight jets at the outlet of the mixer. At
this flow rate conditions, there is no impact of the jets on
the wall of the tube (Fig. 4a). Impact has to be avoided in
industrial applications dealing with oxygen introduction: it
could bring about inflammation resulting from the reaction
of oxygen present at high concentration with deposit on the
tube wall. Jets are about 20 mm in length and are oriented
in the same direction as the Oxynator blades, i.e. counter-
clockwise. AtZ2 = 20 mm, an interesting phenomenon is
observed (Fig. 4b): the jets are transformed in swirls. The
tangential movement is in the opposite direction from the
initial movement noticed atZ0 = 0 mm. The swirls are
connected to a central disc with small passages. In the cen-
tral disc, the tracer concentration seems to be homogeneous
and lower than in the jets. The swirls can be observed up
to 50 mm from the injection and the diameter of the swirls
increases. At 50 mm, Fig. 4c, the swirls have increased and
are close to the wall. After 50 mm, the swirls disappear and
the tracer repartition becomes more homogeneous (Fig. 4d).
Homogeneity is then achieved by turbulent diffusion. At
Z = 150 mm, the tracer appears to be homogeneously dis-
tributed in the tube (Fig. 4e), and no more evolution of the
tracer repartition is observed after this section. It has to be
noticed that the high intensity zones on Fig. 4e are due to
reflecting effects, and not to higher concentrations.
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Fig. 4. Laser sheet visualizations for the Oxynator mixer and flow rates
10/300 N m3 h−1: (a) 0 mm; (b) 20 mm; (c) 50 mm; (d) 100 mm; (e)
150 mm.

At a given length from the injection point, the homo-
geneity is more greater with Oxynator than with the coaxial
injection: atZ = 150 mm, the homogeneity is visually ob-
tained. At the same distance from the coaxial injector, the
oil occupies only half of the tube.

The manufacturer recommends to use the Oxynator with
flow rates included between 8/300 and 12/300 N m3 h−1

(variation of ±20%). It is interesting to notice the effect
of secondary flow rate variation on the mixing efficiency.
Two other conditions have been studied: 15/300 N m3 h−1,
which is higher than the limit given by the manufacturer
(+50%) and 7.5/300 N m3 h−1 which is lower than the limit
given by the manufacturer (−25%).

If the secondary flow rate is greater, for flow rate condi-
tions 15/300 N m3 h−1, Fig. 5, the initial jets are greater than
for the first flow rate (length of about 30 mm). At 20 mm
(Fig. 5b), the swirls reach the tube. At 100 mm, the oil tracer
occupies all of the section. Homogeneity is reached more
quickly than for the nominal flow rate. However, one of the

Fig. 5. Laser sheet visualizations for the Oxynator mixer and flow rates
15/300 N m3 h−1: (a) 0 mm; (b) 20 mm; (c) 50 mm; (d) 100 mm.

advantages of this mixer is that the secondary flow does not
create impact on the wall. In this case there is some impact
so the flow rate is not suitable, even if the mixing efficiency
is high.

If the conditions are 7.5/300 N m3 h−1, Fig. 6, the initial
length of the jets is about 12 mm. The swirls develop less
than for the nominal conditions and they disappear before
the length of 50 mm, Fig. 6c. At 50 mm, the oil is not located
in the entire tube section. At 100 mm, the section occupied
is about 60 mm diameter, i.e. 36% of the tube section. It is
a diameter more important than for the co axial injection at
150 mm (50 mm). The area occupied by the tracer will then
increase very slowly.

In that conditions, the Oxynator is more efficient than the
coaxial injection, but the mixing length is greater than for
the flow rate 10/300 N m3 h−1. The nominal flow rate is the
optimum condition to obtain an efficient mixing without an
impact of the secondary flow on the tube. If the manufac-
turer nominal flow rate is not respected, with an acceptable
variation of secondary flow rate inferior to 20%, mixing ef-
ficiency will be drastically decreased (for a secondary flow
rate too low) or wall impact will not be avoided (for a sec-
ondary flow rate too high).

In order to compare the mixing efficiency of KMA and
SMI with the mixing efficiency of Oxynator, a laser sheet
has been made at the outside of both static mixers (Fig. 7).
These visualizations are difficult because the brightness is
poor. In both the cases, the tracer appears to be homoge-
neously distributed on the whole section. No evolution of
the tracer repartition is noticed downstream of this section,
which confirms that the homogeneity corresponding to our
visual criterion is reached.
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Fig. 6. Laser sheet visualizations for the Oxynator mixer and flow rates
7.5/300 N m3 h−1: (a) 0 mm; (b) 20 mm; (c) 50 mm; (d) 100 mm.

No influence is noticed at other flow rates. The homo-
geneity is always reached for flow rate between 7.5/300
and 15/300 N m3 h−1. For KMA and SMI static mixer, the
global homogeneity is obtained at the outlet, i.e. at around
500 mm of the injection. We do not have information about
the mixing evolution along the mixers. The homogeneity
can be obtained before the outlet, and it would be necessary
to do intermediate laser sheets to determine the real mix-
ing length. In our case, this study has been impossible to

Fig. 7. Laser sheet visualizations for flow rates 10/300 N m3 h−1 at the
outlet of (a) the KMA static mixer and (b) the SMI static mixer.

realize: SMI mixer is in stainless steel and is not transparent,
KMA mixer walls create reflecting zones and dark zones,
which do not permit to obtain significant visualizations.

The mixing mechanisms cannot be observed along these
mixers, but it is well known for the KMA in laminar flow
[14,15] and described in technical notice for the SMI [16].
In a turbulent flow, the mixing in the three mixers is due to a
complex flow pattern. To understand this flow pattern, LDA
measurements are performed.

4.3. Aerodynamics characterization

The aerodynamics in terms of velocity, RMS and turbu-
lence intensity generated by each mixer is characterized.
LDA measurements are made on several planes, Fig. 2
shows for each mixer the measurement angular positions.
The tangential velocity is positive for counterclockwise and
the radial velocity is positive when the air is flowing from
the center towards the wall. The velocities are divided by
the mean velocity in the empty tube (Vmean) to compare
results with different flow rates.

Vmean= Q1 + Q2

S
(2)

4.4. Oxynator mixer

For the Oxynator mixer, one eighth of the tube is studied:
the mixer is composed of eight similar blades and it has
been established on several measurement points that the
flow pattern can be duplicated. Measurements are carried
out on three half axes of the three sectionsZ1, Z2 andZ3,
respectively, located at 10, 20 and 500 mm downstream of
the mixer. It is difficult to do measurements near the outlet
due to the finger jets and reflection. Fig. 8 shows the axial,
radial and tangential velocities atZ1. For a given radius,
velocities are similar forθ = 0 and 45◦, angles which cor-
respond to the location of the blades. Axial velocities are
smaller for θ = 22.5◦, which corresponds to the median
angle between two blades. The maximum axial velocity is
1.7 times more than the mean velocity in the empty tube.
The evolution is the same for the three angles. They are
negative from the center of the tube (VZ/V mean = −0.9
for r = 0 mm) to r = 11 mm, whereVZ/V mean = 0.
They increase fromr = 11 to 25 mm (VZ/V mean = 1.7
for r = 25 mm) and decrease thereafter. The jet length is
30 mm. The center zone observed in laser sheet visualiza-
tions corresponds at a negative axial velocity. So there is a
recirculation of the flow in the tube center.

Radial velocities (Fig. 8b) are quite similar for each angle
from r = 0 to 17 mm. From 0 to 11 mm,Vr are slightly
positive (close to 0.1Vmean). From 11 to 17 mm they are
negative, with the highest absolute value between 0.15Vmean
and 0.2Vmean for r = 15 mm. After 17 mm, their evolution
versusr is different betweenθ = 22.5◦ and θ = 0 and
45◦. The higher radial velocities are obtained for the median
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Fig. 8. Oxynator velocities atZ1 = 10 mm: (a)VZ ; (b) Vr ; (c) Vθ ; (d)
RMS (θ = 0◦).

position. The maximum value is equal to 0.8Vmean for r =
30 mm, for the jet tip. Forθ = 0 and 45◦, the radial velocity
is near zero. Tangential velocities (Fig. 8c) have an evolution
versusr similar to radial velocities: same values, close to
0.1Vmean, for each angle fromr = 0 to 17 mm, negative
values between 11 and 17 mm and a different evolution,
after 17 mm, between 22.5◦ and the other angles. The higher
tangential velocity equal to 0.38Vmean is obtained forθ =
22.5◦ andr = 30 mm.

Fig. 9. Representation (Vr , Vθ ) of the velocity atZ = 20 mm after the
Oxynator.

The Oxynator creates a depression zone, which can be
characterized by the velocity measurements performed on
a transversal section located 10 mm downstream from the
mixer. At this distance, the diameter of the depression zone
is around 20 mm — two Oxynator diameter. In that zone, ax-
ial velocities are negative. The highest absolute value, from
the same order of magnitude than the mean velocity (Vmean),
is situated at the center. Axial velocity decreases from the
center to the periphery of the zone. Radial and tangential ve-
locities are positive and low. Radial velocities are constant
and close to 0.1Vmean. Tangential velocities are maximum at
r = 5 mm, more or less constant forθ = 0 and 45◦, increas-
ing for θ = 22.5◦ from r = 0 to 5 mm, decreasing at each
angle fromr = 5 to 11 mm. In a ring 5 mm in depth located
around the depression zone, axial velocities become positive
when radial and tangential velocities become negative. In
the last annulus, the axial movement is predominant, except
for θ = 22.5◦ where the radial and tangential velocities are
quite high. Flow differences betweenθ = 22.5◦ andθ = 0
and 45◦ can be explained by the geometry of the Oxynator:
the blades are located at 0 and 45◦, when 22.5◦ corresponds
to the median position between two blades. The rotational
movement is then maximum between the blades. For these
measurements located at 10 mm of the outlet, velocities lo-
cated at 22.5◦ characterize the jets of secondary flow. In the
jets, the radial velocity is the same order of the mean axial
velocity in the empty tube.

In order to characterize the local movement in the swirls,
some additional measurements located on one swirl have
been made. A vertical plane located at 20 mm of the out-
let of the mixer where swirls are fully developed is studied.
Measurements are made on five angular positions between
11.25 and 33.75◦. Fig. 9 shows the radial and tangential ve-
locities on this vertical plane. This velocity field confirms
the presence of swirls and explains the tracer repartition.
When r increases, the tangential velocity is first positive,
with a maximum of 0.25Vmean, and after negative with a
maximum of−0.4Vmean. Radial velocities are included be-
tween−0.25Vmeanand 0.36Vmean.
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Fig. 10. Intensity of turbulence downstream of the Oxynator.

RMS velocities have been measured in the jet (Z =
10 mm) at the same position than velocities. No significant
difference can be noticed versus the angular position. An ex-
ample of axial, radial and tangential RMS atθ = 0◦ is given
on Fig. 8d. Axial values range from 0.3Vmean to 0.5Vmean,
0.4 < RMSr/V mean< 1.3 with a maximum atr = 15 mm
and tangential RMSθ = 0.4Vmean. If RMSZ and RMSθ are
of the same order of magnitude, RMSr values are higher.
The maximum is noticed forr = 15 mm so on the periph-
ery of the depression zone. The turbulence promoted by the
Oxynator is then anisotropic.

Fig. 10 gives the turbulence intensityI versusr at Z1 =
10 mm andZ3 = 500 mm.I is calculated by

I =
√

RMS2
r + RMS2

θ + RMS2
Z√

V 2
r + V 2

θ + V 2
Z

(3)

The turbulence is very high: 75%< I < 375% atZ1. The
intensity is maximum forr = 10 mm at all the angular po-
sition, which corresponds to the borderline of the depres-
sion zone. The turbulence intensity values are very different
versus the angle forr = 10 mm: the maximum value is ob-
tained atθ = 0◦ (I = 375%) and the minimum value is
obtained atθ = 22.5◦ (I = 180%).

Going away the Oxynator, the velocities become homo-
geneous versusr. No more difference appears versus the
angular position. AtZ3 = 500 mm (Fig. 11), axial profile
is close to the universal profile in turbulent regime. Radial
and tangential velocities are small (less than 0.14Vmean). The
lowest radial velocities are situated in a central disc of a
tube, 10 mm in diameter. In the other part of the tube,Vr

is constant and close to 1.3Vmean. Tangential velocities de-
crease from 1.25Vmeanin the center of the tube to 0 forr =
40 mm. AtZ3, RMS are the same in the three directions and
do not depend onr or θ . The mean value of RMS is close to
0.1Vmean. Turbulence intensities are reported on Fig. 10.I
is equal to 88% for all the angular positions which is much
higher than the turbulence intensity in an empty tube, close

Fig. 11. Oxynator velocities atZ3 = 500 mm (θ = 22.5◦).

to 20% for a turbulent regime. At this distance, even if the
universal axial profile is obtained, the Oxynator still influ-
ences the flow which achieves a rotational movement and
an important turbulence degree.

These different velocity measurements inform us on the
flow pattern at the outlet of the mixer and so on the mixing
mechanisms. The Oxynator divides the secondary flow in
eight jets. In these jets, the axial velocity is less important
than in the rest of the flow, the radial velocity is maximum at
the jet tip and the tangential velocity is positive. Quickly (be-
tween 10 and 20 mm), jets are transformed into eight swirls
connected to the central disc with small passages. The max-
imum of turbulence is created at the periphery of the center
zone. Each zone increases in space, and the homogeneity is
reached when the zones meet and form a single zone.

Some measurements are performed for the flow rate
7.5/300 N m3 h−1. Fig. 12 shows the velocities difference
between the two flow rate forθ = 22.5◦ andZ = 10 mm.
The location of the measurements is in the jet. Axial ve-
locities (Fig. 12a) are similar and radial velocities are
different (Fig. 12b). For 7.5/300 N m3 h−1, the maximum
is 0.6Vmean (0.8 for 10/300 N m3 h−1) and is obtained at
r = 20 mm (r = 30 mm for 10/300 N m3 h−1). The radial
velocity is lightly negative at 10 mm. The tangential ve-
locity profile is different. Tangential velocities (Fig. 12c)
are always positive and the maximum value is 0.25Vmean
at r = 20 mm. So, the length of the jet is 20 mm for the
flow rate 7.5/300 N m3 h−1, it is smaller than the previous
one. The periphery of the center zone is not so perturbed
than for the flow rate 10/300 N m3 h−1. RMS velocities
are low for the flow rate 7.5/300 N m3 h−1. The maximum
equal to 0.65Vmean is obtained forr = 20 mm in axial di-
rection. The maximum turbulence intensity is 300% and at
Z = 500 mm the value is 25%. In this case the turbulence
intensity decreases quickly in the tube.

4.5. KMA static mixer

The purpose of this work is not to fully study this kind
of mixers but to give some comparison elements with Oxy-
nator, in term of aerodynamic characterization and mixing
mechanisms.
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Fig. 12. Oxynator velocities atZ1 = 10 mm andθ = 22.5◦: (a) VZ

for a flow rate of 7.5/300 and 10/300 N m3 h−1; (b) Vr for a flow rate
of 7.5/300 and 10/300 N m3 h−1; (c) Vθ for a flow rate of 7.5/300 and
10/300 N m3 h−1; (d) VRMS for a flow rate of 7.5/300 N m3 h−1.

The aerodynamic of the KMA mixer is characterized at
the outlet of the mixer, corresponding toZ3 = 500 mm.
LDA measurements inside the mixer are impossible because
the mixer walls do not allow the laser ray to penetrate. As-
suming that the flow is the same on each side of the mixer

Fig. 13. Velocities at the outlet of KMA: (a)VZ ; (b) Vr ; (c) Vθ ; (d) RMS
(θ = −22.5◦).

wall, which is based on a physical symmetry, only a half
part of the outside section is studied. Measurements are
carried out on nine half axes distributed from−90 to 90◦
(Fig. 2d).

Fig. 13 shows the evolution of axial, radial and tangential
velocities versusr at 2 mm of the outlet of the KMA mixer,
for angular positionsθ = 45, 0, and−45◦. At the outlet of
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Fig. 14. Representation (Vr , Vθ ) of the velocity at the outlet of (a) KMA static mixer and (b) SMI static mixer.

the mixer, the axial movement is quasi independent of the
angular position although a difference of 20% is noticed at
several radii. Axial velocities are small at the center of the
tube corresponding to the location of the mixer wall, increase
up to 1.8Vmean for r = 10 mm then decrease and stabilize
around 1.2Vmeanfor r ranging from 25 to 45 mm.

Radial movement depends on the angular position: for
a given radius, the closer to the mixer wall the measuring
point is and the higher is the radial velocity. The sign of the
radial velocities is opposite for the positive angles and the
negatives angles. That means that in the upper part of the
half tube, the radial movement is oriented from the center
to the wall of the tube and in the lower part of the half
tube, the radial movement is oriented from the wall to the
center. The movement is not symmetric:Vr are higher and
more regular versusr in the upper part of the tube and it
is positive for θ = 0◦. For θ = −45◦, a mean value of
0.4Vmean is calculated for 5 mm< r < 35 mm when for
θ = 45◦, in the same range ofr, Vr varies from−0.7Vmean
to −0.2Vmean.

Tangential velocities are higher than the radial velocities.
The tangential movement is different with the angle. For
θ = 0 and 45◦, Vθ increases from the center tor = 10 mm,
and then decreases tor = 45 mm. Tangential velocities are
positive, ranging from 0.3Vmeanto 0.8Vmean. Forθ = −45◦,
the tangential velocity increases from the center (0.2Vmean)
to the wall (0.8Vmean).

Axial, radial and tangential RMS do not depend onθ .
Fig. 13d gives an example of their evolution versusr for
θ = −22.5◦. RMS values are different versus the direc-
tion, the turbulence is then anisotropic. Values range from
0.35Vmeanto 0.65Vmean, giving a mean turbulence intensity
I equal to 60%. A higherI has been calculated atr = 5 mm,
ranging from 80 to 160% versus the angle of measure. It
can be explained by the small velocities measured on this
section.

A representation in the vertical plane of the radial and
tangential velocities is done (Fig. 14a). In this figure, the
rotational movement of all the flow can be observed. Atθ =

45◦, the flow goes towards the center and atθ = −45◦ the
flow goes towards the wall.

It can be concluded that the KMA promotes a quasi-
homogeneous flow, with an important rotational movement.
In this static mixer, a first element divided the flows in two
parts, which are symmetric and have a regular rotational
movement. In each part, the mixing is first created by this
rotational movement, second enhanced by the turbulence.
The two parts of the flow are then recombined in a second
element of mixing.

4.6. SMI static mixer

Due to the stainless steel walls, velocities cannot be mea-
sured by LDV in the SMI mixer and the flow is only char-
acterized at the outlet of the mixer, atZ3 = 500 mm. Mea-
surements are carried out on the whole section, on four axes
distributed from−90 to 90◦ (Fig. 2c).

No symmetry is noticed in this static mixer. The velocity
depends on the angular position. Fig. 15 shows the veloci-
ties in three axes (θ = −45, 0 and 45◦). Velocity values are
similar for θ = −45 and 90◦ and different forθ = 0◦. Axial
velocities are nearly constant versusr for θ = 45 and 90◦,
the value is between 1.5Vmeanand 2Vmean. For θ = 0◦, ax-
ial velocities depend onr: they are maximum at the center
of the tube and decrease from the center to the wall. The
lowest velocities correspond to locations close to the insert
walls. VZ range from 0.5Vmean to 2Vmean. Radial velocities
are positive. The variation withr is not very important, but
profiles are different versusθ . The lowest velocity is ob-
tain for θ = 0◦, and is around 0.3Vmean. The maximum is
equal toVmean and is obtained forθ = 90◦ so between the
baffles positioned inside the tube. Tangential velocities are
dependent on the radial position. Small absolute values are
obtained forθ = −45 and 90◦, higher for θ = 0◦. They
are negative in the central part of the tube (−30 mm< r <

20 mm) and positive in the periphery zone. The maximum
is obtained forθ = 0◦ with values ranging from−1Vmean
to 1Vmean. Velocities are minimum, close to 0, forθ = 90◦.
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Fig. 15. Velocities at the outlet of SMI: (a)VZ ; (b) Vr ; (c) Vθ ; (d) RMS
(θ = 0◦).

SMI promotes a predominant axial movement, with a high
radial component for each angle, and an important tangential
component forθ = 0◦. The flow pattern outside this static
mixer is then very complex and fully tridimensional.

Axial, radial and tangential RMS profiles are identical
— the turbulence is then isotropic and do not depend onθ

but are weakly dependent onr. Fig. 15d gives an example

of their evolution versusr for θ = 0◦. Values range from
0.25Vmean (at the center) to 0.65Vmean (r = −30 mm). The
mean turbulence intensityI depends onθ . I is locally high
(30%< I < 150%) forθ = 0 and 45◦ and smaller forθ =
90◦ (20% < I < 60%). High values correspond to small
mean velocities.

Fig. 14b shows the movement in a vertical plane. The
movement is rotational for the most part of the tube. The
radial part is important, and the tangential direction changes
versusr. The tangential velocity is negative (clockwise) in
the central part and positive near the wall. Forθ = 90◦, the
movement is only radial. The flow is not so regular than in
the KMA static mixer. It is created by the baffles located on
the wall of the tube, is complex and fully tridimensional. In
that case, the secondary flow is not divided, mixing is only
produced by complex flow pattern and turbulence, which
mean intensity is a little higher than KMA turbulence inten-
sity and smaller than the Oxynator turbulence intensity.

5. Conclusion

The three flow patterns, measured by LDA, at the outlet
of the three mixers are radically different.

The KMA static mixer divides the flow in two parts and
creates an important rotational movement (Vr and Vθ are
close to 0.3Vmean), which enhances the mixing. Turbulence
is not very high in the mixers (the mean turbulence intensity
is close to 60% at the outlet of the mixers).

The SMI static mixer does not divide the flow. It creates a
very complex and fully tridimensional flow pattern. Turbu-
lence intensity is fluctuating versus the angle, mean intensity
is higher than KMA turbulence intensity.

The aerodynamic characteristics of Oxynator are differ-
ent. The rotational movement created downstream of the
mixer is low compared to the other mixers (Vr andVθ are
close to 0.1Vmean). The Oxynator creates eight swirls. Just
at the outlet of Oxynator, velocities are inhomogeneous re-
sulting in a high turbulence (80%< I < 375%). When the
distance from the mixer increases, the flow becomes more
homogeneous and can be quickly compared to the universal
flow pattern in an empty tube in term of velocity. However,
the turbulence remains important (I = 88%, 500 mm down-
stream of the mixer).

Mixing is achieved mainly by separation of the flow in
eight parts, by turbulence and to a lower extend by rotational
movement of the swirls.

A comparison of mixers has to take into account several
parameters:

• The mixing efficiency, which is the most important char-
acteristic of a mixing apparatus. The efficiency required
depends on the mixing quality desired for the application.

• The pressure drop, which is an important characteristic in
term of cost.

• The mixing length, which is a technical characteristic of-
ten limiting in an existing process.
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Homogeneity has been addressed by laser sheet visualiza-
tions. Global homogeneity is obtained with the three mixers
studied, at the outlet of KMA and SMI static mixers, i.e.
at 454 and 480 mm, respectively, downstream of the injec-
tion, at 150 mm downstream of Oxynator. We do not have
information of the mixing quality into the KMA and SMI.
It would be necessary to perform intermediate laser sheet
investigations to compare more precisely the mixing length
of the three mixers.

KMA and SMI lengths have been designed by the manu-
facturers to meet our request (S.D. = 2%). But in our study,
measurement of standard deviation has not been possible.
We can just conclude that homogeneity, visually determined,
is comparable in the three mixing configurations.

The particularity of the Oxynator is that there is no im-
pact between the secondary flow and the wall. This result
can be a strong advantage in some industrial practices. But
the optimum flow rates indicated by the manufacturer has
to be respected with a difference inferior to 20%. If not,
mixing efficiency is decreased (if secondary flow rate is too
small), or impact is not avoided (if secondary flow rate is
too high).

This work allows to understand and compare the mixing
mechanisms of gas in the three mixers. The mixing is qual-
itatively characterized by the laser sheets visualizations. In
order to do quantitative characterizations, others methods
have to be developed, for example, laser-induced fluores-
cence and MIE diffusion [17,18].

An other possibility is to use computational fluid dynam-
ics (CFD) to simulate the hydrodynamics and the mixing
and to compare the standard deviation downstream of the
injection for each mixer. CFD studies are now in progress in
our laboratory to complete the experimental study presented
in this article.
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