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Abstract

In this work, an off-axis 2D Particle Image Velocimetry system is used to obtain the 3D flow field at the outlet of a tubular
reactor equipped with Kenics static mixers. The 3D flow fields are obtained exploiting the out-of-plane velocity component
and considering the symmetrical features of the flow generated by the static mixers. The raw results show that the veloc-
ity vectors, measured on a cross section perpendicular to the tube axis by 2D-PIV with the camera located at 24° from the
measurement plane, are affected by the axial component of the flow. However, taking into account the symmetry of the flow
field with respect to the tubular reactor axis and evaluating the effect of the out of plane velocity component, the correct
2D velocity vectors on the plane and also the velocity component in the axial direction can be calculated from the raw 2D
PIV data. The consistency of the methodology is demonstrated by comparison of the results with the flow field measured
in a smaller tubular reactor of similar geometry and Reynolds number with a symmetrical 2D-PIV system, with the camera
located perpendicularly to the laser plane. Then, the 3D features of the flow are analyzed to characterize the effects of the
different combinations of static mixer configurations on the fluid dynamics of the system in turbulent conditions. The results
show that, as the pressure drop increases, a more uniform velocity distribution is achieved.
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Introduction

Static mixers (also called motionless mixers) are mixing
devices that contain no moving parts and are mainly used
for continuous mixing of fluids [1]. They are an attractive
alternative to conventional batch agitation system, due to
their higher potential efficiency in term of energy consump-
tion per unit volume [2]. The small footprint, low equipment
operation and maintenance costs, sharp residence time distri-
bution, improved selectivity through intensified mixing and
isothermal operation, byproduct reduction, and enhanced
safety are some of the main features that have promoted the

< F. Alberini
federico.alberini @unibo.it

School of Construction Machinery, Chang’an University,
Xi’an 710064, China

Department of Industrial Chemistry ‘“Toso Montanari’,
University of Bologna, via Terracini 34, 40131 Bologna,
Italy

Published online: 24 February 2023

use of these devices in chemical, pharmaceutical, food pro-
cessing, polymer synthesis, pulp and paper, paint and resin,
water treatment, and petrochemical industries [2—8]. Further
attention is attracted from static mixer, since the Paris Cli-
mate Agreement, that pushed many countries towards lower
power consumption and environmental protection.

Kenics static mixers (KSM), as one of the classic types
of static mixers, have the advantages of their unique
structure and easy manufacturing [9]. In the early stages,
[10, 11] studied mass transfer characteristics in KSM by
measuring the rate of naphthalene evaporation. Pustenlik
[12] and Kemblowski and Pustelnik [13] proposed resi-
dence time distribution model in KSM. Ling and Zhang
[14] used helical coordinates to calculate velocity field
in KSM, and the impacts of twist angle and aspect ratio
of a mixing element on mixing efficiency were obtained.
The mixing performance of KSM has been also investi-
gated by finite element and Lagrangian methods [15-18].
Jaffer and Wood [19] studied laminar flow field in KSM
through laser induced fluorescence. In a review of Thakur
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et al. [2], the industrial applications of static mixers in
last century were summarized.

Recently, with the improvement of computing power and
the development of computational fluid dynamics (CFD)
methods, more and more researchers explored pressure
drop and mixing performance of static mixers by means of
numerical simulation [20]. Van Wageningen et al. [21] inves-
tigated the flow characteristics in KSM in the range of Reyn-
olds number (Re) =100~ 1000 through CFD simulations.
Song and Han [22] proposed a pressure drop correlation in
KSM through CFD calculations, which was validated by the
comparison with various pressure drop data reported in the
literature. Kumar et al. [23] explored flow patterns and mix-
ing behavior in KSM over a wide range of Re=1~25,000
through CFD methods. Lisboa et al. [24] employed standard
k-, RNG k-¢ and k- to study the thermal efficiency of
KSM for pre-heat supercritical carbon dioxide. Meng et al.
[25] evaluated heat transfer performance of KSM using
CFD. Jiang et al. [26] studied the effect of aspect ratio on
mixing performance and the effect of element thickness on
pressure drop in KSM by CFD simulations. Nyande et al.
[27] employed CFD simulations to obtain mixing perfor-
mance and pressure drop in a modified design of KSM under
laminar flow conditions.

Compared with numerical simulation, experiments for the
flow field in KSM are relatively scarce. Peryt-Stawiarska and
Jaworski [28] and Murasiewicz and Jaworski [29] obtained
velocity profiles in KSM using laser doppler anemometer.
Alberini et al. [30, 31] and Ramsay et al. [32] employed pla-
nar laser induced fluorescence and image processing method

Fig.1 Sketch of the rig and

to evaluate KSM mixing performance. Rafiee et al. [33] used
positron emission particle tracking technique to study lami-
nar flow of a high viscosity Newtonian and non-Newtonian
fluids in KSM.

As well known, PIV (Particle Image Velocimetry) has
been extensively used for the fluid dynamics investiga-
tion of many equipment of the chemical process industry
[34-36] mainly adopting a standard arrangement of the
instrumentation with the camera located in front of the
measurement plane. In a previous work by Yoon and Lee
[37], the importance of the perspective error caused by the
out-of-plane motion was discussed. A stereoscopic particle
image velocimetry (SPIV) measurements were compared
against the 2D PIV results to show this effect.

In recent years, some efforts have been oriented to
measure three-dimensional flow fields by using a single
camera. Noto and Tasaka [38] developed a new approach
that allows to determine the out of plane component by
using a single-color camera and two differently colored
laser sheets. Xiong et al. [39] proposed the so called
RainbowPIV that consists of an illumination module to
generate a rainbow pattern, for catching the distance of
particles from the camera and a software analysis that
allows to reconstruct the velocity vector fields. Other
contributions [40, 41] are based on the work by Willert
and Gharib [42], in which a single camera system uses
defocusing in conjunction with a mask embedded in the
camera lens to decode three-dimensional point sources
of light on a single image. The latter method has the
disadvantage of using low particle seeding density due
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to the difficulty of distinguishing overlapping patterns
from nearby particles.

In this work, we exploit the effect of the out-of-plane
motion to develop a new methodology to measure the
three dimensional mean velocity field by a single camera
in a symmetrical flow. The new methodology is applied
to a tubular reactor and the consistency of the results is
assessed by data collected in a smaller tubular reactor of
similar geometry which allowed the acquisition of the flow
field by a 2D PIV system with a standard arrangement of
the camera with respect to the laser light sheet. For this
purpose, a turbulent fluid flow regime is selected. The
new methodology together with the pressure drop data is
adopted to investigate the effect of clockwise or/and anti-
clockwise configurations and of the number of elements on
the mixing characteristics of the tubular reactor.

Materials and Methods

Experimental Rig

The investigation was carried out adopting two different
tubular reactors made of Perspex equipped with variable
number and types of Kenics static mixers. The bigger one
has an inner diameter, D, equal to 39.5 mm, and length,
L, of 7 m, while for the smaller D and L were equal to

Fig.2 PIV system: (a) System
1; (b) System 2
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Table 2 Re and flow rate used for pressure drop measurements

Flow rate [m>/h] 1.12 2.13 3.27 4.19 7.34

Re 9994 18997 29259 37421 65625

22 mm and 1.25 m, respectively. Figure 1(a) shows an
overall schematic of the experimental rig used in this
work [43]. The rig consists of a storage tank filled with
water at ambient temperature, which feeds a centrifugal
pump (Robuschi, Italy). The pump delivers the selected
flow rates, controlled by a flowmeter (Yokogawa, Ger-
many), to the tubular reactors. Details about the PIV sys-
tems and configurations will be reported later.

As inserts of the tubular reactors, two types of KSM
have been used, clockwise (C) and anticlockwise (A), as
shown in Fig. 1(b). The static mixers were manufactured
using a 3D printer (Guider IIs, Flashforge, China), and
the length and diameter of a single element were [ =59
and 32.9 mm and d=39.5 and 22 mm for the larger and
the smaller tubular reactor, respectively. In both cases,
the ratio between the length of the mixer element and the
pipe diameter was 1.5.

The investigated configurations are listed in Table 1.

Operating Conditions

The Reynolds number (Re) is defined as
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Re=—= (1)

where p, p and v are the density, the viscosity and the super-
ficial velocity of the fluid, respectively. In the following, Re
is calculated at the inlet, based on the empty pipe velocity
as in previous works [17, 44]. For the PIV measurements,
the flow rates of water, which was the fluid adopted for the
investigation, were 1.12 m>-h~! (for D;=39.5 mm) and 0.59
m>-h~! (for D, =22 mm). The corresponding Re were 9994
and 9468, respectively. The investigated flow rates and Re
adopted in the pressure drop measurements, that were col-
lected in the tubular reactor of D=39.5 mm, are reported
in Table 2.

The Pressure Drop Measurements

The pressure drop was measured to identify differences
in term of energy consumption among the different

Fig.4 Effect of the out-of-plane e
velocity component. (a) Raw o
flow field in the empty pipe; (b) ’
Upper view of the investigated ’

configuration 7

B -

configurations in the tubular reactor of D=39.5 mm. Pres-
sure drop was measured by a differential pressure transmit-
ter (PD-33X, Keller, Switzerland), enabling measurement
at a sampling rate of 1 Hz. The experimental temperature
was maintained at 20 +2 “C. The distance between the two
pressure taps was 2.07 m.

The Particle Image Velocimetry Measurements

The PIV measurements were performed using a Dantec
Dynamics system. The laser sheet source was a pulsed
Nd: YAG laser (Solo I-15 Hz, New wave research, US),
emitting light at 532 nm with a maximum frequency
of 15 Hz. The images were captured by a Dantec PCO
Camera with a pixel CCD, cooled by a Peltier module
to improve the signal-to-noise ratio and equipped with a
green filter to capture only the light emitted by the laser
source. The laser control, the laser/camera synchroniza-
tion and the data acquisition and processing were han-
dled by a hardware module (FlowMap System Hub) and
FlowManager software installed on a PC.

Two different arrangements of the instrumentation
were adopted depending on the reactor used for the
experimental investigation. Figure 2(a) shows the set up
adopted for the reactor of D=39.5 mm, where the camera
1 was placed at an angle of 24° with respect to the pipe
cross section. To avoid any disturbance due to inlet con-
ditions, the measurement plane (system 1) was located
at 2.07 m from the pipe inlet 2 mm from the outlet of
the last static mixer used for each configuration used.
The laser sheet was perpendicular to the axial direction,
and the pipe was placed inside a Perspex chamber filled
with water to minimize the laser diffraction effects due
to the curvature of the pipe wall. Instead, as showed in
Fig. 2(b) for the tubular reactor of D =22 mm, the laser
light was still perpendicular to the axial direction, but the
camera 2 was located perpendicularly adopting a window
at the outlet of the pipe, similarly to the configuration

S Out of plane vector, W
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Fig.5 Velocity components in
two symmetrical points in cross
section

used by Alberini et al. [30, 31]. The measurement plane
was located at circa 5 diameters from the pipe outlet
and,similarly to the other set up, 2 mm from the outlet
of the last static mixer used for each configuration used.
Moreover, to limit laser diffraction the chamber was a
square solid piece of Perspex with in the middle a circu-
lar hole having the same cross-sectional area of the pipe.
Finally, a double and symmetrical outlet configuration
was engineered to minimize the outlet perturbations as
shown in Fig. 2(b). The PIV measurements in the smaller
reactor were performed to assess the analysis procedure
devised to obtain the velocity field in the bigger tubular
reactor.

In all cases, the liquid was seeded with Talco parti-
cles of mean diameter equal to 1.7 pm and the density of

Fig.6 Identification of the
center position in regions of
high velocity magnitude

2D magnitude velocity
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2820 kg/m> [34]. The seeding particles concentration was
carefully chosen in order to obtain from 5 to 10 particles
for each interrogation area. The distance between laser
sheet and the end of KSM was in all cases of a couple of
mm, to avoid the laser reflections against the outlet of
the static mixer.

For the flowrate equal to 1.12 m3-h~!, the time interval
between two laser pulses, At, of 40 ps was selected based
on the analysis of preliminary data collected with different
values and the time interval which gave better vector valida-
tion results was selected. For the flow rate of 0.59 m3-h~,
the time interval was changed, inversely proportional to the
superficial fluid velocity, for maintaining the same seeding
particle displacement. For each run, a total number of image
pairs of 800 was acquired; this number was selected since

Geometric center

s Geometric center (blue)

Circle center

Geometric ycenter (yellow)
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it ensured the statistical independency of the mean velocity
data. The acquisition frequency, between a pair of image to
the next for the double frame camera was equal to 1 Hz for
both configurations.

The velocity vector maps were obtained by apply-
ing the cross-correlation to the image pairs with an inter-
rogation area size of 32X 32 pixels (1.37 % 1.37 mm and
0.96 X 0.96 mm in the larger and the smaller tube, respec-
tively) with overlap of 50%. The cross-correlation was
applied after that the image obtained averaging the pixel
intensity of the 800 images was subtracted from each image
pair, to reduce the noise. The mean velocities were calcu-
lated from the instantaneous vectors that passed the valida-
tion procedure, i.e. vectors were discarded if they did not
fulfill two conditions, one based on the evaluation of the
peak heights in the correlation plane and the other on the
velocity magnitude [34].

De-Warping and Out-of-Plane Velocity Components

Due to the impact of the angle between the camera and the
tube axis, the images recorded with the off-axis camera by
system 1 are affected from perspective misrepresentation
by default, meaning that the relationship between the cam-
era pixel and the real dimension is not constant across the
measurement plane. With numerical models describing the
perspective distortion (‘“warping”), it is however possible to
compensate and correct (“de-warp”) the images adopting

suitable models to fit with targets of known geometrical
characteristics [45]. The sketch of the target used for the
calibration, which was manufactured by 3D printer, is shown
in Fig. 3. The target, then, was inserted in the same position
of the PIV measurement plane, and knowing the locations
and the dimension of the holes it was possible to reconstruct
the “de-warped” image which represents the perpendicular
view of the target. This led us to obtain the algorithm to “de-
warp” each PIV image and a calibration image which was
used for the determination of pixel size calibration which
was equal to 36.56 um/pixel.

However, with the de-warping of the image only the
optical misrepresentation is addressed, and the misrepre-
sentation induced by the out-of-plane velocity component
W (axial direction) as depicted in Fig. 4(a) is not removed.

In particular, Fig. 4(a) shows the velocity field meas-
ured in an empty pipe after the de-warping step. The
results show an accentuated horizontal component for all
the vectors (directed from right to left) induced by the out
of plane component associated in this flow system to the
axial flow.

This was previously observed also by Yoon and Lee
[37], where in their work, the out of plane component
influenced the value of the in-plane components, obtained
using 2D PIV measurements.

Referring to the investigated system of this work
Fig. 4(b), the perspective error,induced by the out of plane
velocity, is proportional to the angle 6, which is defined
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Fig.8 2D velocity vector plot colored with the velocity magnitude in the “7 X C” configuration: (a) Results for the larger tube (system 1) without
out of plane correction; (b) Results for the bigger tube (system 1) with out of plane correction; (c¢) contour plot of the “raw” vertical component

(system 1); (d) Results for the smaller tube (system 2)

as the angle between the measurement plane and the per-
spective plane.

In Fig. 4(b) it is schematized how the velocity, after
de-wrapping, is also influenced by the out-of-plane com-
ponent (axial component), W. This leads toward the
misrepresentation for the particle displacements in the
measurement plane, AX, which results into an accentu-
ated horizontal velocity (U,) on the plane. It is worthwhile
noticing that, because the camera axis and the tube axis lay
on the same horizontal plane, only the horizontal velocity
component is influenced by W. Hence, the impact of W on
horizontal velocity components is:

U, = Wtan(6) )

since U, is the projection of the axial component in the
horizontal direction.

As a result, when the digital camera is inclined with
respect to the pipe axis, in addition to the de-wrapping
procedure required for correcting the perspective error

also the correction of the in-plane components has to be
implemented.

However, this flow misrepresentation is used to estimate
the intensity of the out of plane component, and this is
possible, particularly, because the system of interest gen-
erates a symmetrical flow. As observed in previous work
by Kumar et al. [23], the symmetrical flow, determined by
the presence of KMS static mixers, is found at different
regimen.

In Fig. 5, two symmetric points with respect to the meas-
urement section center, P/ and P2are considered. The data
acquired by the off axis 2D-PIV system, after the de-wrap-
ping step (similarly as shown in Fig. 4(b)), labelled as V; ,
and V, , are not symmetric, due to the effect of the projection
of the out-of-plane component on the horizontal direction.
However, in a symmetrical flow, like the one generated by
KSM static mixers or empty pipe, the real velocity vectors
resulting from the projection of the velocity vector on the
measurement plane should be symmetric (hence IV, =IV,)).
Imposing this as a constrain, the out of plane component

&
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Fig.9 Distribution of normal- 0.14
ized deviation between sym-

metrical points (as represented

in Fig. 5) with the maximum 012 F

velocity for the vertical com-
ponent (in blue) for the “raw”
vertical component, showed in
Fig. 8(c); in red, the distribution 01+r
of velocity intensities where the
normalized deviation is above
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intensity for each vector location is extrapolated. This was
possible selecting the reciprocal positions of the vectors
according to their position respect to the wall of the static
mixer in the cross section of the pipe, as depicted in Fig. 5.

Therefore, for obtaining the correct horizontal compo-
nent of the velocity vector in the cross section, U; and
U,, a correction should be applied to all pairs of vectors,
considering the following relationship:

uv,=0,,-0, 3)
Uv,=0,,-U, 4)
U, =-0, (®)]

where U, , and U, , are the raw velocity component in the
horizontal direction.

In the following, exploiting this symmetric characteristic
of the flow field in a pipe equipped with KSM, the combina-
tion of de-warping and correction for the effect of the out
of plane components is applied for the evaluation of the 3D
flow field by using a 2D PIV system.

Location of Velocity Peaks

To quantitatively compare the location of the zones with
high velocity magnitude in the different static mixer

&

0.15 0.2 0.25

velocity [m 5'1]

0.2
\Y

0.3
1,P1'V2,P2)/ |Vmax|

0.4

configurations, the geometric center of these zones was
obtained by the software Creo 2.0, as shown in Fig. 6 fixing
a velocity threshold. This exercise was repeated for all the
experimental run. The analysis was then used to verify the
effect of the different static element configurations.

Results and Discussion

The data analysis is split in five subsections; the results
of the pressure drop will be presented in the first part.
Then the results of the out of plane correction will be
presented, followed by the analysis of the three velocity
components. Final considerations will be presented in
the last subsection considering the Coefficient of Vari-
ation and the frequency distribution of the 3D velocity
magnitude.

Pressure Drop

Figure 7 shows the results of the pressure drop measure-
ment, varying Re in the turbulent regime, for the differ-
ent static mixer configurations for the pipe of diameter
D;=39.5 mm. As reference point, the empty pipe pres-
sure drop is also presented, which are consistent with the
calculation by Darcy-Weisbach equation. Generally, it can
be seen that very similar results are obtained for the C—C
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Fig. 12 Maps of tangential [m/s]
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Fig. 14 Maps of axial velocity [m/s] D
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Fig. 16 Axial velocity in L2 of
Fig. 13(a)

Fig. 17 Axial vorticity for dif-
ferent working conditions: (a)
C; (b) C-C; (¢) C-A; (d) 7XC;
(e) A; (F) A-A; (g) A-C
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Fig. 18 3D velocity magnitude 1.0
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and A-A combinations and for the C-A and A-C combi-
nations. However, C—C (or A-A) vs C-A (or A-C) shows
a significant difference. This suggests that the change of
fluid direction, occurring between two static mixer ele-
ments generated by different rotation, has a significant
impact on total pressure drop. The pressure drop meas-
ured with seven C elements are linearly dependent from
the number of static elements.

2D Flow Field

Figure 8(a) and (b) show the 2D velocity vector plots
obtained in the configuration “7xC” before and after the out
of plane correction, respectively. The vectors of Fig. 8(a) are
clearly affected by the fluid axial motion, which artificially
increases the overall magnitude of the vectors and provides
a strong monodirectional component of the flow. In Fig. 8(b)
the correction of the out of plane component is applied. As
can be observed, after the correction the flow field on the
plane is symmetric, the velocity is stronger close the wall
and weaker in the center, given the presence of the body of
the static mixer.

Moreover, to further validate the assumption of sym-
metrical flow for the out of plane correction, in Fig. 8(c),
the contour plot of the vertical “raw” component of the flow
is presented for the same condition of Fig. 8(a-b). Clearly
as shown, the vertical “raw” component is symmetric and
it does not request any correction because of the effect of
the presence of the out of plane component. To be noticed,

3D velocity magnitude/m-s™

because of the position of the camera and the laser sheet the
out of plane component influences only the horizontal “raw”
component. This further justifies the assumption made in
§2.5 (Fig. 5).

As qualitative comparison, Fig. 8(d) shows the 2D veloc-
ity vector plot obtained by the PIV system 2 in the smaller
tube at similar Re, in this case the out of plane component
was not removed because the measurement plane was per-
pendicular to the camera.

Despite the slightly different position of the downstream
static mixer element, which is translated in an anticlockwise
rotation of about 30° (in the smaller pipe Fig. 8(d) compared
to the larger pipe in Fig. 8(b)), the overall flow pattern is
similar between the two systems of reference. There are two
stronger velocity peaks close to pipe wall, which is consist-
ent with the results obtained through the PIV system 1 in the
larger tube after the out of plane correction. In the center of
the pipe, where the velocity magnitude is lower, small dif-
ferences can be noticed comparing the data collected with
the two systems, which can be attributed to unavoidable geo-
metrical differences as, for instance, the element thickness
at two different scales.

In order to quantify the incurred error using the proposed
approach to remove the out of plane component, a direct
comparison between the reciprocal points, for the two sides
of the pipe cross section as schematized in Fig. 5, in term
of the ‘raw’ vertical component is obtained. To quantify the
deviation between the reciprocal points, the distribution of
the deviation normalized with the maximum velocity for

&



Experimental Techniques

the vertical component, is presented in Fig. 9 (in blue). As
it can be seen, the majority of the reciprocal points have a
relative deviation within 20% among the pairs. For the rest
points (PIV cells (N), overall ~ 10% of the total number of
PIV cells (N,,,)), where the relative deviation is above 20%,
it is also represented the distribution of velocity intensity (in
red) at which these deviations occur. Clearly, the majority of
the higher values of deviation occur for lower velocities and
a for a very small number of points at high velocity. Overall
it can be extrapolated from this analysis that the error on
the estimation of the out of plane component is within the
20% deviation normalized against the superficial velocity
(1Var!=0.33 m s~ 1) for the majority of points, about 90% of
total number of PIV cells. Moreover, as it will be presented
in the following paragraphs, the maximum intensity of the
out of plane component (axial component) is more than
twice the superficial velocity in the high peak zones; hence
the impact of the deviation between the reciprocal points in
the vertical component (in term of relative error) will be less
impactful on the overall estimation for the axial velocity.

Once verified that the correction for the out-of-plane
component is valid, all the results presented in the follow-
ing plots have been corrected to remove the effects of the out
of plane component.

The 2D velocity vector plots obtained for the differ-
ent configurations of the mixing elements are shown in
Fig. 10. As can be observed, the turning direction of fluid
depends on the geometric configuration of the final element
(clockwise or anticlockwise). Stronger velocity peaks are
found close to the wall of pipe, which are consistent with
the data reported by Meng et al. [46] and Jiang et al. [47].
Moving from clockwise to anticlockwise configuration, the
maximum of the velocity magnitude changes its position,
as shown comparing the results of Fig. 10(a) with those
reported in Fig. 10(e). The black thicker line in Fig. 10(a)
and (e) represents the position of the static mixer blade at
the outlet. The center of the higher velocity zone forms an
angle of 13.8° below the perpendicular dashed line to the
static mixer blade for the C configuration, and of 20.2°
above the dotted line for the A configuration. This suggests
that changing from a configuration to the other, the velocity
peak rotates of about 34°.

Figure 11 shows the radial profile of the 2D velocity mag-
nitude along the line L1 depicted in Fig. 10(a). For all the
configurations, the velocity decreases towards the center,
that correspond to the radial coordinate r/R=0. There are
two velocity peaks with different magnitude depending on
the specific configuration.

Tangential and Radial Velocity

The separate analysis of the tangential and radial veloc-
ity components, shown in Figs. 12 and 13 respectively,

allows to observe specific features obtained with the dif-
ferent configurations of the static mixers.

As can be observed from the tangential velocity distri-
bution, the velocity peaks are close to the pipe wall, and
weaker peaks with inverse direction are always located in
the center. Comparing single elements C (A), with double
elements C—C (A-A), as expected the peak intensities tend
to decrease due to the impact of the subsequent element,
which contributes to smooth the fluid velocity variations
on the plane. Particularly in C-A (A-C), where the rota-
tion of the flow is reversed, the peaks decrease even more.
Similar observations can be drawn from the radial veloc-
ity maps. Generally, the pattern shown in Fig. 13 is more
complex than that observed in Fig. 12, showing always
zones of positive and negative velocities which have been
noticed before also by Haddadi et al. [48].

Axial Velocity

The third component of the flow, that is the axial velocity
component, has been calculated based on the equations
presented in §2.5. Figure 14 shows the axial velocity maps
for the different working conditions. The zones of high
axial velocity are located close to the pipe wall, similarly
to the 2D velocity magnitude shown in Fig. 10. The gradi-
ent of velocity across the section for the working condition
7% C is lower compared to the other cases which suggests
a more uniform velocity distribution, going towards a plug
flow type. The big step change is between one and two
elements while the differences between C—C and 7xC are
weaker.

Notably, the positions of peak of velocity, circled by grey
lines in Fig. 14, change for the different working conditions
because of the geometrical differences induced by the num-
ber and the shape of the elements. The location of the cent-
ers of the peaks in 7 X C condition is not clear given the high
uniformity of the velocity.

Figure 15(a) shows the quantitative comparison of the
center positions of the velocity peak for the different work-
ing conditions. Each element has its own contribution to the
location of this center.

For example, the C elements induce an anticlockwise
rotation observed from a downstream view, therefore the
addition to a C element of another C element upstream
induces a rotation of the zone of maximum axial velocity
(Fig. 15(a)). In this case the rotation is in the clockwise
direction, the opposite effect is noticeable if an A element
is added upstream the C element.

The center positions of peaks for the 2D velocity magni-
tude (radial and tangential) and the center positions for the
axial peak velocity are compared in Fig. 15(b) and (c). The
angles between the position of the peaks for the 2D veloc-
ity magnitude and the axial velocity is similar for these two
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working conditions ((C) 34.7° vs. (A) 33.4°), but with the
centers in the opposite positions as expected by the orienta-
tion of the rotation of the element. The angle between the
peak position of axial velocity and the perpendicular line of
middle wire of KSM is 20.9° for C and 13.1° for A.

Figure 16 illustrates the axial velocity along the L2 line
(shown in Fig. 14(a)) that is located in the same position of
L1. These profiles show that the velocity decreases toward
the center, which is consistent with the numerical results
obtained by Haddadi et al. [48], and the peaks of velocity
decrease with the increase of number of elements or when
elements with different orientation are employed, particu-
larly in C-A (A-C) conditions.

Finally, the 2D vorticity (w) component normal to the
measurement plane, defined as:

dv du
=& (©)

@= dy dx

As shown in Fig. 17, it is evidenced the presence of clock-
wise rotating zones (Fig. 17(a), (b), (c), (d)) where the vor-
ticity is positive and anticlockwise rotating zone (Fig. 17(e),
(f), (g)) where the vorticity is negative. As can be observed,
the vorticity magnitude of C and A is the highest and the high
values are symmetric both respect to the pipe center. Com-
pared with the results obtained with a single element, with the
addition of one element of the same type, the vorticity magni-
tude is reduced. With the C-A and the A-C configurations, the
maximum value of the vorticity and the extension of the high
vorticity regions are smaller with respect to the other cases.

Overall Analysis of the Tubular Reactor
Characteristics

To quantitatively compare the velocity flow patterns, the coef-
ficient-of-variation (CoV) for the velocity in the cross section
is calculated as:

Z/n; 1 _‘Tj)2
m—1 (7)

CoV =
VA

J
where m is the number of the mean velocity vectors in the
cross-section, v; is the mean velocity magnitude in the inter-
rogation area and ; is the average velocity magnitude in the
cross section.
In addition, the frequency ratio of certain range of veloci-
ties in the measuring cross section is observed, defined as:

my.
Fr, = % X 100% (8)

where my,_;_ o5 1S the number of mean velocity data between
v, and v, +0.05.

Figure 18 shows the CoV of the 3D velocity magni-
tude and the distribution of the frequency ratio for differ-
ent working conditions, at the same liquid flowrate of 1.12
m>-h~!. The CoV data show that the uniformity of veloc-
ity distribution increases when the number of elements is
increased. The C set-up is that characterized by the higher
value of CoV, while the lower value is observed for the
7 % C set-up. Obviously, at a reduction of the CoV values,
corresponds a more uniform distribution of the velocity
values, that can be noticed by the presence of a peaks in
the frequency ratio curve. For the C set-up, that is char-
acterized by higher value of the CoV, the frequency ratio
curve is more uniform showing the presence of both zones
characterized by high or low values of the velocity module.

Conclusions

In this work, an off-axis 2D-PIV technique has been
applied for the first time to the investigation of the flow
field in KSM. A processing method was proposed to
obtain 3D information through 2D PIV by means of sym-
metric feature of KSM, as well to eliminate the influence
of out-of-plane velocity vectors on the velocity measure-
ments on the plane. The impacts of element combinations
on pressure drop and velocity distribution were analyzed.
Key conclusions are as follows:

(1) Pressure drop of element combinations with inverse direction
was significantly higher than the same turning direction. The
pressure drop linearly increases with the element number.

(2) High velocity peaks were close to the pipe wall. Further-
more, flow velocity decreased approaching the center of
KSM, and there were weaker peaks with opposite tangen-
tial velocity direction in the center of the cross section.

(3) Upstream elements had different influences on final flow
distribution according to different turning direction (clock-
wise or anticlockwise). Combination of two elements was
beneficial to increase uniformity of velocity distribution,
and the effect of inverse elements was more consistent.

(4) Tangential velocity and axial velocity were the stronger com-
ponents that determined the 2D velocity magnitude distribu-
tion and the 3D velocity magnitude distribution, respectively.
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