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Abstract: Continuous manufacturing has received increasing interest because of the advantages of
intrinsic safety and enhanced mass transfer in the pharmaceutical industry. However, the difficulty
for scale-up has limited the application of continuous manufacturing for a long time. Recently,
the tubular flow reactor equipped with the Kenics static mixer appears to be a solution for the
continuous process scale-up. Although many influence factors on the mixing performance in the
Kenics static mixer have been investigated, little research has been carried out on the aspect ratio.
In this study, we used the coefficient of variation as the mixing evaluation index to investigate the
effect of the aspect ratio (0.2-2) on the Kenics static mixer’s mixing performance. The results indicate
that a low aspect ratio helps obtain a shorter mixing time and mixer length. This study suggests
that adjusting the aspect ratio of the Kenics static mixer can be a new strategy for the scale-up of a
continuous process in the pharmaceutical industry.

Keywords: kenics static mixer; aspect ratio; continuous manufacturing; scale-up; coefficient of variation

1. Introduction

There has been increasing interest in continuous process in the pharmaceutical in-
dustry [1-5]. Compared with the existing batch process, the continuous process has the
advantages of improved intermediate stability, intrinsic safety, more effective risk manage-
ment, and enhanced mass and heat transfer [1,3,4,6,7]. In order to realize the continuous
process, many types of flow reactors have been developed. Compared with the microchan-
nel reactor, plate flow reactor, and oscillating flow reactor, a tubular flow reactor equipped
with a static mixer has been successfully used in large-scale production because of its sim-
ple structure, low cost, and wide operating range [8,9]. However, the lack of understanding
of mixing performance in milli-scale (1-10 mm) Kenics static mixers hinders the scale-up
of this kind of reactor in the pharmaceutical industry.

The mixing performance in the Kenics static mixer is critical for the design of the con-
tinuous process with the Kenics static mixer and has been investigated by many researchers.
Sir and Lecjack [10] experimentally investigated the effect of Reynolds number, Schmidt
number, the volume flow rate ratio, and the viscosity ratios on the mixing performance in
the Kenics static mixers. The aspect ratio of the Kenics static mixers used in the experiment
was 2. Although the results were compared with the previous literature, in which the
aspect ratio was 1.36, the effect of the aspect ratio on the pressure drop and the mixing
performance were not discussed. Hobbs et al. [11,12] investigated the effects of injection
location, flow ratio, and geometry on the mixing performance of the Kenics static mixer
using computational fluid dynamics. Unfortunately, the aspect ratio of the mixers was not
given in this study. Alberini et al. [13] characterized the mixing of shear-thinning fluids
in the Kenics static mixer (aspect ratio = 1.5) using Planar Laser Induced Fluorescence.
Kumar et al. [14] studied the mixing behavior in the Kenics static mixer (aspect ratio = 1.5)
over a wide range of Reynolds numbers (1-25,000). Although many influence factors on
the mixing performance have been investigated both experimentally and numerically, the
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difference of the aspect ratio in the literature above makes it difficult to compare these
results systematically for better understanding of the Kenics static mixer’s mixing perfor-
mance. Hence, the effect of the aspect ratio on the mixing performance of the Kenics static
mixer needs to be investigated to fill this gap.

This study set out to investigate the effect of the aspect ratio on the Kenics static
mixer’s mixing performance. In this paper, the mixing performance of the Kenics static
mixer with an aspect ratio between 0.2 and 2 is evaluated by computational fluid dynamics
in the Reynolds number range from 1 to 500, which is a typical regime in the continuous
process. The coefficient of variation (CoV), as described in Etchells and Meyer [15], is used
as the mixing evaluation index. The effect of the aspect ratio on the number of elements,
the mixer length, the mixing time, and the pressure drop of the Kenics static mixers are
analyzed in detail. The results provide new insight and guidance for the scale-up of the
continuous process in the pharmaceutical industry.

2. Materials and Methods

The Kenics static mixers with different aspect ratio (AR), also called the length to
diameter ratio, were shown in Figure 1. The dimensions of the Kenics static mixers in
this study can be seen in Table 1. The flow reactor equipped with the Kenics static mixer
(AR =0.2) can be seen in Figure 2. In Figure 2, the inlet length of the flow reactor equipped
with the Kenics static mixer was set as 200 mm, and the distance after the Kenics static
mixer was set as 100 mm.

(a) (b)

Figure 1. Schematic of six-element Kenics static mixer with aspect ratio of (a) 0.4; (b) 1.0.

Table 1. Dimensions of the Kenics static mixers.

Number Diameter (mm) Thifl::;:;?}:nm) Aspect Ratio l\é?:;’:;t(s)f
1 5 05 02 24
2 5 0.5 0.4 24
3 5 0.5 0.6 24
4 5 05 0.8 24
5 5 0.5 1 24
6 5 0.5 15 24
7 5 05 2 24
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Figure 2. Schematic diagram of computational domain with meshes.

2.1. Coefficient of Variation

The coefficient of variation, also called the intensity of mixing or degree of segregation,
is defined as follows:

o
oV== )
where the average concentration of the mixture, C, is given by:
N =2
C= @

N

where C; is the local mass fraction of the tracer at the ith mesh cell, N is the number of
evaluation mesh cells.
The variance of the concentration, ¢, is given by:

N =2

2 __
= )

In a typical industrial mixing process, an additive can be considered well mixed at
CoV =0.05. Hence, in this study, the mixer length, L, was defined as the length of the static
mixers required to achieve CoV = 0.05, and the mixing time, t,;, used in this study was
defined as follows:

tp = — (4)
where u is the average velocity in the empty pipe.

2.2. Computational Fluid Dynamics

The k—w SST turbulence model [16-19], has shown better performance than the k—e
type models in three-dimensional flows with Kenics static mixer [14]. Therefore, the k—w
SST turbulence model was used in this study. The transport equations for the specific
turbulence dissipation rate, w, and the turbulence kinetic energy, k, can be described as

follows:

J d J ok
E(Pk) + a_xi(pkui) = a—x] (F"a_xj> + Gk — Y, (5)

5} d 0 ow
i(pw) + g(pwuj) =0 (Fw£> 4+ G — Yo + De. (6)
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Gy, represents the production of turbulence kinetic energy . G, represents the genera-
tion of w. I'y and I, represent the effective diffusivity of k and w, respectively. Y and Y,
represent the dissipation of k and w, respectively. D,, is the cross-diffusion term.

The fluid used in the simulations has the same properties as water (o = 1000 kg m~3,
# =0.001 Pa s). No-slip boundary conditions were applied to the surface of the static mixer
and the wall of the pipe. Different open pipe Reynolds number (Re = pDu/u) for the flow
inside the pipe was obtained by varying the flow rate at the inlet. The velocity profile for
fully developed flow in a pipe was used at the inlet. The transport of a tracer chemical
species was calculated to evaluate the Kenics static mixers’ mixing performance. The tracer
species’ binary diffusion coefficient in the main fluid was set as 1.5 x 10~% m?/s, which is
a typical value for small molecule in water (1-1.5 x 1072 m?/s). The inlet 1 had a tracer
concentration of 1, and inlet 2 had a tracer concentration of 0. The tracer fluid had the
same viscosity and density as the main fluid. The governing equations were solved using
the open-source CFD code OpenFOAM®. The convergence criterion was set to a scaled
residual less than 10~° for all equations.

In the case of AR = 0.2 and Re = 500, four kinds of computational meshes were used
for grid sensitivity analysis, and their element sizes were 0.10 mm, 0.08 mm, 0.05 mm,
and 0.03 mm, respectively. As shown in Figure 3, the pressure drops across the static
mixers by the meshes with element size from 0.08 mm to 0.03 mm were basically the same,
while the pressure drop by the meshes with element size of 0.10 mm was slightly different.
By changing the grid size from 0.08 to 0.05 mm, the pressure drop changes by less than
0.3%. Therefore, the meshes with element size of 0.08 mm were used in this study.

19,800

19,600

19,400

19,200

19,000

Pressure drop (Pa)

18,800

0.10 0.08 0.06 0.04 0.02
Mesh size (mm)

Figure 3. Pressure drop across the static mixers obtained using four different mesh sizes for grid
sensitivity analysis.

In the case of AR = 0.2, the computational meshes were shown in Figure 2. Since
the geometric model was complex, all grids in the calculation domain were unstructured
tetrahedral mesh. To avoid an excessive y* value, the thickness of the first layer of the
boundary layer on the no-slip walls was 0.03 mm, the growth factor was 1.2 and the total
number of layers was 5. The number of meshes in this case was about 48 million.

3. Results and Discussion
3.1. Effect of Aspect Ratio on CoV

The mixing uniformity with the change of the number of elements is evaluated by
CoV. Figure 1 shows the effect of aspect ratio on CoV with different number of elements in
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the range 1< Re < 500. As can be seen in Figure 4a—c, in the range 1< Re < 25, the aspect
ratio has a significant influence on the mixing uniformity. This can be explained that at
low Re, the difference in the fluid’s residence time between the static mixers of different
aspect ratio is more significant. The residence time of the fluids across the same number of
elements of the static mixers with a larger aspect ratio is longer, contributing to the mixing
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Figure 4. Effect of aspect ratio on CoV with different number of elements at (a) Re = 1; (b) Re = 5; (c) Re = 25; (d) Re = 50;
(e) Re = 100; (f) Re = 200; (g) Re = 300; (h) Re = 400; (i) Re = 500.

With the increase of Re, the difference of mixing uniformity of the static mixers with
different aspect ratio becomes smaller after passing through the same number of elements
of the mixers, and the mixing uniformity in the mixers with different aspect ratio shows a
similar trend after passing through three to four elements, see Figure 4d—i. Furthermore,
in the whole range of Re, the mixing uniformity through the first element is independent of
the aspect ratio, which indicates that the effect of the aspect ratio on the mixing uniformity
in the first element is identical.

The number of elements needed to achieve the same mixing degree differs for the
static mixers with different aspect ratios at low Re. At Re =1 and CoV = 0.05, the number
of elements needed for the static mixer with AR = 0.4 is 12, while the number of elements
for the static mixer with AR =2 is 4, see Figure 4a. With the increase of Re, the number of
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elements decreases gradually. When Re > 400, the difference of the number of elements
needed for the static mixers with different aspect ratios is usually less than 2, see Figure 4h—i.
This indicates that the aspect ratio has a significant effect on the number of elements at low
Re but has little effect on the number of elements at Re above 400.
Figure 5 shows the effect of aspect ratio on CoV in axial position at different Re.
The mixing uniformity at the same position increases with the increase of Re. This indicates
that the increase of Re is beneficial to all the static mixers with different aspect ratios. The
distance required to achieve CoV = 0.05 first increases and then decreases with the increase

of Re. With the increase of Re, the mixing uniformity increases faster with the increase of
distance. At Re above 200, the change rate tends to be constant.
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Figure 5. Effect of aspect ratio on CoV in axial position at (a) Re = 1; (b) Re = 5; (c) Re = 25; (d) Re = 50; (e) Re = 100;
(f) Re = 200; (g) Re = 300; (h) Re = 400; (i) Re = 500.

The effect of the aspect ratio on the flow field in the Kenics static mixers at different
Re can be seen in Figures 6-8. In general, the velocity gradient decreases with the increase
of the AR and Re. And the concentration profile can be seen in Figures 9-11. The mixing
uniformity is better in the mixer with larger AR after the same number of elements.
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Figure 6. Effect of aspect ratio on cross sectional profiles of velocity at Re = 1: (a) AR = 0.4; (b) AR =0.8; (c) AR =1.5.
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Figure 7. Effect of aspect ratio on cross sectional profiles of velocity at Re = 100: (a) AR =0.4; (b) AR =0.8; (c) AR=1.5.
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Figure 8. Effect of aspect ratio on cross sectional profiles of velocity at Re = 500: (a) AR =0.4; (b) AR =0.8; (c) AR=1.5.
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Figure 9. Effect of aspect ratio on cross sectional profiles of concentration at Re = 1: (a) AR =0.4 (b) AR=0.8 (c) AR=1.5.
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Figure 10. Effect of aspect ratio on cross sectional profiles of concentration at Re = 100: (a) AR =0.4; (b) AR=0.8; (c) AR = 1.5.
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Figure 11. Effect of aspect ratio on cross sectional profiles of concentration at Re = 500: (a) AR = 0.4; (b) AR =0.8; (c) AR = 1.5.
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3.2. Effect of Aspect Ratio on Number of Elements

The number of elements needed for homogenization increases with the Re, as shown
in Figure 12. At Re above 200, the number of elements is constant and independent of the
Re. At alow Re, the number of elements needed for uniform mixing differs for different
aspect ratios. The difference in the number of elements becomes small with the increase
of the Re. When Re is low, the static mixer with a low aspect ratio needs enough mixing
time to achieve uniform mixing. Hence, more elements are needed. With the increase of
Reynolds number, the static mixer with a small aspect ratio can improve the shear rate
more significantly, so it needs shorter time to achieve uniform mixing.

——0.2
——0.4
0.6

——0.8

—_
N
T

——1.0

-
o
T

——15
g 2.0

[e2]
T

Number of elements
(0]

0 100 200 300 400 500
Re

Figure 12. Effect of aspect ratio on number of elements at different Re.

3.3. Effect of Aspect Ratio on Mixer Length

The mixer length needed for homogenization increases with the Re first, then reduces
to a constant value, as shown in Figure 13. The critical Re at which the maximum mixer
length can be obtained differs for different aspect ratios. The critical Re is small with a
low aspect ratio. Under the same Re, the mixer length in the static mixers with different
aspect ratios is different. Usually, the larger the aspect ratio, the longer the mixer length.
The results show that the low aspect ratio helps achieve uniform mixing at low Re with
shorter mixer length. When Re is 100, the difference of the mixer length for the static mixers
with different aspect ratios reaches the maximum. The mixer length of the static mixer with
an aspect ratio of 2 is about fifteen times that of the mixer with an aspect ratio of 0.2.
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Figure 13. Effect of aspect ratio on mixer length at different Re.

3.4. Effect of Aspect Ratio on Mixing Time

For the static mixers with different aspect ratios, the mixing time needed to achieve
uniform mixing decreases with the increase of Re, as can be seen in Figure 14. The mixing
time becomes shorter with the decrease of the aspect ratio at the same Re. Static mixers
with 0.2 < AR < 0.4 have significantly shorter mixing time in the whole Re range than the
static mixers with a larger aspect ratio. In the range 50 < Re < 200, the mixing time of the
static mixers with 0.4 < AR <1 is quite different, while in the range Re < 50 and Re > 200,
the mixing time of static mixers with 0.4 < AR <1 is similar. This result shows that low AR
helps obtain a shorter mixing time at a low Re, which helps intensify the mixing process.
When Re = 100, the difference of the mixing time in the static mixers with different aspect
ratios is the biggest, and the mixing time of the static mixer with AR = 2 is about twenty
times that of the static mixer with AR =0.2.

100}
10}
—
@
£ 1
0.1}
0.01 L . 1
1 10 100 1000
Re

Figure 14. Effect of aspect ratio on mixing time at different Re.
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3.5. Effect of Aspect Ratio on Pressure Drop

Figure 15 compared the pressure drop through the Kenics static mixers with different
aspect ratios at different Re. The pressure drop with the increase of Re shows a similar
trend with different aspect ratios. The aspect ratio has a similar effect on the pressure drop
in the whole range of Re. The pressure drop with an aspect ratio of 0.2 is significant.

10*

Pressure drop (Pa)
= & & &

-

(en]
L

—y

102 . L .
109 10" 102 103

Re

Figure 15. Effect of aspect ratio on pressure drop through the Kenics static mixers at different Re.

Although the degree of uniform mixing obtained by the static mixers with different
aspect ratios can be the same, the pressure drop produced by static mixers with a large
aspect ratio is lower. The static mixer with a small aspect ratio is preferred for scenarios
where mixing time or mixer length is constrained at a specific Re. Static mixers with a large
aspect ratio are more economical for applications where mixing time or mixer length is not
critical at a specific Re.

4. Conclusions

This research shows that the aspect ratio has a significant effect on the mixing perfor-
mance of the Kenics static mixer. A low aspect ratio helps obtain a shorter mixing time at
low Re. From the CoV, mixing time, mixer length, and pressure drop versus different Re
obtained in this study, it is possible to choose the adequate aspect ratio during the design
of a tubular flow reactor equipped with the Kenics static mixer. The number of elements
of the static mixers needed to achieve a specified degree of mixing can also be estimated
based on this study’s results. Furthermore, because the mixing performance at different
flow rates can be adjusted by changing the aspect ratio, the scale-up of the continuous
process can be obtained by this strategy. Finally, because the conclusions in this study were
limited to the CFD results, we will investigate the effect of the aspect ratio on the mixing
performance using Villermaux—Dushman reaction in the future.
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