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The flow pattern, pressure drop and the mixing characteristics of Kenics™ static mixers are
investigated by means of computer simulations. The static mixer consists of a series of alternating left
and right hand helical elements.

The simulations gave new insights in the flow pattern in the helical mixing elements. The
pressure drop predictions compare favorably with literature data. Mixing in the elements occurs
through a combination of flow splitting and shearing at the junctions of successive elements and a
stretching and folding mechanism within the elements. This makes the Kenics element an excellent
radial mixing device.
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INTRODUCTION

Mixing is an operation commonly encountered in the
chemical process industries. Often used mixing devices are
dynamic mixers for agitated tanks and static mixers for
pipeline mixing. The Kenics helical mixing element is mainly
used for in-line blending of liquids under laminar flow
conditions. Other types of static mixers are available for
turbulent operating conditions and gas-gas mixing [1].

The Kenics in-line mixer (Figure 1) consists of a
number of elements of alternating right and left hand 180°
helices. The elements are positioned such that the leading
edge of an element is perpendicular to the trailing edge of the
next element. The length of the elements is one and a half
tube diameters.

Kenics in-line mixers have been used in the chemical process industries for about 30 years.
Most of the experimental work concentrated on establishing design guidelines and pressure drop
correlations [2-6]. The number of investigations to the flow and the mixing mechanisms is limited,
probably due to experimental difficulties. The recent advancements in Computational Fluid Dynamics
(CFD) have raised the question to which extent computer simulations can be used as a tool in the
design and analysis of static mixers.

This work has two objectives. The first objective is to explore the possibilities Computational
Fluid Dynamics offers in the analysis of mixing induced by helical elements. The second objective is
to gain insight in the mixing mechanism in Kenics static mixers under laminar flow conditions. To
meet these objectives the flow pattern, pressure drop and mixing characteristics of Kenics in-line
mixers are analyzed by means of computer simulations with Fluent™ V4.

This article describes the numerical model, the calculated flow pattern and the mixing of two
chemical species. Parts of the article were published before by Bakker and LaRoche [13] and Bakker
et al. [14].

Figure 1 The Kenics static mixer.

NUMERICAL MODEL

Geometry

The model consisted of a tube with a diameter of 0.02 m and a length of 0.24 m. The tube was
equipped with six 180° elements with a length of 0.03 m each. There was an empty piece of tube at
the beginning and at the end with a length of one element. The thickness of the elements was 0.04
times the tube diameter. The density of the liquid was 1000 kg/m’. The liquid viscosity was 0.02 Pa.s.
The Reynolds number was Re = 10, which is typical for the regime in which this mixer is usually used.

To evaluate the mixing in the tube, the transport of a tracer chemical species was calculated.

The binary diffusion coefficient of the tracer species in the main fluid was D = 1.5E 9 m?s. This is
the diffusion coefficient of saline solution in water. The center of the inlet had a tracer concentration
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of 100%. The outside of the inlet had a zero concentration of tracer species. The tracer fluid had the
same viscosity and density as the main fluid.

Solution Method

A body fitted, structured hexahedral grid was used of approximately 100,000 grid nodes. The grid
was generated with Fluent PreBFC™ V4 and exported to Fluent V4 for performing the flow and
mixing computations. After initial calculations on a workstation were finished the number of internal
cells in the grid was quadrupled, resulting in approximately 350,000 cells. The final calculations were
performed on a Cray C90 computer.

The helical elements were modeled by blocking the flow with "wall cells”. Fluid entered the
tube through "inlet cells" at the inlet. A uniform velocity profile with velocities of 0.01 m/s was
prescribed. The outlet of the tube was modeled by means of zero gradient boundary conditions for
all flow variables.

Using the SIMPLE method and a standard line-Gauss-Seidel solver, the model turned out to
be difficult to converge. Switching to a multi grid solver solved these problems and the solution
process was stable. About 1000 iterations were needed to achieve convergence.

Starting the computation with a relatively accurate initial guess for the flow field had a
positive effect on the speed of convergence. An initial guess was made by patching all the tangential
velocities (here tangential means parallel to the grid lines in the direction of the tube) with the same
velocity as prescribed in the inlet of the tube.

The flow rates on both sides of the elements should be equal due to the symmetry of the
design. The model will only predict a symmetrical flow pattern when the static mixing elements have
a thickness of at least two cells. When the element is only one cell thick, the flow impinging on the
element edge has to split between the two sides of the element in this one cell, and the split may not
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be even. For the correct modeling of the flow division, at least two cells are necessary. After the grid
was quadrupled, the elements were 4 cells thick, giving sufficient resolution at the flow divisions.

The flow field was calculated using the power-law numerical interpolation scheme. This flow
field was then used as a basis for calculating the transport of the two chemical species in the tube. To
minimize the effect of false, numerical diffusion on the predicted mixing rate the QUICK numerical
interpolation scheme was used in these calculations. Numerical diffusion is the smearing out of
gradients due to interpolation errors or due to a too coarse grid. Numerical diffusion is less with the
Quick scheme than with the Power Law interpolation scheme [7]. A disadvantage of using Quick is
that the computation time is longer.

RESULTS
Flow Pattern

Figure 2 shows a raster plot of the velocity magnitude at various intersections in a tube equipped with
six 180° elements. Red denotes high velocities and blue denotes low velocities.

At the inlet a flat velocity profile is prescribed. This profile rapidly develops into a parabolic
velocity profile with higher velocities in the center then at the wall. High speed cores are formed. The
high speed cores are split up at the flow divisions, resulting in four cores, arranged in a flower like
pattern. Within every element those four cores merge and form two high speed cores again, one on
each side of the element. Note that near the end of the elements the high speed cores are located in
the comers and not in the center. The highest velocities are found more near the corners, just before
the junctions. The swirl of the fluid forces more fluid to enter the next element on the downstream
side than on the upstream side of the flow division.

Figures 3 and 4 show the projections of the velocity vectors at various intersections within
the tubes. Figure 4 shows the velocities near a flow division.

Wilkinson and Cliff [2] state that there is a significant amount of fluid circulation within the
elements. The flow simulations show that under these conditions there is no visibie circulation when
the fluid velocities are plotted in the Cartesian frame of reference. All the liquid velocities are directed
along the helical blade, except near the junctions, where some circulation occurs. Fluid moving within
an element does not seem to circulate. However, there is a relative motion between the helical blade
and the fluid due to the fact that, depending on the position, the blade will twist away or towards the
fluid when the fluid is moving axially through the tube. To get an impression of this relative motion
a coordinate transformation to the helical reference frame has been performed, making use of the
Fluent User Subroutines option. The velocities in the helical reference frame are given by:
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f

v, = v+ —§<w>\/x2+yzsin atan(-)—)”
X

Here u and v are the velocities in the x and y directions respectively, relative to a Cartesian frame of
reference; u,, and v,, are the corresponding velocities in the helical reference frame; <w> is the
average velocity in the z direction (Cartesian reference frame, parallel with the tube); T is the twist
of the element in radians and 1 is the length of the element.

Figure 5 shows both the absolute velocities (left, Cartesian frame of reference) and the relative
velocities (right, helical reference frame). The blade is twisted in the clockwise direction. This figure
illustrates that, although there is no real circulation, the position of fluid packets will shift relative to
the blade while the fluid moves through the mixer.

- _ T 2.2
u, = u - —<w>yx“+y°cos
[
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Pressure Drop

The pressure drop across the elements was calculated with the correlation proposed in the
KTEK-series [8] for laminar flow, which forms the basis for the Kenics design procedures:
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The various parameters used in Equation (2) are listed in Table 1. For reasons of comparison the
pressure drop was also calculated with various literature correlations. The predicted pressure drops
are listed in Table 2.

The pressure drop predicted by the Kenics design procedure and predicted by Fluent are
within 14%, thus giving confidence in the results. It should be kept in mind that the Kenics design
procedure might be slightly conservative. There is a large variation in the pressure drop calculated
by the literature correlations. However, the average for the literature correlations is within 1% of the
Kenics correlation and within 13% of the Fluent prediction.

Figure 6 shows a raster plot of the pressure at the element surface. The fluid moves from the
right to the left. The right side of the picture shows the pressure at the front of the element, looking
at the element. The left side of the picture shows the pressure at the back of the element, looking
through the element. A high pressure region is found where the high speed core coming from the
previous element impinges on the blade (top right, Figure 6). A low pressure region is found where
the fluid leaves the element (top left, Figure 6). The difference between the minimum and maximum
pressures at the element surface was 1.8 times the average pressure drop across the element.

Mixing

The transport of a tracer species was calculated. The binary diffusion coefficient of the two species

was D = 1.5 10° m%s. The center of the inlet had a concentration of tracer species of 1 (= 100%).
The results are presented by means of raster plots, showing the concentration fields of the chemical
species at various intersections in the tubes, see Figure 7. The color key to the tracer concentration
is shown on the left. Concentrations of 0.8 (= 80%) or larger all have the same color, as do
concentrations lower than 0.2 (= 20%).

Table 1 Parameters for equation (2). A, K ,and K’

ol ol

are Re dependent; the values listed here are for

Re = 10 only.
L/D Re <w> p A I<0I K'ol
9 10 0.01 1000 8.5 5.31 0.0528

Table 2 Pressure drop across the six 180° elements.

CFD Model Kenics Wilkinson [2] | Pahl [3] | Kemblowski [4] | Bohnet [5] | Shaw [6]
(8]

Ap 14.4 16.6 21.7 20.1 16.3 12.9 11.7
(Pa)

Average Literature: 16.5 Pa
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Figure 6 Pressure at the surface of a helical Figure 7 Concentration profiles in the
element. Pressure is relative to the pressure at mixer. Rows one to six show the
the inlet. concentration in elements one to six

respectively. Columns one to five show
the concentration profiles at 18°, 54°,
90°, 126° and 162° respectively.

Rows 1 to 6 in Figure 7 shows the concentration fields after 18°, 54°, 90°, 126° and 162° degrees
rotation in the first to sixth 180° mixing element respectively.

The top row in Figure 7, showing the species concentration in the first element, shows how
the high concentration core coming from the inlet is split into two high concentration islands. The two
high concentration islands are stretched and move outward. The low concentration fluid, which was
on the outside in the inlet of the element is split in two semi-circular filaments, which are moved
towards the inside of the element.

The second element splits the two high concentration islands, second row in Figure 7, forming
four high concentration islands, located relatively close to the corners near the blade. The two low
concentration zones are split into four zones too, but since these were located near the centerline,
parts of these low concentration zones merge. Within the element most of the low concentration fluid
is to the center.

When we compare the concentration profiles at 18° in the third element, first cross section
in row 3, with the profile at 18° in the first element (1st row) we see that we now have a low
concentration fluid in the center instead of a high concentration core. The highest concentrations are
now found close to the outside. The splitting and stretching process in the first two elements has
resulted in a concentration field which looks like it is flipped inside-out.

This process of splitting, stretching, folding and flipping inside out repeats itself every two
elements, until the fluids are mixed. By the time the end of the sixth element, last row in Figure 7, is
reached the species concentrations are much more uniform.
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Figure 8 Comparison of the predicted Figure 9 Particle traces through the Kenics

coefficient of variation with an experimental mixer as calculated by HyperTrace.
correlation.

Quantitative Mixing Analysis

According to Myers et al. [9], the accepted approach for determining composition uniformity in a
flow field is to take simultaneous samples at various points over the conduit cross section at a fixed
axial location. The most widely used measure of uniformity is the coefficient of variation, CoV,
which is the ratio of the standard deviation in composition, 0, and the mean composition, X,:

E (xi - xm
cove 9 N N-1 (3)
xm x

m

N represents the number of data points in the sample. As a rule of thumb, most industrial blending
operations can be satisfied with a coefficient of variation of five percent (COV = 0.05). However,
some applications, such as the blending of colors to visual uniformity, may require coefficients of
variation of one percent or less (COV < 0.01) [10]. Experimental correlations often provide CoV
relative to the CoV at the inlet, CoV,;:

C))

¢, represents the ratio of the volumetric flow rate of the added material and the total volumetric flow
rate:

¢, = Q)
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Figure 8 shows a comparison between the coefficient of variation calculated from the 350k node
model and the experimental correlation provided by Myers et al. [9]. The comparison shows that as
a result of numerical diffusion, the predicted coefficient of variation decreases faster than what would
be expected based on the experimental correlation. This indicates that although the flow field is
calculated correctly at this grid density, a still larger grid density is needed for an accurate
quantitative calculation of the degree of mixing of multiple chemical species.

However, recently higher-order particle tracking models have been developed that promise
to be able to accurately predict the quantitative degree of mixing based on coarser grids than what
is needed with a species transport model. Figure 9 shows particle tracks calculated using the
HyperTrace™ program from SGI/Cray Research [11]. This is a promising area for future research.

DISCUSSION

The current state of the art in CFD allows for the modeling of flows and mixing of chemical species
in complex geometries like the Kenics mixing element. The main drawback, however, is the long
computational time and memory requirement. Calculations took about 8 hours on a Cray C-90
computer. However, even though the simulations are computer time intensive, optimizing the
geometry of the mixing elements for a variety of operating conditions, fluid viscosities, equipment
size etc. can be done faster this way than by conducting an extensive experimental program.

The Kenics design procedures predict a 14% higher pressure drop than the CFD simulations
do, thus allowing for a safety margin.

The Fluent results indicate that under the conditions studied, in laminar flow there is no visible
circulation, when the results are displayed in a Cartesian frame of reference. There is, however, a
relative motion between the fluid and the mixing element due to the twist of the element, which
results in effective radial mixing. Previous experimental work at Chemineer and recent work by
Muzzio [12] indicates that at Reynolds numbers above approximately 400, radial circulation patterns
do start to occur. Although it was beyond the original intent of this work, a calculation was
performed for a fully turbulent condition, where vortex formation was observed.

The flow pattern and mixing of a chemical species in a tube equipped with Kenics elements
was calculated to evaluate the mixing mechanism. Mixing occurs through a combination of flow
splitting and shearing at the junctions of successive elements and a stretching and folding mechanism
within the elements. The concentration field looks like it is flipped inside out after two elements:
material originally at the wall is in the core and vice versa. This makes the Kenics element an excellent
radial mixing device, applicable in a variety of laminar mixing applications and to improve wall to
liquid heat transfer rates.
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NOTATION

CoV  Coefficient Of variation . ... ... ..ttt et e et )
CoV,, Coefficient of variation atinlet .. .......... ... ... (-)
D Tube diameter . ... . e (m)
D Diffusion COEffiCIENt . . . .ttt et e (m’s™)
| Lengthof ahelicalelement ......... ... .. .. . . . . . . i i (m)
L Length of array of helical elements . ......... ... .. .. .. .. i (m)
N Number of data points in sample . .......... )
Ap Pressure drop .. ..ot e (Pa)
Q, Added fIOW Fate . ..ottt et et (m*s™)
Q Total flOW LAt ...ttt (m*s™)
Re Reynolds number . ... . . ... e )
T Twistoftheblade . ...... .. ... . . . . . . . . . . . (radians)
u Velocity in X-dir€CtON . . .. ...ttt e e e (m)
v Velocity in y-direction .. ..... ..ottt (m)
w Velocity in z-dir€CHiONn . .. ... .ttt e (m)
<w> Average normal velocity inaplane ............ .. . i i (ms™)
X X-COOTAINALE .« . v vttt ettt ettt e e e e et e e e (m)
X; Value of sample I . .. .. . (=)
X Valueof sample m ... ... . . . e (-)
y Y-Coordinate . ... ...t e (m)
z Axial coordinate .. ...... ... e (m)
¢, Ratio of added flow rate to total flow rate ............ ... ..., )
o Standard deviation . ... .. e e e e )
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April 26, 1999

Mr. Mughis Naqvi
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107 North Gold Drive
Robbinsville, NJ 08691

Dear Mughis:

Thank you for your inquiry about Fluent’s consulting services and for the information you sent about the
mixing equipment that TAH products offer.

I am pleased to introduce you to our Computational Fluid Mixing Center, Fluent has extensive expertise in
the modeling of industrial fluid mixing applications. The enclosed brochure of our Computational Fluid
Mixing Center outlines the expertise of Fluent's mixing industry experts. Both Dr. André Bakker and Dr.
Elizabeth M. Marshall have experience in the modeling of a variety of static mixers, and they will be
available to support your project.

I have also enclosed copies of two papers, on which Drs. Baker and Marshall are listed as authors,
discussing some prior static mixer modeling work. The Spiral Mixer simulation can easily and
inexpensively be reproduced to meet your application requirements. The stata-tube simulation will require
some more time and will cost a little more. Needless to say, Fluent will be glad to approve TAH’s use of
the simulation results for marketing literature.

I would be pleased to discuss in greater detail with you how Fluent's consulting services can benefit you
and your organization. Please call me at (603) 643-2600 ext. 327 to discuss how our consulting services can
be tailored to meet your specific needs. I would like to know how many and which simulation cases are of
immediate interest to you before we can offer you a cost for our consulting services. Costs are based on
actual engineering hours and material costs spent on the project, plus an overhead charge and a profit
allowance.

I look forward to hearing from you soon.
Sincerely,

Bl

Dimitri P. Tselepidakis
Senior Consulting Engineer
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