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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 el ements. 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 mixersare availablefor
turbulent operating conditions and gas-gas mixing [1].

The Kenics in-line mixer (Figure 1) consists of a
number of elements of aternating right and left hand 180
degree 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 elementsis one
and a half tube diameters.

Kenicsin-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 investigationsto the flow and the mixing mechanismsis 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.

Thiswork hastwo objectives. Thefirst objectiveisto explore the possibilities Computationa
Fluid Dynamics offersin the analysis of mixing induced by helical elements. The second objective
isto 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 Kenicsin-line
mixers are anayzed 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 a. [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 degree elements with alength of 0.03 m each. There was an empty piece of
tube at the beginning and at the end with alength of one element. The thickness of the el ements was
0.04 times the tube diameter. The density of the liquid was 1000 kg/m?. Theliquid 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 atracer chemical specieswas calculated.
The binary diffusion coefficient of the tracer speciesin the main fluid was D = 1.5E-9 m?/s. Thisis
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the diffusion coefficient of saline solution in water. The center of the inlet had atracer concentration

of 100%. The outside of theinlet 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 aworkstation were finished the number of interna
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
al flow variables.

Using the SIMPLE method and a standard line-Gauss-Seidel solver, the mode 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 tangentia
velocities (here tangential means parallel to the grid linesin 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. Themodel will only predict asymmetrical flow pattern when the static mixing elements have
athickness of at least two cells. When the element isonly one cell thick, the flow impinging on the
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element edge hasto split between the two sides of the element in this one cell, and the split may not
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.

Theflow field was cal culated using the power-law numerical interpolation scheme. Thisflow
field was then used as a basis for calculating the transport of the two chemical speciesin 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 atoo coarse grid. Numerical diffusionisless
with the Quick scheme than with the Power Law interpolation scheme [7]. A disadvantage of using
Quick isthat the computation time islonger.

RESULTS
Flow Pattern

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

Attheinlet aflat velocity profileis prescribed. This profile rapidly devel ops 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 aflower
like pattern. Within every e ement 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 corners 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 aflow 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 thereis no visible 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 e ement does not seem to circulate. However, there is arelative 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 thisrelative motion a coordinate transformation to the helical reference frame hasbeen performed,
making use of the Fluent User Subroutines option. The velocitiesin the helical reference frame are
given by:



LAMINAR FLOW STATIC MIXERS 5

ol
ol

Hereu 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> isthe
average velocity in the z direction (Cartesian reference frame, parallel with the tube); T isthe twist
of the element in radians and | is the length of the element.

Figure 5 shows both the absolute velocities (Ieft, Cartesian frame of reference) and the
relative velocities (right, helical reference frame). The blade is twisted in the clockwise direction.
Thisfigureillustrates that, athoughthereisno real circulation, the position of fluid packets will shift
relative to the blade while the fluid moves through the mixer.
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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 a so calculated with various literature correlations. The predicted pressure drops
arelisted 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. Thereis alarge 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 araster 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
thefluid 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 atracer specieswas caculated. 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 variousintersections 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 Parametersfor equation (2). A, K, and K',, are Re dependent; the values listed here are for
Re = 10 only.

L/D Re <wW> r A Ky K,

9 10 0.01 1000 8.5 5.31 0.0528

Table 2 Pressure drop across the six 180 degree elements.

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

Dp (Pa) 14.4 16.6 21.7 20.1 16.3 129 11.7

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

respectively. Columns one to five show
the concentration profiles at 18, 54, 90,
126 and 162 degrees 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 degree 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
issplit 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 degreesin the third element, first cross
sectioninrow 3, with the profile at 18 degreesin thefirst element (1st row) we seethat 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 repeatsitself every two e ements, 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 Hyper Trace.
correlation.

Quantitative Mixing Analysis

According to Myers et al. [9], the accepted approach for determining composition uniformity in a
flow field is to take ssimultaneous 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 istheratio of the standard deviation in composition, s, and the mean composition, X.,:

Sps -
CoVv = 5 = N ~v-1 )
xm xm

N represents the number of data pointsin the sample. Asarule 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 colorsto 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 theinlet, CoV:

1—(pa
P,

CoV, = @)

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

¢, = (3

&,
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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. Thisindicates that athough the flow field
is calculated correctly at this grid density, a still larger grid density is needed for an accurate
guantitative 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]. Thisisapromising areafor 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 smulations
do, thus allowing for a safety margin.

The Fuent 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, arelative motion between the fluid and the mixing element due to the twist of the element,
which resultsin effective radia 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 afully turbulent condition, where vortex formation was observed.

The flow pattern and mixing of a chemical speciesin atube 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 radia mixing device, applicablein avariety of laminar mixing applications and to improve
wall to liquid heat transfer rates.
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NOTATION

CoV Coefficient Of varialion .. ....... ... it e )
CoV, Coefficientof variationatinlet ........... . ... s )
D TUDE diaMEtEr . ... e (m)
D Diffusion Coefficient . ...........o ittt (m?s?)
I Lengthof ahelical element ....... ... . .. . (m)
L Length of array of helical elements ........... ... .. . i (m)
N Number of datapointsinsample . .......... . i )
Dp PrESSUrE aIOD . . oot (Pa)
Q, AddedfloW rale . ... ..ot (m?s?)
Q Total floOW rate . ... (m?s?)
Re Reynoldsnumber . ... ... )
T Twistof theblade ........ ... . . (radians)
u Velocity inX-direction . ... ... e (m)
v VeoCity iNny-adireCtion ... ... (m)
w Velocity inz-direction . ... ... e (m)
<w> Averagenorma velocity inaplane ........... ... (ms?)
X X-COOMAINALE . . .ottt e e e e e (m)
X Vaueof samplel. .. ... )
X Vaueof samplem ... )
y Y -COOMAINALE . ..ottt e (m)
z Axial coordinale . .. ... . (m)
P, Ratio of added flow rateto total flowrate ........... .. ... i, )
S Standard deviation .. ... ... e )



