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The turbulent flow pattern and mixing characteristics of the High
Efficiency Vortex (HEV ™) static mixer have been investigated by
means of computationa fluid dynamics simulations. Experiments
showed that the mixer generates a complex vortex system, consisting
of a steady longitudina vortex and transient hairpin vortices. The
steady state computer model correctly predicted the longitudinal
vortex and a high turbulence intensity in the hairpin vortex region.
Thevortex system providesfor efficient blending of gases or miscible
fluids.
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INTRODUCTION

Mixing is acommon operation in the chemical process industries. Commonly used mixing devices
are agitators for tanks and static mixersfor pipe line mixing. The traditional helical mixing element
(Kenics™) ismainly used for in-line blending under laminar and transitional flow conditions. The
High Efficiency Vortex (HEV ™) is used for turbulent blending of gases or miscible liquids.

HEV mixers have beenin usein the process industries for severa years now, both for liquid-
liquid and gas-gas mixing. The wide range of applications and scales in which the HEV mixer is
used requires a technique to analyze custom applications on demand. The previous work on
simulation of the flow in helical static mixers[1] indicates that computer ssimulation offers the right
tool.

The flow pattern and mixing characteristics of HEV static mixers are analyzed through
simulations with Fluent™ V4 for turbulent flow conditions. The computed flow patterns serve as
a basis to calculate the mixing of two chemical species. The work reported here is limited to the
mixing of two waterlike fluids, athough simulations based on gas mixing have aso been
successfully completed. Parts of this work were published before by Bakker and LaRoche [7] and
Bakker et d. [8].

SIMULATION

The model consisted of a45° tube section with two vortex inducing tabs, see Figure 1. The tabs were
set at an angleto thewall that was determined from previous research [2]. The length of the tube was
L =4.25 D, with D being the inner diameter. The first tab was placed at 0.5 D down the tube, the
second tab at 1 D behind thefirst. This gave alittle more than two and a half tube diameters of down
stream mixing behind the last tab. The grid was generated with Fluent PreBFC™ V4 and exported
to Fluent V4 for the calculations and the post processing. Fluent was also used to scale the grid to
the correct dimensions. The number of grid nodes was approximately 100,000. The outline of the

<

. y
'kx High E‘P{‘iciency Yortex (HEY) Stotic Miser é High E‘P{‘iciency Yortex (HEY) Stotic Miser

. |Outline . |Strecklines

Figure 1 Outline of tube with HEV tabs. Figure 2 Trajectories of particles following
the mean flow behind second tab.
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geometry is shown in Figure 1.

A large liquid-liquid mixer was studied. The diameter was D = 2 m. The length of the tube
was 8.5 m. The fluid density was 1000 kg.m™. The viscosity was 1 mPa.s. The velocity in the tube
was 0.05 m.s?, giving a Reynolds number of Re = 10°. The diffusion coefficient was D = 1.5E-09
m?s?, for NaCl in water.

The calculations were performed using Fluent V4. The calcul ations were started with the k-e
turbulence model. After 800 iterations the Reynolds Stress Moddl (RSM) was started, until the flow
pattern was converged after about 1600 iterations. Then an additiona 2000 iterations were made for
the species, to make sure that the concentration field was fully converged. In al calculations the
QUICK differencing scheme was used, rather than the power law scheme, to minimize numerical
diffusion.

RESULTSOF FLOW PATTERN STUDIES

Figure 2 shows particle streaklines behind the second tab, which demonstrate the strong circulation
flow in the wake of the tab. The vortex is attached to the wall of the tube and not to the tabs and lies
paralel with the tab. The vortex then bends off to alongitudinal vortex with a center close to thetip
of the tabs.

Thisisfurther clarified by Figures 3to 5. Figure 3 showsthe velocity vectorsin across plane
0.5 D downstream of the second tab. The vectors point in the direction of the flow at the point where
they originate. The length of the vectorsis proportiona to the velocity magnitude. Figure 3 clearly
shows the vortex behind the tab. Figure 4 shows a similar flow pattern, but now 2.5 D downstream
of thetab. The vortex still exists, but the swirl velocity is reduced by afactor of three. The top figure
in Figure 5 shows the velocity magnitude in alongitudinal cross section of the tube, in the center of
the tabs. Light areas denote large velocities and dark areas denote small velocities. The first tab
directs the flow inward, accelerating the fluid. Behind the tabs there is alow velocity wake, which
can aso be seen from the velocity vector plot on the bottom of Figure 5.
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Figure 5 shows that there is a small backflow
region behind the tabs, which may induce
some axial mixing, and smear out the
residence time distribution.

Gretta[3] investigated the flow pattern
as generated by the tabs using a combination
of hot wire anemometry, hydrogen bubble
visuaization and dye visualization. Gretta
discovered, see Figure 6, that the tabs not only
generate apair of counterrotating, longitudina
vortices but also shed so-caled hairpin
vortices. The smaller hairpin vortices move
downstream with the larger longitudinal
vortices.

The generation of these hairpin
vortices is a transient process, and has aso
been experimentally observed by BHR Group
[4]. Since the current model does not take
time dependent effects into account, these
vortices could not explicitly be modeled.
However, the hairpin vortices do show up in
the CFD results as regions with a large
turbulence intensity. Thisis shown in Figures
7 and 8. Figure 7 displays the turbulent kinetic
energy in a plane directly behind the first tab.
Red denotes regions with a large turbulence
intensity.
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Figure 6 The longitudinal and hairpin
vortices forming behind the HEV tab, as
reported by Gretta[3].

Figure 7 showsthat thereis aregion with alarge turbulence intensity surrounding the vortex, where
otherwise the hairpin vortex would be found. Thisis not surprising. The hairpin vortex is generated
in the high shear region at the edge of the tab. In the steady state model used here, high shear

increases the production of turbulent kinetic energy.

Figure 8 presents the turbulent kinetic energy in a plane through the center of the tabs. This
plot aso shows the high turbulence intensity generated at the edge of the tabs. In addition Figure 8
demonstrates that the turbulence intensity is higher behind the second tab than behind the first tab.
Thisis an indication that the vortices reinforce each other.
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RESULTS OF SPECIESMIXING STUDIES

To study the efficiency of the HEV mixer, the mixing of atracer fluid was studied. The tracer fluid
was injected at two positions, at the center of the tube and in a point located in front of atab, see
Figure 9. Thetotal concentration of tracer fluid in the tube was 1.25 volume %.

Figure 10 shows the concentration field in a plane through the center of the tabs. Light areas
denote regions with large concentrations of tracer fluid and dark areas denote low concentration
regions. The injection in front of the tab is bent off when it hits the tab and is blended almost
immediately in the turbulent wake of the tab. Theinjection in the center persists almost undisturbed
until half way between the two tabs. There, the turbulence intensity generated by the vortex islarge
enough to blend the material in the center. These results indicate that is not just the longitudinal
vortex which controls the blending, but that there is a significant contribution to the mixing by the
hairpin vortex and random turbulence.

The Reynolds number for these simulations was 10°. When the Reynolds number is
increased, e.g. to 10° or 107, the distance within which the species mix |, will remain constant, or
decrease dightly. This can be explained from turbulence theory. The distance from theinlet at which
the species will be mixed | ;, iS given by:

lms’x = vrmi’x (1)
Herev istheliquid velocity and t ;, is the mixing time. Penetration theory says that the time to mix

two chemicals due to (turbulent) diffusion processes is inversely proportiona to the (turbulent)
diffusion constant:

[a—

rm e 2)
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In other words, the mixing time will be cut in half when the diffusion constant increases by a factor
of two. In turbulent flows mixing is dominated by the turbulent diffusion constant D,. The turbul ent
diffusion constant is proportional to:

kz
D, « — G)

=

The energy dissipation rate is proportional to the multiple of the pressure drop Dp ~ v and the flow
rate Q ~ v:

3

e = ApQ, = v 4)

At very low Reynolds numbers turbulent vortices will not exist (laminar flow). When the Reynolds
number increases the vortices will start to grow, until at some point the flow is fully developed and
the size of the vortices will be independent of the Reynolds number. Then the size of the largest
turbulent eddies, the so-called Taylor macro scale L,, will also be independent of the Reynolds
number. The turbulent macro scale is given by:

k3£2

L = - E))

This equation can be rewritten to show that:
ko (Lef? = L2 ©6)

Combining the equations above resultsin:

1 1 1

lms.x o< Y oy
D, N L:B 43 7
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The length within which the fluids will mix is thus independent of the fluid velocity but is solely
determined by the Taylor macro scale of turbulence, which is of the order of half the diameter of the
longitudina vortex. When the vortices grow with increasing Reynolds number, the turbulent length
scale will increase and the mixing length will decrease. Once the flow field is fully established, the
vorticeswill not grow anymore due to the restrictions of the physical size of the tube, and both the
Taylor scale and the mixing length will be independent of Reynolds number. The flow field plots
showed that the vortices dominate the whole cross section of the tube, which is an indication that
the flow field is fully developed at Re = 10°. The mixing length will therefore show no, or only a
small decrease with increasing Reynolds number. These resultscan therefore safely be used at higher
Reynolds numbers.

These results confirm what was experimentally found by Alden Research Laboratory [5, 6].
The conclusion that the most advantageous injection point is not the center, but near the tabs, was
also found experimentally by Fasano [2]. These simulations were performed for an added volume
fraction of 1.25%. The fluids are homogeneously mixed when they |eave the tube, meaning that in
this situation smaller or larger additions would also be homogeneously mixed.

CONCLUSIONS

CFD calculations for the flow of water in atube equipped with two arrays of HEV tabs were done.
Since the geometry is symmetrical, only a 45° section of the tube had to be modeled. The symmetry
condition, in combination with the steady state model, means that mass exchange from one vortex
section to another is purely based on turbulence.

The CFD models correctly predict the formation of a pair of counterrotating, longitudinal
vortices behind each tab. Transient hairpin vortices, observed by Gretta[3], show up as regions with
alarge turbulent kinetic energy density.

Directly behind the tabs, at the tube wall, there is a small region with backflow. This may
introduce some axial mixing, and smear out the residence time distribution.

The turbulence intensity is larger in the vortex behind the second tab than in the vortex
behind the first tab. Thisis an indication that the vortices reinforce each other.

The mixing process seems to consist of two steps. Fluid on the outside of the tubeis blended
when it gets entrained in the vortex system behind the first tab. Fluid injected in the center of the
tubeis blended near the second tab, wherethe turbulence intensity isat amaximum. It is advised that
injection points are placed near the tabs. The least favorableinjection point for small additionsisthe
center of the tube.

All calculations were steady state. Time dependent effects like possible oscillations in the
vortex positions and the shedding of hairpin vortices were not explicitly modeled. The additional
blending due to these effects was therefore al so not modeled.
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NOTATION
D Tubediameter . ...... . (m)
D Diffusion coefficient ........ ... .. i (m’s?)
D, Turbulent diffusion coefficient .................. ... ... .......... (m?s?)
k Turbulent kineticenergy density ............ ..., (m?’s?)
l i Length within which thefluidsaremixed ............... .. ... ... ..... (m)
L Lengthof tube . ... ... (m)
L, Taylor macroscaleof turbulence ........ ... ... . L. (m)
tix MiXING HIME . .o e e (9
p PressUre . . (Pa)
Q Volumeflowrate ............ i (m?’s®)
Re Reynoldsnumber .. ... ... .. )
u Fluctuating velocity indirection | .............. ... ..., (ms?h)
U, Averagevelocity indirectionl .......... .. ... (ms?h)
Y Liquid VEIOCItY ... (ms?h)
e Turbulent energy dissipation ratedensity .......................... (m?’s®)
r Liquiddensity . .........iiii (kg m?)



