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Abstract

Membrane filtration process can be intensified by using static mixers inside tubular membranes. Most of commercial static mixers
are optimized for mixing fluids, not for membrane filtration. We have developed new turbulence promoter geometries designed
for intensification of permeate flux and retention without significant pressure drop along the membrane. In previous experiments,
we used metallic turbulence promoters, but in this work, FDM 3D printing technology was used to create these improved geometries,
which are new in membrane filtration and they have the same geometry as existing metallic versions. New 3D printed objects were
tested with filtration of stable oil-in-water emulsion. Our experiments proved that 3D printed static mixers might be as effective as
metallic versions. The effect on initial flux and retention of oil was very similar. Pressure drop along membrane was slightly higher
(but significantly lower from pressure drop along the membrane resulted by commercial static mixers, designed only for mixing
fluids). Higher pressure drop may be the result of rougher surface due the layer-technology of 3D printing. This negative effect can
be reduced by using a smaller nozzle (which will produce smaller layers) or smoothing the surface. PLA is material easier for printing,
but from these two materials, PETG is a better choice due its higher operating temperature and better water-resist properties too.
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1 Introduction

There are several fields in industry where membrane fil- retention without significant pressure drop along the mem-
tration process can be intensified using static mixers inside brane. They lost their mixing properties, but for mem-
tubular membranes. Positive effects of these helical mixers brane filtration it is not an issue. Comparison of effects
are higher initial permeate flux (), better retention (R%) on membrane filtration can be seen in Table 1.
and slower fouling of the membrane [1]. These commercially The work was started with design and analysis of new

available static mixers are optimized for mixing fluids, not forms with the help of Computational Fluid Dynamics

for membrane filtration, they are resulting significant fric-
tional pressure drop along the membrane (Ap) at higher
recirculation flow rates (RFR) as illustrated in Fig. 1 [2].
We have developed new turbulence promoter geom-
etries designed for intensification of permeate flux and
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Fig. 1 Effect of the static mixer inside tubular membrane

(CFD) simulation. Result of CFD is 3D matrix with velocity
and vorticity norms visualized with Paraview (Fig. 2) [3].

Five novel turbulence promoters were produced and
tested under real conditions (with oil-in-water emulsion

Table 1 Effect of helical- and novel mixers to membrane filtration

No Static Helical Static  New Turbulence
Effect: . .
Mixer Mixer promoter
Permeate Flux Low High' High'
Retention Low High* High*
Pressure drop Low" High Low"
Fouling Fast Slow* Slow*

* better property of parameter
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Fig. 2 Results of the CFD visualized with Paraview.
1-5 new geometries, 6: helical mixer [3]

separation), but we experienced that, few years ago, man-
ufacturing a custom-made turbulence promoter may be
very expensive, complicated and time-consuming task.

It was very hard to find a company who will produce
two static mixers with each geometry for affordable price.
Steel shapes are easier to deform and weld, so new manu-
factured mixers are made from metal, since tool for injec-
tion molding of plastic costs 10.000 € or even much.

Out of five new static mixers, the turbulence promoter
having optimal geometry was the spiral static mixer where
thread pitch size is twice of the diameter (L/Dg,, = 2), pitch
angle: 32.5° the twisted metal strip thickness: ~1 mm.
This geometry was chosen for 3D printing and compari-
son with metallic version.

2 Aim

Aim for this work was to find answer to question: Can we
3D print a spiral static mixer (marked with number 3
on Fig. 2 and Fig. 3) using conventional FDM (Fused
Deposition Modeling) 3D printer and does it have similar
or even more positive effect as metallic version?

3 Materials and methods

Effect of the mixers were tested with stable oil-in-wa-
ter emulsion (as model fluid) which was prepared from a
commercial cutting lubricant oil additive (Unisol, Mol,
Hungary) with oil concentration of 5 wt%.

Filtration experiments were carried out using a basic
cross-flow set-up membrane filtration unit with by-pass
pipe regulation for adjusting recirculating flow rate and
transmembrane pressure (Fig. 4).

The module was equipped with Pall Exekia (TI-70-
20-Z) ceramic tubular membrane with pore size of 20 nm,
filtration area of 50 cm? and inner diameter of 6.8 mm.
Commercially available helical static mixer used for com-
parison with metallic versions was made by Omega, USA
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Fig. 3 Testing turbulence promoters (TP): Left graph: Retention in function of recirculation flow rate (all TP improved R), middle graph: Permeate

flux vs. RFR (best effect with Kenics and Spiral), right image (only Kenics have high pressure drop effect on higher RFR). [3]

Corresponding average linear velocity: 50 L x h"' =>047mx s, 100 L xh"'=>0.93m xs; 150 L x h' => 1.40 m x s7!



1. Feed tank
2. Pump

3. Flowmeter

4. Valve .
5. Manometer

I

AV 6. Membrane module
1 7. Thermostat
8. Measuring cylinder 4 &
Il = |

B -

Fig. 4 Membrane filtration apparatus

(Kenics™ static mixer FMX8124-AC) from plastic (poly-
acetal), produced by injection molding with dimensions:
diameter @ 6.35 mm, length 241 mm and it contains
38 mixing elements (Fig. 5).

Metallic turbulence promoter optimized for membrane
filtration also used for comparison with 3D printed mixers
is made from stainless steel. It has diameter of @ 6.4 mm,
length of 240 mm and thread pitch per diameter ratio is 2.

Concentration of the oil in retentate and permeate were
determined by a spectrophotometric assay, measuring the
absorbance at a wavelength of 600 nm (MSZ 260-22:1974).
Absorbance (% ABS) was converted to oil concentration %
using a calibration curve.

New testing parts are created on Prusa MK3 3D printer
with @ 0.4 mm nozzle using a 0.15 and 0.2 mm layer height.

As 3D printing material, we used Polylactic Acid (PLA)
and Polyethylene Terephthalate Glycol (PETG) filaments
from Prusament. These are two most common 3D printing
materials and their base versions may have a food safety
certificates (depend of the other additives, coloring mas-
terbatch etc.). Other specifications for used filaments:

* Prusament PLA (print temperature: 215 °C) with

Heat Deflection Temperature: (0.45 MPa) 55 °C
* Prusament PETG (print temperature: 250 °C) with
Heat Deflection Temperature: (0.45 MPa) 68 °C.
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New objects were designed using DesignSpark
Mechanical software, which is (partly) free program so
far, without limitations for 3D printing requirements.
It has some locked parts, which will affect designers
for CNC milling [4].

3.1 Design and 3D printing

The 3D design of basic spiral object is very quick pro-
cess, starting with rectangle and extruding it to helical
path, takes only few minutes. The design and 3D print-
ing process is recorded and can be found on MyTechFun
YouTube channel [5].

3.1.1 3D printing in horizontal position
Due horizontal and near horizontal surfaces, 3D print-
ing in this position is possible only if supports are used
(Fig. 6). Brim is also required, because of the small touch-
ing surface with printing bed.

Post processing (removing the supports from the main
body) will leave visible marks on surface as it can be seen
on Fig. 7.

3.1.2 3D printing in vertical position
Next experiment was to determine the maximal overhang
angle (Fig. 8), and to test whether it can be 3D printed
in vertical position without supports.

Since this angle depends on several parameters
(Table 2), the only overall rule for product designers is

A

Fig. 5 Ceramic tubular membrane with installed metallic spiral

turbulence promoter (up) and Kenics static mixer (down)

Fig. 7 Turbulence promoter 3D printed in horizontal position

after removing supports
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Fig. 8 Overhang angle

Table 2 Parameters and specifications with their effect to overhang angle

Parameter or specification Positive effect

Type of the 3D printer -

Filament material PLA better than PETG

3D printing temperature lower = better
Layer height smaller = better
Printing speed slower = better

Additional cooling desktop fan

to keep that negative surfaces up to 45° angle. 45° is safe
for 3D printing for almost any FDM printer and mate-
rial [6]. Above 45° angle, the overhang test should be
made with same parameters that will be used in 3D print-
ing the real object. This means 3D printing a test object
and record the position where it fails (Fig. 9).

With our equipment and used parameters the largest
overhang angle that can be 3D printed without supports is
70° (Fig. 9 middle image).

3.1.3 Maximal angle on static mixer
The maximal angle on spiral static mixer (described
in Fig. 2) is equal to pitch angle subtracted from 90°.
tan(a)zﬁzzza:57.5°<70° M
2-D 2

Calculated from triangle shown in Fig. 10, the maxi-
mal angle on spiral static mixer is 57.5° and since this is
smaller than 70°, we can print this object without using
a support (Eq. (1)).

}7?@

Fig. 9 Overhang test object (left, middle image). Example for 3D
printing 70° overhang surface without supports (right image)

Where
D), = static mixer diameter (mm)
Dgy * T = circle circumference (mm)

2 - Dgy, = pitch size (mm)

B =thread pitch angle ( °)

o = flow angle = overhang angle ( °)

Dgy + 1t

2:Dgyy ’

a=90-B

Fig. 10 Maximal angle of the spiral turbulence promoter

3.1.4 Avoiding the bending of the object

Another problem that must be solved is that object is too
long and thin for vertical 3D printing. It may bend to side
due the small horizontal forces during printing effected
by friction between nozzle and solidified plastic. This was
solved by printing 4 objects at same time so they can sup-
port each other as shown in Fig. 11 and Fig. 12.

3.1.5 Surface improvement

First experiments with 3D printed turbulence promoters
showed that friction pressure drop is slightly higher com-
pared to metallic versions and this is caused by rougher
surface due the layer technology of printing. This was

A AAAAAASS=

Fig. 11 Bending to side (left image) and designing 4 objects to support
each other (right image)

Fig. 12 3D printing preview (left image) and in real (right image)



the main reason for coating the objects with two component
epoxy resin. Beside smoothing the surface, this method
improves thermal resistance and strength of the objects,
and if we use food grade epoxy resin, 3D printed object
will stay food safe even after longer usage.

4 Results

3D printed turbulence promoter has same geometry
as metallic version, and visually, it was hard to notice any
difference in size (Fig. 13), the tolerance of the precision
is below 0.1 mm.

Only difference in effect to filtration may appear
in pressure drop along the membrane due different fric-
tion between fluid and surface. After installing into tubu-
lar membrane and comparison testing of metallic and
3D printed mixers, it can be seen, that effect to retention
of the membrane and initial permeate flux was similar
for tested turbulence promoters (Fig. 14).

The difference was noticeable on pressure drop resulted
in higher recirculating flow rates (Fig. 15).

Pressure drop shown in Fig. 15 is presented in Table 3
expressed in percentage relative to metallic mixer:

5 Conclusions
3D printed turbulence promoters had very similar effect
to retention of the membrane and initial permeate flux,
compared to metallic version (Fig. 14), but they resulted
bigger pressure drop along the membrane shown in Fig. 15
and Table 3. After coating with Epoxy resin, their effect
to frictional pressure drop along the membrane was very
similar with metallic versions. With this method 3D print-
ing technology can be used for manufacturing turbulence
promoters for membrane filtration but we have to keep
in mind that they have a lower heat deflection tempera-
ture, for PLA it is 55 °C and for PETG 68 °C. To get usable
surface, it is recommended to avoid using supports and 3D
print objects in vertical position.

Using food grade two component epoxy resin will result
stronger and smoother surface. It can improve heat resis-
tance too, but these experiments are not realized by us so far.
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Fig. 13 Side-to-side PETG coated with epoxy resin and metallic
turbulence promoter
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Fig. 14 Filtration test using 3D printed and metallic spiral turbulence
promoters (3D 0.15 mm = 3D printed with 0.15 mm layer height,
3D 0.2 mm = 3D printed with 0.2 mm layer height, 0.2+Epoxy = 3D
printed and coated with epoxy resin, metallic = existing metallic
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Fig. 15 Frictional pressure drop along the membrane resulted by using

3D printed and metallic spiral turbulence promoters

Table 3 Turbulence promoter effect to pressure drop

RFR (L/h): 50 100 150
3D 0.2mm 25 % 17 % 20 %
3D 0.15mm 10 % 7% 9%
0.2+Epoxy 0% 3% 3%
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