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Abstract

Turbulent mixing can damage the material molecules because of turbulence. Whereas laminar mixing raises a problem
when mixing is carried out on viscous liquids. The mixing mechanism using chaotic flow affects the mixing quality. The aim of the
experiment was to determine the position and direction of the double stirrer chaotic mixer. The installation of a chaotic mixer uses
a cylindrical tub and two different mixers consisting of a primary mixer (Pp) and a secondary mixer (Ps). Periodically rotate the
container and stirrer. The center of the vessel and primary mixer are placed at the same coordinates. For e=4 cm (Pp to Ps distance),
there are three experiments, namely: vessel rotation and directional stirrer (P2S-a), vessel rotation and opposite stirrer (P2B-a), and
vessel rotation, both primary and secondary stirrers are directional variations. (P2V-a). Eccentricity 7 cm, there are also three treat-
ments as above: one direction (P2S-b), reverse direction (P2B-b), and variation of direction (P2V-b).

The video camera recordings are processed digitally. Qualitative data show a pattern of behavior during mixing. Meanwhile,
quantitative data is used to determine the level of mixing effectiveness. The results showed that the direction of rotation of the two
cylinders had no effect on the effectiveness of chaotic mixing. Based on the number of initial droplets of dye, the treatment that ex-
perienced the fastest chaos was P2B-b, at n=2 and r=3.5303. The difference in the number of color droplets does not affect chaotic
behavior. The highest mixing efficiency was generated by the lowest P2V-b mixing index value of 0.94. Simultaneously, the direc-
tion between the mixer and the container will provide maximum mixing efficiency. Isolated mixing areas (island) and areas of poor
mixing occur because of one-way rotation and low eccentricity.
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1. Introduction

Turbulent mixing is not always desirable because the substance consists of long molecules
that will break down if turbulence occurs. Problems arise when mixing is carried out in laminar
flow, especially for viscous fluids. In laminar conditions, attempts are made to make stretchers and
folds to join parts that are far apart and separate adjacent parts [1]. The thicker the mixed liquid, the
greater the energy required, so that the production cost is also high. Generating turbulence in this
type of fluid is very uneconomical. Using propellers in viscous fluid mixing causes large motor
loads and large energy consumption. Whereas mixing must occur laminar [2].

Several industries that use the mixing mechanism in their production still pay less atten-
tion to the movement pattern of the processed fluid. Such as production processes in the phar-
maceutical industry, paint industry, chemical industry, oil refineries, plastic moulding, metal
casting, food processing, water treatment and sewage treatment. The wrong mixing process will
cause a low-quality product besides that it will also result in a waste of energy which means an
additional budget [3].

In biotechnology, it uses chaos theory for mixing microorganisms and mixing in the nursery
process. In mechanical engineering, the term chaos has developed into a separate study, especially
in fluid mechanics. The characteristics of chaotic flow have been studied more by scientists, espe-
cially regarding fluids that are highly viscous in the laminar flow [4, 5].
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Chaos is a very sensitive condition because of the effect of instability in the initial conditions.
Mixing that takes place in a turbulent manner is not always desirable because it will damage sub-
stances consisting of long molecules if turbulence occurs [6]. Whereas laminar flow attempts to
create stretches and folds. This is useful for joining parts that are far from each other and separate
parts that are close together [7].

Effective mixing results in chaotic flow. Chaos means an irregular situation with an unpre-
dictable pattern [8]. In the mixing process, chaos is very beneficial [9]. Chaos in laminar flow can
be generated by manipulating the periodic motion and shape of the system. Rotating the container
and stirrer alternately or simultaneously with different speed variations is a manipulation of the
movement to enrich the flow structure. Likewise, the variation in the ratio between the dimensions
of the container and the stirrer could provide different mixing patterns. In the chaotic flow mixing
mechanism that is not good, it can be seen the emergence of islands, which is clumps that occur in
the flow path. The island will not disappear even after repeated stirring [10].

The understanding of mixing and stirring depends on the ability to create particle motion in
the stream [11]. Diffusion or mixing can occur without stirring, whereas stirring does not always
result in mixing. Understanding the concepts of chaotic movement and dynamic systems provides
a way to generate mixtures through stirring. The further benefit of this understanding is that it is
important for processes with very slow motion of molecules.

In the classical fluid mechanics system for producing chaotic turbulence, a flow created bet-
ween two rotating cylinders is called a Taylor-Couette flow. This flow is sensitive to three factors,
namely radius ratio (@), angular velocity ratio (o) and Reynolds number (Re) [12].

Diffusion that occurs during chaotic motion is the main object of mixing [13]. Diffusion
occurs when a drop of colour is stretched into thin lines, then separated. The separation that occurs
can’t be reversed (irreversible) so that the system experiences chaos.

Stretching and folding is an important concern in increasing blending effectiveness. The
stretch and fold formation allow for chaos control during mixing. Strain and fold manipulation is
performed to create a coherent structure. Folds determine the creation of a coherent structure in
a chaotic system. A coherent structure arises when the area is fixed which is directly proportional
to the width of the fold.

Strain evolution, diffusion, separation, and aggregation are the controlling factors for reac-
tions inflow [14, 15]. The faster the agitation system rotates, the larger the isolated area is formed.
If the shear rate decreases, the unmixed area will mix with other areas. There are inundated areas
as isolated mixing areas (IMR) [11, 12]. IMR is formed as a function of the fold distance from the
initial position of the colour and the rotation of the container.

Therefore, research related to chaos stirring was carried out, to detect and predict IMR, ran-
domness, exploitation and control of IMR using experiments and computations. The mechanism
that plays a role in this stirring is a cylindrical container with a double rotating stirring tube. Once
the mixing patterns of paints and dyes are observed, the characteristics of the best-mixed condi-
tions can be used for other similar processes.

2. Materials and methods

The equipment in this research consisted of a chaotic double mixer, Sony camcorder handy-
camp, PLC, tachometer, 6 A adapter and a computer. Fig. 1 shows a mixer with a double mixer.
This machine consists of a cylindrical container and two stirrers. Rotating the container and stirrer
each using a DC electric motor (25 V). Primary (R,=19 mm) and secondary (R,=8.5 mm) stirrers.
The container is made of transparent cylindrical plastic with a radius of R, =80 mm and a height
of 170 mm. Container rotation (n,)=13 rpm, primary mixer rotation (n,)=10 rpm and secondary
mixer (n,)=22.3 rpm. The angular velocity of the primary mixer #,=1800° and container ,,=360°.
So that the ratio of angular velocity o= W,/W,,=5 and the radius ratio a=(R,+R;)/R,,=0.34 is obtained.

The primary mixer is installed in the centre of the container, while the eccentricity, the se-
condary mixer, is varied. The direction of rotation of the stirrer is made to vary with the direction of
rotation of the container and is carried out alternately continuously. The test fluid used is a mixture
of wall paint and water with a volume ratio of 1:1. The dye uses a mixture of paint and water (1:3).
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Fig. 1. Experimental setup

Measurement of the viscosity of test fluids and dyes is done using a Brookfield Viscometer
manufactured by Brookfield Engineering Laboratories, Inc. The viscometer used is the RV model
which has eight spindles and eight levels of speed. The test specimen viscosity value is calculated
by multiplying the number displayed on the screen by the multiplier of the spindle used. Minimum
measurement values are obtained using high and large speed spindles, while maximum values are
obtained using low and small speed spindles. Measurements using the same spindle with variations
in velocity were carried out to determine fluid rheology.

The experimental design can be seen in Fig. 2. The primary stirrer is at the centre point of
the container. At a distance of the two stirrers of 4 cm (e=4 cm), there are three designs: the second
cycle of the stirrer with a unidirectional container (P2S-a), the second rotation of the stirrer with the
container in the opposite direction (P2B-a) and the rotation between the stirrer and the container
varies in direction (P2V-a). At 7 cm (g) eccentricity, there are three treatments, namely unidirec-
tional (P2S-b), opposite direction (P2B-b) and variation of direction (P2V-b).

0000,

P1S-o P1B-o P2S-a P2B-a
P2V-a P2S-b P2B-b P2V-b

Fig. 2. Combined experimental designs

The mixing process was recorded using a Sony Handy camp camera. Recordings are stored
in the .mpeg file format, then extracted per segment into JPG format, so that the results can be
analyzed by a computer. Observations were made on the fluid surface (2-D system). The image
used for analysis is a picture of each mixing cycle, namely when the container rotates 360° and the
primary stirrer rotates 180°. Observations were made for up to 60 rotation periods. It can be seen
from the mixing time and the percentage of a liquid mixture.

Analysis of the distribution and percentage of colour mixing was carried out using Adobe
Photoshop software version 7.0. Image colours are changed to black and white for easy analysis
using the Image Adjustments Threshold feature with a Threshold level of 166. Colours smaller than
166 will be white and those larger than 166 will be black. There is no grey colour. The dye traces are
black, and the liquid is white. The percentage of colour is calculated using the Histogram facility
which contains black percentage information. The percentile is the ratio between the number of
black pixels and the total image pixels.
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3. Results and discussion

The research results show that the fluid and dye test have the same properties, namely
non-Newtonian. Fig. 3,4 shows the relationship between viscosity and spindle rotation (rpm).
Fig. 3, 4 describes the properties of the test fluid and dye, it shows a decrease in the value of
viscosity with increasing rpm. In the discussion of fluid rheology three parameters must be known,
namely viscosity, shear stress (t) and shear rate (g) [16]. The two figures below also indirectly show
the relationship between viscosity and shear rate because the Brookfield viscometer assumes that
the spindle rotation speed is proportional to the fluid shear rate.

Fig. 4 shows that the viscosity decreases with increasing shear rate. So, that from these
characteristics, the test fluid and dye have the same type, namely the non-Newtonian time-inde-
pendent fluid, which is the pseudoplastic (shear-thinning) type.

While the equations of motion for viscous fluids use the Navier-Stokes nonlinear partial
differential equation (NLPDE).

3 P
a—:+(v.grad)v = —grad (T)grad (¢)+glapl(0), M

where P is the pressure, o(r,¢) is the velocity of the fluid at point r, ¢ (7) is the gravitational poten-
tial, p is the density of the fluid, and ) is the viscosity. This equation relates pressure, fluid velocity,
density and viscosity [17]. The Reynolds number for laminar flow is very small (Re = vLp/n<1),
where L is the length of the flow and v is the velocity of the fluid. So that the approach to equa-
tion (1) can be done with linear partial differential equations (LPDE). All fluid volume elements
represent well-defined paths » =7 (¢). It is because the number of volume elements 8V is not lim-
ited. The LPDE has infinite degrees of freedom, and this is a characteristic of PDE. For Re> 1
the nonlinear effect becomes dominant. So that the flux becomes irregular. It is characterized by
irregular trajectories of fluid elements and forming eddies, ripples and circles. In addition, there is
a kind of order in a chaotic flow which is described as fractal. Based on equation 1, the viscosity of
the fluid affects the flow velocity, in that it will slow down the rotation of the stirrer.
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Fig. 3. The relationship between the viscosity and rpm of the test fluid
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Fig. 4. Relationship between viscosity and rpm of dye
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The results of this research indicate the viscosity of the test fluid at 13 rpm and 10 rpm
primary stirrer is 0.160 Pa-sec and 0.172 Pa-sec, respectively. Whereas for the dye test the viscosity
value was detected at a speed of 20 rpm so that for speeds less than 20 rpm the viscosity value
was 0.009 Pa-sec. The comparison of the viscosity of the dye with the test fluid in the two rounds
mentioned above is p13=0.06 and p10=0.057. From the comparison of the viscosity of the dye and
the test fluid, it can be seen that the value of p << 1. The dye stretches more easily when p>> 1 [18].
In this study, the Reynold number (Re) > 110.67 is obtained. With a low Reynolds number, the
stirring model is expected to produce chaotic advection for viscous fluids that are non-Newtonian.

3. 1. Concentric cylindrical flow pattern

The results show that under certain conditions, many use an eccentric cylinder mechanism ra-
ther than a concentric cylinder. Fig. 5 shows the results of the study using two concentric cylinders, (top)
the container and unidirectional stirrer (P1S-0) and (bottom) both unidirectional cylinders (P1B-o).

Fig. 5. The tracking pattern on the concentric cylinder during the N-period

Fig. 5 indicates that the distribution of colours takes a long time (up to a period of N=60),
the colours do not occupy the entire area of the container. At N=5, the colour trajectory only
surrounds the inner cylinder, and in the following period, the colour trajectory is relatively stable
despite the colour distribution. When the flow pattern is stable, tend to result in inefficient mixing.

The stable trajectory is caused by the trajectory area of the fluid elements between two
concentric cylinders having the same shear rate and viscosity so that the dye flow strain occurs.
Fig. 6 shows the colour growth rate which tends to be linear until the 60'" period.

Colour Spread (%)
S
o
1
4

0 2'0 4.0 6.0
Period (n)
Fig. 6. Distribution of dye to period in concentric cylinders, P1S-o and P1B-o

The variation in the direction of rotation of the two cylinders (P1B-0) tends to produce the
same conditions as P1S-o. This means that the difference in the direction of rotation of the two
concentric cylinders does not have a significant effect on the effectiveness of the mixing.

3. 2. Identification of chaos mixing behavior
The results of the research on the mechanism of chaotic mixer with double stirrers then
describe the relationship of colour distribution to period (N), see Fig. 7.
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Fig. 7. The relationship between colour distribution (%) and period (n)

Fig. 7 shows that double stirrer treatment resulted in exponential colour growth. Thus,
it can be proven that the stirring design mechanism used in this study is capable of producing
chaotic mixing patterns.

3. 3. Visually chaotic behavior

The experimental results show the known chaotic flow by visualizing the flow patterns
that are formed. Fig. 8 shows chaotic behaviour, the growth mechanism of the drop of colour
flow (initial conditions) into a chaotic pattern.

Fig. 8. The behaviour of the chaotic flow growth of P2V-b treatment until the 10* period

Fig. 8 indicates that a drop of colour undergoes a stretching, bending, and folding mecha-
nism (N=1). The same mechanism repeatedly occurs to form a thin film that spreads throughout
the container (N=10). The above phenomenon indicates a chaotic mixing process.

Fig. 9 illustrates the periodic increase in the stretch and crease of the paint dough flow line.
The periodic stretches and folds cause the colour to pass through several trails allowing enough
streaks of colour to grow further. The growth of one colour line (cycle-1) into two lines is indicated
by branching at »=2.9. Each colour line (cycle-2) then forms a new colour line at #=3.4. The 3" cycle
forms more lines until they intersect each other at »=3.65. So that for > 3.65 the colour lines that
are formed are very many and overlap each other or it is called chaos.

The research results showed a chaotic mixing flow pattern, as shown in Fig. 10.
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Fig. 9. The relationship between growth rate, r, to the colour distribution, Xn+1, in the form
of a bifurcation diagram for P2V-a treatment
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Fig. 10. Dye flow pattern from period 0 to 60 (A) for e=4 cm, from left
to right P2S-a, P2B-a, P2V-a. (B) for e=7 cm, from left to right P2S-b, P2B-b, P2V-b.
All treatments at ®=5, a=0.34

Chaotic behaviour develops rapidly if it occurs in the periodic (intermittent) flow region.
Variations in the direction of rotation are needed to determine the most efficient treatment and
produce homogeneous stirring. The mixing of two fluids is formed due to advection which re-
sults in particle deformation. So, that variations in direction and speed in moving fluid are very
important.

In the treatment with stirring rotation in the direction of the container, it tends to only ex-
tend the colour stretch and create a thick layer of colour so that the colour is difficult to get out of
the wider path. This is because the flow between two unidirectional cylinders will produce a flow
line path to the equilibrium point (fixed point). So that the dye fluid elements are not able to make
divergent pathways. The stability of flow in a laminar viscous fluid will cause a thick layer of flow.
So, that the breakdown of this particle layer takes a long time.

In the first period where the direction of rotation of the stirrer is opposite to the container,
the dye flow line undergoes a stretching process. The folding process around the mixer follows
the bending process. At the same time, a mixer, whose rotation varies with the container, quickly
forms a chaotic region. Meanwhile, mixing in different directions between the two mixers and the
container results in a fast mixing mechanism. The direction of rotation between the mixer and this
container will determine the chaotic flow pattern. This chaotic flow will produce a layer structure
consisting of thousands of lines that have a wide thickness distribution. The flow tracker rapidly
extends into the layers of the system continues as the period increases. The layers become thin as
a result of the complex repetitive processes of stretching, spreading and folding mechanisms.

The double stirrer eccentricity aims to expand the shear plane. It speeds up the stretching,
contraction and folding mechanisms of the dye. Once the mess is formed, the dye is rapidly re-
stretched, broken and dispersed into a thin flow layer.

The eccentricity variation between primary and secondary stirrers also aims to break up
isolated areas so that homogeneous mixing occurs. Stirring using an eccentric two-cylinder mecha-
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nism (container and stirrer) causes the whole mixing process to have a large fold. Meanwhile, the
large fold pattern that repeats itself at a constant time makes it difficult to spread or break, resulting
in isolated areas or islands.

This is formed where there is no meeting between the shear rate of the stirrer and the shear
rate of the container. The island structure prevents mixing. In this study, isolated areas occurred in
treatment with an eccentricity of 3 cm (P2S-a and P2V-a), see Fig. 11.

(A® é
(BQ @|
Fig. 11. Isolated area pattern (island), highlighted in the box with the relief image to the right:
A —P2S-a, N=60; B —P2V-a, N=25

Apart from the formation of islands, there are also areas of poor mixing, usually forming
around the walls of the container. This phenomenon occurs in the flow between two concentric
cylinders. The stirrer which is located in the concentric shear plane is only limited around the com-
plainant so that up to a certain radius the colour flow lines form a stable pattern.

4. Conclusion

1. The variation in the direction of rotation of the two concentric cylinders does not have
a significant effect on the effectiveness of the colour distribution of the chaotic mixing mechanism.
Based on the number of initial droplets of dye, the treatment that experienced the fastest chaos
was P2B-b, at n=2 and r=3.5303. The difference in the number of colour droplets in this expe-
riment did not affect chaotic behaviour, it was seen that the r-value was relatively the same. The
highest mixing efficiency until the 60 period was produced by the lowest mixing index value,
namely the P2V-b treatment of 0.94.

2. Variation in direction between stirrer and container and increased eccentricity between
stirrers will provide maximum mixing efficiency. Isolated mixing area and poor mixing area are
due to unidirectional rotation and small eccentricity.
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