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Abstract. The behavior of turbulent flow inside cyclones is a complicated matter to study. Fortunately, computational fluid
dynamics (CFD) has become a powerful tool for comprehensively digitalizing and visualizing those phenomena. This study,
hence, intends to capture and examine the behavior of turbulent flow inside cyclones. They were quantified using the
standard k-¢ model. The observed variables comprised static pressure, velocity magnitude, flow pathline, turbulent kinetic
energy, and turbulent Kinetic dissipation rate. The influence of vortex finder depth and inlet width on flow behavior was
also scrutinized. According to the results, the greater turbulence of cyclones was generated at a higher inlet air flow rate
and shallower vortex finder depth of below 9 cm or above the inlet air location. Although cyclones with a deeper vortex
finder depth of more than 19 cm had a better separation performance, the cyclone manufacturing cost should be considered.
Apart from that, the inlet width geometry should not be > 15 cm and/or should not be < 3 cm because it resulted in poor
gas-solid separation performance. Finally, the standard k- model was concluded and proved can reveal the behavior of
turbulent flow inside cyclones with logical results and patterns.

INTRODUCTION

Massive dependence on fossil resources to support human life released tremendous CO, emissions, which has
become a threat to the environment [1-7]. Recent advances in agricultural biomass utilization and valorization have
attracted much attention because of their ability to produce chemicals and energy with a lower carbon footprint [8—
14]. Indonesian biomass such as bamboo leaves, rice husk, oil palm shell, oil palm frond (midrib), and oil palm empty
fruit bunches have been widely utilized through thermochemical routes either by pyrolysis or combustion [15-21].

In order to achieve complete process conversion, the perfect and satisfying heat transfer contact that occurs in the
pyrolyzer or combustor must be provided [22—-24]. One way that can be realized is by reducing the size of raw materials
[25-28]. The biochar produced from biomass pyrolysis as well as the ash produced from biomass combustion of
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course also has a small particle size. They can even be smaller than the size of biomass due to their more brittle
structure [29,30].

As a result of this problem, particle handling needs to be taken concern. The least expensive technique is widely
solved by installing a cyclone separator at the downstream process [31,32]. It is often used to separate particles from
gas. The working principle of the cyclone involves particles and gas flow that enter in a tangential direction. The flow
is then pushed downward spirally. Centrifugal and inertial forces cause the particles to collide with the wall and then
move down to the bottom of the cyclone [33-35]. Near the bottom of the cyclone, the gas continues to reverse and
flow upward in smaller spirals. Clean gas is found at the top of the cyclone while particles are collected at the bottom
[36].

Another advantage of using cyclone is that it has no moving parts, low maintenance costs, and can operate in
various conditions [27,37-39]. Besides, cyclone is often described as equipment with high efficiency but high
operating costs. The high operating costs are because cyclones need a large amount of power to overcome the pressure
drop. In addition, in its development, it was noted that cyclone was able to achieve up to 98% efficiency for particles
with a diameter of more than 346 microns [40].

In general, the flow that occurs in a cyclone is classified as a complex turbulent flow. However, the turbulent flow
behavior inside cyclones is complicated to study. Other than that, research aimed at improving cyclone performance
by changing the main geometry and operating conditions is considered to be difficult and expensive due to the trial-
error method. Fortunately, computational fluid dynamics (CFD) has become a powerful method for visualizing and
studying those phenomena in cheaper, more efficient, and more comprehensive ways [41-47].

The study on cyclone performance improvement is mainly realized by variating vortex finder geometry, inlet
dimension and orientation, conical geometry, cone tip dimension, and cyclone height [31,32]. Research on the effect
of changing the inflow angle of 45° on the cyclone body has been carried out numerically using the RSM (Reynolds
Stress Model) as a turbulent model. This study showed that there will be an increase in tangential velocity inside the
cyclone without an increase in pressure drop by changing the flow angle of 45° to the cyclone body [48]. The review
study from Nakhaei et al. about flow and performance in cyclone separator also mentioned that the simulation was
mostly conducted using advanced turbulent models which require high computation load, i.e. 5"-order polynomial
RSM and LES (Large Eddy Simulation) [44].

Since the research using CFD is mostly realized with advanced and intensive computation load of turbulent models,
this present study intends to employ the simple turbulent model (standard k-¢) to study the flow behavior in cyclones.
Still, the effects of vortex finder depth and inlet width in cyclone performance using CFD technique with standard k-
€ model are still rare to communicate. This study also aimed to investigate the effects of vortex finder depth and inlet
width on three-dimensional turbulent flow behavior for 5 types of cyclones. The profile of static pressure, velocity
magnitude, flow pathline, turbulent kinetic energy, and turbulent kinetic dissipation rate inside cyclones was captured
and scrutinized.

INVESTIGATION METHODOLOGY

Geometry and Simulation Problem

The study was related to the flow in a cyclone separator with inlet flow rate of 3 m/s. The main cyclone is hamed
“S1” with the following geometry as follows: D =30 cm; W =7 cm; H =18 cm; S = 19 cm (+ 14,5 cm upward); Dg
(spigot area) = 18 cm; Lp = 48 cm; L. = 78 cm; De = 12 cm; H = 126 cm; and inlet length = 50 cm. There were also
other 4 types of cyclone with the main geometries similar to S1 but has several modifications as follows: cyclone “S2”
with S =49 cm and W = 7 c¢m; cyclone “S3” with S = 6 cm and W = 7 cm; cyclone “S4” with S =19 cm and W = 15
cm; and cyclone “S5” with S = 19 cm and W = 3 cm. In other words, cyclone S2 has a deeper vortex finder depth than
cyclone S1; cyclone S3 has a shallower vortex finder depth than cyclone S1; cyclone S4 has a wider inlet width than
cyclone S1; and the S5 cyclone has a narrower inlet width than cyclone S1. The sketch and geometry of the main
cyclone are given in Figure 1.
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FIGURE 1. Sketch and geometry of the main cyclone.

Mathematical Model Description (Governing Equations)

The study used the standard k-& model since it has the lowest computational load as well as is widely applied in
engineering problems [49,50]. It comprised of mass conservation equation as in equation 1 and momentum
conservation equation as expressed in equation 2. Both equations involved fluid density (p), fluid viscosity (u), static
pressure (p), and gravity acceleration constant (g). Turbulent viscosity (u,) is then described in the forms of turbulent
kinetic energy (k) and turbulent kinetic dissipation rate (&) terms, following equation 3 [51-55]. In addition, k variable
is specified in equation 4 and equation 5 is associated with & variable [45,49,56].
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Numerical Procedure and Solution Settings

The disclosed problem was solved numerically using ANSYS Fluent 2021. A tetrahedral grid cell was generated
to a number of 1,500,000 due to the optimal grid size that still compensates for medium computational load [42,45,50].
A coupled algorithm of the steady-state solving method was used for pressure velocity coupling. The spatial
discretization methods consist of gradient (based on least square cell method), momentum (using 2" order upwind
method), pressure (using 2" order method), as well as k and € (using 1% order upwind method) [49]. The pseudo-
transient explicit relaxation factors were 0.5 for pressure, 0.5 for momentum, 1 for density, 1 for body forces, 0.75
for k, 0.75 for &, and 1 for u, [49]. The residual absolute criteria were set at 10 to guarantee convergence. The
numerical calculation was performed at 1000 iterations.
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RESULTS AND DISCUSSION
Model Validation

The standard k-& model was initially validated using the experiment by Hoekstra (2000). It was chosen since his
experiment dealt with air and particle flow in a cyclone separator [57] which is a somewhat similar case compared
with this study. His cyclone had main diameter of 29 c¢m; total height of 116 cm; height for cone section of 72.5 cm;
spigot diameter of 10.8 cm; vortex finder with a diameter of 14.5 cm, height of 29 cm, and half of the height sank into
the main cyclone chamber; inlet width of 5.8 cm; and inlet height of 14.5 cm. The air flew in such a way had a Reynold
number of 280,000. Boundary conditions at inlet and outlet locations had turbulent intensity of 10% and length scale
ratio of 0.7 [57]. The investigated parameter was the total pressure drop between inlet and outlet of the cyclone.

The simulation for model validation was carried out under RNG k-g& model, realizable k-¢ model, and SST-k-®
model. All of the results were compared and were then summarized in Table 1. From all models, SST-k-w gave the
closest result compared to the experiment (difference percentage 4.82%) and then followed by the standard k- model
(difference percentage 4.35%). Nevertheless, the standard k-¢ model provided the lowest computation load so it
requires the shortest computation time [49,50,58,59]. Hence, this model was confidently selected to be used for this
study.

TABLE 1. Total pressure drop inside the cyclone under several turbulent models.

Total Pressure Drop
Turbulent Models Experiment  Simulation  Difference

Standard k-¢ 590.8 Pa 562.3 Pa 4.82%
RNG k-¢ 590.8 Pa 659.6 Pa 11.64%
Realizable k-¢ 590.8 Pa 524.3 Pa 11.26%
SST-k-m 590.8 Pa 565.1 Pa 4.35%

Contours of Air Flow in Cyclones S1-S5

The highest pressure was located at the wall area and its value became lower until reaching the vacuum at the
center position for all types of cyclones, as depicted in Figure 2. This phenomenon compelled the tangential flow to
move to the center and then flow out of the cyclone as the effect of the centripetal force [32,37,60]. The most vacuum
condition lay in the bottom area of the vortex finder (point “X”). The cyclone with the slightest vacuum area was S4
because of its widest cross-sectional inlet area which reflects the largest velocity magnitude (Figure 2d), but it had a
high possibility to drag the particle out (particle entrainment). In contrast, cyclone S5 had the lowest velocity
magnitude so it created the broadest vacuum area inside the cyclone as seen in Figure 2e. Unfortunately, the broader
vacuum area inside the cyclone led to a high potential for solid suction flow to the center which resulted in poor gas-
solid separation performance [60,61]. This section implied that inlet width geometry should not be > 15 cm and/or
should not be <3 cm.

Meanwhile, the velocity magnitude inside the cyclone was zero in all wall positions in the blue zone as shown in
Figure 3. The highest velocity for S4 cyclone was located at the vortex finder which is indicated by the red parabolic
area (Figure 3d) whereas the highest velocity for other cyclones was located at the annulus area. In Figure 3, the zero
velocity at the center of the cyclone happened because it had no linear flow passing through this area but in the form
of spiraling or vortexing flow [62]. This phenomenon was strongly confirmed by the flow pathline profiles in Figure
4. This was similar to the air trajectories from CFD study of the Bohnet cyclone by Gimbun et al. [63]. The figure also
augmented that air inlet first tangentially flowed along the wall (reflected by outer vortices with a descending flow)
until reaching spigot and then it rose up to flow out through the vortex finder (represented by inner vortices with an
ascending flow) [28,32].
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FIGURE 2. Profile of the static pressure in cyclone S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e).

As served in Figure 5, the turbulent kinetic energy achieved maximum values at the bottom area or entrance of vortex
finder (red zone). Interestingly, those values drastically dropped to the order of 102-104 m?/s? (blue zone) at the wall
due to laminarization [64,65]. Turbulence was more intense when flow passes the location with area change and/or
area with obstructions. The narrowing area from inside the cyclone main chamber to the outlet pipe enhanced the
velocity of the fluid and it consequently generated higher turbulence [66]. Cyclone S3 had a broader turbulence area
at the annulus as served in Figure 5c. It was caused by the unification of turbulence from the inlet air flow with
turbulence generated by the vortex finder. This affected poor gas-solid separation performance because the entering
flow can be disturbed by the ascending vortexing flow and this led to the particle entraining out from the cyclone.
Therefore, shortening the vortex finder depth of below 9 cm to a position above the inlet pipe location was not
recommended to be chosen.
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FIGURE 3. Profile of the velocity magnitude in cyclones S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e).
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FIGURE 5. Profile of the turbulent kinetic energy in cyclones S1 (a), S2 (b), S3 (c), S4 (d), and S5 (e).

Analysis of Cyclonic Flow Profile in the Radial Position

The profiles at the radial position for all cyclones at a height of 1.2 m showed the existence of two different zones,
namely vortex finder zone and annulus zone. The separation of those two zones was indicated by a purple line. Figure
6 revealed somewhat similar values of static pressure for cyclones S1-S3. The lowest value of static pressure was
nominated for cyclone S5 while the largest is for S4. Furthermore, the pressure in the vortex finder was lower than
the annulus, for all cyclones. This was consistent with the previous explanation that flow tends to move to the center
and then flow out of the cyclone as the effect of the centripetal force [32,37,60].
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FIGURE 6. Plots of the static pressure of cyclones in the radial position.
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Based on Figure 7, the maximum velocity magnitude was located at the position as long as not at the wall area of
both vortex finder and annulus. Meanwhile, the velocity at the wall had a low velocity and then becomes zero due to
laminarization [64,65]. This figure reinforced that cyclone S4 had the largest velocity magnitude, whereas cyclone S5
had the lowest value. In addition, the turbulent kinetic energy of the cyclones was presented in Figure 8. It can be seen
that turbulent kinetic energy in the vortex finder was greater than the annulus. Along the radial direction, the turbulent
kinetic energy increased gently, then drastically dropped at the outlet wall area, and finally discontinued when enters
the annulus. Likewise, the turbulent kinetic energy was found to have a greater value in cyclone S4 due to the highest
velocity magnitude and the value became lessening in cyclone S5 because of its smallest air inlet velocity.
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FIGURE 7. Plots of the velocity magnitude of cyclones in the radial position.
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FIGURE 8. Plots of the turbulent kinetic energy of cyclones in the radial position.

On the other hand, Figure 9 exhibited that the turbulent kinetic dissipation rate drastically increased, especially at
the wall of vortex finder and cyclone because of laminarization near the wall [64,65,67,68]. The turbulence variables
for cyclone S3 appeared to be greater than S1 and S2 due to the mixing between the fluid entering cyclone and the
fluid that is about to exit the cyclone. The same pattern for turbulent kinetic dissipation rate and turbulent kinetic
energy caused the highest value for ¢ to be nominated to cyclone S4 and the lowest value is for cyclone S5. The plot
of profiles in the radial position confirmed that shortening the vortex finder depth of below 9 cm to a position above
the inlet air location was not recommended to be chosen. In contrast, although the deeper vortex finder depth can
enhance the separation performance [39], it leads to a high cyclone manufacturing cost.

080002-8

¥0:%2:20 ¥20C YdIel |



CONCLUSION

The computational fluid dynamics (CFD) method has proven to be a promising tool for capturing 3D turbulent
behaviors inside cyclones. According to the five cyclones simulated, the air will first tangentially flow along the wall
until reaching spigot and then it rises up to flow out through the vortex finder. Afterward, cyclones with a vortex finder
depth of more than 19 cm have a better separation performance. Contrary, vortex finder depth below 9 cm caused the
unification of turbulence from the inlet air flow with turbulence generated by the vortex finder which lessens gas-solid
separation performance. Other than that, the inlet width of > 15 cm and/or < 3 cm will also result in poor separation
performance. From this study, the standard k-& model is concluded that can exhibit the behavior of turbulent flow
inside cyclones with logical results and patterns.
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FIGURE 9. Plots of the turbulent kinetic dissipation rate of cyclones in the radial position.
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