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Abstract

An acrylic suspension furnace was used to study the flow structure of air and rice husk. The standard k—e model with
standard wall function was employed in the simulation study while the cold test experiment, for results validation, utilized
onionskin (thin oil paper) and rice husk itself. From the simulation, both air and rice husk flows are in swirling mode due
to the tangential air. The cold test experiment strengthened that swirl flow of air is indicated by the onionskin movement
upward and downward forming a curve and circular directions. On the other hand, swirl flow of rice husk is visualized by
the sinusoidal peaks and valleys. In addition, the contribution of secondary air generates recirculation flow at the bottom
area of the furnace. Also, there are backflow phenomena that occur, and yet, the revalidation study revealed that modifica-
tion of tangential air pipes angle with a longer burner length can overcome the problem. Finally, this model can predict the
flow structure in a good compliment to the cold test experiment results. Moreover, the less-intensive computation load with
a shorter computation time makes it in demand for the design purpose and performance evaluation of process equipment.

Keywords Siliceous ash - Suspension furnace - Cyclone - Swirl - Isotropic turbulent

Introduction

The dependence on massive fossil resources for chemical
production and energy generation has been believed to harm
humans and the environment (Hernowo et al. 2022a; Sylvia
et al. 2019; Ramli et al. 2022; Steven et al. 2022b). This
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makes the use of biomass, as more renewable resources,
increasingly encouraged (Nunes et al. 2014; Wang et al.
2019; Bindar et al. 2022; Hernowo et al. 2022b). One of
the abundant biomass in agricultural countries is rice husk
(Panuju et al. 2013; Blissett et al. 2017). Its valorization to
produce siliceous ash and/or energy could be implemented
through combustion in the furnace (Steven et al. 2022d; e).
There are several main furnace configurations, i.e. fixed bed,
fluidized bed, and suspension furnace (Werther et al. 2000;
Fernandes et al. 2016; Blissett et al. 2017; Prasara and Ghee-
wala 2017; Costa and Paranhos 2018).

The fixed bed type is less desirable due to time-con-
suming and low combustion conversion which is mainly
caused by poor air—particle mixing and non-uniform tem-
perature distribution (Werther et al. 2000; Duan et al.
2013; Gomes et al. 2016). On the other hand, the fluidized
bed type can remedy the air—particle contact and combus-
tion time. The product is mostly contaminated with the
bed material so the cyclone separator installation becomes
necessary (Fang et al. 2004; Kuprianov et al. 2010; Sura-
nani and Goli 2012; Nunes et al. 2014). In addition, the
suspension furnace is similar to a fluidized bed but does
not involve bed material inside (Werther et al. 2000; Fer-
nandes et al. 2016; Blissett et al. 2017). It is well-suitable
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for biomass with low moisture content, it has no bed mate-
rial contamination, and a cyclone is usually installed to
capture the elutriated particle (Kapur et al. 1984; Werther
et al. 2000).

The application of rice husk combustion in an appropri-
ate furnace geometry to provide excellent mixing should
consider the design improvement and combustion tech-
niques (Singh et al. 2013; Blissett et al. 2017; Steven et al.
2022f). Perfect rice husk combustion is expected to gener-
ate maximum thermal energy (Steven et al. 2022d) as well
as ash with high silica and low unburnt carbon content
(Steven et al. 2021). A study on rice husk combustion
simulation through computational fluid dynamics (CFD)
in fluidized bed combustor exhibited that recirculating
zone prolongs the particle trajectory and residence time
by returning them to the furnace (Rozainee et al. 2010).
Another CFD study on biomass and coal co-firing in a tan-
gential furnace resulted in a number of unburned particles
and providing a minor redesign of the air supply technique
was strongly suggested (Bhuiyan and Naser 2015).

A simulation study of torrefied biomass co-firing in
a pulverized-fired combustor still faced poor efficiency
because of incomplete biomass decomposition due to
coarser particles (Stroh et al. 2015). All the preceding
studies imply that the air—particle hydrodynamics should
be understood first to achieve complete combustion. The
air—particle hydrodynamics plays an important role in the
bubbling fluidized bed reactor performance to model the
particle movement and collision accurately (Cardoso et al.
2019; Yang et al. 2019). The air and particle (Mischantus)
hydrodynamics study in a biomass cyclonic burner showed
a meaningless result discrepancy between simulation and
experiment (Pasymi et al. 2020a, b).

To date, there is still lacking a comprehensive under-
standing of rice husk hydrodynamics aspects (Singh et al.
2013; Guan et al. 2014; Li et al. 2019; Yang et al. 2020),
especially in the suspension furnace. In order to prevent
an excessive trial error that results in massive expendi-
ture in design, a CFD study should be carried out at first,
and further, the results are validated (Pasymi et al. 2020b;
Steven et al. 2022a). So far, the validation is mostly using
laser Doppler anemometry or particle image velocimetry
which are cost-intensive (Hoekstra et al. 1999; Nemoda
et al. 2005; Pashtrapanska et al. 2006; Panneerselvam et al.
2009).

The flow structure of air and rice husk under the attend-
ance of tangential air and secondary air in the acrylic sus-
pension furnace was thus investigated in this study by simu-
lation through CFD. The result is then validated with cheap
and simple cold test experiment. There were five locations to
be investigated: two of them are located in the burner and the
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rest are located in the main furnace. The observed variables
were air pathline and rice husk particle track.

Methodology
Geometry and simulation condition

The acrylic suspension furnace has three parts, i.e. main
furnace, burner, and cyclone. The geometry of the main fur-
nace is a cylinder with 300 mm in diameter and 1970 mm in
height. The bottom area of the furnace has a conical geom-
etry with 218 mm of height. In this area, there are two lower
secondary air pipes with a diameter of 50 mm and has 60°
angle from the conical slant surface. There are another two
upper secondary pipes at the location 400 mm from the top
furnace with the inclination with respect to the vertical posi-
tion being 30°.

The furnace has one burner on the left and one burner on
the right. Burners are located at 695 mm from the bottom
furnace with 130 mm in diameter and 1620 mm in length.
Each burner is connected with an axial blower at the end
position and two tangential air pipes at the position of about
350 mm from the end of the burner. Tangential air pipe has
a rectangular geometry with 250 mm of length, 50 mm of
width, 30 mm of depth, and 75° inclined from the horizontal
burner position. The rice husk feeder position is at 210 mm
from the end of each burner and has a cylindrical shape with
100 mm in diameter, 100 mm in height, and sinks 30 mm
into the burner surface.

The furnace outlet position has 150 mm of pipe height
and is directly connected with a cyclone separator with a
cylinder height of 500 mm and a cone height of 750 mm.
Cyclone has a body diameter of 200 mm, ash collector
diameter of 50 mm, vortex finder diameter of 100 mm, and
vortex finder height of 200 mm. The detailed dimension of
the acrylic suspension furnace can be seen in the Supple-
mentary File.

Rice husk with a density of 661.92 kg/m® was fed into
the furnace through the feeder. The particle size distribution
follows Rosin—Rammler from 2 to 8 mm with a mean diam-
eter of 2.5 mm and sphericity factor (¢,) of 0.5. The parti-
cle—wall reflection coefficient was 1. Air was blown with the
amount in such a way that air to rice husk ratio is 10.7 (Ste-
ven et al. 2022d). The physical properties of air were input-
ted at 25 °C. The air supply was distributed into two axial
air (25%), four tangential air (45%), two lower secondary air
(8.4%), and two upper secondary air (21.6%). The turbulent
viscosity ratio for all boundary conditions was set at 10%.
After simulation, the pathline profile for air flow structure
and particle track profile for rice husk flow structure was
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extracted. Also, the amount of particle loss was also evalu-
ated in the simulation and cold test experiment.

CFD model

The standard k—e model was applied in this study. It was
derived from Reynolds-Averaged Navier—Stokes (RANS)
equation which calculated the static pressure (p) and veloci-
ties in three-dimensional directions as a time-averaged result
(Malik et al. 2010; Norton et al. 2013; Malekjani and Jafari
2018). Meanwhile, the standard wall function was employed
to evaluate the condition near the wall since it is widely used
in industrial applications (ANSYS 2019). The mathematical
model for fluid flow is using Eulerian approach. It consists
of mass conservation that follows Eq. 1 and momentum con-
servation in three-dimensional directions which are given in
Eq. 2.

Turbulent viscosity (4,) is an important contribution to tur-
bulent flow modelling where the value is then described in
the forms of turbulent kinetic energy (k) and turbulent kinetic
dissipation rate (¢) terms (Bindar 2017; ANSYS 2019; Steven
et al. 2022a), as seen in Eq. 3. Subsequently, k is specifically
described in Eq. 4 whereas Eq. 5 is for determining .
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where p is air density, y is air viscosity, g is gravity accel-
eration constant, and F, is the external body forces per fluid
volume unit that arise from interaction with the dispersed
phase (ANSYS 2019).

In the meantime, the particle movement caused by fluid
flow is defined by a discrete phase model which utilizes the
Eulerian-Langrangian approach (ANSYS 2019; Nakhaei
et al. 2020; Steven et al. 2022a). The particle velocity field
is influenced by the momentum balance of each particle
and is presumed no interaction within particles (inert), so
it only interacts with the fluid through particle—fluid drag
force which is formulated by a drag equation (Bindar 2017;
Park and Choi 2019). The used empirical equation for drag
coefficient (Cp) is written in Eq. 6 (Haider and Levenspiel
1989). For every particle which has density p,,, diameter
d, and sphericity factor ¢, the particle velocity field has

u,,, and u,,. The particle momentum

components of Upys Uppys
conservation equation is expressed in Eq. 7.
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where F,; is an additional acceleration force per particle
mass unit term (ANSYS 2019).

Numerical solution setup

The aforementioned problem was numerically solved using
a commercial CFD software package, ANSYS Fluent 2021
v.20. The simulation was undergone under an optimal grid
cell of 1,950,000 (Steven et al. 2022a). The pressure-based
steady-state solving method uses a coupled algorithm for
pressure—velocity coupling. The spatial discretization meth-
ods are outlined in Table 1 and the pseudo-transient explicit
relaxation factors were taken from ANSYS default value:
0.5 for pressure, 0.5 for momentum, 1 for density, 1 for body
forces, 0.75 for turbulent kinetic energy, 0.75 for turbulent
dissipation rate, and 1 for turbulent viscosity. In this pro-
cedure, the residual error absolute criteria were set at 107°
to guarantee convergence. The pseudo-transient calculation
with an automatic time-step method and time scale factor 1
was performed for 2000 iterations.

Cold test experiment procedure

The acrylic suspension furnace was constructed with clear
and translucent acrylic material in order to facilitate the flow
structure visualization. The furnace geometry was fabricated
part per part and each part was supplemented with flanges.
The black rubbery gasket was installed between flanges and
connected using bolts that clamped with nuts. The gasket
providence is purposed to prevent acrylic break propaga-
tion caused by high mechanical stress from bolts and vibra-
tion stress from the blower as well as to prevent air leakage
(Mohammed et al. 2018). Afterward, the furnace and blower
frames were constructed to erect the furnace and support
the blower position. In absence of a frame, there is a high
probability of acrylic cracking due to the blower mass. The
whole frame was made of cold-formed steel and the joints
were locked with a threaded steel bolt. The furnace with the
frame is shown in Fig. la.

The experiment was carried out for two objects: air and
particle. For air flow structure visualization, onionskin (thin
oil paper) with 100 mm length and 5 mm width was embed-
ded on a string with a distance for each paper of 5 mm. The

Table 1 Spatial discretization solving methods

Parameter Method

Gradient Least square cell-based
Pressure Second order
Momentum Second order upwind

Turbulent kinetic energy First order upwind

Turbulent dissipation rate First order upwind
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string was then clung in five locations test as presented in
Fig. 1b. For particle flow structure visualization, rice husk
was fed into the feeder and was blown by the air with the
aforementioned air proportion. All the visualized results
were captured by the camera.

Results and discussion
Air flow structure in the suspension furnace

A cold test experiment is an important tool for simulation
result validation and aims to visualize in which direction the
onionskin will wave under the effect of axial and/or tangen-
tial air. It was first done at left and right burner locations. For
conditions with no air was supplied, all of the onionskin is in
the stationary state with a downward direction, Figs. 2a and
3a. When only an axial blower was applied, the onionskin
wave uniformly in the same direction along with the axial
air flow. For both left and right burners under influence of
axial air, the flow structure obtained from the simulation is
in good agreement with the experiment as served in Figs. 2b,
c and 3b, c.

The next experiment was performed with the attendance
of axial and tangential air flows in the burner. Tangential air
supply can generate swirl flow and it was proven through
the onionskin movement direction. The movement shows a
wavy pattern in the axial direction, in the curve direction,
and circularly moves upward and downward as depicted in
Fig. 2d, e for the left burner and Fig. 3d—g for the right
burner. The air flow structure in the left and right burners
under the presence of axial and tangential air from the simu-
lation predictions are all qualitatively reasonable with the
results obtained from the experiment.

Subsequently, the cold test experiment was conducted on
the bottom, middle, and top areas of the furnace, and the
results are presented in Fig. 4. In this condition, all blowers
(axial, tangential, and secondary) were turned on and the
onionskin movement direction was scrutinized in detail. For
the bottom area of the furnace, the flow swirled because of
the turbulence near the lower secondary air supply. When
getting further from the lower secondary air, the swirl inten-
sity becomes weaker and it is proven by the onionskin move-
ment pattern in the middle and top area of the furnace. As
the figure implies, again, there is relatively a small gap in the
air flow structure between the predicted result from the sim-
ulation and the visualization from the cold test experiment.

Rice husk flow structure in the suspension furnace
Besides validating the air flow structure, the cold test experi-

ment was also implemented to validate and visualize the rice
husk flow structure. By design, this furnace has two rice
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Fig. 1 Acrylic suspension furnace (a); five locations test for air flow structure visualization (b)

husk feeders which are located on left and right burners.
This makes continuous feeding becomes difficult and quite
impossible to be operated. To overcome this matter, as much
as 575 g of rice husk was fed in batch mode with each burner
occupying ¥2 of the total rice husk load. In such a way, rice
husk was arranged to produce a low void fraction before
axial and secondary air blowers were turned on. Accord-
ing to the simulation and experiment, rice husk flows in the
axial direction in dominance before they enter the furnace
and flow downward caused of gravity as seen in Fig. 5a, b.
Nevertheless, there is a slight difference in the simulation
profile that rice husk has a weak sinusoidal pattern which is
strongly believed due to the reflection with the burner wall.
In the simulation, the reflection coefficient was set at 1 and
this is indeed dissimilar to the actual particle-wall reflection
condition.

The final experiment involved all blowers to determine
the effects of tangential and secondary air on the rice husk
flow structure. Tangential air providing compels the rice
husk particle to flow along the burner wall and conse-
quently creates the swirl pattern in dominance compare

to the particle—wall reflection (Pasymi et al. 2020b). The
two-dimensional swirl pattern mapping is figured out as a
sinusoidal wave with peaks and valleys. Under the same rice
husk load and air flowrate, the swirl amount was recorded
in a varying range from 1 to 3. The varying swirl amount
happens because the process still has not yet reached a fully
steady-state condition as the simulation does. At the begin-
ning of the process, the swirl pattern is recorded to have
1 peak and 2 valleys as captured in Fig. 5c, d. Apart from
that, under more steady-state conditions, the swirl pattern
consists of 2 peaks and 3 valleys on the left burner as well
as 3 peaks and 3 valleys on the right burner, as given in
Fig. 5e-h.

When rice husk flow arrives at the end of the burner
position, it will continue to flow downwards to the bottom
of the furnace (Kapur et al. 1984). As a consequence of
the secondary air supply, rice husk undergoes recirculation
flow in the area between the bottom and middle furnace
(Steven et al. 2022a), as seen in Fig. 5g. The recirculation
plays an important role to extend the particle residence
time and hence maximize the air—particle contact (Lin
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Fig.2 Air flow structure in the
left burner

@

No air was supplied

(b)

Only axial air was supplied (b: simulation; c¢: experiment)

) | (e) |

Axial air and tangential air were supplied (d: simulation; e: experiment)
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Fig.3 Air flow structure in the
right burner

(b)
Only axial air was supplied (b: simulation; c: experiment)

Ak
- o,

A

) (e)

Axial air and tangential air were supplied (d: simulation; e: experiment)
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Fig.3 (continued)

®

et al. 1997; Koksal 2001; Chokphoemphun et al. 2019).
For a long time, rice husk will settle in the bottom area of
the furnace to be collected later. Although the suspension
burner produces a great deal of airborne ash (Kapur et al.
1984), interestingly this study found only 1.4 g of a fine
particle of rice husk was flown to the top area of the fur-
nace and entered the cyclone. This finding is strengthened
by the statement that a fine particle with a diameter of
less than 1 mm tends to be blown out and captured in the
cyclone (Rozainee 2007). The escaped particle from the
cold test experiment is 0.23% which is far lower than the
simulation predicts, 11.06%.

The model performance for predicting air
and particle flow structure

For most of the part, the standard k—e model has a good
performance to predict high Reynold flow or fully turbu-
lent regime (Bindar 2017; ANSYS 2019). Unfortunately,
the performance becomes frail when predicting complex
flow with rotations, vortices, and intense swirls (Hoek-
stra 2000; Nemoda et al. 2005; Huang et al. 2010; Pasymi
et al. 2017, 2020a; Gao et al. 2018). Following the previ-
ous results, interestingly, the air flow structure obtained
from the simulation has an adequate consistency with the
experiment. Referring to the five locations test, the stand-
ard k—e model is still able to predict the flow behavior
with a tolerable difference between simulation and experi-
ment, especially for the location in the top area of the
furnace. This is might be induced by standard k—e model
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(g

Axial air and tangential air were supplied (f: simulation; g: experiment)

which assumes that velocity fluctuation in all directions is
equal, known as isotropic turbulent flow (Khosravi Nikou
and Ehsani 2008; ANSYS 2019). Meanwhile, in reality,
the flow is anisotropic where the fluctuation behavior is
complex and caused by the different fluctuation compo-
nent values in each direction (Khosravi Nikou and Ehsani
2008; Bindar 2017; Malekjani and Jafari 2018; Steven
et al. 2022a). Nevertheless, this model has already shown
its ability and versatility to give a logical result in predict-
ing fairly intense swirl flow behavior with a large Reynold
Number (Re = 65,000).

Apart from that, the particle trajectories modelling
with Eulerian-Lagrangian approach is actually proper for
dilute particle concentration (Singh et al. 2013; Nakhaei
et al. 2020). In line with the result from this study, there
is a slight discrepancy in particle flow structure which is
strongly caused by the distinction of inputted rice husk
intrinsic parameter between simulation and actual condition.
It cannot be denied that rice husk particle size and sphericity
factor are the two most difficult intrinsic parameters to be
determined accurately (Pasymi et al. 2020b). The assump-
tion of particle rotational flow negligence also leads to the
flow structure difference.

This study, however, reveals that the standard k—e model
associated with discrete phase model still has the capability
to predict the flow structures with a slight discrepancy in
the result between simulation and experiment. Furthermore,
the standard k—e model is categorized as the simplest two-
equation model so that it consumes the lowest computational
load, as well as fastest computational time, compared to the
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Fig.4 Air flow structure in the
acrylic suspension furnace at
bottom area (a, b), middle area
(¢, d), dan top area (e, f)
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Fig.5 Rice husk flow structure in the acrylic suspension furnace
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()

All air were supplied, experiment

Fig.5 (continued)

other turbulent models (Defraeye 2014). As a consequence,
it is very useful and in-demand to design and evaluate the
performance of process equipment.

Attendance of backflow phenomenon: revalidation
from experiment to simulation

The backflow phenomenon frequently occurs in the cold
test experiment for rice husk flow structure. Actually, rice
husk should flow in a direction corresponding to air flow
direction, that is away from the axial blower. The particle
backflow, hence, is mainly caused by the air backflow that
brings the rice husk back to the axial blower. The rice husk
backflow phenomenon is captured in Fig. 6. Due to this phe-
nomenon, the revalidation study from experiment to simula-
tion was then carried out.

At first, this furnace has tangential air pipes of 75° for it
could create intense and high turbulence as well as longer
particle residence time (Steven et al. 2022g). However, the
emergence of the backflow phenomenon leads to the need for
modifications made from the simulation study. It turns out
that the simulation observes an air flow collision between
upper and lower tangential air for tangential air pipes of
75°. This condition creates air split to flow back into the
axial blower and leads to intense backflow both for air flow
(Fig. 7a) and rice husk flow (Fig. 7b).

Axial Air

Fig. 6 Backflow phenomenon in the cold test experiment

On the other hand, the backflow intensity weakens when
tangential air pipes of 60° (Fig. 8a, b) and become in absence
of air backflow for tangential air pipes of 45° (Fig. 9a).
Under tangential air pipes of 45°, the rice husk flow structure
is also in absence of backflow, as strengthened in Fig. 9b.
The suspension furnace with tangential air pipes of 45° is
now proposed to be chosen because of the proper criteria
to avoid particle backflow phenomenon. Contrary, the tan-
gential air pipes of 45° could lessen the air—particle intense
contact but providing a longer burner is recommended to
overcome this contradictive problem (Steven et al. 2022c).
Therefore, the suspension furnace with a longer burner and
tangential air pipes of 45° is expected to produce intense
air—particle flow with no backflow phenomenon.

Conclusions

The flow structure of air and rice husk under axial, tan-
gential, and secondary air in the acrylic suspension fur-
nace have been studied in detail through CFD and cold
test experiment. Based on the study, the tangential air
supply is proven to generate swirl flow patterns for both
air and rice husk. Air swirl flow is indicated by the onion-
skin movement in a curve direction and circularly moves
upward and downward. For rice husk flow structure, the
swirl flow is reflected by the generation of sinusoidal
peaks and valleys in the burner. Additionally, the second-
ary air creates recirculation flow before rice husks fall to
the bottom of the furnace. There is also a backflow phe-
nomenon that is recorded in the rice husk flow structure
due to the flow collision of lower and upper tangential air.
From the revalidation study, modification of tangential air
pipes, as well as longer burner length, can create intense
air—particle contact without backflow. Conclusively, the
standard k—e model can predict the flow structure with
an accurate performance as well as low computation load
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Fig. 7 Backflow investigation at tangential air pipe of 75° for air flow (a), dan rice husk flow (b)
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Fig. 8 Backflow investigation at tangential air pipe of 60° for air flow (a), dan rice husk flow (b)
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Fig.9 Backflow investigation at tangential air pipe of 45° for air flow (a), dan rice husk flow (b)
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and relatively shorter computation time. Moreover, the
simulation was validated by a cold test experiment with
qualitatively good agreement results.
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