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Abstract

The knowledge of fluid–particle flow behavior is necessary. Unfortunately,

computational fluid dynamics (CFD) studies are mostly focused on developing

numerical methods in detail. Instead, the CFD studies should also subtly shift

to become a tool for digitalizing fluid science to guide the practical industrial

aspects. Therefore, this simulation study intends to reveal the air and rice husk

flow behaviors in a vertical suspension furnace, complete with presenting digi-

tal simulation data, aiming to alleviate the escape particle amount. According

to this study, the escaped particle amount was suppressed under more sphere

particle, smaller particle size, and feed inlet pipe that sunk into the burner.

The properties change from rice husk to ash, along with temperature escala-

tion (as in combustion phenomena), enlarging the escaped particle amount, so

the cyclone should be installed to handle it. In addition, the results of digital

turbulent data from CFD simulation have succeeded in intriguing and reveal-

ing the fluid–particle flow behavior in the vertical suspension furnace. The

data show a close match to the real phenomena occurring inside this furnace

which reflects the standard k–ε model can conclusively predict fluid–particle
flow behavior without conflicting Newton's second law of particle motion.
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1 | INTRODUCTION

Recently, the use of biomass attracts many researchers'
attention due to its sustainability and contribution to a
low carbon footprint.1–8 Rice husk, as agricultural bio-
mass, has high heating value (2870–4067 kcal/kg) and
high volatile matter (55% to 60%), so it is attractive to be
exploited as fossil fuels substitute.9,10 The green products
from rice husk are mostly obtained through combus-
tion.11,12 It is suitable to be implemented in a vertical sus-
pension furnace, but it has many factors that influence

the performance, such as particle size, moisture content,
sphericity, feeding technique, and furnace geometry.13–15

To achieve biomass combustion success, it is impor-
tant to understand the fluid–particle flow behavior inside
the furnace.16 Currently, it is aided by computational
fluid dynamics (CFD) which has become an extensively
established, robust, and low-cost tool for examining
it.17,18 As time passes, CFD has completely changed the
paradigms of fluid–particle flow which used to be full of
abstractions.19 CFD has also received growing attention
for its versatility whereas equipment design has to
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include an intensive cost of prototyping tests and trouble-
shooting industrial equipment was also nearly impossible
before this era was developed.20–22 However, apart from
the advantages offered, CFD also has some limitations
that need to be paid attention to.19,23

It should be realized that earlier CFD studies were
born due to the success euphoria to solve complex phe-
nomena through numerical methods. Unfortunately, this
causes researchers to suppose the CFD with extraordi-
nary numerical methods in describing the fluid–particle
flow phenomenon is the only important aspect.20 The
embodiment in fabricating and troubleshooting the
equipment that has been designed is even somewhat
ruled out because it is thought to be industrial experts'
responsibility.19 The aforementioned arguments are
reinforced by the study which was carried out by Norton
et al. (2007) where they stated the CFD study still strug-
gling with several issues. Those issues are high-Reynolds
turbulent modeling through numerical method improve-
ment, time stepping in transition turbulent modeling,
unstructured hybrid meshes development to be incorpo-
rated into general codes, numerical observation of near-
wall criterion, and mesh refinement to achieve high
convergence.24

Accordingly, it is necessary to encourage and ensure
the CFD research direction is not just a competition for
developing numerical methods.24 The CFD studies
should subtly shift to become a tool for digitalizing fluid
science to guide the practical industrial aspects.25–27 Clos-
ing the gap between simulation and as-built performance
should also be an elegantly discussed topic nowadays by
all academicians.22,23,28 Several studies relate to the
fluid–particle flow described that particle drag force
occupies an important place in the prediction of
multiphase flow characteristics.29–31 Besides, particle
sphericity is truly sensitive to the flow performance while
particle reflection factor is more inferior.32 A similar
statement was affirmed that fluid–particle flow in a fluid-
ized bed system is more affected by particle sphericity
rather than the reflection coefficient.33 The research from
Fotovat et al. (2015) supplemented that particle upward–
downward velocity and residence time depend on the
particle sphericity.34

Apart from that, the existing CFD studies that reveal
and serve their digital simulation data are still limited.
The simulation study from Ostermeier et al. (2019)
mostly served contour profiles for particle temperature,
solid volume fraction, mean velocity field, and volatile
mass fraction in certain areas,16 but their study has not
exhibited the digital simulation data. The CFD study for
simulating biomass gasification by Gao et al. (2019) has
not displayed their digital simulation data but only pres-
ented temperature contours of rice husk gasification at

various particle sizes and several plots related to the cold
gas efficiency improvement.35 The review study about
CFD on non-spherical biomass particles by Ullah et al.
(2019) has also not yet highlighted the digital simulation
data.31 The experimental and computational study of tur-
bulent pipe flow by Lopez-Santana (2022) mostly
expressed plots related to velocity and shear stress in
radial pipe position,36 and they have not even shown the
digital simulation data.

Based on the previous evidence, the studies accentu-
ating the fluid–particle flow complete with digitalized
fluid science are still scarce. The purpose of this study is
then to investigate the detailed flow behaviors of air and
rice husk in a vertical suspension furnace, complete with
presenting digital simulation data, for reducing the
escape particle amount. The influences of air supply
ratio, particle sphericity, particle diameter, rice husk
loading rate, burner orientation, cyclone installation, feed
characteristic properties, and process temperature on
escaped particle amount were inspected in perusal. After-
ward, the digital turbulent data of air and particle flow
were pointed out and analyzed to intrigue fluid science
knowledge inside this suspension furnace. Finally, the
model performance validation was also held with the
assistance of Newton's second law for macroscopic parti-
cle motion mechanics.

2 | INVESTIGATION
METHODOLOGY

2.1 | Geometry and simulation
conditions

At first, the furnace geometry followed Figure 1a,b and
the burner orientation was perpendicular to the furnace.
As much as 1 tonne/h of rice husk with a particle density
of 661.92 kg/m3 was injected from the feed inlet pipe.
The typical excess air requirement for rice husk combus-
tion is in the range of 40% to 100%.9 This study selected
80% of excess air amount, and according to the study by
Steven et al. (2022), it gave to the mass ratio of air and
rice husk of 10.37 The air supply was then distributed to
axial, tangential, and secondary air with ratios of
25:45:30, 25:51:24, and 25:60:15. The particle size distri-
bution followed Rosin–Rammler model with the range of
2–8 mm and varied at averaged diameters of 1, 2.5, and
4 mm. The particle sphericity was also varied at 0.25, 0.5,
and 1. The reflection coefficient between particle and
wall was stated as 1.

After that, the furnace was modified as given in
Figure 1c. It has inner diameter of 300 mm (previously
564 mm), burner length of 650 mm (previously 500 mm),
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and tangential pipe angle with an angle of 45� to the
burner (previously perpendicular). The angle of 45� is
believed can create intense contact of air and particle in
the burner with no attendance of backflow and rec-
irculation phenomena. If the angle is between 45�–90�,
the residence time of air and particle in the burner is lon-
ger, but the backflow and recirculation phenomena
strongly occur. If the angle is lower than 45�, the back-
flow penetration depth is shorter, but the residence time
of air and particle in the burner also becomes shorter.38,39

In further, two secondary air pipes were added at the top
area of the furnace (previously only at the bottom area of
the furnace). Rice husk loading rates were also reduced
to the values of 50, 45, 42, 41, and 40 kg/h.

The feed characteristic properties (particle density
and diameter under varying mixtures of rice husk and
rice husk ash) were varied at “0–100” (100% rice husk),

“25–75” (25% rice husk + 75% rice husk ash), “50–50”
(50% rice husk + 50% rice husk ash), “75–25” (75% rice
husk + 25% rice husk ash), and “100–0” (100% rice husk
ash). The particle density of ash is 2063 kg/m3 and ash
particle diameter was distributed in 0.5–1 mm with an
average value of 1 mm. All mixture properties followed
linear correlation. Process temperature was also varied
at 25�C and 700�C. The temperature of 25�C represents
the air and rice husk flow condition in absence of com-
bustion phenomena (namely, cold flow modeling)40

whereas the temperature of 700�C indicates the flow
condition in the presence of combustion phenomena
before the silica in rice husk ash transforms to crystal-
line phase.14,37,41 Air density alleviates from 1.184 to
0.363 kg/m3, and air viscosity enhances from
1.84 � 10�5 to 4.09�10�5 Pa.s along with temperature
change from 25�C to 700�C.

FIGURE 1 (a) 2D sketch of vertical

suspension furnace, (b) 3D geometry of vertical

suspension furnace, and (c) 3D geometry of

modified suspension furnace
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2.2 | Governing equations

This study utilizes standard k–ε model which is widely
used for fluid flow quantification in engineering prob-
lems.18 The equations involve air density (ρ), air viscosity
(μ), gravity acceleration constant (g), static pressure (p),
external force (Fe), and turbulent viscosity (μt), as shown
in Figure 2. The turbulent viscosity is then described in
the forms of turbulent kinetic energy (k) and turbulent
kinetic dissipation rate (ε), as served in Equation 3. The k
and ε equations are given in Equations 4a and 5.
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Meanwhile, the particle flow is quantified by a dis-
crete phase model which utilizes Langrangian
approach.42 According to this approach, the particle flow
is only affected by the momentum balance of each parti-
cle through a particle–fluid drag coefficient (CD).

43 This
coefficient depends on sphericity (φp) and particle Reyn-
olds number (Rep) as written in Equation 6a.44 For every
particle that has density ρp and diameter dp, the particle
velocity field has components of upx , upy, and upz. The

FIGURE 2 (a) Grid independence test and turbulent models

validation using experiment by Chen et al. and (b) grid

independence test for this study
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particle momentum conservation is then consists of drag
force, gravitational force, and external force in a sequen-
tial order, as expressed in Equation 7.
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þ 24
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2.3 | Solution settings

The disclosed problem was solved numerically using the
commercial CFD software package, ANSYS Fluent 2021
R2. The software for generating mesh used ANSYS
Meshing which has already been embedded in the software
itself. The tetrahedral grid size was set at 6, 9, 12, and
18 mm to generate grid numbers of 7050000, 1950000,
886000, and 253000, respectively. The standard wall func-
tion was applied and the numerical method schemes
followed Table 1. The residual absolute criteria for all vari-
ables was 10�6 to ensure convergence. The pseudo-
transient calculation with automatic time-step method and
time scale factor 1 were employed for 1000 iterations.

3 | RESULTS AND DISCUSSION

3.1 | Model validation and grid
independence test result

The model was first validated with the experiment by
Chen et al. (1999).45 Under standard k–ε model and grid
numbers of 10400, 93500, and 427500, the resulting pro-
files still give a far discrepancy from the experimental
data. Contrary, the grid numbers of 1480000 and
13950000 provide a meaningless difference compared to

the experimental data, as notified in Figure 2a. Despite
the more accurate results being obtained under the finer
grid size, it will impact greater computation time and
more extravagant memory consumption.46–48

The grid number of 1480000 is then chosen for simu-
lation using standard k–ε, RNG k–ε, and realizable k–ε
models. The results imply that all models have tolerable
precision and are close to the experiment data as long as
the inspected area is not near the wall, as also plotted in
Figure 2a. This is proven true because the k–ε models
have a good performance in predicting swirl and fully
turbulent conditions away from the wall area.21,49,50

Subsequently, the grid independence test is applied to
the suspension furnace used in this study. It employs stan-
dard k–ε model and is performed in the radial position of
the furnace chamber at a height of 1.3 m. Figure 2b
informs that 1950000 is the optimal grid number to be
selected because the resulting profile has not significantly
changed compared to the grid number of 7050000. Ulti-
mately, this study chooses standard k–ε model with a grid
number of 1950000 due to the good agreement results and
its mild demanding computation.21,50

3.2 | Influences of air supply ratio,
particle sphericity, and particle diameter
on escaped particle amount

From the macroscopic point of view, the forces that act
on the particle (

P
F) due to fluid flow field are particle

TABLE 1 Numerical method schemes

Parameter Value

Statement mode Steady state

Solver Pressure based

Pressure–velocity
coupling

Coupled

Spatial
discretization

Gradient: Least square cell based
Pressure: Second order
Momentum: Second-order upwind
Turbulent kinetic energy:
First-order upwind

Turbulent kinetic dissipation rate:
First-order upwind

Explicit
relaxation factors

Pressure: 0.5
Momentum: 0.5
Density: 1
Body forces: 1
Turbulent kinetic energy: 0.75
Turbulent kinetic dissipation rate:
0.75

Turbulent viscosity: 1

STEVEN ET AL. 5 of 16



drag force, Froude–Krylov force, mass inertia force, buoy-
ant force, Basset force, and gravitational force. The
Froude–Krylov force dominantly appears on the pressure
field of the uneven flow as in ocean wave flow. Addition-
ally, mass inertia force arises when there is an unsteady
acceleration of the particle flow in a fluid flow field. The
Basset force has a significant contribution to a viscous
effect and the value becomes greater under large
acceleration.42,51,52

This study dwells with air–particle fluid dynamics
without fluid acceleration and is presumed to have an
evenly distributed pressure field flow so that the Froude–
Krylov and Basset forces can be neglected. Hence, the
remaining forces that act on the particle are gravitational
force (Fg), buoyant force (Fa), particle drag force (Fs),
and mass inertia force (Fi). Newton's macroscopic parti-
cle flow equation is mathematically written in
Equation 8a.42,52,53 The settling velocity for single particle
(ut,s) is then calculated from Equation 8b in absence of du

dt
term. The settling velocity for particle systems (ut) is
determined from ut,s which is corrected by particle bed
void fraction (ε, usually 0.5) and Maude–Whitmore
parameter (β) as shown in Equation 9.53,54 The laminar
regime for particle flow occurs when the Rep <1 and fol-
lows Stokes' settling regime, while the turbulent regime
flow occurs when Rep >1000 and follows Newton's set-
tling regime. 53

X
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The particle settling velocity is used to describe the
escaped particle amount. The sphere particle under the
air supply ratio of 25:45:30 gives the escaped particle
amount of 59.79%. The Rep for this variation is 1512.87 or
in Newton's settling regime with a constant drag coeffi-
cient (CD) in the range of 0.40–0.44.53,55 Decreasing the
secondary air ratio from 30% to 23.75% reduces the
escaped particle amount from 59.79% to 41.50%, and
then, the value goes up to 44.65% under secondary air
ratio of 15%, as outlined in Table 2. It shows that lower-
ing the secondary air ratio does not provide a clear pat-
tern and disproves the escaped particle amount
alleviation.

Table 2 also reveals that more non-sphere particle
leads to the escalation of particle escaped amount from
44.65% to 56.64%. Under constant particle diameter and
equal air flowrate at particle Reynolds number (Rep) of
1512.87, the drag coefficient (CD) for sphere particles is
lower than non-sphere particles (0.4 vs. 1). The relation-
ship between CD and Rep can be found in the graph plot-
ted by Lapple and Shepherd (1940)55 and Yow et al.
(2005).56 The lower drag coefficient of on-sphere particle
impacts the more dominant settling velocity which allevi-
ates the escaped particle amount.57 The research

TABLE 2 Influence of air supply ratio and particle sphericity

on escaped particle amount

Parameter Value

Axial air (%) 25 25 25 25 25

Tangential air (%) 45 51 60 60 60

Secondary air (%) 30 24 15 15 15

Particle sphericity 1 1 1 0.5 0.25

Escaped particle (%) 59.79 41.50 44.65 49.43 56.64

TABLE 3 Influence of particle diameter on escaped particle

amount

Parameters Value

Axial air (%) 25 25 25

Tangential air (%) 45 60 60

Secondary air (%) 30 15 15

Particle sphericity 1 1 0.25

Escaped particle for dp 2.5 mm (%) 59.79 44.65 56.64

Escaped particle for dp 1 mm (%) 7.91 10.90 11.24

Escaped particle for dp 4 mm (%) 19.04 16.89 19.55

TABLE 4 Influence on rice husk loading rate and tangential

pipe angle on escaped particle amount

Parameters Value

Particle sphericity 1 1 0.5 0.25

Tangential pipe angle (�) 90 45 45 45

Escaped particle, for 50 kg/h (%) 31.15 0 7.38 9.43

Escaped particle, for 45 kg/h (%) n.s. 0 2.15 5.12

Escaped particle, for 42 kg/h (%) n.s. 0 1.64 1.88

Escaped particle, for 41 kg/h (%) n.s. 0 0.75 1.02

Escaped particle, for 40 kg/h (%) n.s. 0 0 0

Abbreviation: n.s., not simulated.
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demonstrated by Dogonchi et al. (2015), as well as the
review study from Hatami et al. (2017), also strengthens
that a longer settling time of non-sphere particle is due to
the more inferior settling velocity compared to the sphere
particle.52,58 Regarding this fact, rice husk sphericity
enhancement becomes a necessity and can be fulfilled by
grinding.

Interestingly, the larger particle diameter from 1 to
2.5 mm initially intensifies the escaped particle amount
and then reduces under 4 mm. The Rep for 1, 2.5, and
4 mm are 329.79, 824.47, and 1319.15, successively. It can
be seen that particle diameter of 1 mm is not fully turbu-
lent regime whereas 2.5 and 4 mm can be categorized as
fully turbulent regime flow. The particle settling velocity
under not fully turbulent regime has a larger value than
under a turbulent regime flow.59 Thus, it is reasonable
that 1 mm of particle diameter, for all variations, gives
the least escaped particle amount as tabulated in Table 3.
It is also observed that large particles tended to settle, but
fine material is easier to escape.60,61

On the other hand, the particle settling velocity in a
turbulent regime flow is faster in line with a larger parti-
cle diameter.53 This resulted in a lower escaped particle
amount for particle diameter of 4 rather than 2.5 mm.
Rozainee et al. (2010) also reinforce that larger size of
particles was difficult to be entrained along with fluid
flow.62 Nonetheless, the smaller particle diameter has
superiority in negligible internal heat and mass trans-
port resistance which is beneficial for rice husk combus-
tion because of more intense contact, greater degree of
conversion, and swifter combustion time.35,41 The varia-
tion of air supply ratio also does not give any pattern
because the lower secondary air ratio from 30% to 15%
reduces the escaped particle amount for particle diame-
ters of 2.5 and 4 mm but not for 1 mm. Besides, the
non-sphere particle (φp ¼ 0:25) has a result of more
escaped particle amount than sphere (φp ¼ 1). Again, it is
confirmed that rice husk grinding, to reduce the particle
diameter and improve the particle sphericity, is impor-
tant to be done.

FIGURE 3 (a) Cyclone geometry,

(b) particle flow behavior in the furnace without

cyclone, and (c) with cyclone
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3.3 | Influences of rice husk loading rate,
burner orientation, and cyclone
installation on escaped particle amount

The simulation was done for the furnace with a diameter
of 300 mm. For rice husk loading rate of 50 kg/h and per-
pendicular tangential pipe orientation, the escaped parti-
cle amount is 31.15%. The value for declined rice husk
loading rate and varying particle sphericity and tangen-
tial pipe orientation are given in Table 4. There is no
escaped particle under rice husk loading rate of 50 kg/h
and tangential pipe angle of 45� under sphere particle.
Lowering the rice husk loading rate from 50 to 40 kg/h
can also decrease the escaped particle amount and the
rice husk loading rate of 40 kg/h gives no escaped parti-
cle for all particle sphericity values. However, the rice
husk loading rate that is too low makes the operation less

economic and if too high, as aforementioned, can esca-
late the escaped particle. Despite the more non-sphere
particle going up the escaped particle, it is found that at
41 kg/h of rice husk loading rate becomes an optimal
loading rate.

The cyclone separator (Figure 3a) is then installed for
capturing the small amount of escaped particle.57,60,61

After installation, in contrast, the escaped particle
amount for 41 kg/h of rice husk loading rate significantly
raise to 94.02% for φp ¼ 0:25 and 60.85% for φp ¼ 0:5,
where the previous results only 1.02% and 0.75% (see
Table 4). Figure 3b,c actually exhibits that rice husk par-
ticle trajectory is concentrated at the half-bottom area of
the furnace. This strongly indicates that the particle are
not flowing to the top area of the furnace, but a signifi-
cant amount of escaped particles is caused by particles
that flow out from the feed pipe location. Yet it turns out

FIGURE 4 (a) Pressure profile

inside furnace without cyclone,

(b) pressure profile inside furnace with

cyclone, (c) pressure plot for furnace

vertical position without and with

cyclone, and (d) pressure plot for

furnace feeding location and top area

without and with cyclone
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that it is a practical common obstacle that commonly
happens in rice husk continuous feeding.63,64

It should be noted that pressure drop definitely occurs
for the flow inside cyclone.65 This leads to the cyclone

installation creating a higher pressure drop inside the fur-
nace. At a time, this condition can further prevent air
and particle to flow into the furnace so that particles flow
back to the burner and then flow out from the feeding
location. It conclusively becomes the cause of the greatly
increased number of recorded escaped particle amounts.
Figure 4 strengthens the previous qualitative explanation
where the pressure drop between the bottom and top
areas of the furnace is 1.51 kPa in absence of cyclone and
increases to 1.86 kPa for cyclone attendance. Also, the
pressure drop between feeding location and furnace top
area is 3.03 kPa for furnace without cyclone and then
escalates to 3.44 kPa for furnace with cyclone.

The proposed practical solution to avoid the high
amount of escaped particles from the feeding location
due to cyclone installation is sinking the feed inlet pipe
into burner,63 as shown in Figure 5a. When the feed inlet
pipe is sinking 3 cm into the burner, the cross-sectional
area of the burner certainly narrows. Following the flow
continuity principle, the axial air flow with a higher
velocity and at the same time reduces the static pres-
sure.53 It then creates a suction effect which compels the
particle to flow into the burner. Figure 5b quantitatively
reinforces that pressure is higher at the feeding location
area rather than inside the burner for the unsinking feed
inlet pipe, making particles flow out from this area. The
opposite phenomenon is found in sinking feed inlet pipe
which allows the pressure inside the burner to be lower
and thereby creates the suction effect.63 Following this
modification, the escaped particle amount far lessens
from 94.02% to 19.00% for particle sphericity of 0.25 and
from 60.85% to 11.06% for particle sphericity of 0.5.

FIGURE 5 (a) Air flow pattern in the furnace with sinking

feed inlet pipe and (b) burner pressure drop for sinking and

unsinking feed inlet pipe

FIGURE 6 Location points

to analyze digital turbulent data

of (a) air flow and (b) rice

husk flow
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3.4 | Fluid science analysis from digital
turbulent simulation data

Pointing out the digital simulation data of turbulent flow
variables is no less important and actually becomes a dis-
tinct novelty in this study. The real value of the turbulent
flow variables inside the vertical suspension furnace with
cyclone, as well as their resulting patterns, can be exam-
ined and studied only if those data are exposed. In conse-
quence, fluid science of it can be intrigued and
scrutinized accurately and thoroughly. To achieve this
goal, as many as 20 random location points inside the
suspension furnace are created to analyze the digital tur-
bulent data on air flow as depicted in Figure 6a. Subse-
quently, as many as 20 random location points on
particle trajectory are also composed to analyze the digi-
tal turbulent data on rice husk flow (Figure 6b). Those
turbulent flow variables are represented by static pressure
(p), average air velocity in x-direction (ux), average air
velocity in y-direction (uy), average air velocity in z-
direction (uz), turbulent kinetic energy (k), turbulent
kinetic dissipation rate (ε), average particle velocity in x-
direction (upx), average particle velocity in y-direction

(upy), average particle velocity in z-direction (upz), and
turbulent intensity.

The digital turbulent data for air flow are summarized
in Table 5. The value of p inside the furnace seems simi-
lar except at points S and T. The highest total averaged
velocity appears at point S making the lower static pres-
sure here. The vacuum condition occurs at point T as a
consequence of duct enlargement which generates eddies
and internal recirculation area.21,53 The value of ux is
found higher at points G and J as well as at points I and
K in line with the axial air direction. The negative sign
signifies against the axis, and the positive sign means par-
allel to the axis. Contrary, the largest value for uy is nomi-
nated at point S. The value is positive because the flow
direction being in line with the y-axis direction.

The flow of axial, secondary, and tangential air
entirely enters the cyclone inlet, and accordingly, point T
is the highest value for uz. The second-largest value for uz
is found at points H and L because they are close to the
tangential air supply. Other than that, the substantial
values of k, ε, and turbulent intensity are obtained in the
locations that have turbulence generators or obsta-
cles.50,53 Hence, points H and L have significant values of

TABLE 5 Digital turbulent data of air flow at 20 location points in a vertical suspension furnace

Location
points

Coordinates

p (Pa)
ux

(m/s)
uy

(m/s)
uz

(m/s)
k
(m2/s2)

ε
(m2/s3)

Turbulent
intensity (%)x y z

A 0 �2.4 0 6124.36 �0.041 �0.066 0.005 0.086 0.800 0.234

B 0.05 �2.37 0 6124.49 �1.111 1.735 0.233 0.044 1.007 0.165

C �0.04 �2.37 0 6124.25 0.791 1.021 �0.383 0.118 2.978 0.269

D �0.08 �1.98 0.04 6124.82 �0.328 0.058 �0.641 0.056 0.216 0.192

E 0.09 �2.14 �0.05 6125.18 0.302 0.199 0.537 0.059 0.301 0.194

F 0 �1.8 0 6122.96 0.228 1.948 0.023 0.543 7.491 0.602

G 0.19 �1.82 �0.05 6125.20 �3.169 3.569 �1.312 0.183 6.479 0.349

H �0.6 �1.78 0.05 6135.94 0.983 5.618 �4.061 1.283 131.575 0.920

I �0.2 �1.82 �0.04 6122.04 2.478 �2.897 0.828 0.222 4.365 0.384

J 0.44 �1.8 �0.04 6120.27 �2.273 3.370 0.723 0.557 14.296 0.609

K �0.37 �1.76 0.03 6127.73 2.561 2.678 �3.431 0.299 17.812 0.446

L 0.52 �1.77 0.06 6127.88 �2.112 �3.095 4.583 0.772 58.394 0.715

M 0.02 �1.55 �0.03 6123.50 �0.022 1.137 �0.175 0.343 2.138 0.478

N 0.11 �1.11 �0.05 6123.43 �0.027 1.118 �0.650 0.243 3.529 0.369

O �0.09 �1.31 0.06 6123.64 0.259 0.584 0.127 0.114 0.513 0.276

P 0.14 �0.88 0.03 6118.90 �0.039 �0.116 �0.130 0.713 43.149 0.663

Q �0.12 �0.86 0.03 6119.50 �0.199 �0.266 �0.093 0.494 6.173 0.569

R 0.05 �0.53 0.03 6111.92 �2.113 2.529 �2.056 1.825 51.247 1.054

S 0 �0.35 0 2699.23 0.386 55.317 �1.136 34.945 19841.3 4.825

T 0 �0.27 �0.3 �140.24 �2.169 �2.807 �38.611 68.069 26925.1 6.735
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k, ε, and turbulent intensity for they are close to the tan-
gential air supply as turbulence generators. Point P also
has quite large values of k, ε, and turbulent intensity
because near to the upper secondary air supply as turbu-
lence generators. Likewise, points R, S, and T have a high
value of k, ε, and turbulent intensity due to the appear-
ance of obstacles in terms of sudden contraction (points
R and S) and sudden enlargement (point T).

It should be noticed that air fills the entire furnace's
inside so it can be analyzed in any location (represented
by 20 alphabets in Figure 6a). In contrast with particle
flow, it does not fill the entire furnace and is only found
in certain locations. Thus, the digital turbulent data for
particle flow must lie in the single-particle trajectory that
is released from the feed inlet pipe (reflected by 20 num-
bers in Figure 6b). Based on Table 6, it is agreed that a
low value of average particle velocity is found at points
9, 10, 15, and 20 because they are located in the bottom
area of the furnace. On the other hand, the two highest
average particle velocities are at points 17 and 11 which
are both near the burner ends.

The visualization of air and rice husk flow behaviors
at several locations are then disclosed in terms of flow
lines released from one single point. The air that flows in

the burner consists of axial and tangential air in such a
way that generates swirls before flowing upward and
entering the cyclone unit (Figure 7a,c,d). Meanwhile, the
air from the secondary pipe location directly flows to the
top of the furnace (Figure 7b) or initially forms swirls at
the bottom area before flowing upwards (Figure 7e). Fur-
thermore, the particle trajectory inside the burner
entirely forms an intense swirl flow as in Figure 8. This
clearly proves the tangential air pipe angle of 45� is able
to create perfect fluid–particle contact. The particle tra-
jectory finally ends at the bottom of the furnace, either
through direct downward flow (Figure 8a,e) or being
dragged upwards first by the air and then followed by
downward flow (Figure 8b–d).

3.5 | Influences of feed characteristic
properties and process temperature on
escaped particle amount

This section is expected to provide a preliminary fluid–
particle behavior in the furnace along with the changes
in feed properties and temperature as occurs in combus-
tion. The feed characteristic properties and process

TABLE 6 Digital turbulent data of rice husk flow at 20 location points on particle trajectory in a vertical suspension furnace

Location points

Coordinates

upx (m/s) upy (m/s) upz (m/s)x y z

1 0.69 �1.69 �0.03 0.10 �0.56 �0.19

2 0.63 �1.79 0.06 �0.54 �2.51 0.69

3 0.59 �1.78 �0.03 �0.79 0.44 3.33

4 0.54 �1.86 0.02 �1.24 1.13 �3.65

5 0.50 �1.81 �0.05 �1.48 3.78 0.19

6 0.28 �1.78 0.05 �1.58 �3.77 1.84

7 0.42 �1.81 0.06 �1.76 �3.79 1.28

8 0.17 �1.76 �0.04 �1.74 3.66 1.86

9 �0.16 �2.60 0.00 �0.02 0.02 �0.01

10 �0.13 �2.54 �0.01 �0.29 �0.24 �0.24

11 0.22 �1.86 �0.03 �1.77 0.69 �4.26

12 �0.08 �1.73 0.00 1.40 1.36 �1.06

13 �0.07 �1.71 �0.01 1.40 1.27 �1.06

14 0.11 �1.75 0.09 �1.89 �0.31 3.87

15 0.05 �2.38 0.04 �0.46 0.43 0.30

16 0.32 �1.76 �0.03 �1.60 0.74 4.03

17 0.24 �1.87 0.02 �1.62 �3.26 �2.94

18 0.18 �1.78 �0.05 �1.73 3.72 1.85

19 �0.05 �1.70 �0.02 1.39 1.17 �1.06

20 �0.03 �2.41 0.02 �0.41 0.33 �0.48
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temperature affect the magnitude of the forces acting on
the particle and lead to the different escaped particle
amounts and settling velocity. The escaped particle
amount is obtained from the CFD simulation while the
validation is performed using the calculation of settling
velocity in Equations 8a and 9.

All variations are in the turbulent category which
gives Newton's settling regime. At 25�C, the escaped par-
ticle amount is in the range of 8.70% to 17.58%, and the
settling velocity is calculated in the range of 0.20–
0.23 m/s whereas at 700�C increases to about 30.28% to
48.67% for escaped particle amount and 0.27–0.37 m/s for
settling velocity. The escaped particle and settling veloc-
ity under various feed characteristic properties from “0–
100” to “100–0” form the opposite pattern (Figure 9).

The greater composition of rice husk ash in the feed
mixture augments the particle density but decreases the
particle diameter. At first, the escaped particle amount
weakens from “0–100” to “50–50” and the value goes up
drastically from “50–50” to “100–0,” both for tempera-
tures 25�C and 700�C. This leads to the more escaped
particle amount in the furnace containing rice husk ash

compared to rice husk because ash is more brittle and
easier to break into smaller fragments,66,67 making them
more easily entrained.62,64 It can be said that the lowest
escaped particle amount is found at the composition of
“50–50.” This is supported by the calculation results from
Equations 8a and 9 where the largest particle settling
velocity is nominated to “50–50.”

Likewise, the particle settling velocity is calculated
higher at 700�C, but the escaped particle amount is also
enhanced. This is because a greater drag and buoyant
forces at 700�C due to lower air density and greater air
viscosity occurred.57 Consequently, the particle flow is
more dominantly influenced by the drag and buoyant
forces from hot air than its settling velocity due to grav-
ity. This study finally exhibits that transformation of rice
husk to ash under 700�C (as in rice husk combustion
temperature) leads to smaller particle diameter, greater
particle density, lower fluid density, and higher fluid vis-
cosity. These conditions have an influence on a larger
amount of escaped particles which makes cyclone instal-
lation important for combustion experiments using this
furnace.57,61

FIGURE 7 Visualization of air flow

behavior (released from one single point)
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Although this study has not validated the obtained
simulation results with the experimental data indeed,
there is some evidence that makes the results convincing.
Starting from the initial validation using Chen's

experiment and the results under standard k–ε model
turned out to be accurate, followed by the result pattern
of the escaped particle amount under several parameters
which can be excellently explained by macroscopic

FIGURE 8 Visualization of rice husk flow

behavior (released from one single point)

FIGURE 9 Escaped particle

amount vs. settling velocity under

various feed characteristics properties

at (a) 25�C and (b) 700�C
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particle motion mechanics calculation using Newton's
second law. Moreover, the digital simulation data can
logically describe fluid science and detail phenomena
inside the furnace. Actually, the study related to the
experiment for validating fluid–particle flow behavior in
the biomass cyclonic burner has been conducted by
Pasymi et al. (2020) for air flow dynamics68 and Pasymi
et al. (2020) for Mischantus flow structure.40 They found
a close match for the flow pattern between experiment
and simulation results. Therefore, the results of this sim-
ulation study imply that standard k–ε model has a robust
performance to predict the fluid–particle behavior with
good conformity of results to the macroscopic particle
motion mechanics calculation using Newton's
second law.

4 | CONCLUSIONS

The analysis of digital turbulent data from CFD simula-
tion results has succeeded in intriguing and revealing in
detail the flow behavior of air and rice husk in the verti-
cal suspension furnace. The sphere particle with a
smaller diameter decreases the escaped particle amount
which leads to the necessity of rice husk grinding. The
alleviation of escaped particle amount is also observed
under lower rice husk loading rates and cyclone installa-
tion. Nevertheless, it precisely increases the escaped par-
ticle amount due to the larger furnace pressure drop.
Interestingly, sinking the feed inlet pipe 3 cm into the
burner can evidently suppress it. Furthermore, the prop-
erties change from rice husk to rice husk ash at an esca-
lating process temperature intensifies the escaped
particle, so the cyclone installation plays an important
role to overcome it. Remarkably, the digital turbulent
data for air and particle flow show results that can be
accounted for because match the real phenomena inside
the furnace. This leads to the robustness of standard k–ε
model in predicting the fluid–particle flow behavior and
pattern with a logical result.
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