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Rice husk combustion in the suspension furnace is not an easy
matter. Until now, there are still many obstacles faced in its
process as characterized by low combustion conversion. The main
cause is the poor air-particle contact as well as the probability of

l;’lzjl?ilshe{;(?znélme: particle elutriation out of the furnace chamber before combustion
& completely occurs. Thus, in-depth and detailed understanding of
vords- air and rice husk cold flow structures in the furnace chamber, as
ge?).«}mr)s. furnac proposed in this study, becomes necessary. The simulation study
T”“’Ee?“’“:n urnace was conducted using Reynold stress model (RSM) for fluid flow
urbulen

quantification whereas discrete phase model was utilized for
particle flow quantification. The simulation results reveal that
cylindrical chamber gives a more significant particle residence
time rather than rectangular chamber for every similar excess air
amount. Besides, providing burner with a tangential air inlet of 90°
results in high turbulence, intense swirl phenomenon, and long
particle residence time. Moreover, the fumace chamber equipped
with a smaller bumer diameter and longer bumer length together
will augment the air-particle contact in the fumace chamber.
Despite providing the best condition for the furnace, the design
must not forget to consider the economical aspect.

Reynold stress model
Multiphase flow
Swirl
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1. Introduction

As time passes, the research on biomass
utilization for fuel or chemicals purposes is
frequently conducted for its environmentally
friendly [1-6|. Indonesia has abundant rice
husk availability, as agricultural biomass, for it
is the 3" largest rice producer in the world

after China and India [7]. The rice production
was around 44.6 MT/y in 1990, then continued
to increase to 664 MT/y in 2010, and almost
reached 80 MT/y in 2016 [8]. Due to the
tremendous production of rice, the by-product
in the form of rice husk is also greatly
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produced since it occupies an average value of
20%-wt [9-11].

Until now, however, rice husk utilization
is still low and rare because of no nutritional
value [12.13]. It is manifested by rice husk
which is only destroyed through opened and
uncontrolled buming or at least only used as
growth mediums, briquettes, or animal feeds
[14-16]. In contrast, rice husk has a significant
heating value and ash content compared to
other agricultural biomass [17-19]. The silica
content in ash also occupies as much as 87-
97%-wt which becomes green and sustainable
resources for silica production through rice
husk combustion and followed by ash
extraction [20-23].

The studies of rice husk combustion have
been widely performed either in muffle
furnaces [24], torch furnaces [25], fluidized
bed fumaces [26], or suspension fumaces
[13.2728]. Under all of those furnaces, the
high degree of rice husk combustion
conversion is reflected by perfect air and
particle contact [29]. It is strongly influenced
by combustion air amount, air providing
technique, raw material physicochemical
properties, burner geometry, and furnace
chamber type [11.13.193031]. However,
those factors aforementioned are often
unintentionally  overlooked  since  the
difficulties in scrutinizing the multiphase
phenomena of air and particle contact through
direct experimental study [32-35]. Thus, the
cold flow structure simulation between air and
rice husk (in absence of combustion
phenomena) becomes the altemative study to
carry out [36]. With the ability to examine air

and rice husk cold flow structure in the furnace,

air-particle contact that is difficult to research
can be clearly revealed using computational
fluid dynamics (CFD) method [37-39].

Nowadays, the CFD study becomes cheap,

established, and powerful tool to improve the
rice husk combustion process performance
[40]. In consequence, complete and efficient
combustion can expectedly be achieved [41

43]. Moreover, the application of CFD in the
biomass thermal conversion process can
accurately predict the process in terms of
hydrodynamics, combustion product
distribution, temperature distribution, ash

deposit behavior, and even CO and NOx
emissions [44-47]. Still, CFD can identify the
particle elutriation phenomena under air flow
fields [48] which also contributed to the high
carbon content in biomass combustion
products. Interestingly, a lot of works with
regard to cold flow modelling of air and
particle are conducted in  cyclones,
hydrocyclones, or pipes [42.49-52] but are still
scarce for furnace chambers.

The CFD study by Pasymi et al. (2017) on
the tangential bumer informs that flow
structure is not only influenced by tangential
inlet conditions but also by initial tangential
intensity and air amount [53]. Meanwhile,
Dinh et al. (2017) stated the enhancement of
inlet air amount greatly impacts perfect mixing
and high heat transfer rate in such a way as to
homogenize the temperature distribution and
lead to the completeness of combustion [54].
In addition, the other studies on gas-solid
hydrodynamics are employed for evaluating
baffled fluidized bed reactor [55] or contactor
column with corrugated structure packing [56].
According to Gungor and Yildinm (2013), the
furnace equipped with excellent air-particle
mixing and contact is able to result in high
reaction rates and consequently could acquire
satisfying combustion conversion [57 .

The simulation study on multiphase
hydrodynamics phenomena of air and rice
husk in the suspension furnace chamber is still
rarely reported. This study, accordingly,
intends to disclose it. Besides revealing the air
and rice husk flow structures in the fumace
chamber, this study is also aimed to examine
the influences of furnace chamber geometries,
excess air amount, and bumer configurations
on air-particle contact (represented by particle
residence time). The intended burner
configurations comprise tangential air inlet
angle, burner diameter, and burner length.
Under all these parameters, the air and rice
husk flow structures and particle residence
time become the scrutinized variables.

2. Materials and methods
2.1 Geometry design and meshing

The suspension furnace consists of the
axial air inlet, tangential air inlet, rice husk
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inlet, burner, secondary air inlet, fumace
chamber, and outlet. Its geometry and
dimensions are shown in Figures la-b.
Subsequently, the type of grid was chosen as a
structured quadrilateral. The grid independence
test was carried out under several conditions,
ie. very coarse (with a grid number of
300,000), coarse (with a grid number of
520,000), medium (with a grid number of

1000,000), fine (with a grid number of
1.800,000), and very fine (with a grid number
of 2,000,000). The meshing technique was also
aided by inflation at near wall area with the
element size of 15 mm. Figure lc is associated
with the meshing result under medium grid
number. The inputted properties, as well as
various  variables, followed Table 1.
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a=149 mm;
b=1500 mm;
¢=150 mm;

d=278 mm; g=300 mm; j=120 mm; m=500 mm; p=50 mm;
=900 mm; h=300 mm; k=150 mm; n=1500 mm; q=300 mm
£=300 mm; =700 mm: 1=800 mm: o0=200 mm;

(b)

Table 1. Properties, geometries, and operation

conditions

Parameters Values Units
Air density 1225 kg/nr'
Air viscosity 1.789 % 107 kg/m/s
Rice husk particle 650 kg/m’
density
Rice husk particle 0.03 cm
diameter
Rice husk particle 0.2 -
sphericity
Rice husk loading rate 512 kg/h
Secondary to primary /3 -
air ratio
Fumace chamber Rectangular, -
geometry Cylindrical
Excess air (EA) 80, 110, 140, %

170 200

Tangential air inlet 20,45, 60,90 o
angle
Bumer diameter 30,40,50,70 cm
Bumer length 60,90, 120, cm

150, 180, 210

22 Mathematical formula of the turbulent

model

(c)

Figure 1. Suspension furnace geometry (a); Dimensions (b); and Meshing result under medium grid number (c)

The turbulent model used to solve the
problems is the Reynold stress model (RSM)
because it is known to be able to model flow
with the attendance of swirl [58]. Each
component of the Reynold stress (pw,u;, later
is expressed as R;;) follows the law of
conservation with the transport equation is
written in equation 1. It has transient term

(i

at
diffusion term (Dy ;;), turbulent diffusion term
(Dr,;j), Reynold stress production term (P;),
production term ((y;), stress term by pressure
(¢¢;), and Reynold stress dissipation term (&;;)
[43]. Pressure stress term involves the damping
effect (¢;;,) for locations close to the wall.
This equation also involves the Reynold stress
near the wall Ry, Ry, and Rj. The term n, is
the [ component that is perpendicular to the
wall while d is the distance to the wall. The
constant values for RSM are C; =18 ,
C,=06,C =05,C;=03, (3=0392,
or = 0.82, and C,, = 0.09 [59].

, convection term ( Cj; ), molecular
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The turbulent kinetic energy k in the RSM
equation is served in equation 2. On the other

evaluated from the velocity component parallel
to the direction of gravity (uy,) and the

hand, the turbulent energy dissipation rate € is velocity component perpendicular to the
modelled in the form of the transport equation gravity (u,, ). Afterward, the turbulent
as given in equation 3. The calculation of viscosity is computed from equation 4.
turbulent energy dissipation rate needs a
constant Cg5 (stated in equation 3a) which is
— ak — 3k _ 8 8 e 9k 2)
p +,0 *a +pu +,0 Zaz dx ( ) ]+ay[( ) ] dz (ﬂ"‘ ak)az]+
E(Pﬂ-i- by +PZZ)+;(GH+G +6G,,)
% 4 pit 2 4 pit, % 4 p, 2 = 6] 4 D [(y 4 be) 26 3
par+pux +pu},a +puz [( ) ]+6y[( )ay]-’-az[(‘u af)az]-'- ©
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g\ 4 oxp[ -
ol )
k
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The rice husk flow is quantified by the
discrete phase model where the particle has a
velocity field that is controlled by the
momentum balance of each particle [33.60].
Particle interacts with fluid through friction

force which is formulated through the particle
drag equation. For each particle with diameter
of dp the particle velocity field has
components iy, , it,,,, and ii,,. The equation
for the conservation of momentum of a particle
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is expressed in equations Sa-c. The contact
time between the particle and fluid at every
coordinate, mamely tp, , tpy, and tp,, is
formulated in equations 6a-c. Meanwhile,

fidvs Uy=1 Pp=p
—BX X PX P gy +a,
at tpx Pp
A iy~ Pp—p
_aﬂ =L _EX P dy + ay
a_t B tD! Pp
i - Pp=p
Doz LTl L 7P g toa,
ot tpz Pp
Ppdd 24 ) piy, (T—1iL
tpx = with Ngep, = Py (T Tp)
18 CpNgepx ' u
ppds 24 . pp iy —Tip,
Dy =2z with NREpy = ( )
18u CpNpepy § u
ppd3 24 ) pdy, (T,~1,,)
=P — Pap\Uz"Upz)
tpz = with NREM =

18u CpNpepz K

BiNg 24 B
=1 7ep 427 4
Co Byt Npep + Ngep (1 * '83NRED)

By = exp(4.905 — 13.894 ¢, + 18.422 92 — 10.260 ¢3)
B, = exp(1.468 + 12.258 @, — 20.732 g + 15.885 p3)

Bs = exp(2.329 — 6.458 g, + 2.449 2)
Ba = 0.096 + 0556 @,

equations 7a-e indicate the friction coefficient
(Cp) is the function of the spherical diameter
(pp) [61,62].

where a,, @y, a, are three-dimensional acceleration of the external force.

2 3 Simulation setup

The simulation was in steady-state mode
and was conducted using ANSYS HFuent 2021.
It used default solution methods for pressure
and absolute solution methods for velocity.
The wall was set stationary under no-slip
conditions which means zero speed on the wall
surface. The wall function used in this study
was standard wall function since it is widely
applied in CFD for industrial flow analysis
[59]. Subsequently, the SIMPLEC algorithm
was selected for pressure velocity coupling
with the spatial discretization methods as
outlined in Table 2. Other than that, the
relaxation factors were set at 0.3 for pressure
stress, | for density, 1 for body forces, 0.7 for
momentum, 0.8 for turbulent kinetic energy,
08 for turbulent dissipation rate, 1 for
turbulent viscosity, and 05 for Reynold
stresses. The convergence criteria for all
variables were 10 and the calculation was
held for 1000 iterations.

Table 2. Spatial discretization solving scheme

(5a)
(5b)
(5¢)
(6a)
(6b)
(6¢)
(7a)
(Tb)
(7c)
(7d)
(7e)
Variables Scheme
Pressure (p) PRESTO
Momentum (iLy, iy, Uz) QUICK
Turbulent kinetic energy (k)  Second Order
Upwind
Turbulent dissipation rate (¢) Second Order
Upwind
Reynold stress (R;j) First Order
Upwind

3. Results and discussion

3.1 Turbulent model validation and grid
independence test result

The turbulent model was first validated by
the experimental study of cyclonic turbulent
flow by Hoekstra (1999) [63]. His study is
chosen with the consideration of geometry
which is relatively clear, simple, easy to
imitate, and has complete information. The
cyclone was a 2D2D type (Figure 2a) which
has main diameter of 29 cm, overall height of
116 cm, and cone height of 72.5 cm. The base
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of the cyclone was 10.8 cm in diameter, the Air velocity in his experiment was measured
vortex finder was 14.5 cm in diameter, 29 cm using a laser doppler anemometry (LDA)
in height, and was submerged halfway into the instrument. The validation was carried out by
main cyclone body. The inlet was flat with comparing tangential velocity data from the
height of 145 cm and width of 58 cm, experiment and CFD simulation on various
turbulent intensity of 10%, and the ratio of turbulent models (RSM, k-g, and k-w).
length scale and cyclone diameter of 0.7. The Tangential velocity data was measured at the
particle density was 2740 kg/m’. The radial position of z = 65 ¢cm, z =40 cm, and z
tangential air inlet of the cyclone was = 30 cm. The comparison results are plotted in
introduced at a Reynold number of 280,000. Figures 2b-d.

2 = Experiment
s RSM
== ke

k-0
05

05

Tangential Velocity (m/s)
- =}

s R
z
-2
-1 0.5 0 05 1
Dimensionless Radial Position
(b
2 = Experiment 2 = Experiment
15 Lo ceeeeeee RSM L5 . RSM
==== k-g -=== k-g
1 k- 1 — ko

Tangential Velocity (m/s)
=

Tangential Velocity (m/s)
o

.15 . -15
B
2 2
-1 -0.5 0 05 1 -1 0.5 ] 0.5 1
Dimensionless Radial Position Dimensionless Radial Position
(© (d)
Figure 2. Tangential velocity profile at (a) z= 65 cm, (b) z=40 c¢m, and (¢) z= 30 cm
From the simulation results, it can be it is not suitable for highly laden cyclonic
concluded that all turbulent models follow the flows with anisotropic turbulence so those
trend of the experimental data. Basically, the models are still not able to accurately predict
k-ge and k-o models are based on the the tangential flow around the vortex finder
assumption of identical values for three- area [50.63]. The closest pattern is nominated
dimensional fluctuation velocity which is to RSM. It then can be confidently selected to

called isotropic turbulent flow [33,59]. Hence,
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model the multiphase turbulent flow in the
suspension furnace.

The examined variable for the grid
independence test using RSM is tangential
velocity along the axial center inside the
burner of the cylindrical suspension furmnace. It
is realized that finer grid impacts more
accurate results but the computation demand is

very intensive [39.64|. According to the results,

the grid number of 1,000,000 is nominated as
the most optimal grid. It is then applied to all
variations of this simulation. The result is
served in Figure 3.

N Axial Burner Position (m)

05 4 019402 03 04 05 06 07

T angential Velocity (m/s)
Ln

35 1
sreseeens Grid 300000
— = Grid 520000

45 1 Grid 1000000
—— =~ Grid 1800000 A
- == == Grid 2000000

55 -

Figure 3. Grid independence test result

3.2 Flow structures under various furnace
geometries and excess air amount

The section discusses the air and particle
flow structures in the furnace due to the
presence of 140% of excess air with the
proportion of 20% axial air, 50% tangential air,
and 30% secondary air. Axial air compels the
rice husk to flow axially through the burner,
tangential air provides a turbulent flow
generator that is expected to form a swirling
path in the bumer, and secondary air is aimed
to create the recirculating flow effect in the
furnace chamber [43.65.66]. Also, the particle
momentum loss is found greater under the
tangential air presence which leads to a more
downward movement of the particle and
elongates the residence time [67].

The air flow structure in the rectangular
and cylindrical furmace chambers is depicted in
Figure 4. The air residence time augments due
to the attendance of tangential air, 5.9 s for
rectangular chamber and 9.6 s for cylindrical
chamber. The longer air residence time
strengthened that tangential air creates a swirl
pattern that elongates the trajectories in the
burner as well as in the chamber compared to
axial air only [68.69]. Likewise, the air
residence time in the cylindrical chamber is
longer than rectangular chamber. The more
intense air collision to the wall in the
rectangular chamber might be the cause of the
more unpatterned air pathline. Also, the figure
reflects that cylindrical chamber allows air to
flow smoothly in a swirl and cyclonic pathline
with a less intense collision in such a way that
elongates the fluid pathline in the chamber.
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In some cases, the flow of rice husk
particles does not coincide with the air flow
because of the physicochemical properties
difference between air and rice husk particle.
Figure 5 informs the rice husk flow structure
(in the form of particle track or trajectory) at
several streams. Streams 1, 3, and 5 have
residence times of 21.5 s, 227 s, and 18.1 s.
The trajectory in stream 2 has a residence time
of 539 s due to the particle leaving out from
the outlet. Other than that, the trajectory in

(a)

(d)

Figure 4. Flow structure of air in rectangular furnace chamber (a-b) and cylindrical fumace chamber (c-d)

stream 4 occurs only in the burner. The
particles do not enter the fumace due to the
axial and tangential air flow collision in such a
way creates a vicious recirculation flow effect.
The varying observed rice husk tflow structures
indicate the complexity of turbulent flow
whereas the data acquisition from the
experiment is either difficult or expensive to be
done [32,33]. Therefore, CFD simulation could
be a promising solution in order to assess flow
structure for industrial furnace design purposes.

()
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(e)

)

Figure 5. Rice husk particle trajectories at stream 1 (a), 2 (b), 3 (), 4 (d), and 5 (¢)

The shorter particle residence time is
found in line with a larger amount of excess air
from 80-200% for both furnace chamber
geometries as implied in Figure 6. The particle
residence time in the furnace strongly affects
the degree of combustion where longer air-
particle contact leads to a more complete
combustion reaction [70]. Additionally, the
average particle residence time for cylindrical
chamber is found to be 65.2-80.5 s longer
compared to rectangular chamber. Contrary to
the air flow pathline, the particle track does not
just go upward due to the dominance of
gravitational force works on it [71]. The same
phenomenon happens in cylindrical chamber
where the particle flows with low intensity of
collision with wall so the particle flows
smoothly before it is elutriated due to the air
flow field. Meanwhile, the particle flow in the
rectangular chamber has a high probability of
severe particle-wall collision which could drag
the particle out from the furnace.

10

176.39

180 1 ~— Rectangular

=0 Cylinder

2

111.22
120 A 10571 10161

Particle Residence Time (s)
3

80

60

40 4 2621

20 — ——
60 8O 100 120 140 160 180 200 220

Excess Air (%)
Figure 6. Particle residence time in rectangular and
cylindrical chambers at various excess air amounts
(fixed conditions: bumer diameter = 30 ¢cm, bumer

s

length = 60 cm, tangential air inlet angle = 90%)

3.3 Flow structures in rectangular furnace
chamber under various burner configurations

Variations of tangential inlet angles in
rectangular furnace chamber are carried out at
20°, 45°, 60°, and 90° towards the burner axial
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position. The flow structure alteration is
presented in Figures 7a-d. It can be seen that
increasing the tangential air inlet angle is
proven to intensify the swirl effect, augment
the turbulent intensity, as well as prolong the
particle residence time. The result of particle
residence time and turbulence intensity is then

summarized in Figure 7e. According to this
figure, the most intense swirl flow occurred at
a tangential inlet angle of 90° which resulted in
higher turbulent intensity (from 0.26 to 0.38%)
as well as longer path length and residence
time (from 2.8 to 31 .4 s).

90°
Intense
Swirl Effect
(c) (d)
35 314 r 0.24
_ 0.26 026 105
L 3 A =
E F 027 '6;
=5 z
w
g 20 | L 03 é
<
E 15 1 L 033 g
@ 10 A ]
e =
£ 036 5
£ 5] -
0 ' : T 0.39

Tangential Inlet Angle (?)

(e)

Figure 7. Flow structure in rectangular furnace chamber for burner with tangential inlet angles of 20° (a), 45° (b),
60 (c), and 90° (d); Particle residence time and turbulence intensity under various tangential inlet angles in
burner (e) (fixed conditions: burner diameter = 30 cm, burner length = 60 ¢m, excess air amount = 140%)

The next variation lies in the burner
diameter which was carried out at 30, 40, 50,
and 70 cm as well as burner length at 60, 90,
120, 150, 180, and 210 cm. Figure 8 represents
the opposite pattern for particle residence time
under the increasing value of bumer diameter

11

and bumer length. The enhancement of burner
diameter alleviates the particle residence time
by 1.1 s. This is also in line with the shortening
of particle path length in the burner. The
reason can be explained by the flow continuity
principle in which the total velocity is certainly
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weakening under a larger burner cross-section under the same value of tangential air velocity
area due to a larger diameter [67]. Hence, the as evidenced in Figure 9.
swirl effect of the particle becomes attenuating

316 1 314 Burner length = 60 cm 37 9 Bumerdiameter =30cm 364
- 313 O
*; 314 4 s 36
: E
& 3127 L0 E 35
; 310 4 5
= S 341
‘T 308 A 7
& EEER
% 06 4 g
= —
: ™ 32 o
E 304 4 03 E

1 . S— 3 .

20 30 40 30 60 70 20 40 60 80 100 120 140 160 180 200 220
Burner Diameter (cm) Burner Length (cm)
(a) (b)

Figure 8. Average rice husk particle residence time in rectangular fumace chamber under several burner
diameters and lengths (fixed conditions: tangential air inlet angle = 90", excess air amount = 140%)

In contrast, the particle residence time amount of tangential air flow rate. However,
intensifies for 5 s along with longer bumer the chosen burner diameter and length for
length from 60 to 210 ¢m. Therefore, enlarging industrial fumace purposes should consider
bumer diameter for upgrading the combustion other varables such as cost of material and
capacity must be followed by the addition of construction in order to meet the economic
burner length as well as providing a more aspect [72].

Figure 9. Rice husk particle track in burner with diameter of 30 ¢cm (a), 40 cm (b), 50 cm (c), and 60 cm (d)

12
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4. Conclusions

The simulation study succeeds to
investigate and intrigue the effects of furnace
chamber geometry, excess air amount, burner
configurations of air and rice husk cold flow
structures as well as residence time in the
suspension furnace. Air flows up reached to
the outlet while particle flow tends to move
downward due to a more significant density
value. The particle-wall collision is found less
intense in cylindrical chamber rather than
rectangular chamber and leads to the smooth
particle flow in the cylindrical chamber. As a
consequence, particle residence time prolongs
about 65.2-80.5 s in the cylindrical chamber. It
becomes favorable for rice husk complete
combustion. Instead, more amount of excess
air shortens the particle residence time for both
furnace chamber geometries. In addition, the
burner with tangential air inlet angle of 90° is
proven to enhance particle residence time,
increase swirl effect, and intensify turbulent
intensity. Increasing burner diameter and
shortening burner length also reduces the
particle residence time of 1.1 s and 5 s
successively. At last, the complex multiphase
phenomena of air and rice husk flow structures
inside the furnace chamber can be clearly
expressed using CFD simulation.
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