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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The air-particle turbulent flow behavior 
is complex phenomena. 

• CFD has been widely exploited to visu-
alize the air-particle turbulent flow 
behavior. 

• Tangential air pipe declination of 75o 

gives the most intense air-particle 
contact. 

• Secondary air providence creates a 
recirculation zone in the combustor 
bottom area. 

• Perfect air-particle contact is expected 
to complete biomass combustion 
conversion.  
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A B S T R A C T   

Visual understanding of air and particle flow is important and useful in guiding biomass combustor design. This 
study investigates the effects of declination angles of tangential and secondary air pipes in a low-density biomass 
combustor chamber to achieve perfect contact between air and rice husk particle. The simulation was aided by 
computational fluid dynamics (CFD) method using the standard k-ε turbulent model. According to the result, 
tangential air pipes with a declination angle of 75o provide the most intense air-particle contact which is 
maximal turbulent intensity of 168%, swirl amount of 3.0–3.5, particle path length of 5.1 m, and particle 
residence time of 2.3 s. Furthermore, four secondary air pipes with a declination angle of 60o lower the escaped 
particle amount to 11.45% from previously 71.24%. This configuration can also create recirculation zones in the 
bottom area of the combustor which elevates the particle residence time to 766.9 s.   
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1. Introduction 

Currently, biomass utilization is widely applied for energy and 
chemical production purposes [1–7]. It is mostly carried out through 
biomass combustion [8–10], but poor mixing of air and particle in 
biomass combustor still occurs which leads to low combustion conver-
sion [11,12]. This happens because of the not proper combustor ge-
ometry, inappropriate air supply technique, and incorrect burner 
dimension [9]. The aforementioned problems are induced by the 
complexity and uncomprehensive understanding of air-particle turbu-
lent flow behavior [13–15]. In addition, insufficient experimental data 
and expensive instrumentation to validate it also affect [16,17]. 

At this time, fortunately, computational fluid dynamics (CFD) 
method has been widely exploited to reveal and visualize the complex 
air-particle turbulent flow behavior [17–19], predict the process per-
formance [20–22], and validate the experimental result with the ad-
vantages of low cost and less time-consuming [23–26]. So far, there are 
several studies related to air and particle flow under the attendance of 
tangential and secondary air in the combustor chamber. The tangential 
air can generate swirl flow in the form of parabolic and helical patterns 
[27,28]. Meanwhile, the higher secondary airflow proportion improved 
the rice husk combustion efficiency in the fluidized bed combustor. It 
was reflected by a higher mean particle residence time in the combustor 
chamber of 52 s and lowering ash carbon content from 4.0% to 2.7% [9]. 

Subsequently, Koksal (2001) confirmed that providing secondary air 
in the circulating fluidized bed boiler alters the circulation rate, degree 
of mixing, and particle distribution [29]. Nemoda et al. (2005) also 
found the high recirculation effect and swirl intensity of flow structure 
in the swirl combustor under the providence of tangential air [24]. On 
the other hand, Ziqiang et al. (2016) claimed that a swirl combustor with 
four tangential inlet pipes with a slope of 30◦ produces the highest swirl 
intensity of air and particle [30]. Other than that, Pasymi et al. (2018) 
investigated that turbulence intensity is influenced by the rectangular 
two-tangential inlet orientation and the angle of 20o potentially results 
in the best performance [31]. 

From the above exposition, there are still few studies that focused on 
the effects of declination angles of tangential and secondary air pipes on 
the performance of a low-density biomass combustor [14,23,32]. This 

present study, hence, is aimed to observe the turbulent intensity profile, 
air and particle flow pattern, swirl amount, particle path length, particle 
residence time, and recirculation zones existence under various 
tangential and secondary air pipes declination angles, complete with 
their flow visualization. The employed biomass was rice husk. Model 
validation, mesh sensitivity analysis, and grid independence test were 
conducted before the main simulation was implemented. Afterward, the 
visualization of air and particle flow in the combustor chamber was also 
served. The orientation that gives the greatest turbulence was finally 
chosen and discussed. 

2. Methodology 

2.1. Geometry and simulation condition 

The combustor chamber has a main diameter of 764 mm and a total 
height of 2800 mm. The diameter for outlet pipe, bottom biomass 
combustor, feeding pipes, and secondary air pipes are 150 mm, 200 mm, 
100 mm, and 100 mm, successively. The secondary air pipes are located 
at 150 mm from the bottom of the combustor. The outlet pipe has a 
length of 300 mm whereas the combustor has upper and lower conical 
zones with the height of 100 mm and 300 mm, in respective terms. The 
burner diameter is 150 mm and has 500 mm in length with the position 
measured at 600 mm from the bottom of the combustor. The feeding 
pipes as well as the tangential air pipes (200 mm in length, 40 mm in 
width, and 20 mm in height) are located at 126.7 mm and 62 mm from 
the axial air supply. The detailed sketch and dimension for combustor 
geometry are served in Fig. 1. 

The simulation was performed in absence of combustion phenomena 
or usually named cold flow simulation [26,33]. As a consequence, the 
operating temperature is 25 ◦C. Rice husk, as the utilized low-density 
biomass particle in this study, was injected at 1 t/h of loading rate. It 
has particle density of 662 kg/m3, sphericity of 0.5, and homogeneous 
size distribution with a mean diameter of 2.5 mm. Also, the interaction 
of air and particle was presumed not to generate rotational flow. In 
further, this study used 80% of excess air and the ultimate analysis of 
rice husk was 46.92% C, 6.69% H, 45.20% O, and 1.19% N. Based on 
calculations carried out by Steven et al. (2022), the mass ratio of air and 

Fig. 1. The 3D sketch of low-density biomass combustor chamber.  
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biomass under this condition is 10 [34]. The air supply was distributed 
in axial, feeding, secondary, and tangential air with the proportion of 
20%, 5%, 30%, and 45%, respectively. Furthermore, the air flowrate for 
upper secondary air (Usu) is varied equal to and larger than the lower 
secondary air (Usl) with a factor of 2.57. The turbulent intensity and 

turbulent viscosity ratio at every boundary condition were set at 10%. 

2.2. Mathematical model 

The time-averaged of fluid flow is calculated using the standard k-ε 
turbulent model, a derivative group of Reynolds-Averaged Navier- 
Stokes [25,35,36]. The equation for mass conservation is written in eq. 1 
and momentum conservation in three-dimensional directions as in eq. 2. 
The momentum conservation contains turbulent viscosity term which is 
described in the forms of k and ε [37,38], as written in eq. 3. The k 
variable itself is served in eq. 4 whereas eq. 5 is for determining ε var-
iable. Another turbulence variable, turbulent intensity, is stated in eq. 6 
[39]. A standard wall function is also employed to evaluate the 

Fig. 2. Swirl velocity profile under k-ε turbulent models vs. experiment by 
Chen et al. (1999). 

Fig. 3. Tetrahedral (a) and hexagonal (b) mesh geometries in the burner part; Grid independence test for this study (c).  

Table 1 
Performance comparisons of tetrahedral and hexagonal mesh.  

Element Size Geometry Nodes Elements Mesh Generation Time (s) 

Trial 1 Trial 2 

1 mm Tetrahedral 126,853 87,538 9.7 9.3 
Hexagonal 87,090 25,731 46.3 45.4 

1.5 mm 
Tetrahedral 39,455 26,217 6.7 6.4 
Hexagonal 29,204 8856 38.1 38.3  
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condition near the wall. 
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where p is static pressure, ρ is fluid density, μ is fluid viscosity, g is 
gravitational acceleration constant, Fe is external force, μt is turbulent 
viscosity, k is turbulent kinetic energy, ε is turbulent kinetic dissipation 
rate, IT is turbulent intensity, uRMS

′ is root mean square of velocity 
fluctuation, u is average velocity, and constants value for cμ = 0.09, σk =

1.0, σε = 1.3, cε1 = 1.44, and cε2 = 1.92. 
On the other side, the particle flow in a fluid flow field was defined in 

the discrete phase model which has continuous phase and particle 
phase. The continuous phase is modeled by Eulerian method while the 
particle phase is modeled by the Lagrangian method [37]. For every 
particle which has a density ρp, diameter dp and sphericity factor φp, the 
particle velocity field has components of upx, upy, and upz. The particle 
velocities are influenced only by particle-fluid drag force which is 
formulated by a drag equation. The equation for drag coefficient (CD) is 
shown in eq. 7 [40] and the particle momentum conservation in ith di-
rection (i = x, y, z) is presented in eq. 8 [26,41]. 
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Fig. 4. Air velocity vector in the burner with tangential air (a) and without tangential air (b).  
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Fig. 5. Turbulent intensity in the burner under no tangential air (a); with tangential air under tangential air pipes declination angle of 45o (b), 60o (c), and 75o (d).  
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β4 = 0.096+ 0.556φp (7c)  
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2.3. Numerical solution setup 

The problem was computed using ANSYS Fluent 2021. The pressure- 
based steady-state solving method used a coupled algorithm for 
pressure-velocity coupling. The spatial discretization methods consist of 
least square cell-based for gradient, second-order upwind for mo-
mentum, second-order for pressure, and first-order upwind for both k 
and ε. The relaxation factor was taken from ANSYS default values which 
were 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. The convergence criteria were set at 
10− 6 to guarantee minimal error. The pseudo-transient calculation was 
performed for 1000 iterations under the automatic time-step method 
and time scale factor 1. 

3. Results and discussion 

3.1. Model initial validation, mesh sensitivity analysis, and grid 
independence test 

The standard k-ε turbulent model was validated by swirl flow 
experiment in a 10,000 mm horizontal pipe by Chen et al. (1999) [42]. 
This experiment is chosen due to its simple geometry, dimension clarity, 
and complete information. The pipe diameter was 146 mm and was 
equipped with two tangential pipes which were located at 1000 mm 
after the axial inlet. The length of tangential pipe was 3000 mm. Air 
axial inlet was conditioned to produce a Reynold number (Re) of 
100,000. The axial and tangential air ratio was 0.8 and the swirl velocity 
was measured in the location at 1930 mm after the air axial inlet. The 
grid number used was 1,480,000. 

Besides, validation using RNG and realizable k-ε turbulent models 
were also performed under a similar grid number. The simulation result 
under three turbulent models is compared to the experimental data, as 
shown in Fig. 2. This figure interprets that all k-ε turbulent models 
provide precision results and are somewhat close to the experiment. 
Basically, the accuracy of k-ε turbulent models become low when 

predicting the flow near the wall [37,43], but this study does not intend 
to scrutinize the phenomenon near the wall. Since the good performance 
in predicting the swirl and fully turbulent conditions and less demanding 
computation cost [44], the standard k-ε turbulent model becomes quite 
superior to other models and is no doubt to be selected in this study. In 
addition, this turbulent model is also broadly utilized for fluid flow 
modelling in industrial and engineering aspects [26,45]. 

After the performance of standard k-ε turbulent model is validated, 
the mesh sensitivity analysis for this study is then implemented to 
evaluate the lowest-intensive computation. The mesh geometry is 
generated in the form of tetrahedral and hexagonal. Each of them has an 
element size that is varied at 1 mm and 1.5 mm. The result shows that 
hexagonal mesh generation requires about 5.5 fold longer than tetra-
hedral. Under equal element size, the amount of nodes and elements in 
the hexagonal mesh is lesser than tetrahedral. In another word, tetra-
hedral mesh gives more accurate calculation as well as less computation 
time compared to hexagonal [46]. The mesh result in the burner part is 
given in Fig. 3a-b and the performance comparison is tabulated in 
Table 1. 

The grid independence test of the combustor chamber is finally 
employed using standard k-ε turbulent model and mesh geometry of 
tetrahedral. The grid number varied at 200000, 500000, 800,000, 
1,200,000, 1,500,000, 1,800,000, and 2,000,000. The identified vari-
able was the maximal axial velocity at the radial position of combustor 
chamber for a height of 2000 mm from the bottom. Based on Fig. 3c, the 
value of maximal axial velocity still significantly changes under coarse 
grid numbers (200,000, 500,000, 800,000, and 1,200,000). The 
maximal axial velocity is obtained at 3.42 m/s at a grid number of 
1,500,000 and finer grid numbers (1,800,000 and 2,000,000) have 
given a meaningless discrepancy. Therefore, the optimal grid number 
chosen and used for this simulation is 1,500,000. 

3.2. Effects of tangential air pipes declination angles 

It is revealed that providing tangential air could generate swirl flow 
in the burner, as expressed in Fig. 4a. The tangential air flow through the 
burner wall is reflected in a circular velocity vector [47]. The velocity 
has a maximal value of 6.27 m/s at the wall and is reduced to 3.14 m/s at 
the center. In absence of tangential air supply, the air velocity profile 
changes to a pattern similar to the turbulent regime flow profile, as 
depicted in Fig. 4b. The vector is indicated only in axial directions. For 
only axial air supply, the maximal velocity values are 2.89 m/s at the 

Fig. 5. (continued). 
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Fig. 6. Air pathline profile under no tangential air (a); with tangential air under tangential air pipes declination angle of 45o (b), 60o (c), and 75o (d).  
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center and reduced to 1.45 m/s at the wall. 
The appropriate tangential air supply is aimed to create high tur-

bulence and generate perfect contact between air and particle. It is 
strongly affected by declination angle which is varied at 45o, 60o, and 
75o. The turbulence variables in the burner encompass turbulent in-
tensity, swirl amount, particle residence time, and particle path length. 
The simulation was held for all declination angles and also under no 
tangential air condition as a comparison. Based on the result, the 
maximal values of turbulent intensity lie on the intersection area of the 
tangential inlet, as shown in the blue signs in Fig. 5. In absence of 
tangential air supply, the maximal turbulent intensity has the lowest 
value, 25%. The highest value is 168% for tangential air pipes of 75o, 
then followed by tangential air pipes of 60o with the value of 162% and 
tangential air pipes of 45o with the value of 123%. It turns out that the 
broader declination angle of tangential air pipes intensifies the inci-
dence of flow collision. 

In addition, the visualization in the form of air pathline profiles in-
dicates that the flow is concentrated in axial direction when only axial 
air is provided. On the other hand, the profiles transform to have a 
swirling pattern under the presence of tangential air [28,48]. The swirl 
is graphically determined by the number of waves formed [27]. The 
more intense the turbulence, the higher amount of swirl is obtained, as 
reflected in Fig. 6. The declination angles of 45o, 60o, and 75o generate 
the air swirl amount of 1.5–2.5, 2.5–3.0, and 3.0–3.5, sequentially. 

Subsequently, the visualization in the form of particle flow patterns 
is strongly affected by air flow profile. In absence of tangential air, 
consequently, particle flow is only found along the axial direction of the 
burner. In line with Fig. 7a, there is a weak wavy flow pattern that is not 
categorized as a swirl. It is caused by particle and wall reflection [37]. 
The particle flow direction in the burner becomes more complex when 
tangential air is provided. It can be further decomposed in axial, 
tangential, and radial directions [33]. In visual, particle swirl amount 
for tangential air pipes with declination angles of 45o, 60o, and 75o is 
1.5–2.0, 2.5–3.0, and 3.0–3.5, as visualized in Fig. 7b-d. 

For declination angles of 45o, the net air velocity direction is more 
dominant in axial direction in lieu of tangential and radial directions. 
The net air velocity is distributed in axial, tangential, and radial di-
rections when the declination angle is increased to 75o, which conse-
quently produces more swirl amount. This condition leads to a longer 
biomass path length and has an impact on greater biomass residence 
time in the burner indeed, and vice versa [41,49]. This figure also 

implies the particle flow pattern is strongly affected by the particle fall 
position and causes the appearance of multiple particle trajectories. 

The existence of tangential air elongates the particle path length 
from 0.81 m to 5.10 m. This resulted in a longer particle residence time 
from 0.3 s to 2.3 s. For combustion purposes, enhancing particle resi-
dence time can increase the combustion conversion [50,51]. Thus, the 
tangential air pipes with a declination angle of 75o provide the highest 
turbulent intensity, highest swirl amount, longest path length, and 
greatest residence time for both air and particle flow, as summarized in 
Table 2. It shows that for all variations, the average particle velocity is 
nearly similar. The higher turbulent intensity, at a constant value of 
average velocity, implies higher velocity fluctuation. Higher velocity 
fluctuation is in line with the more swirl amount recorded. 

3.3. Effects of secondary air pipe declination angles 

The secondary air pipes are located at the bottom area of the combustor 
chamber. They have an initial declination angle of 32o, namely gradual 
type. At first, the simulation result reveals that the escaped particle is 
71.24%. To overcome this problem, the combustor is then modified by 
adding two upper secondary pipes with varying orientations: top-gradual, 
top-steep, middle-gradual, and middle-steep. The steep type is the sec-
ondary air pipes with a declination angle of 60o. Upper secondary air pipes 
for the top type are located at 2350 mm from the bottom whilst the middle 
type is at 2000 mm from the bottom. The attendance of upper secondary air 
pipes is believed can recirculate the particle back into the combustor 
chamber and thereby giving a longer particle residence time [9,27,52]. 

Installing upper secondary air in the combustor is proven to create 
particle recirculation which is reflected in the reduction of escaped 
particle amounts far below 71.24%. Providing the secondary air pipes 
with upper flowrate of 2.57 times greater than lower one can also 
dampen the escaped particle from 27.25% to 22.30% for top-gradual; 
16.10% to 15.88% for top-steep; 56.36% to 36.88% for middle- 
gradual; and 13.74% to 11.45% for middle-steep. The steeper declina-
tion angle exhibits a lower escaped particle and gives a higher particle 
residence time in the combustor chamber, as plotted in Fig. 8. 

The steeper declination angle of secondary air pipes maximizes the 
particle recirculation back into the combustor chamber while the 
gradual type offers a weaker recirculation, as seen in the red sign in 
Fig. 9a-d. Additionally, the top orientation of upper secondary air pipes 
is not able to push back the particle into the combustor chamber. 

Fig. 6. (continued). 

S. Steven et al.                                                                                                                                                                                                                                   



Powder Technology 410 (2022) 117883

9

Fig. 7. Particle flow pattern under no tangential air (a); with tangential air under tangential air pipes declination angle of 45o (b), 60o (c), and 75o (d).  
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According to the previous figure, the lowest escaped particle (11.45%), 
as well as the highest particle residence time (766.9 s), is nominated to 
the secondary pipes with middle-steep orientation, strengthening the 

qualitative explanation. This condition supports the middle-steep as the 
most suitable secondary air pipe orientation. 

Apart from that, the presence of secondary air generates the recir-
culation zone in the bottom area of the combustor chamber [9,41]. It 
enhances the particle residence time and is expected to increase the 
biomass combustion conversion [52]. The recirculation zone due to 
secondary air is presented in Fig. 9e. Meanwhile, there is a nil recircu-
lation zone under no secondary air supply, as seen in Fig. 9f. It lessens 
the air and particle contact so as to increase the possibility of uncom-
busted particles in the combustor chamber [9,41]. For the middle-steep 
type, the recirculation zone in the combustor bottom area augments the 
particle residence time to 766.9 s from the initial 564.0 s under no 
secondary air. The same pattern with a different value when compared 
to Rozainee et al. (2010), recorded at 52 s [9]. It happens because the 
larger combustor dimension in this study creates a longer particle resi-
dence time. 

Fig. 7. (continued). 

Table 2 
Effects of tangential air pipes declination angle on burner performance 
parameters.  

Parameter Tangential Air Providing 

No Yes Yes Yes 

Tangential air pipes declination (o) – 45 60 75 
Maximal turbulent intensity (%) 25 123 161 168 
Swirl amount 0 1.5–2.5 2.5–3.0 3.0–3.5 
Particle path length (m) 0.81 1.35 2.36 5.10 
Particle residence time (s) 0.3 0.6 1.0 2.3 
Average particle velocity (m/s) 2.38 2.25 2.40 2.25  

Fig. 8. The performance comparisons of biomass combustor under various orientations of secondary air pipes.  

S. Steven et al.                                                                                                                                                                                                                                   



Powder Technology 410 (2022) 117883

11

Fig. 9. Turbulent intensity under various secondary air pipes orientations (a-d); Recirculation zone in the bottom area of combustor chamber with (e) and without (f) 
secondary air. 
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4. Conclusions 

The flow behavior of air and rice husk particle in low-density 
biomass combustor under various declination angles of tangential and 
secondary air pipes have been visualized and analyzed through the CFD 
method. Providing tangential air pipes with a declination angle of 75o 

increases the particle path length from 0.81 m to 5.10 m, elongates the 
particle residence time from 0.3 s to 2.3 s, enhances the turbulent in-
tensity from 25% to 168%, and produces swirl amount of 3.0–3.5. 
Moreover, the addition of upper secondary air pipes with a “middle- 
steep” orientation reduces the escaped particle amount from 71.24% to 
11.45%. The presence of secondary air also increases the air-particle 
contact as a result of the creation of a recirculation zone at the bottom 
area of the combustor. This is evident from the longer particle residence 
time from 564.0 s to 766.9 s. Under the meant configuration of 
combustor chamber, air and rice husk particle contact becomes intense 
and is expected to rectify biomass combustion conversion. Conclusively, 
this study verifies that the CFD method can be a guide for designing 
high-performance industrial biomass combustor. 
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