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ABSTRACT 

A combination of experimental and numerical method was used to investigate the effects of 

tangential inlet thickness (RIA) and tangential velocity (IIT) on backflow pattern and pressure drop 

in a cyclone burner. Both of the fluid flow behaviors greatly influence the burner performance. 

Experimentally, backflow pattern in the burner was observed through paper slices dynamic in a 

transparent burner and pressure drop was measured using U-shaped tube manometer. Meanwhile 

numerically, fluid flow behaviors in the burner was simulated using standard k- turbulent model, 

under Ansys-Fluent software. At certain values of RIA and IIT, experiment results showed 

indication of backflow formation in the burner. The same backflow phenomenon was also 

observed in the simulation results. It turned out that, the backflow pattern and position of 

simulation results are similar to the experiment results, which closely resembles a tornado-tail. The 

research also indicated that the results of simulated static pressure drop were closely approaching 

the experiment results, particularly for IIT values  4.3. Mean deviation of static pressure between 

the simulation and the experiment results, for varied range of RIA and IIT, was 14.67%. From the 

results above, it was obvious that backflow pattern and static pressure in cyclone burners are 

greatly influenced by the RIA and IIT values. In addition, the effect of tangential velocity was more 

dominant compared to the thickness. For IIT values  4.3, standard k- turbulent model could 

predict fluid flow behaviors in cyclone burners with a satisfying result. 

Keywords: backflow pattern, paper slice dynamic, cyclone burner, initial tangential intensity, 

inlet aspect ratio, static pressure, standard k- turbulent model, tornado-tail 
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Backflow from a furnace to a burner can sustain flame stability in burners. It bring hot combustion 

gas from the furnace to the burner; therefore, burner temperature is always high and capable of 

heating and burning incoming fuel (Al Abdeli and Masri 2015). The formation of backflow in a 

burner is triggered by swirl flow. Its characteristic is influenced by the burner geometry and 

operating conditions. According to Nemoda, backflow pattern only forms at high swirl number 

(Sn) ≥ 2.48 (Nemoda et al. 2005). On the other hand, Bourgouin reported that backflow pattern 

and frequency in a gas turbine are determined by the swirler geometry [Bourgouin et al. 2013]. 

Apart from affecting backflow formation, swirl flow also influences other fluid dynamics 

characteristic such as mixing intensity, residence time and particle distribution (Pasymi et al. 2017, 

Arnao et al. 2015). On the other hand, the use of swirl flow also introduces a challenge due to its 

potential of increasing static pressure in burners (Aydin et al. 2014, Gawali and Bhambere 2015). 

From the perspective of fluid dynamics, static pressure serves as an obstacle of the fluid flow. The 

higher the static pressure, the greater the power required to drain the air and fuel into the boiler 

furnace, resulting in higher burner operating cost. 

Although recent studies on swirl flow characteristic have been carried out by previous researchers, 

supplementary studies are still necessary to be conducted, particularly in lieu of cyclone burners 

development process using new types of fuel. Non-wood biomass has a great potential to be used 

as boiler fuel in the future. The physical and chemical characteristics of this biomass are 

significantly different from coal (Baxter et al. 2005, Vassilev et al. 2015). As a result, the design 

of geometry and operating conditions of these burner types require separate studies. 

The proposed cyclone burner design in this study is dedicated for perennial crop biomass. The 

geometric design consisted of a cylindrical tube with an axial inlet and a tangential injection inlet. 

While, the cross-section shape of the axial inlet is a circle, the cross-section shape of the tangential 



 

 

 
 

inlet is rectangular, as shown in Fig. 1. The effects of tangential inlet thickness and tangential inlet 

velocity on backflow pattern and pressure drop are studied in this research. 

2. INVESTIGATION METHODOLOGY 

The method used in this study was a combination of experimental and numerical method. The 

experimental method was carried out under limited conditions and the results were used to validate 

the simulation results. Meanwhile, numerical method was applied widely until comprehensive data 

and information were obtained. 

2.1 Experimental Set-Up 

The experiment to determine backflow pattern and static pressure was conducted in a cyclone 

burner made of transparent material (acrylic). The burner geometry and experimental equipment 

set-up are given in Fig. 1. 

 

 

 

Annotation: 

1 = tangential blower  

2 = axial blower 

3 = tangential inflow 

4 = axial inflow 

5 = U-shaped manometer  

6  = pitot tube  

7  = tangential inlet 

8  = frustum 

9  = burner cylinder  

10= furnace box 
 

 

Fig. 1. Burner geometry and experimental equipment set-up  

Backflow pattern in the cyclone burner was observed through paper slices dynamic. Then, it was 

visualized using a camera. The paper used was bright colour wax paper. This type of paper was 

chosen due to its low specific gravity and susceptibility toward water vapour. The paper slices 



 

 

 
 

were 10 cm long, 0.5 cm wide and 0.002 cm thick, with an average weight of 0.015 gr per slice. 

The paper slices were stick on a long thread and installed along y-axis of the burner at a certain z 

position. To avoid gravitational effect at a particular distance (z), the paper stripes was assembled 

in horizontal position, as shown in Fig. 2.a. 

Meanwhile, static pressure was measured using a U-shaped tube manometer. The static pressure 

in each end of burner cylinder was extracted through  2 mm-diameter-hole, at z = 1.31 and z = 

2.19 m. Then, both holes were connected to U-tube filled with water. The water height difference 

in U-tube was converted to show the static pressure difference in Pascal unit. The set-up of static 

pressure measurement can be seen in Fig. 2.b. 

  

a. Paper slices dynamic determination b. Static pressure meassurement 

Fig. 2. Equipment set-up for paper slices dynamic and static pressure determination 

Air velocity, both through axial inlet and tangential injection inlet, was determined using pitot 

tubes. Variation of airflow rate in each inlet was arranged by adjusting blower-opening size. 

2.2 Simulation Techniques 

Fluid dynamics in this study was simulated using standard k- turbulent model. This model has 

been reported by previous researchers as able to model swirl flow well, particularly for low swirl 



 

 

 
 

flow intensity (Nemoda et al. 2005, pasymi et al. 2017, Vazquez 2012, Reis et al. 2014). These 

below equations are partial differential equations used in standard k- turbulent model (Bindar 

2017). 
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Variable x, y and z on the equations are the direction components of Cartesian coordinate, while 

�̅�𝑥, �̅�𝑦, and �̅�𝑧 are the average velocity for each of direction component. Variable k is the specific 

turbulent kinetic energy and variable  is the dissipation rate of the specific turbulent kinetic 

energy.  

 

The turbulent viscosity  (𝜇t) is formulated by semi empirical equation shown in equation (5). 

Meanwhile, 𝐺𝑘 is production rate of specific turbulent kinetic energy and given by equation (6). 

Parameter 𝐶μ, 𝐶1, 𝐶ε2, 𝜎k and 𝜎ε are empirical constants. 
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Simulation was performed in a steady state condition using Ansys-Fluent software. The wall 

boundary condition was built based on the assumption of no split condition; therefore, all turbulent 



 

 

 
 

variables (p, ux, uy, uz, k, and ) on the burner wall are zero. Meanwhile, the turbulent variable 

value near the wall (at log layer) is determined by a standard wall function. 

2.3 Experimental Variables  

Tangential inlet thickness in this research is expressed in the form of inlet aspect ratio (RIA). RIA 

is the ratio between the width to the thickness of the tangential inlet cross-section. Variation in RIA 

values was arranged by keeping the width value constant while varying tangential inlet thickness. 

The correspondent width was 30 cm, while the thickness values were 2, 3, and 4.5 cm. As a result, 

variation of RIA used were 15, 10 and 6.7. 

Meanwhile, tangential velocity is expressed in initial tangential intensity (IIT). IIT is calculated 

based on the equation below (Chen et al. 1999). 

𝐼𝐼𝑇 =
𝐴𝑐

𝐴𝑡

�̇�𝑡
2

(�̇�𝑡 + �̇�𝑎)2
 (7) 

Variable Ac is the cross-sectional area of the burner cylinder and At is the cross-sectional area of 

tangential inlet. Meanwhile, 
am and tm are the mass flow rate through axial inlet and tangential 

inlet, respectively.The higher the IIT, the higher swirl flow intensity would be and vice versa. In 

this experiment, IIT values were varied between 2.5 – 5.6. 

3. RESULTS AND DISCUSSIONS 

3.1 The Effect of IIT on Backflow Pattern for Various Values of RIA  

3.1.1 Burner with RIA = 15 

The simulation result showed that for IIT = 4.6, backflow was formed in the burner. The backflow 

occurred in the middle of the burner which stretched along the burner cylinder. It flowed 

continuously as a vortex that resembled a tornado-tail, as shown in Fig. 3.a. Similar phenomenon 



 

 

 
 

also arose for IIT = 2.5, however, shorter backflow penetration was formed for this IIT value. It only 

occurred along the 2/5-end of the burner cylinder, as shown in Fig. 3.b. 

 
 

a. For IIT = 4.6 b. For IIT = 2.5  

Fig. 3. Backflow pattern that resembles a tornado tail for RIA = 15 

The existence of that particular backflow was later tested experimentally through paper slices 

dynamic experiment, at position z = 1.45 m. For IIT = 4.6, there was an indication of backflow 

formed in the middle of the burner. This experiment result was in accordance with the simulation 

results of flow pathlines (Fig. 3.a). The profile of axial velocity vector, as depicted in Fig.4.a, also 

shows an indication of backflow in the center of the burner, including at z = 1.45 m. The indication 

of backflow existence was shown by the negative value of axial velocity vector (pointed to the 

left). 

The comparison between the backflow pattern of experiment and simulation result, which was 

extracted at z = 1.45 m, can be seen in Fig. 4.b. The figure showed that the backflow pattern from 

simulation result, with standard k- turbulent model, was almost identical to the paper slices 

dynamic experiment result. 



 

 

 
 

 

 

 

 

 

a. Axial velocity vectors b. Flow pathlines at z = 1.45 m 

Fig. 4. Axial velocity profiles and flow pathlines at IIT = 4.6 

Meanwhile, for lower flow rate (IIT = 2.5), the experiment result also indicated the formation of 

backflow at z = 1.45 m. The backflow had smaller intensity compared to the previous one. This 

result seemed to contradict the result on Fig. 3.b, which showed that no backflow was formed at 

the z position. This result could be explained from the visualization of axial velocity vector, as 

depicted in Fig. 5.a. The axial velocity vector distribution, at zx plane, showed two indications of 

backflows located at the 1/4-start and 2/5-end of the burner cylinder. 

The backflow occurred in the first 1/4 length of burner cylinder was called internal recirculation 

flow. On the other hand, backflow formed in the 2/5-end of burner cylinder length was called 

external backflow. The later was responsible for sustaining flame stability because, it would bring 

hot flue gas from the furnace into the burner to maintain burner temperature high (Al-Abdeli and 

Masri 2015). 

Figure 5.a shows that at z = 1.45 m, there were some axial velocity vectors directed to the left. 

This indicated the formation of backflow at that particular position in the form of internal 

recirculation flow. That backflow phenomenon was the one that was recorded by paper slices 

z = 1.45 m  



 

 

 
 

dynamic experiment. The simulation result with fluid release line at z = 1.45 m also revealed a 

formation of low intensity backflow. The comparison of backflow patterns of simulation and 

experiment result, at z = 1.45 m, were depicted in Fig. 5.b. It is clearly seen that both patterns 

showed high level of adequate similarity. 

 

 

  

a. Axial velocity vectors b. Flow pathlines at z = 1.45 m 

Fig. 5. Axial velocity profiles and flow pathlines at IIT = 2.5 

3.1.2 Burner with RIA = 10 

At IIT = 5.3, backflow with a tornado-tail like pattern was found to penetrate along the burner 

cylinder, as depicted in Fig. 6.a. While, at lower IIT value of 2.8, the backflow pattern only 

penetrated along the 1/3-end of burner cylinder, as shown in Fig. 6.b. 

 

 

 

a.  For IIT = 5.3 b. For IIT = 2.8 

Fig. 6. Backflow patterns that resembles a tornado tail for RIA = 10 

z = 1.60 m z = 1.60 m 

z = 1.45 m  



 

 

 
 

Although for IIT = 5.3 the experiment of paper slices dynamic visualization showed a formation of 

backflow at z = 1.6 m, but for IIT = 2.8 the backflow was not formed at all. These experiment 

results were in line with the simulation results of backflows. Fig.6.b shows that there is no 

backflows, at z = 1.6 m. The conformity of flow pathlines between experiment and simulation 

results is shown in Fig. 7. 

  

a. For IIT = 5.3 b. For IIT = 2.8 

Fig. 7. Comparison of flow pathlines of experiment and simulation for RAI = 10 

3.1.3 Burner with RIA = 6.7 

The simulation result, for IIT = 5.3, indicated the formation of backflow that penetrated along 2/3-

end of the burner cylinder, shown in Fig. 8.a. This was supported by the experiment result that 

showed the indication of backflow at z = 1.90 m. The comparison of paper slices dynamic 

visualization and the simulation result is given in Fig. 9.a. 

  

 

a. For IIT = 5.3    b. For IIT = 2.9 

z = 1.90 m  z = 1.90 m 



 

 

 
 

Fig. 8. Backflow patterns that resembles a tornado tail for RIA = 6.67  

For IIT = 2.9, the simulation result did not show any backflow formation along the burner cylinder, 

as seen in Fig. 8.b. Nonexistence of backflow for that particular condition was also supported by 

the paper slices dynamic experiment result. Also at z = 1.9 m, the experiment did not indicate 

backflows formation, as shown in Fig. 9.b. 

  

a. For IIT = 5.3 b. For IIT = 2.9 

Fig. 9. Comparison of flow pathlines of experiment and simulation for RAI = 6.67 

From various simulation conditions above, it was found that backflow patterns of simulation 

results were similar with experiment results of paper slices dynamic. It can be concluded that 

standard k- turbulent model was able to predict the formation of backflow pattern in a cyclone 

burner well. Simulation results also showed that backflow pattern in the burner was greatly 

influenced by tangential velocity (IIT) and tangential inlet thickness (RIA). This is consistent with 

Nemoda and Bourgoin’s finding (Nemoda et al. 2005, Bourgouin et al. 2015). 



 

 

 
 

3.2 The Effect of RIA and IIT to Static Pressure 

Static pressure difference along a burner cylinder is caused by kinetic energy dissipation rate 

(epsilon) as a result of friction loss. Kinetic energy dissipation dominantly occurs in the area near 

the burner’s wall. Therefore, static pressure measurement is conducted on that particular area. 

3.2.1 The Effect of IIT to Static Pressure 

Experiment results showed that the higher the IIT, the bigger the difference in static pressure along 

the burner cylinder would be. Similar result was achieved from the simulation using standard k- 

turbulent model. Mean deviation of the static pressure from simulation results compared to 

experiments results, for RIA 15, 10 and 6.7, were 10, 14 dan 20%, respectively. The comparison of 

static pressure drop profile for several RIA and IIT values is shown in Fig. 10. The difference 

between the simulation results to the experiment results increased with the rise of IIT. For IIT ≤ 4.3, 

the deviation was under 20%. This is similar to previous studies which state that, for low swirl 

intensity, standard k- turbulent model can satisfactorily model swirl flow well [Nemoda et al. 

2005, Pasymi et al. 2017, Vazquez 2012). 

For IIT > 4.3, the difference between simulation results and experiment results were higher. This 

happened because for high values of IIT, the swirl flow tends to be non-isotropic, with different 

turbulent strength penetrating to all direction components (Jakirlic et al. 2002). Meanwhile, 

standard k- turbulent model is built based on the isotropic turbulent assumption, where turbulent 

velocity is considered uniform to every direction. It is why, isotropic assumption is difficult to 

accept for turbulent swirl flow, particularly for high swirl intensity. 

Dependency of the pressure drop to the tangential velocity (IIT) can be explained as follow; (1) for 

high values of IIT, the tangential velocity in the inlet burner would be high, (2) on the contrary, the 

static pressure on that position would be low, (3) due to kinetic energy dissipation from friction 



 

 

 
 

loss along the burner cylinder, the tangential velocity toward the burner outlet would decrease, (4) 

on the other hand, the kinetic energy dissipation rate (epsilon) and the pressure drop along the 

burner cylinder would grow. Therefore, the greater the value of IIT, the greater the pressure drop 

along the burner cylinder was and vice versa. 

  

a. For RIA = 15 b. For RIA = 10 

  

 

c. For RIA = 6.67 d. For IIT = 3.4 

Fig. 10. Static pressure drop profile in the burner for various IIT and RIA 

3.2.2 The Effect of RIA to Static Pressure  

Both experiment and simulation results indicated that the static pressure loss in the burner was 

directionally proportional to the inlet aspect ratio (RIA). The greater the value of RIA, the greater 

static pressure difference in the burner was. The comparison between simulation and experiment 
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result, for IIT = 3.4, is depicted in Fig. 10.d. The pressure drop from the simulation result deviated 

± 27% from the experiment result. 

The difference in RIA would affect tangential inlet cross-sectional area. The thinner the tangential 

inlet thickness (the bigger the RIA), the smaller the cross-sectional area of tangential inlet would 

be and the higher the tangential velocity would be. This leads to the higher kinetic energy 

dissipation rate (epsilon) and the pressure drop would be. As a result, the bigger RIA would result 

in the bigger pressure drop. 

4. CONCLUSION 

Standard k- turbulent model could be use to predict backflow pattern and static pressure profile 

in cyclone burners satisfactorily well, particularly for IIT  4.3. The backflow patterns from 

simulation results were highly similar with experiment results of paper slices dynamic. The formed 

backflow patterns closely resembled to a tornado tail. Mean deviation of pressure drop from 

simulation and experiment results, for varied range of RIA and IIT, was 14.67%. 

Simulation results also revealed that backflow pattern and pressure drop profile in cyclone burners 

were greatly influenced by tangential inlet thickness and tangential velocity. More precisely, the 

effect of tangential velocity was more dominant compared to the thickness. For the same value of 

thickness (RIA), backflow intensity was directly proportional to initial tangential intensity (IIT). 

The higher the tangential velocity, the greater the backflow intensity was. The same phenomenon 

applied to pressure drop; the higher the tangential velocity, the greater the pressure drop was. This 

happened as a result of high pressure loss due to friction loss with burner wall. 
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