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Industrial flue gas emission consists of harmful substance such as 
carbon monoxide (CO), carbon dioxide (CO₂), nitrogen oxides (NOₓ), 
sulfur dioxide (SO₂), which contribute to air pollution, climate change, 
and health risks. Effective emission monitoring is essential to reduce 
environmental impact and comply with air quality regulations. 
However, the accuracy of in-situ gas sensors largely depends on proper 
placement within the exhaust stack, as poor positioning in turbulent or 
unstable flow regions can result in inaccurate readings. This study aims 
to analyze flue gas flow behavior within an L-shaped industrial exhaust 
stack and determine the optimal sensor placement using Computational 
Fluid Dynamic (CFD) simulation. The geometry was created in 
SolidWorks and imported into ANSYS Fluent 2024 R1 for steady state 
analysis using the standard k-epsilon turbulence model. Key flow 
parameters such as velocity, pressure, and gas interaction with sensor 
geometry were examined. The stack consists of a 4-meter horizontal 
section, a 12-meter vertical section, and a 2-meter diameter. Four 
sensor locations 2 m, 4 m, 6 m, and 8 m from the outlet were tested to 
evaluate flow stability and suitability for sensor installation. Simulation 
results showed that the sensor location at 10 meters from the bend 
which is 2 meters before the outlet offered the most stable flow 
conditions, with an average velocity of 10.75 m/s and a pressure 
difference of only 59.5 Pa across the sensor. This minimal pressure drop 
indicates low flow disturbance caused by the sensor, helping maintain 
continuous and reliable contact between the flue gas and the sensor 
surface. These favorable flow characteristics support the accuracy of gas 
detection and confirm this location as optimal for in-situ sensor 
deployment. Overall, the findings demonstrate the effectiveness of CFD 
in guiding sensor placement strategies for enhanced emission 
monitoring in industrial stack systems. 
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1. Introduction 

Industrial activities involving combustion processes are a significant source of flue gas emissions containing 
pollutants such as CO₂, NOₓ, and SO₂, which contribute to environmental degradation and health issues [1]. In 
Malaysia, industrial sectors such as oil and gas, manufacturing, and power generation are major contributors to 
flue gas emissions, underscoring the importance of continuous monitoring strategies. According to Elseoud et al., 
[2], high emissions levels are linked to urban air quality deterioration, necessitating effective control measures. 
To address this, in-situ sensor technology has been widely adopted for real time emission monitoring. Nawawi 
et al. [3] states that it is essential for industries utilizing flue gas systems to monitor these emissions closely to 
comply with the Environmental Quality (Clean Air) Regulations 2014, which establish strict standards for air 
pollutants [4] 
          Previous studies by Sarwar et al. [5] have highlighted the importance of understanding flow behavior in 
exhaust systems to improve sensor efficiency and monitoring accuracy. Johnson et al [6] compared several 
methods for measuring gas velocity in stacks and concluded that stable flow zones produce more consistent 
sensor readings. Shen et al. [7] emphasized that flow uniformity and temperature gradients significantly 
influence sensor performance. In another study, Guo et al., [8], designed a multi-laser hybrid absorption sensor 
to measure N₂, NO, and temperature in flue gas, showing the significance of correct positioning for accuracy. 
These findings support the current research, which applies CFD simulation to determine ideal sensor locations 
heavily depends on sensor placement, which directly influences measurement accuracy. Furthermore, Anderson 
et al. and Farid & Solav [9][1] highlight the importance of environmental sensors in monitoring pollution. 
Nevertheless, the placement of these sensors presents a challenge, as suboptimal positioning can lead to 
inaccurate data, complicating emission positioning can lead to inaccurate data, complicating emission 
evaluations [2] 
             Computational Fluid Dynamic (CFD) has emerged as a powerful tool for analyzing internal flow 
characteristics and optimizing sensor positions. G et al. [3] emphasized the role of modeling tools like CFD in 
predicting and mitigating emissions from industrial systems. This study aims to analyze the flue gas behavior in 
an L-shaped exhaust stack to determine optimal sensor placement based on flow stability, pressure distribution, 
and interaction with sensor geometry. By focusing on realistic conditions and using advanced simulation 
software (ANSYS Fluent), the study contributes to more reliable emission measurement practices. The findings 
are also aligned with global sustainability goals such as SDG 13 (Climate Action), by supporting pollution 
reduction and clean air initiatives. 
 

2. Methodology  

The methodology describes how to achieve the objective of the study focusing on applying Computational Fluid 
Dynamics (CFD) to analyse flue gas emissions. This study measure parameters such as temperature, velocity, 
and pollutant concentrations to determine optimal sensor placement for accurate monitoring. The process 
involves creating virtual models of the flue gas system, generating mesh, and running simulations in ANSYS 
Fluent to study gas flow and pollutant behavior. The results help ensure better emissions control and meet 
environmental standards. 
 

2.1 Geometry Modeling 

The flue gas stack was designed in SolidWorks with an L-shaped configuration consisting of a 4 m horizontal 
pipe connected to a 12 m vertical outlet pipe as shown in Fig. 1. The internal diameter of the pipe is 2 m. Four 
sensor locations were defined at 4 m, 6m, 8 m, and 10 m form the bend. The geometry was imported into ANSYS 
Workbench 2024 for CFD analysis. The use of an L-shaped design reflects realistic industrial layouts where 
directional changes occur before gas release. This setup allows a more practical evaluation of sensor 
performance in curved flow conditions. 
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Fig.1 L-shaped Stack Geometry Showing the Sensor Position 

 

2.2 Meshing  

The geometry was meshed using a standard patch conforming tetrahedral method with a 0.2 m element size, as 
shown in Fig. 2, to achieve a balanced resolution that captures essential flow features while minimizing 
computational cost. This mesh size was selected based on the grid independence test, which showed that the 
difference in average velocity between medium (0.2 m) and fine (0.1 m) mesh was less than 2%, indicating that 
further refinement would not significantly improve result accuracy. A coarse mesh (0.3 m) was also tested but 
showed higher deviation in predicted flow behavior. Therefore, the medium mesh was chosen for full-scale 
simulation as it offered sufficient detail, especially in the curved bend region, without excessive simulation time. 
Additionally, named selections were created for the inlet, outlet, and wall pipe to facilitate accurate assignment 
of boundary conditions during the simulation setup. 
 

 

Fig. 2 Mesh Structure of the Stack Model with Named Selection of Fluid Flow at Inlet, Outlet and Wall Pipe of Stack 

 

2.3 Simulation Setup 

A steady-state analysis was performed in ANSYS Fluent 2024 R1 to observe the fully developed flow behavior 
under constant conditions within the L-shaped flue gas stack. The flow was assumed to be incompressible, and 
gravity was applied in the negative Y-direction at -9.81 m/s² to replicate the natural downward flow effects. The 
working fluid was defined as a mixture of combustion by-products including carbon dioxide (CO₂), nitrogen 
monoxide (NO), nitrogen dioxide (NO₂), sulfur dioxide (SO₂), carbon monoxide (CO), and oxygen (O₂), which 
represent the common constituents in industrial flue gas. The inlet velocity was set at 10 m/s, the temperature 
at 323.15 K (50°C), and the turbulence intensity at 3.35%, based on referenced literature values relevant to flue 
gas emission studies. The outlet boundary condition was defined using gauge pressure set to 0 Pa to simulate 
atmospheric discharge. The standard k-ε turbulence model was employed for its proven robustness and 
accuracy in simulating internal turbulent flows in industrial stack systems, particularly those involving bends 
and recirculation zones. 
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Table 1 Parameter and Boundary Conditions 

Parameter Value 

Simulation Type Steady state 

Solver Pressure based 

Gravity Y-axis: -9.81 m/s 

Inlet Velocity 10 m/s 

Operating Temperature 323.15 K 

Turbulence Flow Intensity, I 3.35% 

Wall Condition Adiabatic no-slip walls 
Turbulence Model Standard k-ε 
Working Fluids CO₂, CO, NO, NO₂, SO₂, O₂ 

 

2.4 Solution Method 

The solution method used second-order upwind schemes for momentum, energy, and turbulence equations to 
improve the accuracy of the simulation. A total of 200 iterations was set as the upper limit, although 
convergence was successfully achieved earlier at iteration 73, where all residuals fell below the standard 
threshold 1×10⁻³. At the point of convergence, the continuity residual reached 3.01×10⁻⁴, and turbulence 
variables (k and omega) were also within acceptable limits, indicating a stable and balanced floe field. The 
simulation did not require forced residual scaling or relaxation tuning, suggesting that the meshing and 
boundary condition setup were appropriately defined. In this study, the convergence was achieved smoothly, 
indicating that the simulation setup, including the mesh quality, inlet conditions, and solver settings, was 
effective. The residual plot in Fig. 3 illustrates the convergence behavior across iterations. 
 

 

Fig. 3 Residual Plot Showing Convergence of Continuity and Turbulence 

 

3. Results and Discussion  

3.1 Velocity Distribution  

Velocity contours were analyzed to evaluate flow consistency at four different sensor locations along the vertical 
stack. At 4 meters from the bend at location 1, the flow exhibited the highest average velocity of 14.50 m/s, with 
strong velocity gradients and signs of turbulence, indicating that the flow was still developing. At 6 meters, 
which is Location 2, the velocity reduced to 12.75 m/s, and the streamlines became more organized, although 
some disturbance was still present. At 8 meters from the bend, which is at location 3, the flow showed an 
average velocity of 11.05 m/s, with smoother contours and reduced fluctuations. Finally, 10 meters from the 
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bend, which is location 4, the average velocity was 10.42 m/s, and the flow appeared fully developed and stable, 
with minimal directional change and uniform distribution. This gradual reduction in velocity and turbulence, as 
illustrated in Fig. 4, confirms that the farther the sensor is placed from the bend, the more stable and consistent 
the flow becomes, making location 4 the most suitable for accurate sensor placement. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Velocity Range with Color Gradient in Stack at Each Locationr (a) Location 1 (4 m) from Bend (b) Location 2 
(6 m) from Bend (c) Location 3 (8 m) from Bend (d) Location 4 (10 m) from Bend 

 

3.2 Pressure Distribution 

Static pressure contours, as shown in Fig. 5, demonstrated a clear trend of increasing pressure uniformity 
further along the vertical stack. At 4 meters from the bend, which is at location 1, the pressure varied 
significantly, with a recorded pressure of 45.1 Pa, indicating uneven flow conditions and possible recirculation 
zones. At 6 meters at location 2, the pressure increased to 50.9 Pa, showing signs of stabilization. At 8 meters, 
which is location 3, the pressure was slightly higher at 51.0 Pa, with more consistent distribution across the 
sensor plane. Finally, at 10 meters at Location 4, the pressure reached 59.25 Pa, indicating the most stable and 
uniform pressure field among the four locations. This progression suggests that placing the sensor closer to the 
outlet allows it to operate in a more stable pressure environment, which is essential for improving the accuracy 
of pressure-sensitive measurement instruments. 
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Fig. 5 Pressure Range with Color Gradient in Stack at Each Locationr (a) Location 1 (4 m) from Bend (b) Location 2 
(6 m) from Bend (c) Location 3 (8 m) from Bend (d) Location 4 (10 m) from Bend 

 

3.3 Sensor Optimization and Comparative Analysis 

To further analyze the suitability of each sensor location, a comparative assessment was conducted using two 
key parameters which are average velocity and pressure drop across the sensor. As presented in Fig. 6, the bar 
chart shows the average velocity at each proposed sensor location: 

 Location 1, which is 4 meters from the bend, recorded the highest average velocity at 15.37 m/s, 
suggesting strong flow but potentially more turbulence and instability. 

 Location 2, which is 6 meters from the bend, showed a slightly lower but still high velocity of 12.09 m/s, 
indicating moderate flow development. 

 Location 3, which is 8 meters after the bend, had an average velocity of 14.58 m/s, which appears 
elevated, but might still present favorable flow behavior depend on pressure conditions. 

 Location 4, which is 10 meters from the bend or 2 meters before the outlet, recorded the lowest average 
velocity at 11.56 m/s, indicating a more settled and fully developed flow profile. 

 

 

Fig. 6 Comparison of Average Velocity at Each Location 

 

Fig. 7 illustrates the average pressure recorded at four different sensor locations along the vertical stack. As 
shown in the chart, location 1 (4 meters from the bend) recorded the lowest average pressure of 28.50 Pa, 
indicating the presence of more turbulent and unstable flow, typically found closer to the flow transition zone 
after the bend. As the sensor placement moves further up the stack, the average pressure increases gradually, 
reflecting more stabilized flow conditions. Location 2 (6 meters from the bend) and location 3 (8 meters from 
the bend) show similar average pressures of 42.65 Pa and 43.15 Pa, respectively, suggesting moderate stability 
and uniformity in the pressure field. The highest average pressure was observed at location 4 (10 meters from 
the bend or 2 meters before the outlet), reaching 57.85 Pa. This increase indicates a fully developed flow region 

  
(c) (d) 
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with consistent pressure distribution, making it the most favorable zone for sensor placement. The overall trend 
supports the fact that as the gas travels upward through the vertical stack, the flow becomes more uniform, and 
pressure conditions stabilize, which is critical for ensuring accurate and reliable sensor readings. 

 

 

Fig. 7 Comparison of Average Pressure at Each Location 

 

3.4 Recommended Sensor Placement 

Fig. 8 displays the streamline visualization of flue gas flow within the L-shaped stack and highlights the four 
proposed sensor locations positioned at 4 m, 6 m, 8 m, and 10 m above the bend. The streamline patterns 
illustrate how the gas flow evolves as it travels vertically upwards. At location 1 (4 m from bend), the 
streamlines are more curved and irregular due to the influence of the bend, indicating areas of disturbance and 
incomplete flow development. As the flow continues upward to location 2 (6 m from bend) and location 3 (8 m 
from bend), the streamlines become smoother and more aligned with the pipe wall, reflecting increasingly 
stabilized flow behavior. The most uniform and fully developed flow is observed at location 4 (10 m from bend), 
where the streamlines show minimal curvature or separation, suggesting optimal conditions for sensor 
installation. This region experiences reduced turbulence and more consistent flow, which is essential for 
improving the accuracy of in-situ gas monitoring. As marked in the figure, location 4 is identified as the best 
location for sensor placement due to its balanced flow characteristics and minimal disruption, confirming the 
simulation's findings. 
 

 

Fig. 8 Best Sensor Location in L-shaped Stack 
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4. Conclusion 

This study successfully employed Computational Fluid Dynamics (CFD) to investigate the flue gas flow behavior 
within an L-shaped industrial exhaust stack and to identify the optimal location for in-situ sensor placement for 
emission monitoring. Through simulation using ANSYS Fluent, it was found that the gas flow becomes 
progressively more stable as it travels further from the stack bend. Among the four evaluated positions, Location 
4, which is 10 meters from the bend or 2 meters before the outlet, demonstrated the most favorable conditions, 
with an average velocity of 10.42 m/s and a small pressure difference of 2.42%, indicating fully developed flow 
and minimal turbulence or interference around the sensor probe. 
        These results underscore the importance of proper sensor positioning to ensure accurate and reliable data 
collection in real-time monitoring systems. Accurate placement not only minimizes measurement errors but also 
enhances the detection of harmful pollutants such as CO₂, NOₓ, and SO₂, which are critical to air quality 
management. The use of CFD provides a cost-effective and efficient alternative to experimental methods, 
enabling industries to optimize sensor deployment while reducing development time and resources. 
        Moreover, the outcomes of this study support broader environmental and regulatory efforts. By improving 
the precision of emission monitoring, this work aligns with key objectives of the Sustainable Development Goals 
(SDGs), particularly SDG 13 (Climate Action) and SDG 12 (Responsible Consumption and Production). For future 
work, it is recommended to extend the analysis by incorporating thermal effects, gas species behavior, and 
validation with experimental or field data. The methodology demonstrated here serves as a robust foundation 
for advancing sensor placement strategies in industrial emission systems, promoting smarter, cleaner, and more 
sustainable engineering solutions. 
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