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Abstract: The laser beam apparatus for flow visualization technique is designed for advancements in 

fields like fluid dynamics through different enhanced flow visualization techniques as presented in this paper. The 

use of a powered laser source in conjunction with smoke allows for the possibility of observing and analyzing the 

fluid flow patterns over the body. The smoke acts as tracer particles for determining the flow patterns including 

laminar, turbulent and transitional behaviours. During this study, a combination of three approaches was used to 

reach the final comparison stage of the results, which are analytical, computational and experimental approaches. 

We investigated the flow of the fluid as it passes over a NACA 0012 airfoil in a custom-built wind tunnel. A low 

percentage error of 9.59% was obtained between the analytical and the experimental velocities. The results 

obtained accurately validate the apparatus setup effectiveness in representing the flow phenomena and giving 

further in-sights as to the interactions of boundary layers along with vortex formations. This study does not just 

suggest that the apparatus is capable for research and educational setting but also possess some potential 

applications in aerospace engineering, automotives design and environmental fluid studies. 
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1. Introduction 

low visualization has been crucial in different engineering fields like aerospace and automobiles. It enables 

engineers to identify the pattern of flow, the nature of interaction flow and solid surface and, hence analysing 

the results. There are various techniques of flow visualization which might categorized as either tracer based or 

density based. In the former technique, tracer such as dye and smoke are introduced to the flow, and their 

movement is observed to analyse the behaviour of the flow. Laser sheet and surface oil are few examples of this 

type. While the latter one relies on the change in reflective index caused by density change of the flow. It is helpful 

in shock visualization and heat transfer. Schlieren and shadowgraph techniques are of this type. In this work laser 

beam, for illumination, and smoke as tracer are integrated to visualize flow over a model of NACA0012 airfoil 

inside the subsonic wind tunnel for experimental purpose, and the same model underwent computational analysis 

by using ANSYS software to ensure the accuracy and reliability of the work. The aim of this work is to visualize 

flow to study both qualitative quality such as high-resolution visibility of pattern, boundary layer and quantitative 

quality such as velocity, vorticity, and turbulence of flow over the airfoil in subsonic wind tunnel with the 

integration of smoke as tracer and laser beam as illumination source for better results. 
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2. Literature Review 

Flow visualization can be done in many different methods such as water channel, wind tunnel water, wind 

tunnel oil and particle image velocity [8]. These methods vary in their result visibility, cost effectiveness, and ease 

of experimental procedures. Not only smoke seeding but also the smoke wire technique has been used for 

visualizing flow especially in structures around drag driven turbines, where nichrome wire coated with safe oil 

illustrates the streamlines at varying airflow speeds [4]. While the above-mentioned techniques including water 

channel, wind tunnel water, and wind tunnel oil are cost effective and easy, their results are not optimized and 

hence the introduction of laser beam visualization and smoke is needed. To mention few, the laser light sheet flow 

visualization systems for a large-scale, low speed wind tunnel aimed at complement force and pressure data is 

used in visualizing off-body aerodynamic phenomena [10]. This technique can use smoke as flow tracers in large 

wind tunnels and others experimental apparatus suitable for it [11]. The most fascinating thing about laser-smoke 

flow visualization is that its applications are diverse. This is because it can be integrated into apparatus easily, 

gives clear results especially in the study of vortex formation over airfoil, cylindrical, and conical bodies [7]. 

Researchers explored the idea of integrating smoke-laser visualization with CFD, creating a robust hybrid 

technique that uses the strengths of each respective method resulting in optimized aerodynamic efficiency. Efforts 

have been made to develop robust quantitative methods such as an optical field measurement technique 

particularly for measuring scalar concentration fields using Mie scattering from smoke particles. New small-scale 

wind tunnels have been designed specifically for flow visualization, incorporating mini smoke generators and 

varied parameters such as honeycomb screens and illumination systems to enhance the visibility of smoke lines 

[31]. Also, the development of smaller wind-tunnels specifically for flow visualization allows for easier adaptation 

in diverse research groups with varying focuses such as automotive and universities.  

Optical methods have been the most reliable in terms of accuracy and detail of flow observations. This is a 

result of consistent research in the field, which will be briefed below. There is a technique called Planar Laser 

Rayleigh Scattering; researchers make use of nanocrystals to capture detailed cross-sectional flow visualizations 

in supersonic wind tunnels. It is effective in identifying boundary-layer characteristics and flow asymmetries [33]. 

Non-Optical methods exist too, such as the use of Tufts and Oil Flow. These concepts on a fundamental level are 

placement of tufts or oil on the surface of a model in the test-section to clearly visualize flow direction and locating 

or identifying separation points.  Future research may focus on enhancing these aspects to improve the accuracy 

and detail of flow visualizations. A combination of non-optical visualization techniques with computational fluid 

dynamics (CFD) has proven to provide a more comprehensive understanding of flow phenomena. This integration 

has immense potential, and its interdisciplinary nature is attractive and may inspire further innovation in wind 

tunnel techniques [38] [39]. 

3. Methodology 

Experimental Methodology 

Material Selection 

The process of material selection in the experimental study of flow visualization is a very crucial process that 

encourages optimal performance, accurate data retained, durability and other important aspects of any setup. The 

general properties considered in the selection of laser source include wavelength, power and beam quality. The 

wavelength affects the flow pattern in terms of visibility. The power of the laser source is another important 

parameter that has to be considered because it affects the bright-ness of the laser and visibility of the beam as it 

illuminates the test section over the airfoil being tested. On the account of beam quality, it affects the focus ability 

and di-vergence of the laser beam. Some of the optical properties that have to be considered include lens material, 

focal length and aperture. The effect due to material of the lens is on the transmission and reflection of the laser 

beam. The laser beam is trans-mitted through the lens to the test section for illumination; thus, the material of the 

lens has to be properly selected for optimal transmission. The size and thickness of the laser sheet is affected but 

the focal length. The thickness of the laser sheet is inversely proportion-al to the focal length, which means that 

an increase in focal length reduces the thick-ness of the laser sheet and vice-versa. The aperture affects the amount 

of light that enters the optical system. A larger aperture allows more light to enter but may also increase the size 

of the optical system. The figure below illustrates the equipment used for experiments. 
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Figure 1: Equipment used in experiment 

Experimental Procedure 

• Setup the experiment by connecting the fan and smoke generator to the power source. 

• Make sure that the airfoil is properly attached to the appropriate angle of at-tack. 

• Pour the glycerin solution in the tank of the smoke generator. 

• Switch on the smoke generator and wait for it to switch on the red light showing that is has heated up. 

• Close the sides of the gazebo to make the test section dark 

• Switch on the suction fan attached to the outlet of the wind tunnel. 

• Measure the velocity of the flow inside the test section using a mini-anemometer 

• When the smoke generator has heated up, press the button to release the smoke into the test section of 

the wind tunnel. 

• Periodically start and stop the flow of the smoke in order to properly capture the attachment and 

detachment of the flow as it passes over the airfoil. 

• Use a high-resolution camera to capture the pictures and videos of the flow as it passes over the airfoil. 

• Repeat the procedure in order to obtain the most accurate results 

• Switch of the smoke generator and the suction fan after the experiment is successfully completed. 

Computational Methodology 

Modelling, Meshing and Setup. 

The computational analysis was done in such way that the wind tunnel test section with an airfoil (NACA0012) 

in it was modelled and simulated using ANSYS software. The model was attached to one of the walls at 00 angle 

of attack. The geometry was modelled using ANSYS space claim with the specifications of test section and the 

model. The length, width and depth for the test section are 12.40, 5.37 and 3.72m respectively whereas the chord 

length and span of the airfoil are 1 and 1.32m. Additionally, the test section was divided into two separate domains 

(Inner domain of 4×4×1.66m ) in order to focus on the vicinity around the airfoil hence getting better results as 

shown in Figure 2. 
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Figure 2: Model of an airfoil inside the test Section 

For meshing, the tetrahedron method of meshing was chosen since a complex geometry i.e. a wing with a 

curving leading edge was present. Furthermore, the mesh metrics quality for the orthogonality and skewness were 

found to be 0.76 and 0.23 respectively, which verify the mesh to be of good quality. The mesh was made coarse 

in the outer domain of the test section and finer in the region of interest as seen in Figure 2. Additionally, an 

inflation was introduced around the wing area to capture boundary layer effects and interaction with wing walls.  

 

Figure 3: Mesh of the model 

In the setup of the simulation, pressure-based solver type was used. The viscous model picked was a realizable 

k-epsilon model with non-equilibrium wall function. This is because the approach captures boundary layer effects 

in incompressible flow and targets the turbulence close to the wall of the wing model. For the boundary conditions, 

the velocity at the inlet was specified in components to account for the angle of attack while maintaining the wing 

model at zero degrees Angle of Attack (AOA) position. Suitably, Green-Gauss node based was opted for Spatial 

Discretization Gradient because the mesh used was unstructured type. 

Governing Equations of the Ansys Fluent Simulation software. 

This software is based on the governing equations of fluid dynamics which include mass, momentum and 

energy conservation equations. These equations are combined and are referred to as the Navier Stoke’s equation.  
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Analytical Methodology. 

The apparatus constructed required validation and evaluation of its accuracy. For that case, velocity at the test 

section is determined analytically and experimentally then compared, taking the analytical value as the reference. 

On the specifications of the suction fan, air delivery was given, which was used for calculation of the test section 

velocity by use of the conservation of mass flow. 

4. Results and Discussion 

Computational Results 

The velocity vectors of the wing section at all the AOAs indicate zero velocity at the wall accounting for no 

slip condition. The velocity then gradually increases moving further in the perpendicular direction to the wall until 

the equivalent velocity to that at the test section is achieved. This can be seen clearly in Figure 4, where a U 

velocity profile is formed. Furthermore, at 5,10 and15 degrees AOA, it can be observed that there are points with 

reverse flow of fluid on the upper wing surface. This indicates boundary layer points of separation. 
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Figure 1: Zoomed in Velocity vector showing velocity profile at 𝟎° AOA 

 

Figure 2:Zoomed in Velocity vector showing reverse flow at 𝟓°AOA. 

 

Figure 3:Zoomed in Velocity vector showing reverse flow at 𝟏𝟎°AOA 

Form Figure 5 and Figure 6, the reverse flow at the upper surface of the wing, at 10°AOA, starts at a point 

upstream closer to the leading edge as compared to that of 5°AOA. This means the separation of boundary layer 

happens earlier at 10°AOA than 5°AOA. 

 

Figure 4:Zoomed in Velocity vector showing reverse flow at 𝟏𝟓°AOA 
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In Figure 7, the reverse flow, at 15°AOA, begins to occur at a much closer position to the leading edge as 

compared to 10°AOA. From the overall observation at various AOAs, it can be concluded that the boundary layer 

separation is a function of Angle of Attack (AOA). The higher the angle of attack, the sooner boundary layer 

separation occurs on the upper wing surface.  

 

Figure 5: Velocity contours at different AOA a)𝟎°b)𝟓°c)𝟏𝟎°d)𝟏𝟓° 

From the velocity contours in Figure 8, it can be seen that the stagnation point kept moving towards the lower 

leading edge as the air delivered to it kept introducing the wing to higher AOA. Additionally, at 0°AOA, there 

was no low velocity regions at the upper surface of the wing. But as the angle of attack increased, the low velocity 

regions became more evident especially at 15°AOA. These regions are equivalently high-pressure regions and are 

influenced by the occurrence boundary layer separation. 

Experimental Results 

The Experimental velocity at the test section was determined to be 1.98m/s. 

 

 

 

d) 

 

 

c) 

b) a) 
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Figure 6: wing section in the test section at various AOA a)𝟎°b)𝟓.°c)𝟏𝟎°d)𝟏𝟓° 

 

Figure 7: Visualized flow in wind tunnel 

At 0° AOA, the boundary layer over the wing is laminar throughout the wing surface with no separation point. 

As the AOA is increased to 5°AOA, the laminar boundary layer, turbulent one and boundary layer point of 

separation are clearly visible. Furthermore, increasing the AOA to 10°, the boundary layer point of separation 

occurred at slightly upstream position on the wing surface as compared to the previous 5°AOA. Finally, increment 

up to 15 degrees AOA, the separation of the boundary layer occurred at a more upstream position as compared to 

the preceding AOA. And a repeating pattern of swirling vortices are seen creating Von Karman vortex street. 

4.3. Analytical Result 

The analytical velocity at the test section is determined to be 2.19m/s. 

5. Validation 

The laser beam apparatus constructed requires a means of determining how accurate and reliable it is, as an 

instrument. For that reason, the velocity at the test section is determined analytically, by theoretical calculations 

using mass flow rate equation and experimentally by use of a mini anemometer. The values determined are 

computed to find the percentage error, taking analytical velocity as reference. This percentage error was calculated 

to be 9.59%. 

6. Conclusion 

In this paper a designed and implemented laser beam apparatus for flow visualization was executed. The 

apparatus setup was for observing and analyzing the flow patterns which is a crucial technique in fluid mechanics 

for understanding complex flow behaviors. With the laser source in conjunction with smoke form the generator 

as tracer particles and a lens, the required illumination was achieved to properly observe the vortex formations as 

the flow passed over the airfoil in the test section. The key to understanding this flow was on the base of boundary 

layer attachment and detachment to the airfoil body being tested in the test section, which was captured, and 

shown in the pictures earlier. Considering the objectives outlined, the vortex formations, boundary layer and 

patterned were observed and analyzed which curbs the success of the work. 
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