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Abstract 
In order to study the characteristics of the different formed free surface vortices at vertical 

hydraulic intakes, three sets of experiments were conducted. The spiral flow was detected using 

the Particle Tracking Velocimetry (PTV) measurement technique in three dimensions (3D) by 

installing two cameras at above and side of the model. The dimensions of model were 2000mm 

in length, 1300mm in width and 1500mm in height. Through the experiments, extensive data 

including tangential (Vθ), radial (Vr) and axial (Vz) velocities and their variations with the 

changing vortex center in different vortex classes, were recorded and analyzed. Using the 

obtained results, a 3D flow path was drawn for each class of the formed vortex. Moreover, 

changes in the diameter of the vortex core (Dvo) in the three different classes of vortex were 

investigated and its changes along the vortex axis were measured. Results showed that the 

average of Dvo/D (D is the intake diameter) was about 0.14, 0.2 and 0.23 for vortices Class C, B 

and A, respectively. 
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Notations  
D: intake diameter 

Fr: intake Froude number = V/(gD)1/2 

g: gravitational acceleration 

Q: intake discharge  

Re: intake Reynolds number = VD/υ 

r: radial distance from the vortex center 

S: submergence of the intake centerline 

S/D: relative submergence of the intake  
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We: intake Weber number = ρV2D/ 

ρ: density of water 

: surface tension of water 

ν: kinematic viscosity of water 

Vθ: tangential velocity component 

Vr: radial velocity component 

Vz: axial velocity component 

Z/s: relative depth 

Dvo: diameter of the vortex core 

 

1. Introduction 
The occurrence of free surface vortex in reservoirs is a common and damaging event, posing 

a significant challenge in hydraulic engineering for intake design. The impact of these vortices 

can lead to severe damage to the hydraulic structures, especially hydraulic machinery, due to 

sudden pressure changes and shocks. This can result in inducing vibrations, noise pollution, 

decreasing the operational efficiency of hydraulic equipment, and moving debris and sediments 

into the intake. Forming air-core vortices can disrupt the expected forces on turbine blades, 

reducing power plant performance and increasing hydraulic losses during power generation [1-

3]. Sarkardeh et al. categorized free surface vortices into three classes based on their strength and 

associated risks [4]. Class C represents weak and safe rotations, while Class B involves flow 

rotation reaching the intake and dragging debris. Class A denotes the strongest vortices that 

should be avoided, where air bubbles are trapped and drawn down to the intake. In the most 

intense state, a stable air-core forms at the vortex center, steadily drawing air into the intake 

(Figure 1). 

 

 
Figure 1. Classification of vortices based on their strength [4] 

 

Some performed researches in the recent years, making significant contributions to the 

progress of knowledge in the field of hydraulic engineering. Sarkardeh and Marosi analytically 

recognized and analyzed the spiral flow motion of the free surface vortices at intakes [5]. 

Azarpira and Zarrati [6] created a precise computational model designed for the analysis of 3D 

air-core vortices. Suerich-Gulick et al. introduced a model for predicting the fundamental 

attributes of free surface vortices at intake [7,8]. Wang et al. [9] have conducted various studies 

on the evolution of vortices. Recently, numerical simulations have a significant effect on 

exploring different characteristics and aspects of free surface vortices at intakes [10-17]. Pakdel 

et al. conducted a numerical study to examine the impact of waves on vortices that are generated 

in vertical intakes [18-19]. Zi et al. [20] investigated formation and development mechanism of 

the air-core vortex situated between the free surface and the horizontal flow intake. Many 

aspects of vortex formation were discovered through the use of physical models [21-27]. 

Monshizadeh et al. and Tahershamsi et al. conducted a comparative study and analysis on 
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dynamic of a formed free surface vortex at horizontal intakes and also a hydraulic method on 

dissipating formed vortices [28-32]. Aghajani et al. investigated the effect of a trash rack at the 

entrance of intake on strength of formed vortices using an experimental model [33,34]. Amiri et 

al. investigated methods for preventing vortices by various anti-vortex plates [35]. Camnasio et 

al. conducted an experimental investigation on the velocity distributions within rectangular 

shallow reservoirs using ultrasound profiling. They aimed to assess how the reservoir geometry 

influences the flow patterns [36]. In an experimental study, Sarkardeh et al. [37] investigated the 

3D components of velocity using an Acoustic Doppler Velocimetry (ADV) device in a reservoir 

with a horizontal intake. Suerich-Gulick et al. [8] have utilized Particle Image Velocimetry (PIV) 

to analyze the vortex flow field.  

Although a large number of studies were conducted in the field of vortex recognition to date, 

there are still many problems to be solved due to the complexity of the vortex. The purpose of 

this study is to utilize the PTV technique to visualize the spiral flow and determine the 3D 

velocity components in different free surface vortices. In the present research, by employing a 

big experimental model, Vθ, Vr and Vz were determined using the PTV technique. Regarding the 

measured different velocity components, 3D spiral flow path line was drawn for three different 

classes of vortices. Moreover, diameter variations of the vortex core in each class were also 

recorded and analyzed. 

 

2. Methods and Materials 

2.1. Experimental setup 
The used physical model consisted of a metal structure with 10mm thickness glass walls to 

provide a clear view of the reservoir sides and bottom [38]. The reservoir had dimensions of 

2000mm in length, 1300mm in width, and 1500mm in height, with water capacity of 

approximately 4m³ . To minimize the scale effects, Reynolds (Re) and Weber (We) should be 

greater than a value which suggested by the different researchers to neglect the effects of 

viscosity and surface tension. Considering the effects of viscosity and surface tension in vortex 

modeling and creating scale errors, by summarizing the opinions of different researchers and 

maintaining the appropriate margin of safety in model design, Re and We should have a value 

greater than Re ≥ 1.1 × 105 and We ≥ 720 [38]. The reservoir length was 2000mm to ensure 

undisturbed flow to the test area after passing through flow energy dissipaters (Figure 2). 
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Figure 2. Side Schematic view (a), top schematic view (b) 

 

2.2. Measurement technique 

To prevent interruption in the flow, the PTV method was utilized to measure the 3D 

velocity distributions and plot the spiral flow path lines. In this system, a pair of 5-

megapixel cameras was utilized, capable of recording videos at a frame rate of 25 fps. 

The importance of using these types of cameras was ability of synchronizing when 

recording starts and ends. In this investigation, because of low speed of motion, the 

tracer particles can be easily identified without the need for high image resolution and 

also high frame rate of camera. By installing an up view camera on the base of the tank, 

images related to the x-y coordinate plane can be recorded. By utilizing the camera 

positioned on the ground base, side-view images can be captured in the x-z coordinate 

plane. Two cameras can simultaneously send the recorded images to the Digital Video 

Recorder (DVR) device for storage. The images recorded on the DVR can be reviewed 

on the monitor and exported as video files for further processing (Figure 3). 

 

 
Figure 3. Imaging equipment 

 

2.3. Experimental procedure 
In this research, three classes of vortices are formed by adjusting the flow rate of the pump 

connected to the reservoir. Three different flow rates result in the generation of vortices in three 
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classes of C, B, and A, at a constant relative submerged depth (S/D). In order to create a stable 

vortex at the entrance of the vertical intake, each test required a minimum time of 15 minutes to 

establish stable conditions. After establishing stable conditions in each vortex class, a tracer 

particle was released into the test area in the reservoir, and its movement is recorded in the x-y 

and x-z coordinates. The recorded videos were divided into the frames. In this case, the spiral 

flow path line is drawn for each vortex class, and the 3D velocity parameters were determined 

based on the center of the formed vortex. The PTV method consists of several key steps. First, 

the tracer particle images acquired in each recording must be analyzed by removing any 

disturbing backgrounds. After that, the position of each particle must be determined with high 

accuracy at any time. The subsequent stage entails associating particle images that related to the 

same physical tracer, usually by identifying the image pair with the shortest distance as the 

accurate match. In the next step, by grouping the specified points into specific time intervals, it 

is possible to draw the spiral flow lines and determine the 3D velocity parameters. The PTV 

method offers several advantages. First, the velocity data obtained is relatively accurate because 

each velocity vector corresponds to the image of a particle. This characteristic guarantees that 

measurements remain unaffected by bias errors resulting from spatial averaging [39]. 

 

3. Results and Discussions 

3.1. Vortex appearance at the intake entrance 
The physical model used in this study was capable of simulating all three classes of vortices 

in terms of strength (Figure 4). Therefore, the physical model was capable to generate flows with 

varying Fr for a constant depth of water in the reservoir. By increasing the flow rate of the pump 

in the physical model, Fr was increased in a constant reservoir water level, leading to the change 

of the vortex from Class C to Classes B and A. Increasing Fr results in the formation of stronger 

vortices in the laboratory model [4]. 

 

 
Figure 4. Vortex formed in the physical model [38] 

 

By forming vortices in three different classes (A, B and C), tracer particles (polystyrene 

tracer particles with a density similar to the water) were released into the intake area. Using 

image recording equipment, the trajectory of the tracer particle is visualized in two directions: up 

and side views of flow (Figure 5). 
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Figure 5. Tracer particle path in up and side views 

 

3.2. Vortex core diameter variations 

Figure 6 illustrates the variations in the funnel shape of the vortex across different 

classes, as well as the changes in the diameter of the vortex core. 

 

 
Figure 6. Schematic image of vortex core diameter in three vortex classes A, B and C 

 
Based on the changes in the diameter of the vortex core along the vortex axis (Z) in relation 

to the intake submergence (s) and considering the Z/s criterion, the variations in the vortex core 

diameter were examined. The changes of Dvo in relation to D were also investigated. Results of 

Dvo changes along the three different formed classes of vortex indicate that Class A has the 

largest Dvo while Class C has the smallest Dvo. It is evidence that the maximum of Dvo occurs at 

Z/s = 1 and towards the intake decreases (Figure 7). 
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Figure 7.  Changes in Dvo along the vortex axis at three different classes 

 

The average of Dvo/D is about 0.14, 0.2 and 0.23 for vortices Class C, B and A, 

respectively. This trend demonstrates the impact of increasing the strength of the vortex 

on the diameter of the vortex core. 
 

3.3. Drawing the spiral path lines 
By drawing the flow paths regarding side and top views, three classes of vortex were 

determined. The output images from top view camera shows a surface spiral path. In Class A 

vortices, characterized by high flow rate and velocities higher than those of Classes B and C 

vortices, particles follow a shorter path. This causes their radius of movement to be decreased, 

rapidly, towards the center of the vortex. The difference in path lengths between Class C and B 

vortices can be attributed to the tracer particle position within the formed core in the Class C 

vortex, resulting in rotational movement. In Class A vortex, where there is a higher speed and 

flow rate than the other two classes of vortex, the tracer particle travels about 30% less distance 

than the tracer particles in Classes B and C vortices (Figure 8). 

 

 
Figure 8. The path line of the tracer particle in an up view 

 

Upon entering the radial range of the vortex, the tracer particles are attracted towards the 

center of the vortex and become visible in the output images captured by the vision camera 

positioned at the well side of the funnel-shaped path. In a Class A vortex, a stable air core is 

formed in the center of the vortex, trapping and transporting air bubbles from the water surface 

to the intake.  Due to the presence of a strong air core in the center of the vortex, the tracer 
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particle travels a path that is 15% longer than the movement of the tracer particle in the Class B 

vortex. Figure 9 illustrates the rapid movement of the particle towards the intake in different 

vortex classes. The path traveled by the tracer particle in Classes A and B vortices is 

approximately twice as long as the path of the tracer particle in the Class C vortex (Figure 9). 

 

 
Figure 9. The path line of the tracer particle in a side view 

 

4. Summary and Conclusions 
 In this study, a rectangular vortex tank with dimensions of 2000 mm in length, 1500 mm in 

height, and 1300 mm in width was utilized to examine the characteristics of the free surface 

vortex. The PTV method was used to measure the vortex flow field. In this study, the changes of 

Dvo and the flow path in different classes of vortices have been investigated. In this research, the 

impact of different vortex classes on flow paths was investigated using the PTV method. The 

tracer particle in a Class A vortex travels about 30% shorter than in Classes B and C vortex. 

Also, the tracer particle in the Class B vortex, which experiences more significant changes in 

radius compared to the Class C vortex, follows a path approximately same and eventually enters 

the center of the vortex. The tracer particle in Class C travels also same the particle path in the 

Class B vortex. Although the difference in path length is small, this path occurs over a longer 

period of time compared to the Class B vortex due to the lower flow velocity to the intake and 

the weaker strength of the vortex. 
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