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Abstract 

Literature and market analysis have highlighted the lack of flow phantom technologies able to 

challenge innovative medical imaging devices, such as Ultrasound and Magnetic Resonance. A novel, 

cost-effective, compact and robust Complex Flow Phantom prototype was proposed. The design relies 

on the generation of stable, reproducible, predictable and controllable vortex rings. Vortex rings were 

chosen because bring together high stability and physiological relevance. The design was tested with 

multiple and independent measurement methods under challenging working conditions. Overall, it 

demonstrated to produce reproducible flows with variability always lower than +/- 10 %. This 

variability was assessed with regards to translational velocity, however, macro-flow reproducibility 

implies micro-flow stability. Computational Fluid Dynamics (CFD) and optical/video acquisitions were 

used as first methods to independently validate two early prototypes operating in air and water. CFD 

overall well approximate theoretical predictions but accuracy was insufficient to provide a reference 

standard. Overall, the early prototypes demonstrated encouraging stability and a Vortex Ring based 

Complex Flow Phantom prototype was manufactured. Laser PIV acquisitions were performed to 

establish flow reference standard values. Optical/video acquisitions were performed and results were 

compared with Laser PIV to assess the rigour of the methods. Results obtained by the two different 

measurement methods on two identically manufactured but different systems showed credible 

consistency. Conventional and advanced (Vector Flow Imaging) Ultrasound acquisitions were also 

performed on the design. An instrumentation pack was designed and is provided as tool for self-

calibrating the phantom and for estimating flow reference values under different generating 

conditions. An MRI compatible version of the phantom was manufactured and was tested in 

laboratory. Design and experiments are supported by journal article and conference proceeding 

publications, poster and oral presentation in international conferences. The phantom is purchasable 

from Leeds Test Objects Ltd or can be manufactured in laboratory following the specifications 

provided. 
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is proportional to the velocity v(t) of the moving spin and to the amplitude and timing of the gradient. =ɲ phase, 

t=time, v= velocity. 

Figure 1.4: Two acquisitions are performed with identical parameters except for the flow-sensitising bipolar 

gradients.  Subtraction of the two resulting phase images allows quantification of the flow or motion velocities. 

Stationary spins undergo no net change in phase after the two gradients are applied while moving spins 

experience a phase shift.  ɲ= phase, t=time, v= velocity. 

Figure 1.5: Streamline display of intra-cardiac vortex ring following a 4D Flow MRI acquisition. Left ventricle and 

right ventricle endocardial surfaces are displayed with red and yellow dots, respectively.  

Figure 1.6: Anthropomorphic whole-body phantom PBU-60 manufactured from Kyoto Kagaku (Kyoto Kagaku 

Co., Ltd, Kyoto, Japan) 

Figure 1.7: Semi-anthropomorphic PETIQ phantom designed by Leeds Test Objects Ltd for Positron-emission 

Tomography quality control (Leeds Test Objects Ltd, Boroughbridge, United Kingdom). 

Figure 1.8: Non-anthropomorphic phantoms TOR 18FG and MagIQ manufactured from Leeds Test Objects Ltd 

(Leeds Test Objects Ltd, Boroughbridge, United Kingdom). 

Figure 1.9: Basic components of a flow phantom 

Figure 1.10: typical workflow for the development of new protocols and test objects  

Figure 1.11: Rotating Cylinder Phantom (a) developed by Walker et al (2009) and VFI results (b) obtained by 

Ketterling et al (2017) used as examples. Colour encoded map Figure 18b (top) and vector flow mapping imaging 

Figure 18(bottom).    

Figure 1.12: Spiral Flow phantom developed by Yiu et al (2017). Top images: Cad drawing (top left), assembled 

box (top middle), box with TMM poured (top right). Bottom images:  vector flow imaging (Bottom left), 

estimated velocity magnitude map (Bottom middle), estimated velocity angle map (Bottom right). 

Figure 1.13: String Phantom (a) manufactured by Cirs (Cirs Inc., Norfolk, VA, USA) and flow phantom (b) 
manufactured by Sun Nuclear (Sun Nuclear Corporation, Melbourne, FL, USA) 
Figure 1.14: DCE Perfusion Flow Phantom (a) and MRI Compatible Multimodality Motion Controller (b) 
developed by Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) 
Figure 1.15: Dynamic Multimodality Heart Phantom (a) and Dynamic Left Ventricle Phantom (b) developed by 
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) 
Figure 2.1: Vortex formation process in the left ventricle chamber 
Figure 2.2: Ultrasound echo-PIV imaging of vortex formation in healthy subjects in late diastole (a) and end of 
diastole (b) (onset systole). Streamlines, reconstructed from multiplane acquisitions, depict the flow spiralling 
out from the vortex and moving towards the aorta. 
Figure 2.3:  Axisymmetric approximations and description of ring vortex through Navier-Stokes equations. 

Symbols used: Stream function ʌ, circulation +, density of the fluid ́, core radius a (dark grey), ring radius R 

(light grey), ̱  Ґ wκм ǿƘŜǊŜ м ƛǎ ǘƘŜ ŘƛŦŦǳǎƛǾƛǘȅ ƻŦ ǘƘŜ ǊƛƴƎΩǎ ŎƻǊŜΣ ŦƛǊǎǘ-order Bessel function I1, generalized 

hypergeometric function 2F2.  

Figure 2.4: Vortex ring generator proposed by Gharib et al (1998). 

Figure 2.5: Vortex rings generated for L/D = 2 (Top), L/D = 3.8 (Middle), L/D = 14.5 (Bottom). Digital particle 

velocimetry imaging. 

Figure 2.6: Streamlines and vorticity of propagating vortex ring with Digital Particle Image Velocimetry (a), 

Laser Induced Fluorescence (b) and Particle Image Velocimetry (c). Direction of propagation is from left to 

right. 

Figure 2.7: Vortex ring core for laminar (a) and turbulent (b) conditions 

Figure 2.8: vortex ring core vorticity distribution profile for low Reynolds numbers (a) and for high Reynolds 

numbers (b), considering an experimental range of 100 < Re < 4000. 

Figure 3.1: Block Scheme of the air-based vortex ring generator. Please note that this is a schematic 
representation and elements are not to scale. 



 

12 
 

Figure 3.2: components of the air-based vortex ring generator. 
Figure 3.3: In-house developed software for vortex ring size and vortex ring translational velocity as function of 
the time calculations. 
Figure 3.4: Vortex ring position as function of time. Experimental results (left) and CFD results (right) 
Figure 3.5: Vortex ring size as function of time. Experimental results (left) and CFD results (right). The CFD plots 
are not smooth due to spatial discretisation. 
Figure 3.6: Vortex ring translational velocity as function of time. Experimental results (left) and CFD results 
(right). The CFD plots are not smooth due to spatial discretisation. 
Figure 3.7: Natural logarithm of vortex ring translational velocity as function of distance travelled. Experimental 
results (left) and CFD results (right) 
Figure 3.8: Correlation plot of vortex ring position for Re = 2000 ς experimental data versus CFD simulations 
Figure 3.9: Reproducibility of the evolution of vortex ring position as function of time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 
Figure 3.10: Reproducibility of the evolution of vortex ring size as function of time time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 
Figure 3.11: Reproducibility of the vortex ring translational velocity as function of time time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 
Figure 3.12: Schematic block diagram of the Liquid-based vortex ring generator used in Ferrari et al (2018) 
experiment. Please note that this is a schematic representation and elements are not to scale. 
Figure 3.13: Liquid-based vortex ring generator assembled. 
Figure 3.14: vorticity field of ring vortex generated with numerical simulation (top) and with blue coloured dye 
in a Liquid-based vortex ring generator. 
Figure 3.15: Vortex ring position as a function of time. Plot refers to average value and error bar to standard 
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition. 
Figure 3.16: Vortex ring size as a function of time. Plot refers to average value and error bar to standard 
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition 
Figure 3.17: Vortex ring translational velocity as a function of time. Experimental data refers to average and 
standard deviation calculated on the acquisition of 5 vortex rings. CFD plot are not smooth due to spatial 
discretisation. 
Figure 3.18: Schematic block of propagating vortex ring and quantity measured (vortex ring position, vortex 
ring size and vortex ring translational velocity as a function of time). Please note that this is a schematic 
representation and elements are not to scale. 
Figure 3.19: Correlation between experimental and CFD simulation results on vortex ring position 
measurements. 
Figure 3.20: Correlation between experimental and CFD simulation results on vortex ring size evolution 
measurements. 
Figure 3.21: Vortex ring position as function of the time - reproducibility. Measurements refer to the 
acquisition of 5 vortex rings. Each acquisition is represented with a different marker shape. 
Figure 3.22: Vortex ring size as function of the time - reproducibility. Measurements refer to the acquisition of 
5 vortex rings. Each acquisition is represented with a different marker shape. 
Figure 3.23: Vortex ring velocity as function of the time - reproducibility. Measurements refer to the 
acquisition of 5 vortex rings. Each acquisition is represented with a different marker shape. 
Figure 4.1: Challenges associated with the development of a credible flow test object. 
Figure 4.2: CAD drawing - Vortex Ring based Complex Flow Phantom ς Imaging Tank Base 
Figure 4.3: CAD drawing - Vortex Ring based Complex Flow Phantom ς Water-tight Imaging Tank. 

Figure 4.4: CAD drawing - Vortex Ring based Complex Flow Phantom ς Piston cylinder system 
Figure 4.5: CAD drawing - Vortex Ring based Complex Flow Phantom ς Interchangeable Output Orifices 

Figure 4.6: CAD drawing - Vortex Ring based Complex Flow Phantom ς Interchangeable Output Orifices 
Figure 4.7: Internal components of a stepper motor 
Figure 4.8: Arduino Uno board, push button switch, stepper driver DM542, stepper motor and power supply 
connections. 
Figure 4.9: flow chart of the generating code for stepper motor programming. 
Figure 4.10: Vortex Ring based Complex Flow Phantom ς Snapshot of the Arduino code that generates a ring. 
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Figure 4.11: Vortex Ring based Complex Flow Phantom ς Schematic block diagram of the system. Please note 

that this is a schematic representation and elements are not to scale 

Figure 4.12: Vortex Ring based Complex Flow Phantom ς Assembled System   
Figure 4.13: Vortex Ring based Complex Flow Phantom ς Assembled System with blue dye to visualise the ring 
Figure 5.1: Phantom prototypes manufactured by Leeds Test Objects Ltd and measurement method 
performed. 
Figure 5.2: Optical/video measurements ς schematic block of the experimental set up. Please note that this is 
a schematic representation and elements are not to scale. 

Figure 5.3:  Layers of concentric circulating flow constituting the toroidal core, propel the ring vortex 

forward along its axis of symmetry at velocity Vtrans. 
Figure 5.4: Laser PIV measurements ς schematic block of the experimental set up. Please note that this is a 
schematic representation and elements are not to scale. 
Figure 5.5: Photograph of Laser PIV experimental set up. 
Figure 5.6: Results - optical/video and Laser PIV vortex ring translational velocity measurements relevant to 
configuration 1 to 5 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and 
colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated 
with dash lines and open markers. 
Figure 5.7: Results - optical/video and Laser PIV vortex ring translational velocity measurements relevant to 
configuration 6 to 10 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and 
colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated 
with dash lines and open markers. 
Figure 5.8: Results ς Laser PIV measurements performed for Configuration 3, Table 5.1, at the beginning (First 
experiment) and at the end (Last experiment) of an 8-hour experimental session.  
Figure 5.9: Vortex ring position data as function of time for configurations 1, 4, 7, 9, 10 (Table 5.1). Variability 

increases for vortex rings generated with lower velocities. 

Figure 5.10: Vortex ring velocity components. Vtrans (m/s), translational velocity component of the travelling 
vortex ring. Vr, rotational velocity (m/s) component of the travelling vortex ring. B-Mode acquisitions were 
performed with the probe positioned along the Y-axis (Position 2) and an anechoic absorber was used to avoid 
strong wall reflections. PW Spectral Doppler acquisitions were performed with the probe placed along the X-axis 
(Position 1). Please note that this is a schematic representation and elements are not to scale. 
Figure 5.11: Block diagram of PW Spectral Doppler ultrasound acquisitions with probe in Position 1 (Figure 5.10). 
Sample volumes of 1 mm and 12.5 mm were selected and angle correction was set to 0 degrees. Consequently, 
velocities that correspond to the translational velocity component Vtrans plus or minus the rotational velocity 
component were estimated. Please note that this is a schematic representation and elements are not to scale. 
Figure 5.12: B-Mode ultrasound experimental set up. The vortex ring is marked by the hǊƎŀǎƻƭϰ particles that 

make it visible both on camera and on the ultrasound scanner simultaneously. On the top left corner an image 
illustrating the set-up from a different point of view and showing the Aptflex F28 (Precision Acoustic Ltd, 
Dorchester, UK) anechoic absorber to avoid strong reflections. 
Figure 5.13: B-Mode ultrasound imaging of a travelling vortex ring. The two distinct cores that contained within 
the vortex ring atmosphere are clearly visible. 
Figure 5.14: Colour Doppler imaging (a) and flow fields reconstructed with Laser PIV techniques (b) of a travelling 
vortex ring. Both techniques image two rotating cores rotating in opposite direction. 
Figure 5.15: Results ς Pulsed Wave Spectral Doppler ultrasound imaging of a travelling vortex ring. Gate size 1 
mm, Pulsed Wave Doppler frequency 5.3 MHz, angle correction 0 degrees. 
Figure 5.16: Experimental set up ς Vortex ring acquisitions with a Verasonics Vantage 256 research scanner 

(Verasonics Inc, WA, USA) and a 5 MHz linear transducer ATL L7-4 with 128 elements. 

Figure 5.17: Vortex ring velocity flow fields reconstructed with echo-PIV (a) and Vector Doppler (b). 

Figure 5.18: Vortex ring velocity flow fields reconstructed with echo-PIV (a) and Vector Doppler (b).  

Figure 5.19: Four Verasonics Vantage 256 research scanner were synchronised for driving a customised 1024 

elements transducer. 

Figure 5.20: 3D acquisitions ς1D Doppler velocity components along the x-z and planes.  

Figure 5.21: Four Colour Doppler frame images acquired with a Siemens Sonoline Antares scanner at the 

ά{ƘŜŦŦƛŜƭŘ ¢ŜŀŎƘƛƴƎ IƻǎǇƛǘŀƭǎ bI{ CƻǳƴŘŀǘƛƻƴ ¢ǊǳǎǘέΦ ¢ƘŜ ƛƳŀƎŜǎ ǎƘƻǿ ŀ ŎƭŜŀǊ Ƴƛǎ-registration between colour 

coded map and B-Mode.  
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Figure 5.22:  Four Colour Doppler frame images acquired with a Sonix scanner at CREATIS consortium (CNRS 

UMR 5220 - INSERM U1206 ς ¦ƴƛǾŜǊǎƛǘŜΩ ŘŜ [ȅƻƴ м ς INSA Lyon ς ¦ƴƛǾŜǊǎƛǘŜΩ WŜŀƴ aƻƴƴŜǘ {ŀƛƴǘ-Etienne). 

Figure 6.1: CAD drawing ς Fine tolerance CNC machined Perspex Piston. 

Figure 6.2: CNC machined Perspex piston. 

Figure 6.3: Block diagram of the instrumentation pack consisting of linear encoder, Laser diodes and 
photodiodes array. Please note that this is a schematic representation and elements are not to scale. 
Figure 6.4: Block diagram illustrating the encoder components, connections and installations.  

Figure 6.5: Block diagram illustrating Laser diodes and photodiodes connections with Arduino Mega board 

Figure 6.6: 3D printed case, with Arduino Mega Board and Receiving circuit soldered on a proto-shield (left), and 

Laser diodes assemblage (right). 

Figure 6.7: Transimpedance receiving circuit consisting of BPW34 photodiodes, 5 MOhm resistance and 1pF 

Capacitor. When illuminated by the light, the circuit provides a voltage approximately proportional to the 

amount of radiation.   

Figure 6.8: Flow chart of the Arduino Software code (IDE) for LM2902KNs voltage reading during vortex ring 

propagation. The instruction delay(20) correspond to a sample rate of 50 Hz (a sample each 20 milliseconds). 

Figure 6.9: Arduino script for LM2902KNs voltage reading. The instruction delay(20) correspond to a sample rate 

of 50 Hz (a sample each 20 milliseconds). 

Figure 6.10: Flow chart of the MATLAB® script for encoder data collection during phantom piston action. 

Figure 6.11: MATLAB® script for LM10 linear encoder data collection. A άǿƘƛƭŜέ loop has been used to store 
position and timing data of the encoder 
Figure 6.12: Instrumentation pack ς Encoder, Laser Diode and photodiodes receiving circuit assembled on the 

Vortex Ring Based Complex Flow Phantom prototype.    

Figure 6.13: Experimental set-up for real time vortex ring translational velocity detection. The vortex, marked 

with dark food dye colourant, travels across the Laser beams and it creates a shadowing that causes a drop in 

voltage reading in the photodiodes. As an example, five camera frame rates with the vortex travelling across the 

Laser beams are also shown. Encoder and E201 connections are also shown.  

Figure 6.14: Receiving circuit data from the photodiodes - voltage-drop is visible as a vortex ring travels across 

the laser beam. 

Figure 6.15: Encoder MATLAB® environment data ς piston velocity profile and piston displacement profile during 

the generation of a vortex ring. 

Figure 7.1: Schematic illustration of piston positioning listed in Table 7.1. Please note that this is a schematic 
representation and elements are not to scale. 
Figure 7.2: Plots of the piston velocity profile (top left), piston displacement profile (top right) and translational 

velocity of 10 vortex ring generated. 

Figure 7.3: Plots of the average piston velocity profile (top left), average piston displacement profile (top right) 

and average vortex ring translational velocity. Average values calculated on the acquisition of ten vortex rings. 

Error bars refer to standard deviation on the acquisition of ten vortex rings. 

Figure 7.4: Correlation plots ς vortex ring peak translational velocity vs piston peak velocity (a) and vortex ring 

peak translational velocity vs piston average velocity calculated from final displacement and timing data (b). 

Peak velocity and average values measured do not significantly influence the vortex ring generation. 
Figure 7.5: DM542 (Leadshine, DM542, OMC Corporation Limited, Nanjing, China) digital stepper driver 

Figure 7.6: Encoder Results ς Configuration 1 to 3 (No Load), Table 7.3. Average velocity Profile is depicted on 

the left (A) and Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and 

time in s. 
Figure 7.7: Encoder Results ς Configuration 4 to 6 (No Load), Table 7.3. Velocity Profile is depicted on the left (A) 

and Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and time in s. 
Figure 7.8: Encoder Results ς Configuration 7 to 12, Table 7.3. Velocity Profile is depicted on the left (A) and 

Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and time in s. 
Figure 7.9: Encoder Results ς Configuration 13 to 18, Table 7.3. Velocity Profile is depicted on the left (A) and 

Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and time in s. 
Figure 7.10: Encoder Results ς Configuration 19 to 24, Table 7.3. Velocity Profile is depicted on the left (A) and 

Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and time in s. 
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Figure 7.11: Encoder Results ς Configuration 25 to 30, Table 7.3. Velocity Profile is depicted on the left (A) and 

Displacement profile on the right (B). Velocity is expressed in cm/s, Displacement in mm and time in s. 
Figure 7.12: Encoder results ς Piston peak velocity values plotted versus increasing piston load (two different 

orifices and two different piston positions) for four different motor input power (96.84W, 84.96W, 48.96W and 

25.56W) and a programmed piston speed of 2cm/s. 

Figure 7.13: Encoder results ς Piston final displacement values plotted versus increasing piston load (two 

different orifices and two different piston positions) for four different motor input power (96.84W, 84.96W, 

48.96W and 25.56W) and a programmed piston speed of 2cm/s. 

Figure 7.14: Encoder results ς Piston peak velocity values plotted versus increasing piston load (two different 

orifices and two different piston positions) for three different motor input power (84.96W, 48.96W and 25.56W) 

and a programmed piston speed of 2cm/s. 

Figure 7.15: Encoder results ς Piston final displacement values plotted versus increasing piston load (two 

different orifices and two different piston positions) for four different motor input power (84.96W, 48.96W and 

25.56W) and a programmed piston speed of 2cm/s. 

Figure 7.16: Encoder results ς Piston peak velocity and final displacement values plotted versus increasing motor 

input power (84.96 W, 48.96 W and 25.56 W) and programmed piston speed of 2 cm/s and 1.33 cm/s. 

Figure 7.17: Vortex Ring translational velocity as a function of position in the imaging tank ς Laser 

Diodes/Photodiodes acquisitions for Configuration 1 to 3, Table 7.5.  
Figure 7.18: Vortex Ring translational velocity as a function of position in the imaging tank ς Laser 

Diodes/Photodiodes acquisitions for Configuration 4 to 6, Table 7.5. 

Figure 7.19: Vortex Ring translational velocity as a function of position in the imaging tank ς Laser 

5ƛƻŘŜǎκtƘƻǘƻŘƛƻŘŜǎ ŀŎǉǳƛǎƛǘƛƻƴǎ ŎƻƳǇŀǊŜŘ ǿƛǘƘ άƻƭŘέ (different experimental day, different motor input 

powers) acquisitions.  Configuration 7 to 9 and Configuration 13-14, Table 7.5. Old acquisitions are depicted with 

dash lines while Laser Diodes/Photodiodes acquisitions are depicted with bold lines. 

Figure 7.20: Vortex Ring translational velocity as a function of position in the imaging tank ς Laser 

Diodes/Photodiodes acquisitions compared with optical/acquisitions.  Configuration 10 to 12 and Configuration 

15-17, Table 7.5. Optical/video acquisition are depicted with dash lines while Laser Diodes/Photodiodes 

acquisitions are depicted with bold lines.  

Figure 7.21: Schematic block illustrating piston kinetic and ejected fluid kinetic energy. Please note that this is a 

schematic representation and elements are not to scale. 

Figure 7.22: Schematic block of the kinetic energy transferred from the piston to the fluid into the cylinder and 
into the vortex ring. Please note that this is a schematic representation and elements are not to scale. 
Figure 7.23: Schematic block of the energetic transferred from the piston to the fluid into the cylinder and into 

the vortex ring. Please note that this is a schematic representation and elements are not to scale. 

Figure 7.24: Schematic block of ideal (red) and real (other colours) piston velocity profiles. 

Figure 7.25: Frame 1 (a) and Frame 3 (b) ς Laser PIV acquisition for a configuration with a 10 mm orifice and 

piston speed of 2 cm/s. The vortex size remains approximately the same while the vortex has travelled 8.5 cm 

into the phantom. 
Figure 8.1: Field, gradient and force product along the axis of a 4T MR scanner. 
Figure 8.2: MRI functional diagram of the four different zones. 

Figure 8.3: Example of MRI unit layout. 

Figure 8.4: MRI Compatible Vortex Ring based Complex Flow Phantom ς άaƻǘƻǊ .ŀǎŜέΦ 

Figure 8.5: MRI Compatible Vortex Ring based Complex Flow Phantom - ά{ǳǇǇƻǊǘ .ƭƻŎƪ .ŀŎƪέΦ 

Figure 8.6: MRI Compatible Vortex Ring based Complex Flow Phantom - ά{ǳǇǇƻǊǘ .ƭƻŎƪ CǊƻƴǘέΦ 

Figure 8.7: MRI Compatible Vortex Ring based Complex Flow Phantom ς άaw /ȅƭƛƴŘŜǊέΦ 

Figure 8.8: MRI Compatible Vortex Ring based Complex Flow Phantom ς ά¢ŀƴƪ /ȅƭƛƴŘŜǊέΦ  

Figure 8.9: MRI Compatible Complex Flow Phantom ς Stepper Motor assembly. 

Figure 8.10: Schematic block of the MRI compatible Vortex Ring based Complex Flow Phantom design ς the 
stepper motor assembly is placed in MRI ACR Zone III while the phantom imaging tank is placed into the MR 
scanner. Please note that this is a schematic representation and elements are not to scale. 
Figure 8.11: MRI Compatible Complex Flow Phantom ς test with blue DYE food colourant within Leeds Test 
Objects Ltd facilities. 
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Figure 8.12: Schematic block of the MRI compatible Vortex Ring based Complex Flow Phantom design ς 
ǉǳŀƴǘƛǘƛŜǎ ƛƴǾƻƭǾŜŘ ƛƴ .ŜǊƴƻǳƭƭƛΩǎ Ŝǉǳŀǘƛƻƴ ό9ǉǳŀǘƛƻƴ оύΦ Please note that this is a schematic representation and 
elements are not to scale. 
Figure 8.13: MRI Compatible Vortex Ring based Complex Flow Phantom ς Flow Straightener (simple prototype).   
Figure 8.14: Schematic block MRI Compatible Vortex Ring based Complex Flow Phantom ς hydraulic piston. 
The piston connected to the pump hydraulically displaces the piston at the tank. Please note that this is a 
schematic representation and elements are not to scale. 
Figure 1- Appendix 6. Image illustrating axis references during Laser PIV acquisitions. 
Figure 2- Appendix 6. Quiver Plot reconstructed in Matlab from Laser PIV raw data ς Configuration 2, Table 
5.1, Chapter 5. 
Figure 3- Appendix 6. Velocity along X-axis (Vx) reconstructed in Matlab from Laser PIV raw data ς 
Configuration 2, Table 5.1, Chapter 5. 
Figure 4- Appendix 6. Velocity along Y-axis (Vy) reconstructed in Matlab from Laser PIV raw data ς 
Configuration 2, Table 5.1, Chapter 5. 
Figure 5- Appendix 6. Vortex ring velocity flow fields reconstructed with echo-PIV (a) and Vector Doppler (b).  
Figure 6 - Appendix 6. Linear relationship between the rotational and the translational velocities ς Configuration 
2  
Figure 7 - Appendix 6. Linear relationship between the rotational and the translational velocities ς Configuration 
3 
Figure 8 - Appendix 6. Linear relationship between the rotational and the translational velocities ς Configuration 
7 
Figure 9 - Appendix 6. Linear relationship between the rotational and the translational velocities ς Configuration 
10 
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 CHAPTER 1  
1.1 Introduction and Motivation 

Cardiovascular diseases (CVDs) are the biggest cause of death in the modern world (Mendis et al 

2011). More than 17 million people die each year (31% global death) and arguably the majority of 

deaths due to premature heart disease (people under the age of 60) could have largely been 

prevented (Institute for Health Metrics and Evaluation 2010). In the United Kingdom, 7 million people 

live with CVDs and the related healthcare costs are estimated to be around GBP 9 billion per year 

(British Heart Foundation 2018). The early prediction of CVDs is crucial to support diagnosis and to 

improve surgical outcomes and the evaluation of potential therapies. Consequently, diagnostic 

techniques are constantly being developed. The tendency is to combine information derived from 

mechanical, electrical and fluid dynamics tests for more accurate examinations. Pedrizzetti et al (2014) 

observed that fluid dynamics analysis can reflect the presence of abnormalities before noticeable 

structural (mechanical or electrical) changes occur and can be an early indicator of CVDs.  

Medical imaging techniques, such as Doppler Ultrasound (acoustic waves) and Phase Contrast 

Magnetic Resonance Imaging (magnetic fields), have been developed for the assessment of the 

cardiovascular system. The ability of medical imaging techniques to accurately quantify specific 

physics parameters is assessed periodically as part of the Quality Control process. Quality Control (QC) 

aims to uncover non-conformities or to identify anomalies from product performance specification. It 

is not mandatory but it is good practice in every hospital and it is recommended within the principle 

of Quality Management described by the International Organization for Standardization (ISO 

9000:2015 - Quality Management System). QC is commonly performed through the acquisition of 

images on dedicated test objects, namely medical imaging phantoms, and the evaluation of specific 

parameters of interests (i.e. spatial resolution, contrast resolution, etc.). If a parameter differs greatly 

from reference values (exceeding pre-defined tolerances), machine performance may be 

compromised and, corrective actions may be undertaken. Medical imaging phantoms are specifically 

designed test objects, manufactured according to rigorous specifications to ensure consistent 

measurements for medical device evaluation/calibration and for the validation of new techniques at 

research level. 

Currently, there are not many flow phantoms available in literature or on the market; the few that are 

available are expensive, they lack accuracy of specification and they fail to capture the complexity of 

flow features present in the cardiovascular system. Consequently, the calibration of medical flow 

imaging technologies and the definition of standards for routine QC checks is challenging. An 

innovative, stable, reproducible, complex flow phantom design will enable more effective calibration 

to clarify the capacity of current technologies to quantify pathological flows. 

 

 

1.2 Aim of the thesis  

It is this context that justifies the work of this thesis. Its aim is the design, construction, development 

and testing of a novel, cost-effective, robust, compact, multimodal complex flow phantom compatible 

with medical diagnostic imaging techniques for blood flow analysis. Since the main techniques for the 

evaluation of blood velocity flow fields are Doppler ultrasound and Magnetic Resonance, the ambition 

is to develop a phantom design compatible with both technologies. However, the construction and 
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the validation of an advanced multimodal complex flow phantom design is challenging, and therefore, 

the phantom is first constructed and validated for Doppler ultrasound modalities. Subsequently, the 

design is adapted for operating in the Magnetic Resonance environment. 

Ideally, a medical imaging flow phantom (or test object) provides a flow benchmark that is stable and 

mimics anthropomorphic conditions. A flow benchmark for medical imaging technologies is important 

in several ways, including:  

- calibration of medical imaging scanners; 

- clarification of the capacity of scanners to quantify pathological flows; 

- validation of improved quantitative flow algorithms at research level; 

- research and development of innovative scanning techniques. 

Medical imaging phantoms have the main advantage of providing consistent and reliable performance 

over time. This allows the carrying out of repeated experiments under the same experimental 

conditions, avoiding the use of human or animal subjects and the biological variability of tissues. A 

flow phantom allows investigation of the flow field velocities and supports analysis of the relationship 

between flow and biological functions. 

The fluid dynamics of the cardiovascular system shows complexities both in pathological and healthy 

conditions. Quantification of these complexities can be crucial for the early prediction of pathologies 

and more perceptive diagnosis. Although materials must be chosen to be compatible with medical 

imaging technologies of interest, the key element for the development of the phantom is the flow 

itself.  The phantom provides a flow that offers complex flow patterns that resemble physiological 

flow conditions. The test object needs to provide reliable and consistent measurements over time. 

The flow must be stable (resistant to disturbances), reproducible (repeatable over time, within defined 

tolerances), predictable (within specified tolerances, known fluid dynamics at every point in space and 

time) and controllable (relevant flow features can be varied in a controlled manner). The ultimate aim 

of this work is to develop a complex flow phantom compatible with both Doppler ultrasound and 

Magnetic Resonance Imaging in order to enable comparative studies.  

 

1.3 Structure of the Thesis  

The structure of this thesis is as follows: 

Chapter 1: basic concepts of medical imaging technologies for blood flow assessment, basic concepts 

of Quality Control for medical imaging (with focus on flow phantoms), literature and market analysis 

on flow phantoms for Doppler ultrasound and MRI. 

Chapter 2: identification of the candidate complex flow for the phantom (Ring Vortex). Literature 

review and implications for the development of a complex flow phantom for medical imaging 

(physiological relevance, stability, predictability, reproducibility, controllability). 

Chapter 3: construction of an Air-based Vortex Ring Generator (proof of concept) and a Liquid-based 

Vortex Ring Generator for characterising flow performance.  

Chapter 4: construction of a Vortex Ring based Complex Flow Phantom prototype (technical drawing 

and specifications). 
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Chapter 5: testing and validation of three Vortex Ring based Complex Flow Phantom prototypes 

through independent measurement methods (Laser PIV vs Optical/video, Ultrasound vs Laser PIV). 

Chapter 6: design improvements including piston, design and construction of an instrumentation pack 

tool for supporting testing and characterisation of the complex flow phantom. 

Chapter 7: experimental exercise demonstrating the value of the instrumentation pack and to further 

characterise features of the phantom and flow. 

Chapter 8: Magnetic Resonance Compatible Vortex Ring based Complex Flow Phantom design (Proof 

of concept, design specification and testing in laboratory environment). 

Chapter 9: Conclusions, design limitations, study limitations and future work. 

 

 

1.4 Medical Imaging Technologies for blood flow 

assessment - Overview 

The remainder of this introductory chapter is divided in to three main sections. The first section 

describes the main medical imaging techniques (and basic physics principles) commonly used to 

obtain quantitative information on blood fluid dynamics within the cardiovascular system. The second 

section provides a description of Quality Control in medical imaging and medical imaging phantoms, 

with an emphasis placed on flow phantoms. The third section provides an analysis of relevant flow 

phantoms for Magnetic Resonance and Doppler ultrasound developed at research level and available 

on the market.  

 
1.4.1 Introduction to Medical Imaging for Blood Flow Assessment 
 
Medical Imaging is a critical technology that is used to view the human body in order to obtain 
information about structures (structural imaging) and physiological functions (functional imaging). The 
information it provides is used for diagnosis, monitoring and treatment of medical conditions. Medical 
imaging techniques include use of X-rays (X-ray imaging), acoustic waves (Ultrasound Imaging), 
magnetic and radiofrequency fields (Magnetic Resonance Imaging), or radioactive tracers (Nuclear 
Medicine imaging). Doppler ultrasound and Magnetic Resonance Imaging are the most frequently 
used techniques for blood flow assessment. Examinations are performed with or without the injection 
of specific contrast agents. The basic principles of these techniques are described in the following sub-
sections. Please note that state-of-the art technologies described within this chapter are up to date at 
the time of writing this manuscript (2019).  
 

 

1.4.2 Doppler Ultrasound ς Basic Principles 

Ultrasound imaging is a non-invasive medical imaging technique that uses high-frequency sound 

waves (between 2-15 MHz) to obtain real-time information about anatomical and functional 

properties of an organ or tissue. The amplitude and the frequency of the echo, produced by scattering 

from tissue and red blood cells, and reflections from boundaries between structures with different 

acoustic impedance, is detected and post-processed to produce an image. Ultrasound imaging relies 
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on the piezoelectric effect of an array of piezo-crystals assembled on a scanning probe (ultrasound 

transducer). Due to crystal deformation, kinetic (or mechanical) energy is converted into an electrical 

signal and vice versa (inverse piezoelectric effect).  

 

Ultrasound imaging is a powerful medical imaging diagnostic technique and has a number of 

advantages, including that it is: 

-  non-invasive;  

- relatively inexpensive; 

- universally available;  

- mobile (can be performed almost in any venue);  

- it requires short scanning time and short post-processing time; 

- it provides real time images; 

- it provides qualitative and quantitative data; 

- non-ionising; 

- safe (at diagnostic power output); 

- it has higher temporal resolution than MRI (Hong et al 2013; Pellikka et al 2013). 

 

The blood is itself echo-lucent and, for specific applications, can be visualised using contrast agents 

(typically microbubbles encapsulated in perfluorocarbon lipid shell). However, the basic principle of 

blood motion detection with ultrasound systems relies on the Doppler effect. The Doppler effect is 

the change in the observed frequency of the sound wave (fr) compared to the emitted frequency (ft ) 

which occurs due to the relative motion between the observer and the source (Hoskins et al 2019).  

In a theoretical model: 

- if the source and the observer are stationary: the observed sound has the same frequency of 

the emitted sound; 

- if the source is moving towards the observer: the observer witnesses a higher frequency wave 

than that emitted; 

- if the source is moving away from the observer: the observer witnesses a lower frequency 

wave than that emitted. 

 

The difference in frequency between the sound wave emitted by the transducer (ft)  and the returning 

wave (fr) reflected from the targets, is known as Doppler shift (fd = ft-fr). The magnitude of the Doppler 

shift frequency is proportional to the relative velocity between the source and the observer. To assess 

the flow velocity, clinical ultrasound scanners measure the change in frequency of the sound wave 

scattered from the red cells in the moving blood. The Doppler shift frequency (fd) depends on the 

frequency of the transmitted wave, the speed of sound in the tissue (c) the wave is passing through, 

the velocity of the scatterers in the blood (v) and the cosine of the angle of insonation ( ). The angle 

of insonation is defined as the angle between the path of the ultrasound beam and the direction of 

the blood flow. This relationship can be expressed by the Doppler equation (1.1) (Quinones et al 2002): 

 

Ὢ Ὢ Ὢ  
   

     (1.1) 

In medical ultrasound imaging, a transducer is held stationary and the blood moves with respect to 

the transducer. The transducer emits the ultrasound wave which is scattered by the moving blood 

cells. Part of the scattered ultrasound beam returns to the transducer and is detected. The detected 

signal is shifted in frequency because of the motion of the blood cells. The velocity of the moving 

scatterers (blood cells) can be derived from equation (1.1), as shown in Figure 1.1.  
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Figure 1.1: Blood velocity estimation ς Doppler Effect 

 

The estimation of velocity relies on knowing the angle between the beam and flow direction (angle of 

insonation). The highest Doppler frequency shift occurs when the beam is aligned with the flow 

direction, thus, the angle of insonation is 0 degrees (cos ̒  = 1). The least desirable situation occurs 

when the angle approaches 90 degrees (cos ̒  = 0) and then the theoretical frequency shift is zero. 

However, in clinical practice it can be difficult to align the beam and the vessel. As a rule, the angle of 

insonation should be less than 60 degrees. Significant errors occur when the angle of insonation is 

greater than 60 degrees (Logason et al 2011). 

 

1.4.3 Conventional Doppler Ultrasound techniques 

In conventional Doppler, the Doppler shift data are displayed in real time as Doppler frequency versus 

time or as a colour-map. The first representation, Spectral Doppler is essentially a time-velocity 

waveform. The second representation, which is named Colour Doppler, depicts flow toward and away 

from the transducer as red or blue for individual pixels in a region of interest (ROI) superimposed on 

the B-Mode image. Conventional ultrasound Doppler techniques for blood flow estimation include 

three main modalities: Continuous Wave Doppler (CW), Pulsed Wave Doppler (PW) and Colour 

Doppler Imaging.  

In Continuous Wave Doppler (CW) the ultrasonic transducer continuously transmits and receives 

ultrasonic signals. Typically, separate piezoelectric elements in the transducer are positioned to allow 

simultaneous transmission and reception of the ultrasound wave. The main advantage of this 

technique is that very high velocities can be measured as the sampling rate is not limited by the pulse 

repetition frequency (PRF). However, the CW Doppler signal combines velocity information from all 
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depths along the beam and cannot be used to select a specific sample depth. CW Doppler tends to ve 

more sensitive to non-haemodynamic movements along the beam (i.e. moving cardiac structures or 

vessel walls), which may mask blood flow and information of interest (Maulik 2005). 

In Pulsed Wave (PW) Doppler, the same crystals of the ultrasonic transducer emit and receive pulses 

of ultrasound. Since the speed of sound in soft tissues can be assumed to be approximately constant, 

velocity information from a specified depths (or sample volume) can be selected based on echo time. 

PW Doppler works essentially as a sampling tool for the Doppler frequencies generated by the blood 

flow. The maximum pulse repetition frequency that can be achieved by the system (PRF ~ KHz) 

depends on the depth of insonation. If the PRF is insufficient for adequate sampling, the Doppler signal 

Ƴŀȅ ōŜ ƳƛǎǊŜǇǊŜǎŜƴǘŜŘ όƪƴƻǿƴ ŀǎ ŀƭƛŀǎƛƴƎύΦ ¢ƻ ōŜ ŀŘŜǉǳŀǘŜƭȅ ǎŀƳǇƭŜŘΣ bȅǉǳƛǎǘΩǎ ǘƘŜƻǊŜƳ ǎǳƎƎŜǎǘǎ 

that the PRF should be at least twice the Doppler shift frequency (2 fd max). PW Doppler ultrasound is 

a valuable tool because provides quantitative estimation of blood flow velocity, however, its accuracy 

depends on a number of setting parameters such as, Doppler sample volume, PRF, angle of insonation, 

gain and tissue depth. 

The Doppler shift detected in continuous (CW) and pulsed (PW) wave is displayed on the screen in a 

spectral form (Spectral Doppler). The horizontal axis shows evolution of the velocity while Doppler 

shift frequency (or velocity) is represented on the vertical axis. The greyscale of the spectral waveform 

is related to the intensity of the Doppler shift signal. The Doppler shift signal (variation over time) is 

processed through spectral analysis (typically, Fast Fourier Transform analysis) and velocity plotted as 

a pixel whose intensity approximately represents the number of scatterers travelling at a given speed 

(the number of red blood cells at each velocity). This signal is known as power of spectrum. A full 

spectral processing that represents both frequency and average power content is called power 

spectrum analysis. The Fast Fourier Transform (FFT) analysis is a highly effective tool for power 

spectrum analysis because it can be implemented with reduced computational time.  

Colour Doppler (CD) is a form of PW Doppler where velocity information and flow patterns are 

visualised in real time with the use of a colour-coded map. Typically, red is used to denote flow 

directed toward the probe and blue away from the probe. Different shades of red and blue colour 

indicate the blood flow velocity scale.  CD displays the direction and component of the velocity in the 

direction of the beam, which allows identification of abnormal haemodynamic, stenosis, occlusion, 

valvular regurgitation, increased velocities through valve orifices and thrombus formation. Being a PW 

Doppler modality, the velocity scale and PRF must be optimised to avoid aliasing. The baseline and 

colour scale range should be kept low enough to obtain meaningful directional flow data and high 

enough to avoid aliasing. High speeds can be estimated using a high PRF, but the sensitivity to low 

flow is then significantly reduced. At low PRFs the system is sensitive to low velocities, but aliasing can 

occur, and high velocities are falsely interpreted. Other important parameters, such as beam steering, 

gate size and gain should be optimised to obtain reliable measurements. A detailed review about the 

optimisation of Doppler parameters in US scanners is provided by Kruskal et al (2004). 

 

1.4.4 Angle independent Doppler Ultrasound techniques (Vector 

Flow Imaging) 

Conventional Doppler ultrasound techniques have the main limitation that only the components along 

the beam can be estimated (Jensen, 1996).  Although angle corrections tools are available, it is still 

challenging to judge the angle in respect of complex geometries such as valves, bifurcations or 

tortuous vessels. Furthermore, in cardiac applications the angle can vary during the cardiac cycle and 
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can significantly affect the estimation of the velocity. The analysis of complex flows, such as vortex 

within the left ventricle, is not possible using conventional Doppler techniques. Velocity components 

not parallel to the beam are wrongly estimated and velocity components orthogonal to the beam do 

not generate a Doppler shift. Inaccuracies in velocity estimation, limited haemodynamic information 

and operator variability (as the measurements are dependent on angle correction by the user) have 

highlighted the need for angle independent Doppler techniques. Recent developments in Doppler 

ultrasound include Vector Flow Imaging (VFI), which allows visualisation of blood flow velocity 

patterns as vectors that indicate direction and magnitude (Hansen et al 2017-a). VFI overcomes the 

main limitation of conventional Doppler ultrasound techniques by providing angle independent 

measurements. The true flow vector and the velocity magnitude are calculated from the 

measurement of at least two of the three components of a velocity vector. Spatial and temporal 

information are provided without manually performing an angle correction. Generally, the flow is 

displayed with coloured arrows that indicate the velocity magnitude (colour and length) and flow 

direction.  

The cross-beam (or multibeam, or Vector Doppler) method was one of the first methods for finding 

the flow vector (Peronneau et al 1974; Dunmire et al 2000). This approach uses multiple beams from 

different angles to derive the 2-D (or 3-D) velocity vector. The cross-beam method has also been 

combined with plane waves, where crossing beams are replaced by overlapping regions of steered 

plane waves. This increases the frame rate and the field of view compared to single beam acquisitions. 

The main VFI techniques are the Cross-Beam method, Plane Wave Imaging (PWI), Speckle Tracking, 

Conventional Transverse Oscillation (TO) and Colour-Doppler-based Vector Flow Mapping (VFM). The 

complete description of VFI algorithms is beyond the scope of this manuscript and a complete review 

is provided by Jensen et al (2016). However, basic principles are briefly described for better 

comprehension, since they represent cutting edge technologies that would benefit from the presence 

of a complex flow phantom. 

The Cross-Beam method employs multiple beams from different angles to estimate the velocity 

vector. This approach can be combined with Plane Wave Imaging to increase the frame rate and field 

of view. However, it is used primarily for research and is not implemented on any clinical scanner.  

In Plane Wave Imaging (PWI), a plane wave is commonly generated by applying flat delays to the 

transmit elements of a linear transducer. The wave insonifies a large area of interest and 

backscattered echoes are recorded and processed. Several image lines are beamformed in parallel by 

ultrafast scanners (Fast Plane Wave Imaging). PWI is implemented in commercial Mindray (Mindray 

Medical International Limited, Shenzen, China) clinical scanners.   

Speckle tracking can be performed with (traditionally called echo-PIV) or without (Blood Speckle 

Tracking) the use of contrast agents. Microbubbles are used to increase the backscattered echoes 

from blood flow in echo-PIV while the speckles emerging naturally from the red cells are tracked in 

blood speckle tracking. Speckle movements are tracked from one frame to the next using block-

matching algorithms and the velocity vectors are estimated. Blood Speckle Tracking (or Blood Speckle 

Imaging) is implemented on GE Healthcare (GE Healthcare, Illinois, USA) VIVIDTM scanners.  

Transverse Oscillation (TO) employs a single array transducer and two received beamformers to 

estimate axial and transverse components of the velocity vector. The TO technique was FDA approved 

in 2013 and is available on BK Ultrasound (BK Ultrasound, Nova Scotia, Canada) and Carestream 

(Carestream Health, Ontario, Canada) scanners for phased array, convex and linear probes (Jensen et 

al 2013).  
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Colour-Doppler-based Vector Flow Mapping (also known as VFM) is based on post processing of colour 

Doppler images. Since it provides streamline distribution and quantitative information about the 

strength and the direction of vorticity distribution fields, this method has been mostly developed for 

the clinical evaluation of complex flows within the left ventricle chamber. VFM is commercially 

available on Hitachi (Hitachi Ltd., Tokyo, Japan), GE Healthcare (GE Healthcare, Illinois, USA) and 

Mindray (Mindray Medical International Limited, Shenzen, China) clinical scanners. 

 

1.4.5 Magnetic Resonance Imaging ς Basic Principles 

A competing technology for measuring flows, and therefore relevant for the development of a 

complex flow phantom, is Magnetic Resonance Imaging (MRI). In MRI, the combination of strong 

magnetic fields and radio frequency signals is used to excite hydrogen nuclei in the body. When nuclei 

with half-integer spin are placed into a magnetic field with intensity B0, their magnetic moment 

precesses around the axis field with frequency 0̟ (resonance frequency or Larmor frequency). The 

Larmor frequency is given by (1.2) (Kwong et al 2008): 

‫   ‎ ὄ      (1.2) 

where  is the gyro magnetic ratio. Fields with linear varying intensity (gradients) are commonly 

applied to vary the rate at which the spins precess. Three different gradient magnetic fields can be 

applied: Gx , Gy , and Gz . Depending on the location in space of the region of interest, the gradients 

add or subtract from the main static magnetic field B0 an amount of field strength. Applying gradients 

Gx,y,z to the field, the resonance frequency of the spins varies according to (1.3) (Kwong et al 2008):    

‫   ‎ ὄ Ὃὼ  Ὃώ  Ὃᾀ       (1.3)  

After the excitation radio-frequency signals are removed, the nuclei relax sending decaying signals 

that are measured by receiver coils. The procedure is repeated multiple times and different gradients 

and pulse sequences are applied. Several acquisition techniques are used to obtain 2-D or 3-D 

information about anatomy, motion, functioning and perfusion of organs or tissues (Haacke et al 

1999). MRI has requirements for a complex flow phantom because imaging reconstruction algorithms 

are very elaborate. Many assumptions are made in the image reconstruction process, which may hide 

errors or provide false quantitative information. Flow-sensitive MRI techniques, based on intrinsic 

motion sensitivity of phase images (Phase Contrast MRI), have been developed, tested and validated 

both in vitro and in vivo since the 1980s (Bryant et al 1984; Moran, 1985; hΩ5ƻƴƴŜƭ мфурΤ CƛǊƳƛƴ Ŝǘ ŀƭ 

1987; Maier et al 1989; Pelc et al 1991; Kraft et al 1992; Rebergen et al 1993; Pelc et al 1994; Frayne 

& Rutt 1995; Lotz et al 2002; Kwong et al 2008). Basic principles of Phase Contrast MRI technique are 

described in the following sections.  

 

1.4.6 Flow-sensitive MRI technique ς Phase Contrast MRI  

Phase Contrast (PC) MRI is a non-invasive medical imaging technique that can be used to visualise and 

quantify tissue motion or blood flow. The MR signal is a function of longitudinal (Mz) and transverse 

(Mxy) components of spin magnetization in blood or tissue (Figure 1.2). Magnitude and phase images 

are influenced by the length and orientation of the transverse component (Mxy). Phase images are 

motion sensitive, therefore, these can be used, in combination with specific magnetic gradients, to 

measure local velocities of moving spins. 
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Figure 1.2: Longitudinal (Mz) and transverse (Mxy) spin magnetization in blood or tissue. Magnitude and phase 

images can be derived from the length and the orientation of Mxy. ˒  Ґ ǇƘŀǎŜ. 

Magnetic moments (spins) moving along a magnetic field gradient experience a phase shift which, for 

linear field gradients, is proportional to the velocity of the moving spin (Lotz et al 2002). If constant 

velocity motion is assumed and no refocusing radio frequency pulses are used, the phase shift at the 

time (t) (after the transverse magnetization is created) is proportional to the velocity (v) and to the 

first moment of the gradient waveform (Pelc et al 1991): 

 ɲÔ  ‎ὺ᷿ Ὃὸ ὸ Ὠὸ        (1.4) 

Therefore, the transverse magnetization of spins that move in the presence of a magnetic field 

gradient acquire a different phase than static spins. The diagram in Figure 1.3 shows the effect of an 

external magnetic field gradient applied to static and moving spins. 
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Figure 1.3: External magnetic field gradient applied to static and moving spins. The amount of phase difference 

is proportional to the velocity v(t) of the moving spin and to the amplitude and timing of the gradient. ˒ = phase, 

t=time, v= velocity. 

 

Unfortunately, the phase change of the spins can be affected by many other phenomena, such as B0 

inhomogeneity, magnetic field eddy currents and motion in other directions. Consequently, it is not 

possible to image flow from a single data acquisition and from the assumption the change in phase is 

only due to motion in the direction of interest (Bryant et al 1984). In order to quantify flow or motion 

velocities, PC MRI methods do not rely on absolute phase images but on relative phase shifts. Multiple 

measurements are performed using identical acquisition parameters and varying the velocity 

encoding gradients. Subtraction of the resulting phase images allows elimination of phase shifts 

induced by the sequence of parameters and quantitative assessment of the velocities of the 

underlying flow or motion. ¢ƘŜ ǎƛƳǇƭŜǎǘ t/ awL ǇǳƭǎŜ ǎŜǉǳŜƴŎŜΣ ƪƴƻǿƴ ŀǎ ǘƘŜ άǘǿƻ-Ǉƻƛƴǘ ƳŜǘƘƻŘέΣ 

requires two measurements, each made with a different magnetic field gradient along one direction 

to examine motion in that diǊŜŎǘƛƻƴ όhΩ5ƻƴƴŜƭ 1985). Two bipolar gradients with equal magnitude but 

opposite polarities are applied, as shown in a schematic representation in Figure 1.4. Stationary spins 

do not experience any phase change after the two gradients are applied. Moving spins have a different 

spatial position and experience a different magnitude of the second gradient compared to the first. 

Thus, moving spins undergo phase change proportional to the blood flow velocity and to the 

amplitude and timing of the gradient.  

 

 

Figure 1.4: Two acquisitions are performed with identical parameters except for the flow-sensitising bipolar 

gradients.  Subtraction of the two resulting phase images allows quantification of the flow or motion velocities. 

Stationary spins undergo no net change in phase after the two gradients are applied while moving spins 

experience a phase shift.  ˒ Ґ ǇƘŀǎŜ, t=time, v= velocity. 

 

Three pairs of measurements όάǎƛȄ-Ǉƻƛƴǘ ƳŜǘƘƻŘέύ, each pair sampling along one Cartesian direction, 

are needed to measure motion along all directions (X, Y, Z) (Pelc et al 1991). ¢ƘŜ άǎƛȄ-Ǉƻƛƴǘ ƳŜǘƘƻŘέ 

uses an independent phase reference for each direction X, Y and Z. Alternatively, a single-phase 
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reference can be measured and used to encode the other directions. In this case, one measurement 

provides the phase reference (˒0) and other three points are needed to encode differentially in each 

direction όάŦƻǳǊ-Ǉƻƛƴǘ ƳŜǘƘƻŘέ) (Pelc et al 1991). A PC MRI measurement also requires prior 

knowledge of the magnitude of the velocities that have to be quantified. The velocity dependent 

phase shift has to be within a range of +/-180o (+/ - )̄ to avoid wraparound. The velocity encoding 

(Venc), which is given in centimeters per seconds (cm/s), determines the highest and lowest detectable 

velocity (or the velocity that produces a phase shift of 180o) that can be encoded by a phase-contrast 

sequence. Velocity sensitivity is defined as the velocity that produces a phase shift (ɲ˒ ) of  ̄radians, 

and is determined by the difference of the first gradient moments used for the velocity encoding (1.5) 

(Kwong et al 2008, p. 207): 

ὠ  
Ў

      (1.5) 

where  is the gyro magnetic ratio and Ўὓdenotes the difference of the first moment of the gradient 

time curve. For velocities larger than the velocity encoding (Venc), the velocity induced phase shift will 

exceed +/-  ̄ and phase wrapping (aliasing) occurs. Unfortunately, the velocity encoding (Venc) cannot 

be set arbitrarily high because that incurs a signal-to-noise ratio (SNR) penalty. The better the 

encoding velocity matches the peak velocity of the region of interest, the more precise the 

measurement will be.  

 

1.4.7 Phase Contrast MRI ς from 2D to 4D 

Phase Contrast Magnetic Resonance Imaging has seen clinical acceptance for the visualisation and 

quantitative assessment in the heart, aorta and large vessels (Nayak et al 2015). Traditionally, 

electrocardiography-gated time-resolved (CINE) 2D phase-contrast MRI sequences were used in 

clinical practice for quantifying blood flow and peak flow velocities (Bollache et al 2016). Velocity was 

encoded in single direction through a 2D plane (2D-1dir) during a breath-holding. Instantaneous flow 

rate and total forward and backward flow during a cardiac cycle were derived, basing on the area of 

the vessel cross-section and the average velocity within the defined region (van der Geest and Garg, 

2016). However, placement of the 2D acquisition plane is challenging and peak velocities can be 

underestimated if misplaced or not orthogonal to the flow direction. In common cases involving 

complex intra-cardiac patterns, flow quantification accuracy of 2D PC MRI is limited. This limitation 

can be improved by taking into account all flow directions, which can be achieved by three-directional 

encoding of all three principal velocity directions inside a slice of interest (2D-3dir) (Bollache et al 

2016). Alternatively, flow-encoding can applied to all the three spatial directions to obtain data in all 

the three dimensions of space and to the dimension of time along the cardiac cycles (4D flow MRI = 

3D MRI + time) (Dyverfeldt et al 2015). Velocity is encoded along the three spatial dimensions 

providing a time-resolved 3D velocity field. 4D flow MRI has great potential for quantifying intra-

cardiac parameters of the blood flow, such as vortex ring formation or vector flow components. The 

image provides full volumetric coverage of the structure of interest with comprehensive spatial and 

temporal information on the 3D blood flow dynamics (Markl et al 2014). Several visualization 

techniques, such as color-coding, streamlines or vectors display, are used for visual data interpretation 

in 2D or 3D (van der Geest and Garg, 2016). By way of example, streamline display of intra-cardiac 

vortex ring flow is shown in Figure 1.5. Quantitative analysis can be performed in post-processing from 

a single 4D flow MRI acquisition. The scanned 3D volume can be retrospectively reformatted in 2D 

images planes and through-plane velocity encoding can be applied for flow quantification, similar to 

conventional 2D phase contrast imaging (van der Geest and Garg, 2016).  
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Main advantages are that:  

- measurements are derived from a single scan, therefore, heart rate variability does not 

degrade measurement consistency;  

- position and orientation of the reformat planes can be adjusted at any location inside the 3D 

data volume;  

- multiple measurement planes can be defined from a single acquisition.  

-  

 
Figure 1.5: Streamline display of intra-cardiac vortex ring following a 4D Flow MRI acquisition. Left ventricle and 

right ventricle endocardial surfaces are displayed with red and yellow dots, respectively.  
Figure 4: van der Geest, R.J. & Garg, P. (2016). Advanced analysis techniques for Intra-cardiac Flow evaluation from 4D Flow 
MRI. Cur Radiol Rep, 4:38. 

 

 

1.4.8 Summary 

In general, there is no such thing as a perfect imaging system. The medical imaging modality is chosen 

to match the clinical need or the research question. Doppler ultrasound and Phase Contrast (PC) 

Magnetic Resonance Imaging are currently the preferred technologies for quantitative analysis of 

intravascular complex (i.e. turbulent, vortical) flows. Both techniques can provide 2D and 3D blood 

flow field imaging as a function of time (4D flow MRI and Ultrasound VFI). Since no ionising radiations 

are involved, Ultrasound and MRI scanning are suitable for repeated follow up studies. Although there 

are short-term hazards for MRI, they are well known and well managed in clinical practice (Hoskins 

2017).  

Phase Contrast MRI is a powerful and well-established technique for obtaining (non-invasively) 

quantitative information on the blood flow or tissue motion. It is widely considered the gold standard 

for blood flow assessments of the cardiovascular system (Brown et al 2014). 2D PC MRI is not suitable 
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for the quantification of complex flow patterns: underestimation of peak velocities occurs when the 

2D acquisition plane is misplaced or not placed orthogonal to the flow direction. As an alternative, 4D 

Flow MRI has developed to obtain more comprehensive information on blood flow through the heart 

and large vessel. However, 4D Flow imaging requires the acquisition of a large amount of data. Long 

scan times, ranging from 10 to 20 min, initially limited the application of the technology to research 

(Markl et al 2014). Recent developments have reduced scan times to a range of 2-8 min (Garg et al 

2018; Zhang et al 2018; Garcia et al 2019) and a consensus statement on the clinical utility of the 

technology has been published (Dyverfeldt et al 2015). Current implementations in 4D flow MRI are 

quickly approaching clinically feasible scan times, however, the technology is still not routinely 

accepted in clinical practice. In addition, MRI is not compatible with all patients. Implantable devices, 

such as stents, cardiac valves or pacemakers, produce artefacts in the image or rules out Magnetic 

Resonance scanning (Segupta 2012). Apart from technical issues, such as motion artefacts due to 

patient breathing, MRI can prove to be a problem for hospitals because it is time-consuming with 

implications for long patients waiting lists. Moreover, a Magnetic Resonance device (and compatible 

Magnetic Resonance room) can cost over 1 million GBP and its presence is limited to specific 

departments of a high budget hospital. 

An effective diagnostic alternative is Doppler ultrasound, which is a non-invasive, non-ionising, cost-

effective, portable and fast medical imaging technique that provides real-time quantitative and 

qualitative information about the fluid dynamics of the blood flow. The use of Doppler ultrasound can 

significantly reduce waiting lists with comparable diagnostic results to MRI. This has clinical impact, 

providing rapid diagnosis and improved outcomes. The accuracy, the precision and the clinical efficacy 

of several Doppler ultrasound techniques have been widely demonstrated and constant effort is put 

into research, aiming to make ultrasound diagnostic imaging the first method of choice for real-time 

analysis of blood fluid dynamics (Jensen et al 2016; Hansen et al 2017-a).  

Transverse Oscillation (Ultrasound Vector Flow Imaging technique) has been FDA approved (2013) and 

it is recommended as the first choice for real-time assessment of cardiovascular complex flows (Jensen 

et al 2013). 2D and 3D velocity VFI algorithms are currently available on research scanners 

manufactured by Verasonics (Verasonics Inc, Washington, USA) and on clinical scanners manufactured 

by GE Healthcare (GE Healthcare, Illinois, USA), BK Ultrasound (BK Ultrasound, Nova Scotia, Canada), 

Mindray (Mindray Medical International Limited, Shenzen, China), Carestream (Carestream Health, 

Ontario, Canada) and Hitachi (Hitachi Ltd., Tokyo, Japan).  

Currently, there is little in the way of cost-effective phantom technologies on the market able to 

challenge clinical ultrasound scanners incorporating these innovative modalities. Validated complex 

flows are desirable to support calibration of equipment and drafting of new QC protocols for these 

devices. A test object that provides a known (with well-defined tolerances) complex flow field would 

be advantageous to support calibration, validation, research and development of quantitative blood 

flow velocity algorithms for both Ultrasound and MRI modalities.  

 

1.5 Quality Control in Medical Imaging  

The scope of this thesis is the development of a phantom to test the ability of advanced medical flow 

imaging scanners to quantify complex flow patterns. The aim is to provide a flow benchmark for 

comparative studies, Quality Control and calibration of clinical scanners, which is suitable for testing 

and  validating advanced velocity estimation algorithms at a research level.  



 

31 
 

As described in the previous section 1.4, Ultrasound Vector Flow Imaging is already available on a 

number of clinical scanners while Phase Contrast Magnetic Resonance Imaging is still not fully clinically 

accepted due to expense and long scanning times. Consequently, the phantom prototype described 

in this thesis is initially designed to challenge clinically available ultrasound technologies. Design 

adaptation for Magnetic Resonance environment compatibility and for comparative studies 

(Ultrasound vs MRI) is described in Chapter 8. 

Basics concepts of Quality Assurance and Quality Control in medical imaging are described in this 

section. Definition, classification, use, and relevance of phantoms in medical imaging are described in 

detail.  

 

1.5.1 Introduction  

The International Organization for Standardization (ISO) defines Quality Assurance (QA) and Quality 

Control (QC) as follows (ISO 9000:2015): 

Clause 3.3.4 - vǳŀƭƛǘȅ !ǎǎǳǊŀƴŎŜΥ άǇŀǊǘ ƻŦ ǉǳŀƭƛǘȅ ƳŀƴŀƎŜƳŜƴǘ ŦƻŎǳǎŜŘ ƻƴ ǇǊƻǾƛŘƛƴƎ ŎƻƴŦƛŘŜƴŎŜ ǘƘŀǘ 

ǉǳŀƭƛǘȅ ǊŜǉǳƛǊŜƳŜƴǘǎ ǿƛƭƭ ōŜ ŦǳƭŦƛƭƭŜŘέΦ 

Clause 3.3.7 ς vǳŀƭƛǘȅ /ƻƴǘǊƻƭΥ άǇŀǊǘ ƻŦ ǉǳŀƭƛǘȅ ƳŀƴŀƎŜƳŜƴǘ ŦƻŎǳǎŜŘ ƻƴ ŦǳƭŦƛƭƭƛƴƎ ǉǳŀƭƛǘȅ 

ǊŜǉǳƛǊŜƳŜƴǘǎέΦ 

In other words, Quality Assurance (QA) is a proactive process whose purpose is to prevent 

nonconformities (defects) in products from the beginning of the manufacturing process, while Quality 

Control (QC) is a reactive process that seeks to eliminate nonconformities in the finished product. They 

are both part of the Quality Management System (ISO 9000:2015) and they include activities such as 

inspecting, monitoring, checking, testing and recording. QA analyses the process and the product 

while the QC identifies flaws in the finished product. Quality Control in medical imaging can be 

described as a series of regular (daily, weekly, monthly or yearly), detailed evaluations of medical 

imaging equipment by qualified personnel (e.g. a medical physicist, engineer, clinical scientist, 

qualified technician). QC is desirable and aims to obtain an optimal image through the evaluation of 

specific parameters. If the specific parameters differ greatly (with values exceeding defined 

tolerances) from the reference values, corrective actions must be taken and may stop the device from 

being used. Commonly, the assessment is made through the acquisition of images on dedicated test 

objects (medical imaging phantoms) and the subsequent evaluation of the main physical parameters 

of the image. Phantoms play a basic role both at research and clinical level and ideally they should 

develop in step with new technologies.  

 

 1.5.2 Medical Imaging Phantoms 

Medical imaging phantoms are specific test objects designed to provide consistent, reliable, 

qualitative and quantitative information when scanned or imaged in the field of medical imaging. 

Results should be consistent over time and (ideally) measurements should be traceable to national or 

international standards. Phantoms are widely used for calibration, Quality Assurance, training, 

validation, research and development of new imaging techniques both at commercial, hospital and 

research levels.  

The use of test objects has four main advantages (Hoskins 2017): 
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- Reproducibility of results: a test object is designed to provide reliable and consistent results 

over a defined time. This allows repeated experiments under the same (within specified 

tolerances) experimental conditions, avoiding measurement problems associated with 

biological variability. 

- Control: test objects are designed to provide a high degree of control including geometries, 

dimensions, flow rates, pressures etc. 

- Ethics: test objects allow the undertaking of experiments without the use of human or animal 

subjects, biological tissues and hazardous materials. This avoids all the ethical issues 

associated with licensing and health and safety regulation. 

- Idealisation: medical imaging phantoms can be broadly categorised as anthropomorphic, 

semi-anthropomorphic and non-anthropomorphic.  

Anthropomorphic phantoms mimic as closely as possible the anatomy and/or the physiology of a 

ƘǳƳŀƴ ǎǳōƧŜŎǘ ƛƴ ǇŀǘƘƻƭƻƎƛŎŀƭ ŀƴŘκƻǊ ƘŜŀƭǘƘȅ ŎƻƴŘƛǘƛƻƴǎΦ ¢ƘŜ ŘŜǎƛƎƴ ŀƛƳǎ ǘƻ ōŜ ŀ ǳǎŜŦǳƭ άǎǳōǎǘƛǘǳǘŜέ 

for human body parts. By way of example, a whole body anthropomorphic phantom manufactured 

from Kyoto Kagaku (Kyoto Kagaku Co., Ltd, Kyoto, Japan) is shown in Figure 1.6. 

 
 

Figure 1.6: Anthropomorphic whole-body phantom PBU-60 manufactured by Kyoto Kagaku (Kyoto Kagaku Co., 

Ltd, Kyoto, Japan) 

Figure 1: Kyoto Kagaku catalogue (https://www.kyotokagaku.com/lineup/pdf/ph-2_catalog.pdf) 

 

Semi-anthropomorphic phantoms provide a simplified version of human body parts, which aims to 

conserve the key aspects of interest that the user wants to investigate. An example of a semi-

anthropomorphic phantom is the PETIQ phantom (Figure 1.7) developed by Leeds Test Objects Ltd 

(Boroughbridge, United Kingdom). This phantom meets the standards NEMA-NU2 (2007) and IEC 
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61675-1 (2013) for Quality Control of image quality in Positron Emission Tomography (PET). The design 

simulates the trunk of the human body in terms of average dimensions and shape.  

 
 

Figure 1.7: Semi-anthropomorphic PETIQ phantom designed by Leeds Test Objects Ltd for Positron-emission 

Tomography quality control (Leeds Test Objects Ltd, Boroughbridge, United Kingdom). 

Figure 1: https://www.leedstestobjects.com/wp-content/uploads/PET-IQ-product-specifications13.pdf  

 

Finally, non-anthropomorphic phantoms are designed with high precision machined (tolerances 

typically of +/- 0.1 mm) test targets to allow the calibration of medical devices at clinical and research 

level. Non-anthropomorphic phantoms usually contain line pairs per mm (LP/mm) resolution targets 

and simple geometric structures, such as circular- or square-shaped targets, with different contrast 

levels. These targets support quantitative measurements of fundamental imaging parameters, such 

as low contrast resolution, spatial resolution, geometric distortion, Modulation Transfer Function 

(MTF), Point Spread Function, etc. As an example, non-anthropomorphic phantoms manufactured by 

Leeds Test Objects Ltd (Leeds Test Objects Ltd, Boroughbridge, United Kingdom) for Fluoroscopy and 

Magnetic Resonance modalities are shown in Figure 1.8.  
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Figure 1.8: Non-anthropomorphic phantoms TOR 18FG and MagIQ manufactured from Leeds Test Objects Ltd 

(Leeds Test Objects Ltd, Boroughbridge, United Kingdom). 

Figure: Images adapted from Leeds Test Objects Ltd brochures (https://www.leedstestobjects.com/).  

 

1.5.3 Flow Phantoms 

Flow phantoms are a challenging area of phantom design since they must invoke motion, produce a 

known field (within pre-defined tolerances) and mimic in vivo conditions. Depending on the 

application, flow phantoms can be designed with anthropomorphic, semi-anthropomorphic or non-

anthropomorphic considerations. In general, a flow phantom consists of a conduit which mimics 

geometries of interest of the cardiovascular system through which a fluid (blood mimic) is pumped. 

The conduit is embedded in a material that mimics human tissues (Tissue Mimicking Material) and it 

is compatible with the medical imaging modalities of interest. When appropriate, the simplest Tissue 

Mimicking Material (TMM) is deionised water because it has well known physical properties. The 

blood mimicking fluid usually consists of a mixture of deionised water and chemical components (or 

particles). The chemical components are chosen to provide viscosity and density comparable to the 

blood, and signals that can be detected by the imaging system of interest. The pump is usually 

computer controlled and (ideally) provides pulsatile flow with known waveforms and tolerances. 

Information and quantities of interest, recorded by the imaging system, are compared with the 

reference values provided by the phantom specifications (hopefully well established). Basic 

components constituting a standard flow phantom are shown, with a schematic representation, in 

Figure 1.9.  

https://www.leedstestobjects.com/
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Figure 1.9: Basic components of a flow phantom 

 

Such phantoms allow the calibration of clinical medical imaging systems by permitting repeated 

experiments in the laboratory, which would be difficult (or impossible) in living subjects.  

A flow phantom is commonly used for (Hoskins 2017): 

- investigation of flow field velocities: phantoms can be built with optical transparent materials 

that allow the undertaking of measurements with optical imaging systems, such as Laser-PIV 

(Particle Imaging Velocimetry) or LDA (Laser Doppler Anemometry). These technologies have 

high temporal and spatial resolution and allow reconstruction of the flow field velocity data 

and associated phenomena; 

- cross-validation of flow-field data obtained using different medical imaging modalities and 

optical imaging systems: medical imaging systems, such as MRI and Ultrasound, can be used 

to measure blood velocity flow fields and associated quantities. Comparative studies can be 

carried out (even using optical imaging systems data) and validation of new techniques for 

blood flow velocity estimation can be undertaken;  

- investigation of the relationship between flow and biological functions: flow phantoms can be 

built with materials and geometries that mimic specific physical properties (i.e. elasticity and 

dimensions) of sections of the cardiovascular system. Relationships between the physical 

properties of interest and biological function can be studied. 

A flow phantom cannot mimic in detail all the aspects of the cardiovascular system, but needs to be 

sufficiently complex to allow specific research questions to be answered (Hoskins 2017). The phantom 

design should not be over complicated, but should provide a simplified version of reality and mimic 

key aspects of interest in a reproducible and controllable way. The research question comes first. The 

flow phantom design follows the research question, trying to satisfy all the main aspects that 

characterise a test object (i.e. reproducibility, controllability, stability).  
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1.5.4 Steps for the development of a medical imaging phantom 

 

No single test object, tissue mimicking material or geometrical shape will be optimal for all the 

applications and modalities available on a single medical device. However, a few basic requirements 

for the development of a test object can be identified.  

An ideal test object should be: 

- simple; 

- usable; 

- informative; 

- discriminative (between several images); 

- reliable (consistent results); 

- robust; 

- safe (i.e. transport, delivery);  

- provided with well-defined accuracy specification. 

Quality Control checks are often performed within tight schedules so that they do not interfere with 

clinical workflows, therefore, a test object should be simple, to set up and use and should provide 

results that are easy to interpret. The phantom design should be informative and usable for the 

purpose for which it has been developed. It should enable discrimination between different images 

and different image techniques. It should be robust to provide consistent results within a reasonable 

amount of time. The phantom should be easy and safe to ship, and testing materials (i.e. imaging 

compatible solutions) should be accurately contained. Open source packages or software tools for 

consistent and quick analysis of imaging data should be encouraged. 

Typically, the development of a new phantom design involves cooperation between manufacturers 

and clinical scientists (i.e. medical physicist, biomedical engineers) (Figure 1.10). Clinical scientists 

identify needs, project objectives and goals. Manufacturers define what is doable (in practice), identify 

the most cost-effective solution and pursue market opportunities. Within this process, the scope of 

the project is defined, and usually a non-disclosure agreement is signed between parties. The 

manufacturers are responsible for the development of prototypes and for the modification (if needed) 

until the design is validated. Prototypes are tested by clinical scientists in a clinical setting, such as a 

hospital, a university, or a private clinic. Suitability for the task, reliability and accuracy of the results 

are the features most evaluated. Eventually, if sufficient evidence of test results is observed the design 

is validated. Clinical scientists (may) use the results to write protocols (e.g. IPEM, ACR standards) and 

scientific articles while manufacturers (may) launch a product on the market that is supported by 

valuable scientific evidence. 
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Figure 1.10: typical workflow for the development of new protocols and test objects  

 

1.5.5 Summary 

Quality Assurance and Quality Control in medical imaging are advisable to maintain optimal diagnostic 

image quality with minimum hazard to patients. Device performance is evaluated with the acquisition 

of images on specifically designed test objects (phantoms). Test objects have the main advantage of 

providing reliable and consistent results over time, avoiding the use of human or animal subjects. 

Depending on the application, medical imaging phantoms are designed with anthropomorphic, semi-

anthropomorphic or non-anthropomorphic shapes. Key requirements and steps for the development 

of a medical imaging phantom have been listed. Cooperation between manufacturers and clinical 

scientists is desirable for the development of harmonised standards and for the designs of effective 

test objects.  

A market analysis is conducted in the next section of this chapter, in order to identify which 

technologies are currently proposed/available for flow phantom design. Relevant technologies 

proposed in literature have been also quoted. 
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1.6 Relevant Flow Phantom technologies available in the 
literature and on the market 
 

1.6.1 Flow Phantoms and their Design ς An introduction 

 

From an analysis of the literature and of the phantom market it is noticeable that there are not many 

flow phantoms available.  They tend to be expensive, fail to mimic relevant physiological conditions 

and accuracy specifications are not clearly provided. Consequently, calibration and Quality Control 

checks of medical imaging systems for blood flow assessment are challenging or not feasible. In 

addition, the lack of appropriate equipment makes the creation of well-defined Quality Control 

guidelines difficult to establish.  

This section describes relevant flow phantoms that have been developed at a commercial and 

research level, for Doppler ultrasound and Magnetic Resonance Imaging flow modalities (at the time 

of writing this manuscript, 2018). Doppler ultrasound and Magnetic Resonance modalities have been 

selected over X-ray modalities because these are the main medical imaging technologies used for 

quantitative blood flow velocity estimation (as described in Section 1.4). 

 

1.6.2 Phantoms for Doppler ultrasound 

The choice of ultrasound compatible materials is an important challenge in the construction of a flow 

phantoms for Doppler modalities. The choice of conduits and surrounding materials has important 

implications for acoustic wave propagation and for velocity Doppler estimation. For simplicity the 

phantom proposed in this thesis is designed to work in the free field (deionised water), although it 

does offer some possibility for embedding of tissue mimicking materials (TMMs). Nonetheless, the 

latter is not the focus of this work and analysis of tissue and vessel mimicking materials for ultrasound 

compatibility would be outside the scope of this study. However, relevant studies of Doppler 

ultrasound flow phantoms are acknowledged and the main technologies proposed for ultrasound 

Vector Flow Imaging evaluation are also reported. 

 

1.6.3 Doppler ultrasound flow phantoms proposed in literature 

A C-Flex pipe surrounded by an Agar-based TMM is the design suggested by the BS EN 61685:2002 ς 

IEC 61685:2001, a current International standard (stability date: 2020) for the development of a flow 

Doppler test object (BS EN 61685:2002, IEC 61685:2001). However, C-Flex tubing (Cole-Parmer, IL, 

USA) has attenuation values that are five to ten times higher than vessel tissues and even thin wall 

thickness (0.2 mm) produces substantial Doppler Spectral distortion (Hoskins 2008). A large number 

of alternative materials have been characterised and tested as vessel mimicking material including 

PVA-c, Norprene, Perspex and Polyethylene (Hoskins 2008). 

 As an alternative to phantom designs embedding pipes, wall-less phantoms have been widely 

proposed and tested in the literature (Rickey et al 1995; Ramnarine et al 2001; Pye & Ellis 2002; 

Meagher et al 2007; Weir et al 2015; Kenwright et al 2015-b; Ho et al 2017; Zhou et al 2017). Tissue 
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Mimicking Materials are used to form channels, which mimic soft tissues properties in terms of 

characteristic acoustic impedance, acoustic attenuation, speed of sound and acoustic backscatter 

coefficient (BS EN 61685:2002, IEC 61685:2001). Agar-based (Teirlinck et al 1998) and gelatine-based 

(Madsen et al 1982) TMMs have been extensively studied and fully characterised (Brewin et al 2008; 

Sun et al 2012; Rajagopal et al 2015). However, these materials are brittle and lack mechanical 

strength (they break if the flow speed is set higher than certain limits), therefore, they have been 

widely used in research studies but are not commonly used in commercial ultrasound phantoms. 

Another material widely used is Polyvinyl Alcohol (PVA). PVA is prepared as a gel and exposed to 

different freeze-thawing cycles to produce an elastic material called PVA-cryogel. Several studies have 

been conducted on different PVA-based recipes (Chu & Rutt 1997; Surry et al 2004; Dineley et al 2006; 

Cournane 2010; Cannon et al 2011; Ramnarine et al 2013; Kokkalis et al 2014; Zhou et al 2017) but the 

physical properties of the final cryogel are strictly dependent on the evaporation during the mixing 

(typically performed at temperatures higher than 90 degrees), freezing temperature, freezing holding 

time, thawing rate and number of freezing/thawing stages (Peppas and Scott 1991; Stauffer and 

Peppas 1992). In addition, the reproduction of certain shapes is challenging because it is not possible 

to fully control the gel swelling process during the freezing stages. All these variables make the 

repeatability of the manufacturing process challenging. The intra- and inter-variability of the PVA 

manufacturing process, which significantly affect the acoustic and mechanical properties of the final 

TMM, makes comparative studies challenging.  

As an alternative to flow phantoms, rotating test objects have been used for mean velocity accuracy 

and spatial resolution estimation. The rotating block, consisting of reticulated foam (Mc Dicken et al 

1983), block of gelatine (Fleming et al 1994) or agar-based TMM (Kripfgans et al 2006; Ressner et al 

2006; Yang et al 2013; Kenwright et al 2015; Badescu et al 2017; Ketterling et al 2017), can simulate 

blood flow and tissue motion. The Rotating Cylinder Phantom has the main advantage of providing 

known axial and lateral velocities over a wide range of Doppler angles. Vector Flow Imaging techniques 

have been successfully applied among others by Kripfgans et al (2006), Badescu et al (2017) and 

Ketterling et al (2017), amongst others. Unfortunately, the Rotating Cylinder phantom is not 

commercially available and does not provide complex flow features. Images of the phantom 

developed by Kripfgans et al (2009) and examples of VFI results obtained by Ketterling et al (2017) are 

shown in Figure 1.8a and Figure 1.11b, respectively. Typically, a block of TMM is immersed in water 

and rotated at known velocity through the connection to a stepper motor (Figure 1.11a). 
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                                          (a)                                                                                                    (b)                                    

Figure 1.11: Rotating Cylinder Phantom (a) developed by Walker et al (2009) and VFI results (b) obtained by 

Ketterling et al (2017) used as examples. Colour encoded map Figure 18b (top) and vector flow mapping imaging 

Figure 18 (bottom).    

Figure 1.10a: Adaptation of Figure 1: Kripfgans, O. D., Rubin, J. M., Hall, A. L. & Fowlkes, J. B. (2006). Vector 

Doppler Imaging of a Spinning Disc Ultrasound Doppler Phantom. Ultrasound in Medicine and Biology. 

Figure 1.10b: Adaptation of Figure 1 and Figure 3: Ketterling, J. A., Aristizabal, O., Yu, A. C. H., Yiu, B. Y. S., 

Turnbull, D. H., Phoon, C. K. L. & Silverman, R. H. (2017). High-Speed, High-Frequency, Vector-Flow Imaging of in 

Utero Mouse Embryos, in: IEEE International Ultrasonics Symposium, IUS. 

  

An innovative phantom, designed to challenge VFI Ultrasound Doppler techniques, has been proposed 

by Yiu et al (2017). The so-called Spiral Flow Phantom (Yiu et al 2017) comprised a 3D printed spiral 

lumen of polylactic acid embedded within an ultrasound compatible TMM. The spiral lumen is later 

dissolved, leaving a wall-less phantom structure of TMM.  The geometric structure is intended to 

mimic a tortuous vessel and offers multi-directional flow over all angles (0-360 degrees). It is a great 

tool for estimating the accuracy of flow estimation algorithms, but it is not commercially available, as 

it is challenging to manufacture (it is a PVA-based TMM) and chloroform (which is toxic) is used to 

dissolve the vascular structure. The Spiral Flow Phantom proposed by Yiu et al (2017) and VFI 

acquisitions results are shown in Figure 1.12. Similar technology has been used by Ho et al (2017) for 

the construction of a wall-less flow phantom with tortuous vascular geometries.  
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Figure 1.12: Spiral Flow phantom developed by Yiu et al (2017). Top images: Cad drawing (top left), assembled 

box (top middle), box with TMM poured (top right). Bottom images:  vector flow imaging (Bottom left), 

estimated velocity magnitude map (Bottom middle), estimated velocity angle map (Bottom right). 

Figure 19: Modification of Figure 3 and Figure 6: Yiu, B. Y. S. & Yu, A. C. H. (2017). Spiral Flow Phantom for 

Ultrasound Flow Imaging Experimentation. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency 

Control, 64(12), 1840ς1848. 

 

This list of phantoms described in the literature for Doppler ultrasound is unlikely to be exhaustive. 

Belt phantoms, vibrating phantoms, string phantoms, moving plate phantoms have been also 

proposed in the literature (Browne et al 2014). Further information about Doppler ultrasound QA tests 

and flow ultrasound phantoms designs are provided by reviews of Hoskins (2008), Culjat et al (2010), 

Browne (2014) and Hoskins et al (2017, p. 231-253), therefore, is was not felt necessary to perform a 

systematic review.  

 

1.6.4 Doppler Ultrasound flow phantoms available on the market 
 

Unfortunately, the ultrasound flow phantom market does not offer many compelling choices. 

The Institute of Physics and Engineering in Medicine (IPEM) provided, in 2010, the guidelines for 

Ultrasound QC through Report 102 - Quality Assurance of Ultrasound Imaging System. Report 102 

ƻǇŜƴǎ ά/ƘŀǇǘŜǊ о ς 5ƻǇǇƭŜǊέ ǎǘŀǘƛƴƎ ǘƘŀǘ ά¢ƘŜ ƭƛƳƛǘŜŘ ŀǾŀƛƭŀōƛƭƛǘȅ ŀƴŘ ƘƛƎƘ ǇǊƛŎŜ ƻŦ ǎǳƛǘŀōƭŜ ǇƻǊǘŀōƭŜΣ 

commercial test-objects designed for Doppler testing combined with a poor evidence base for the 

validity of such testing have made the ǇǊŜǎŎǊƛōƛƴƎ ƻŦ ŀǇǇǊƻǇǊƛŀǘŜ ǘŜǎǘǎ ŦƻǊ 5ƻǇǇƭŜǊ ŘƛŦŦƛŎǳƭǘέ όLt9a 

Report 102, Institute of Physics and Engineering in Medicine 2010, p. 19). The report was written in 

2010, however, the ultrasound flow phantom market has not provided valuable alternatives even in 

2018. There are not many flow phantoms available, they are usually expensive (>10000 GBP) and 

specifications and tolerances are unclear. When Manufacturers are asked to provide evidence about 

how to reproduce their tests (in order to match their tolerances) materials either lack information or 

provide values with no evidence of the measurement methods (Dudley and McKenna 2017). Report 

102 recommends the use of a simple string test object (string phantom), consisting of a moving 



 

42 
 

filament of O-ring rubber immersed in a fluid with speed of sound of 1540 ms-1. A detailed description 

of a string phantom and instructions for conducting QC tests is provided by Chapter 3 of the IPEM 

Report 102 (IPEM Report 102, Institute of Physics and Engineering in Medicine 2010). However, 

Cournane et al (2014) reported errors exceeding +/- 20 %, +/- 50 % and +/- 40 %, on experimental 

mean velocity measurements carried out on a string phantom for linear, curvilinear and phased array 

probes, respectively. These errors are higher than the limit of +/- 10-20 % suggested by the BS EN 

61685:2002-IEC 61685:2001 (BS EN 61685:2002, IEC 61685:2001). Doppler flow phantoms consisting 

of a straight cylindrical conduit embedded into an ultrasound TMM, are also commercially available 

and offer an alternative to the string phantom (BS EN 61685:2002, IEC 61685:2001). However, flow 

phantoms are expensive, tolerances are not well specified (Dudley and McKenna 2017), fluid dynamics 

properties are not described (laminar flow, transient flow, Reynolds number etc), the flow is 

simplified, and the phantom does not reproduce complex flow features that resemble physiological 

flows (i.e. complex flow patterns). TMMs often consist of a hydrogel and durability is limited because 

of desiccation. The acoustic properties are not consistent over time, not well specified, or when 

measured, deliver results that are different to that declared by Manufacturers (Browne et al 2003). 

Examples of commercially available string phantoms and flow phantoms are shown in Figure 1.13a 

and Figure 1.13b, respectively. Further limitations of these two phantom technologies are discussed 

in Chapter 4, Section 4.5. 

             
(a) (b) 

Figure 1.13: String Phantom (a) manufactured by Cirs (Cirs Inc., Norfolk, VA, USA) and flow phantom (b) 
manufactured by Sun Nuclear (Sun Nuclear Corporation, Melbourne, FL, USA) 
Figure 1.12a: CIRS (2018). Doppler String Phantom. Available at: 
http://www.cirsinc.com/products/all/69/doppler-string-phantom/ 
Figure 1.12b: Sun Nuclear (2018). Doppler 403 Mini-Doppler 1430 Flow Phantoms. Available at: 
http://www.cirsinc.com/products/all/69/doppler-string-phantom/ 

http://www.cirsinc.com/products/all/69/doppler-string-phantom/
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1.6.5 MRI flow phantoms 
 
Similar to ultrasound, the construction of MRI flow phantoms is particularly challenging, especially the 
choice of tissue mimicking materials (TMMs). In MRI, TMMs should mimic tissues of interest in terms 
of T1 (longitudinal magnetic relaxation time), T2 (transverse relaxation time) and proton density 
(concentration of protons, usually hydrogen nuclei in tissues). However, if the study focuses, for 
example, on velocity measurements, the properties of the TMM are not of interest. A number of solid 
materials (i.e. silicone, polyester and acrylic) can be used. Commonly, these materials are chosen to 
be transparent, thus they are compatible with optical imaging modalities (i.e. Laser Particle Imaging 
Velocimetry) and comparative studies can be performed.  
The main challenge is related to the potential interaction with the strong and homogeneous magnetic 
fields (commonly 1.5 T or 3 T) that are typically employed in MRI. Materials that are placed into the 
Magnetic Resonance environment must not be ferromagnetic and must not interfere with 
radiofrequency currents. This significantly limits the choice of pumps and motors, commonly used to 
drive flows in a controllable way. Although there are MRI compatible linear motion systems available 
on the market (i. e. http://www.simutec.com), the cost is high (over 10000 GBP in 2018). Ultrasonic 
motor designs have been also proposed in the literature (Tavallaei et al 2016) but are still undergoing 
validation stage. In addition, all of the mentioned systems are limited in maximum achievable speed 
and maximum range of motion. Hazards, regulation, material restrictions in Magnetic Resonance 
Units, and a cost-effective solution to develop an MRI compatible multimodal phantom design, are 
described in detail in Chapter 8.  

 
 

1.6.6 Magnetic Resonance Compatible flow phantoms proposed in 
the literature 
 
The first Magnetic Resonance flow phantom developed for research applications was proposed by 
Stahlberg et al (1986). The phantom consisted of a water-filled cylindrical acrylic chamber which 
comprised of two, four or eight tubes with diameters relevant to vessels of interest. A number of flow 
phantoms were then constructed to mimic vascular geometries in healthy and diseased conditions 
(Holdsworth et al 1991; Frayne et al 1993; Frayne et al 1995). An anthropomorphic carotid phantom, 
which incorporated different stenotic geometries, was developed by Smith et al (Smith et al 1999). A 
portable, silicone-based phantom containing parallel straight and stenosed flow channels in one layer 
and a U-bend in a second layer, has been proposed by Summers et al (2005). More recently, a phantom 
design able to produce complex flow patterns has been proposed and validated by Toger et al (2016). 
The phantom employed vortex rings to validate Four-Dimensional Flow MR velocities (4D-MRI). The 
system developed by Toger et al (2016) is innovative and was the first phantom to provide complex 
flow patterns. The phantom design involves a servo motor that powers a ball screw linear actuator, 
which in turn moves a piston-cylinder apparatus that pushes the flow through a flow rectifier and then 
into a water tank. However, the motor is not MRI compatible (the motor pump is kept outside the 2 
mT safety line of the Magnetic Resonance Room), the apparatus is longer than a meter (excluding the 
pump) and the water tank has a volume over 20 litres. The system is probably over-engineered, indeed 
the declared manufacturing cost is 10000 EUR (excluding taxes and labour), and it is in-practical. Key 
aspects of our phantom design are portability and cost-effectiveness, in order to be market oriented. 
Ideal requirements for the development of the phantom are summarised in Figure 4.1 (Chapter 4). A 
detailed and recent review that describes quantitative MRI phantoms is provided by Keanan et al 
(2018). The review is written by members of the Standards for Quantitative Magnetic Resonance 
committee and highlights the needs for appropriate phantom designs to refine international standard 
protocols for quantitative Magnetic Resonance Imaging.  
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1.6.7 Magnetic Resonance Compatible flow phantoms available on 
the market 
 
At the time of writing (2018), Gold Standard Phantoms (Gold Standard Phantoms, London, UK) and 
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) are 
the only companies on the market that provide programmable flow phantoms for Magnetic 
Resonance Imaging.  Gold Standard Phantoms (Gold Standard Phantoms, London, UK) designed 
QASPER (https://www.goldstandardphantoms.com), a flow phantom that mimics vessels geometries 
and flow velocities of the arteries. Shelley Medical Imaging Technologies (Shelley Medical Imaging 
Technologies, Ontario, Canada) offers a multimodal Perfusion Flow Phantom compatible with CT, MRI 
and PET, and two semi-anthropomorphic flow phantoms that mimic the left ventricle of the heart. The 
so-called DCE Perfusion Flow Phantom, the MRI Compatible Multimodality Motion Controller, the 
Dynamic Multimodality Heart Phantom and the Dynamic Left Ventricle Phantom, developed by Shelley 
Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada), are shown in 
Figure 1.14a, Figure 1.14b, Figure 1.15a and Figure 1.15b, respectively. Formal quotes for these 
phantoms ranged from 30000 to 50000 USD at the time of writing (2018). 
 

 
 

  
                                      (a)                                                                                   (b)   
Figure 1.14: DCE Perfusion Flow Phantom (a) and MRI Compatible Multimodality Motion Controller (b) 
developed by Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) 
Figure: Adaptation of images from Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, 
Ontario, Canada) website. Available at http://www.simutec.com/index.html   
 
 
 
 
 

 

http://www.simutec.com/index.html
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                                       (a)                                                                                         (b) 
Figure 1.15: Dynamic Multimodality Heart Phantom (a) and Dynamic Left Ventricle Phantom (b) developed by 
Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, Ontario, Canada) 
Figure: Adaptation of images from Shelley Medical Imaging Technologies (Shelley Medical Imaging Technologies, 
Ontario, Canada) website. Available at http://www.simutec.com/index.html   
 
 

1.6.8 Summary 
 
A literature review and a market analysis of flow phantom technologies has been presented both for 
Ultrasound and Magnetic Resonance flow imaging modalities. It is evident that there are few 
compelling choices on the market and there is a need for appropriate flow phantom designs to support 
Quality Control checks, calibration, validation of innovative techniques and to refine (or establish) 
international standard protocols. Fundamental challenges relate to the choice of materials compatible 
with the modality of interest. Since the development of a flow phantom design compatible with both 
advanced Doppler ultrasound and Magnetic Resonance would be challenging, the phantom described 
in this thesis is developed firstly for Ultrasound Vector Flow Imaging modalities and then adapted for 
use in a Magnetic Resonance environment. 
 
 

1.7 Discussion 
 

State of the art medical imaging for quantitative blood flow assessment includes advanced diagnostic 

techniques such as Ultrasound Vector Doppler Imaging (VFI) and Phase Contrast Magnetic Resonance 

Imaging (PC MRI). 4D flow Phase Contrast MRI has great potential for estimating complex flow fields 

typical of healthy and pathological conditions of the cardiovascular system. However, Magnetic 

Resonance devices are very expensive and the 4D flow MRI technique is not clinically accepted (yet) 

because of long scanning and post-processing times. The use of Doppler ultrasound techniques over 

Magnetic Resonance Imaging offers numerous advantages and disadvantages. Doppler ultrasound is 

non-invasive, cost-effective, portable, universally available and compatible with all types of patient. 

By the time an MRI scan is performed (usually 1 to 2 hours), up to 5 ultrasound scans can be 

completed. Moreover, a hospital commonly has a larger number of ultrasound machines than 

Magnetic Resonance rooms. The use of Doppler ultrasound can significantly reduce waiting lists with 

comparable diagnostic results to MRI. This allows in quicker diagnosis and improved outcomes.  

Conventional Doppler ultrasound techniques provide real-time qualitative and quantitative 

information about intravascular blood flow patterns with high accuracy. However, these techniques 

are strictly angle dependent. Advanced angle independent Ultrasound Vector Flow Imaging (VFI) 

techniques have been developed to overcome this limitation. Ultrasound Vector Flow Imaging has 

attracted great interest in recent years. VFI accuracy and clinical efficacy have been widely 

http://www.simutec.com/index.html
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demonstrated. Several 2D VFI approaches have been validated and are already implemented on 

clinical and research ultrasound scanners. In 2013, VFI was FDA approved and recommended as the 

first choice for the assessment of cardiovascular flows and analysis of blood fluid dynamics. A major 

problem for medical physics departments involved in medical devices Quality Control is the lack of 

test objects technologies on the market able to challenge these innovative devices. Calibration of 

medical imaging devices is recommended as part of the Quality Management System stated by the 

ISO 9000-2015. Quality Control checks should be performed with periodic acquisition of images on 

specially designed test objects. Specific imaging quality parameters are quantified and if the values of 

interest differ from pre-defined threshold values, corrective actions must be undertaken. In order to 

challenge state of the art technologies, phantom designs must ideally develop alongside the medical 

imaging device market. The main advantages of using test objects over human (or animal) subjects 

and biological tissues are related to the reproducibility of results (it is possible to carry out 

comparative studies over time), high control (high precision in manufacturing) and absence of ethical 

issues (licencing, health and safety regulations, and ethics). For these reasons, phantoms play a 

fundamental role and find wide application for calibration, Quality Control, training, research and 

development of medical imaging devices, testing and validation of novel techniques at the research 

level. Flow phantoms are commonly used for the investigation of flow field velocities, the cross-

validation of flow-field data obtained from independent measurement methods (i.e. medical imaging 

modalities and optical imaging systems) and for the investigation of a potential relationship between 

fluid dynamics and biological functions. A flow phantom can be designed as anthropomorphic, semi-

anthropomorphic or non-anthropomorphic. It should invoke motion, mimic relevant physiological 

conditions and produce a known flow field within specified tolerances. From an analysis of the 

literature and of the market, there are few flow test objects available. Current flow phantom 

technologies are expensive, inappropriate, they fail to mimic relevant physiological conditions and 

often lack accuracy specifications. There are no cost-effective flow phantoms technologies able to 

reproduce complex flow patterns to challenge advanced medical imaging technologies clinically 

available, such as Ultrasound VFI and PC MRI.  Consequently, calibration, testing and validation of 

medical imaging scanners for quantitative blood flow assessment and definition of standards for 

Quality Control checks is very challenging. Novel emerging Ultrasound and MRI methods would 

benefit from a routine standardisation and a calibration tool. A complex flow test object would allow 

the undertaking of measurements, collection of data, optimisation of scanning parameters for 

optimising procedures and training to the clinicians. A standard tool is essential to engage with 

scientific community, compare results across centres and widespread the use of these innovative 

medical imaging technologies. Appropriate flow phantom designs can create well-defined 

international standard guidelines (IPEM 2010; Browne 2014; Dudley and McKenna 2017; Keanan et al 

2018) and validate new research techniques. This thesis consists to the design, development, testing 

and validation of a semi-anthropomorphic flow phantom that offers complex flow patterns 

comparable to relevant physiological conditions. The flow phantom must comply with all of the 

requirements (stability, controllability, predictability, reproducibility, reliability) recommended for 

test objects and manufactured from material compatible with multiple imaging technologies for flow 

measurements. However, the choice of materials compatible with both Ultrasound and Magnetic 

Resonance technologies is very challenging. The test object aims to deliver a flow benchmark for 

calibration of clinical scanners and for the validation of advanced velocity estimating algorithms at 

research level. The key element is the flow itself, rather attempting to mimic surrounding tissues or 

vessels. Therefore, the first objective is the identification and characterisation of a flow that can satisfy 

all the desirable requirements. The prototype is designed to operate in free-field (deionised water) 

and to be compatible with Doppler Ultrasound Vector Flow Imaging modalities, already clinically 

available since 2013. Optically transparent materials are preferred, in order to allow the undertaking 
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of comparative experiments with optical imaging techniques, such as Laser-PIV and video cameras. 

After the design characterisation and validation, a cost-effective solution for the adaptation to a 

Magnetic Resonance environment is proposed in Chapter 8.  

 

1.8 Conclusion 

Medical imaging diagnostic modalities for quantitative assessment of the cardiovascular system and 

basic physical principles are discussed. Although PC MRI is recognised as a gold standard for flow 

measurements, Doppler Ultrasound Vector Flow Imaging is an attractive alternative because it does 

not involve ionising radiation, it is cost-effective, portable, fast and provides qualitative and 

quantitative information in real-time and with results comparable to MRI. Doppler Ultrasound Vector 

Flow Imaging is available on a number of clinical scanners since 2013, but there is a lack of test objects 

that can support calibration and Quality Control of these devices or that can offer a flow benchmark 

for comparative studies and validation of innovative techniques. This thesis aims to provide a complex 

flow phantom for medical imaging compatible with advanced Doppler ultrasound modalities and 

optical transparent imaging techniques for comparative studies. After prototype validation and 

characterisation of the main physical parameters, the design is adapted (Chapter 8) to operate in a 

Magnetic Resonance environment. 
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CHAPTER 2  

Vortex rings in the cardiovascular system 
 

2.1 Introduction 

The desirable requirements for the development of a flow phantom for medical imaging were 

described in detail in Section 1.5 of the previous chapter (Chapter 1). The major challenges associated 

with the development of such technology, are the choice of suitable tissue mimicking materials and 

the identification of a flow with specific characteristics. With the intent to simplify the problem the 

phantom will be designed to operate in the free-field (deionised water) with the possibility of 

embedding tissue mimicking materials on demand. Consequently, the first target is the identification 

of a flow that resembles complex flow patterns relevant to physiological conditions, but also has to be 

stable, reproducible, predictable and controllable. A literature analysis is conducted within this 

chapter to identify a flow that fulfils part or all of these requirements.  

A simple way to approximate the laws of fluid dynamics in the cardiovascular system would be to 

interpret flow into vessels as the equivalent of flow into a cylindrical pipe. Assuming a parabolic 

velocity profile, PoiseuilleΩǎ law could be applied to find mathematical relations that link the main 

physical parameters (i.e. velocity, pressure, Reynolds number). Unfortunately, cardiovascular flows 

are pulsatile and not steady, therefore Poiseuille parabolic flow only becomes adequate as an 

approximation for time-averaged analysis or regions where the pulsatility is negligible (Kheradvar and 

Pedrizzetti 2012, p.14-15). In addition, the blood circulatory system exhibits complexities, turbulence, 

recirculation and vortices. In particular, cardiac blood ejection is characterised by the formation of 

vortices that lends extra momentum to the flow and directs the blood towards the aorta.  Quantitative 

analysis of these complex flow patterns can provide significant support for the early diagnosis of 

cardiovascular pathologies (Pedrizzetti et al 2014).  

Interestingly, analogies between intra-cardiac vortices and vortex rings have been demonstrated. Such 

fluid dynamics phenomena have been widely studied in vitro. After complete formation, vortex ring 

fluid dynamics are predictable. Analytical and mathematical models, which describe relationships 

between the main physical parameters, are available in the literature (Hill 1894; Lamb 1932; Kaplanski-

Rudi 1999). It has been demonstrated that simple vortex ring physical parameters, such as the 

formation time, can be used as a quantitative index of cardiac health. Indeed, the literature indicates 

that vortex rings can be created in the laboratory, in a controlled environment, with encouraging 

reproducibility. 

Important aspects of vortex formation within the left ventricle of the heart, analogies with vortex ring, 

analytical models and physiologically relevant parameters are described in this chapter. This includes 

experimental studies presented in the literature and basic fluid dynamics concepts. 

 

2.2 Intracardiac Flow ς Vortex Ring 

In the proximity of valves, heart chambers and vessel bifurcations, the fluid dynamics of the 

cardiovascular system exhibit complex flow velocity fields (turbulence, recirculation, jets, vortices) 
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both in healthy and pathophysiological conditions (Pedrizzetti et al 2014; Arvidsson et al 2016). 

Particularly, the blood circulation within the heart chambers is balanced by the formation of vortices. 

During diastole, the blood flows into the left ventricle through the mitral valve and generates a shear 

layeǊ ǘƘŀǘ άǊƻƭƭǎ ǳǇέ ƛƴǘƻ ŀ ǾƻǊǘŜȄΦ ¢Ƙƛǎ ǾƻǊǘŜȄ ƛǎ ŀǎȅƳƳŜǘǊƛŎΣ ŘǳŜ ǘƻ ǘƘŜ ǳƴōŀƭŀƴŎŜŘ ǎƘŀǇŜ ƻŦ ǘƘŜ ƳƛǘǊŀƭ 

valve (the anterior leaflet is larger than the posterior leaflet) (Kheradvar and Pedrizzetti 2012, p.47). 

The vortex forms from the boundary layers at the distal tip of the mitral valve leaflets, it then 

propagates rapidly into the ambient fluid of the left ventricle and becomes a stable structure. The 

process of vortex formation is shown in Figure 2.1. A numerical simulation and mathematical model 

of the left ventricle vortex formation and propagation is described in detail by Domenichini et al 

(2005).  

 

 

Figure 2.1: Vortex formation process in the left ventricle chamber 
Figure 3.2: Kheradvar, A. and Pedrizzetti, G. (2012). Vortex Formation in the Cardiovascular System. London: 

Springer-Verlag.  

 

At the end of diastole, the vortex provides extra momentum to the circulation of blood. The incoming 

fluid from the left atrium is decelerated, while the outflow towards the aorta is accelerated 

(Pedrizzetti et al 2014). This physical phenomenon balances the dynamic between the motion of the 

myocardial tissue and the circulation of the blood flow. It is a natural process that happens in healthy 

left ventricles and facilitates cardiac blood ejection. By way of example, two echocardiographic images 

of vortex formation in healthy subjects in late diastole and at the end of the diastole are shown in 

Figure 2.2a and Figure 2.2b, respectively. In the late diastolic phase (Figure 2.2a), the asymmetry of 

the vortex is visible. 
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                                a) Late diastole             b) End of diastole 

 
Figure 2.2: Ultrasound echo-PIV imaging of vortex formation in healthy subjects in late diastole (a) and end of 
diastole (b) (onset systole). Streamlines, reconstructed from multiplane acquisitions, depict the flow spiralling 
out from the vortex and moving towards the aorta. 
Figure 3: Pedrizzetti, G et al (2014). The vortex-an early predictor of cardiovascular outcome? Nature Reviews 
Cardiology, 11, 545-553. 

 
The flow inside the right ventricle is expected to form a complex pattern, which involves vortex 
formation in a similar way. Unfortunately, the right ventricular function is difficult to evaluate due to 
its asymmetrical lunar shape and the difficulties of applying 2D echocardiography techniques. The flow 
inside the right ventricle is still unclear, due to the lack of technologies to map 3D spatial and temporal 
details of the fluid dynamics in that region of interest (Kheradvar and Pedrizzetti 2012, p.56). Although 
the correct functioning of all the four heart chambers is crucial, the dynamics of the left ventricle 
regulates the cardiac output. Malfunctions of this section of the heart affect the overall health of the 
cardiovascular system.  
 
Quantitative analysis of vortex dynamics can be crucial for early diagnosis and has attracted the 
attention of several scientists during the last decades. In early 1995, Kim et al (1995) provided the first 
quantitative description of vortex motion inside the left ventricle using a 1.5-Tesla 15S Gyroscan HP 
Philips (Philips, Eindhoven, Netherlands). In 2006, Gharib et al (2006) noted similarities between 
vortices observed in vivo (within the left ventricle chamber) and a rotating fluid mass, the vortex ring, 
which had been broadly studied and fully characterised in vitro (Akhmetov and Kirasov 1969; 
Maxworthy 1977; Didden 1979; Gharib et al 1998; Akhmetov 2001; Dabiri and Gharib 2004; Krueger 
et al 2004; Akhmetov 2009). Using quantitative parameters and analytical equations already described 
for the vortex ring in vitro, Gharib et al (2006) demonstrated that major aspects of cardiac function 
are accompanied by vortex formation in blood flow during diastole. Gharib et al (2006) correlated 
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physical parameters of vortex formation, obtained experimentally in-vitro, with existing quantitative 
indexes of cardiac health (i.e. the left ventricle ejection fraction).  
 
DƘŀǊƛōΩǎ ƻōǎŜǊǾŀǘƛƻƴǎ όDŀǊƛō Ŝǘ ŀƭ нллсύ ǇǊŜŎƛǇƛǘŀǘŜŘ ǎŜǾŜǊŀƭ ǎǘǳŘƛŜǎΦ ¢ƘŜǊŜ ƛǎ ŜȄǘŜƴǎƛǾŜ ŜǾƛŘŜƴŎŜ ƛƴ 
the literature that the vortex ring formation (described in detail in following Section 2.4) can be related 
to:  
 

- left ventricular filling and mitral valve efficiency (Pierrakos and Vlachos 2006);  
- dimensions of the mitral valve annulus (Kheradvar et al 2007);  
- ventricular pressure drop (Kheradvar and Gharib 2007);  
- diastolic dysfunction (Kheradvar and Gharib 2009; Kheradvar 2011) and  
- mitral valve leaflet length (Kheradvar 2010).  

 
Correlating vortex ring formation with the dimensions of the mitral valve annulus, Kheradvar et al 
(2007) observed that the smaller annulus (corresponding to stenotic valves) and larger annulus 
(corresponding to dilated cardiomyopathy) were related to different vortex ring formation. In 2012, 
Segupta et al (2012) confirmed that relevant clinical information can be obtained if complex flow 
patterns are analysed and the full velocity vector field is available. Kheradvar and Pedrizzetti (2012) 
authored a book that describes the fluid dynamics aspects of vortex formation within the heart 
chambers. Dynamics of vortex evolution in viscous fluids, relations between vortex ring physical 
parameters and heart dysfunction, diagnostic techniques for vortex imaging analysis are also 
described (Kheradvar and Pedrizzetti 2012). More recently Pedrizzetti et al (2014) concluded that the 
vortex ring is a sensitive precursor of left ventricle malfunction and can support therapeutic strategies. 
Finally, Ardvisson et al (2016) demonstrated that the vortex ring provides an epigenetic blueprint for 
the human heart. Vortex ring formation and fluid dynamics analysis both provide unique physiological 
and mechanical information about cardiac function and have potential clinical utility as measures of 
cardiac health (Arvidsson et al 2016).  
 
 

2.3 Vortex Ring: definition and analytical description 
 
As deduced from the literature mentioned at the end of the previous section (Section 2.2), 
quantitative description of intra-cardiac vortices is valuable for assessment of the cardiovascular 
system. Vortex fluid dynamics provide relevant information on physiological and anatomical events, 
which are directly related to cardiac performance. A pivotal moment was when Gharib et al (2006) 
approximated the intraventricular vortex flow to a vortex ring based on fluid dynamics that were 
extensively studied in vitro (Akhmetov and Kisarov 1969; Maxworthy 1977; Didden 1979; Gharib et al 
мффуΤ !ƪƘƳŜǘƻǾ нллмΤ 5ŀōƛǊƛ ŀƴŘ DƘŀǊƛō нллпΤ YǊǳŜƎŜǊ Ŝǘ ŀƭ нллпΤ !ƪƘƳŜǘƻǾ нллфύΦ ¢ƘǊƻǳƎƘ DƘŀǊƛōΩǎ 
approximations (2006), existing mathematical models for vortex rings were applied to intraventricular 
blood flow and quantitative indexes of cardiac health defined. A vortex ring can be defined as a 
άǘƻǊƻƛŘŀƭ ǾƻƭǳƳŜ ƻŦ ǾƻǊǘƛŎŀƭ ŦƭǳƛŘ ƳƻǾƛƴƎ ƛƴ ŀ ǎǳǊǊƻǳƴŘƛƴƎ ƳŜŘƛǳƳ ŀǘ ŀƴ ŀǇǇǊƻȄƛƳŀǘŜƭȅ Ŏƻƴǎǘŀƴǘ 
translational speed perpendicular to the ring plane. The fluid motion is axisymmetric, and the vector 
of vorticity in the torus is directed along the circles concentric with the circular axis of the torus. A 
certain volume of the fluid which embraces the ring and looks like an ellipsoid flattened along the 
direction of motion is moving together with the toroidal vortex ring. This enclosed volume of fluid is 
called vortex atmosphere. Inside the vortex atmosphere, the fluid is circulating along the closed 
streamlines encompassing the toroidal core of the vortex. The motion of the fluid surrounding the 
ǾƻǊǘŜȄ ŀǘƳƻǎǇƘŜǊŜ ǊŜǎŜƳōƭŜǎ ŀ ǇŀǘǘŜǊƴ ƻŦ Ŧƭƻǿ ǿƛǘƘƻǳǘ ǎŜǇŀǊŀǘƛƻƴ Ǉŀǎǘ ŀ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎƻƭƛŘ ōƻŘȅέ 
(Akhmetov 2009, p.5). Analytical solution of Navier-Stokes equations for describing the vortex ring 
behaviour have been attempted under simplified incompressibility assumptions with highly idealised 
and axisymmetric conditions (Tryggeson 2007). However, the preferred description is in terms of 
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stream function ʌ. Three particular idealisations, consistent with the Navier-Stokes equations, have 
been provided by Hill (1894), Lamb (1932), and Kaplanski-Rudi (1999) (Figure 2.3).  
In 1894, Hill (1894) described the vortex ring as a sphere of radius a with uniform distribution of 
vorticity. AƭƳƻǎǘ пл ȅŜŀǊǎ ƭŀǘŜǊΣ [ŀƳō όмфонύ ŘŜǎŎǊƛōŜŘ ǾƻǊǘŜȄ ǊƛƴƎ ŘȅƴŀƳƛŎǎ ŀǎ ŀ άǘƘƛƴ ǊƛƴƎέ ǿƛǘƘ 
constant vorticity inside the vortex core (where a is the core radius and R the ring radius, limit as a/R-
> 0). Finally, Norbury (1973), Fraenkel (1972) and Kaplanski-Rudi (1999) assumed a Gaussian (linear) 
distribution of vorticity within a larger core radius to ring radius ratio (if a is the core radius and R the 
ring radius, Limit as a/R-> 2). Idealised models and stream functions ʌ are shown in Figure 2.3.  The 
schematic stream function ʌ depicts the vortex ring rotating cores (of radius a), the vortex 
atmosphere (of radius R) and the streamlines.  
 

 

Figure 2.3:  Axisymmetric approximations and description of ring vortex through Navier-Stokes equations. 

Symbols used: Stream function ʌ, circulation +, density of the fluid ́, core radius a (dark grey), ring radius R 

(light grey), ̱  Ґ wκм where 1 is the diffusivity ƻŦ ǘƘŜ ǊƛƴƎΩǎ ŎƻǊŜΣ ŦƛǊǎǘ-order Bessel function I1, generalized 

hypergeometric function 2F2.  

Table 1: Adapted from Ferrari, S. et al (2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom 

for Medical Imaging. Open Journal of Medical Imaging, 7, 28-41.  
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2.4 Vortex Ring:  Formation Time  
 

Analytical descriptions (Figure 2.3) of vortex ring dynamics provide mathematical relationships 

between the main physical parameters. However, it is not straightforward to determine whether the 

produced vortex reflects the spherical approximation (Hill 1894), the thin approximation (Lamb 1932) 

or something in between (Norbury 1973; Fraenkel 1972; Kaplanski-Rudi 1999).  

 

A great contribution to in vitro experimental work has been provided by Garib et al (1998). Gharib et 

al (1998) performed experiments with a water tank and a constant-head tank, computer-controlled 

by a flow monitoring valve. The flow from the constant-head tank moved a piston that pushed a 

column of fluid out of a cylindrical nozzle. A vortex ring formed at the nozzle output-end and 

propagated across the connected water-filled tank. The computer-controlled valve controlled the flow 

from the constant-head tank and thus the velocity profile. A flow meter was used to monitor the 

ejected volume. A schematic representation of the vortex ring generator proposed by Gharib et al 

(1998) is shown in Figure 2.4.  

 

 
Figure 2.4: Vortex ring generator proposed by Gharib et al (1998). 

Figure 1: Gharib, M. et al (1998). A universal time scale for vortex ring formation. J Fluid Mech, 360, 121-140. 

 

Fluorescent particles were introduced into the system and Digital Particle Image Velocimetry was 

performed to analyse the flow. A range of vortex rings were generated by varying the volume ejected 

(L), the nozzle diameter D, and different non-impulsive velocity profiles Up (t).  

Gharib et al (1998) experimentally observed that (Figure 2.5): 

- the flow fields produced by small values of L/D ratios showed a single vortex ring;  

- the flow field produced by large L/D ratios showed a leading vortex ring followed by a trailing 

jet; 

- the transition between these two phenomena occurred when the L/D ratio lay in between 3.6 

and 4.5.  

The non-dimensional value which corresponded to the transition between the two phenomena (L/D 

Ϥ пύ ǿŀǎ ƴŀƳŜŘ άŦƻǊƳŀǘƛƻƴ ƴǳƳōŜǊέ ƻǊ άŦƻǊƳŀǘƛƻƴ ǘƛƳŜέ όDƘŀǊƛō Ŝǘ ŀƭ мффуύΦ ¢ƘŜ άŦƻǊƳŀǘƛƻƴ ǘƛƳŜέ ƛǎ 

equivalent to the ratio of length to the diameter of the ejected column of fluid (the stroke ratio), L/D 

= Upt/D, where Up is the average ejection (i.e. the piston, the column of fluid) velocity. The maximum 
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ŎƛǊŎǳƭŀǘƛƻƴ ǘƘŀǘ ǘƘŜ ǾƻǊǘŜȄ ǊƛƴƎ Ŏŀƴ ǊŜŀŎƘ ŘǳǊƛƴƎ ƛǘǎ ŦƻǊƳŀǘƛƻƴ ƛǎ ǊŜŀŎƘŜŘ ŀǘ ǘƘŜ άŦƻǊƳŀǘƛƻƴ ǘƛƳŜ 

(Gharib et al 1998).  

Critical L/D ratio values for vortex ring formation observed in experimental and numerical studies are 

summarised in Table 2.1.   

Digital Particle Image Velocimetry images of vortex rings generated for L/D = 2, L/D = 3.8 and L/D = 

14.5 are shown in Figure 2.5 (Gharib et al 1998). 

 

Formation Number Vortex ring formation Technical Notes 

L / D < 0.05 No vortex ring formation 

 

L / D too small, the vortex may 

move back into the generator 

0.05 < L / D < 0.1 Vortical fluid rolls up into a spiral, 

entraining irrotational fluid, but no 

appreciable translational motion Is 

noticed 

The maximum vortex ring 

diameter (2R, Figure 2.3) 

reached at the end of the 

stroke is not sufficient to form 

a stable vortex ring with 

appreciable translational 

motion (Didden et al 1979) 

0.1 < L / D < 1.5 Formation of diffusive vortex rings 

with thick core  

Low Reynolds number, 

diffusive vorticity distribution, 

ǘŜƴŘƛƴƎ ǘƻ ǘƘŜ IƛƭƭΩǎ Ŧŀǘ-limit 

case  (Shariff & Krueger, 2018) 

1.5 < L / D < 3.6 (i.e. L / D = 2, Figure 

2.5) 

Single stable vortex ring is 

generated and travels with self-

induced velocity  

No noticeable vorticity is 

observed in the trail jet 

behind it (Gharib et al 1998) 

3.6 < L / D < 4.5 (i.e. L / D = 3.8, 

Figure 2.5) 

There is a clear separation between 

the formed vortex ring and the 

trailing jet region behind it  

all the discharged fluid is 

entrained into the vortex ring 

(Gharib et al 1998) 

L / D > 4.5 (i.e. L / D = 14.5, Figure 

2.5) 

Vortex ring has the same size and 

leaves a trailing jet behind  

Vortex ring  is not able to 

ŀōǎƻǊō ƳƻǊŜ ƻŦ ǘƘŜ ŦƭǳƛŘΩǎ 

mass or vorticity, it does not 

grow in size (same diameter, 

2R, Figure 2.3) and leaves a 

trailing jet behind it (Gharib et 

al 1998) 

Table 2.1: Critical L/D ratio values for vortex ring formation observed in experimental and numerical studies  
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Figure 2.5: Vortex rings generated for L/D = 2 (Top), L/D = 3.8 (Middle), L/D = 14.5 (Bottom). Digital particle 

velocimetry imaging. 

Figure 3: Gharib, M. et al (1998). A universal time scale for vortex ring formation. J Fluid Mech, 360, 121-140. 

 

  iameter on the piston stroke is determined firstly 

2.5 Formation Time as a quantitative index of cardiac health 

As described in Section 2.2, the vortex ring is a fundamental phenomenon that transfers extra 

momentum from the left atrium to the left ventricle and regulates the efficiency of the cardiac output. 

Gharib et al (2006) demonstrated that the vortex ring formation number can be used as a measure of 

cardiac health.  

Defining D, as the average mitral valve diameter (equivalent to the nozzle diameter in Gharib et al 

мффуύΣ ŀƴŘ ¬Σ ŀǎ ǘƘŜ ŀǾŜǊŀƎŜ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ǘǊŀƴǎƳƛǘǊŀƭ ǎǘŀǊǘƛƴƎ ƧŜǘ όCƛƎǳǊŜ нΦмύΣ ǘƘŜ ǾƻǊǘŜȄ ŦƻǊmation 

time (VFT) through the mitral valve can be calculated as (2.1) (Gharib et al 2006): 

ὠὊὝ ὸ        (2.1)  

Gharib et al (2006) suggested carrying out vortex formation time (VFT) measurements in healthy 

patients and to use statistical analysis to establish a range of values as a baseline. Stenotic mitral 

ǾŀƭǾŜǎΣ ƳŀƭŦǳƴŎǘƛƻƴ ƻǊ ŎƘŀƴƎŜ ƻŦ ŀ ƳƛǘǊŀƭ ƭŜŀŦƭŜǘΩǎ ƭŜƴƎǘƘΣ ƳƛǘǊŀƭ ŀƴƴǳƭǳǎ ƳƻǘƛƻƴΣ ŘŜŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ 

left ventricular wall, muscle contraction, and diastolic dysfunction are a few examples of pathological 
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conditions that significantly affect the transmitral vortex formation time (Kheradvar and Pedrizzetti 

2012). Having a baseline of healthy subjects, it would be possible to quantify the presence of a number 

of heart malfunctions or pathologies, based on the efficiency of the vortex formation time (Gharib et 

al 2006).  

Vortex formation time (formation number) can also be related to existing equations of transmitral 

flow and ejection fraction (EF) as follows (2.2) (Gharib et al 2006): 

ὠὊὝ  
 

 ‌  ὉὊ       (2.2) 

 

where      ‍
 

ὉὈὠ
 

    
 ;    ‌  ;   Ὀ   

where: 

- VFT = transmitral vortex formation time; 

- EF = left ventricle ejection fraction;  

-  ̡= fraction of stroke volume contributed from the atrial component to the left ventricle filling;  

- Va = blood volume into the left ventricle during the atrial contraction; 

- EDV = left ventricular volume at the end of the diastole; 

- VTIa = velocity time integral of the atrial contraction (A-wave); 

- DE = diameter of the mitral geometric orifice area (GOA); 

- ʰ3 = non-dimensional volumetric parameter for the left ventricle.  

Such analyses indicates that vortex formation is significantly affected by the presence of artificial 

valves and vortex formation time can be used to determine the positioning and design of mechanical 

and bioprosthetic heart valves or to monitor patients after surgical procedures (Kheradvar and 

Pedrizzetti 2012).  

However, further studies need to be undertaken to provide a better understanding of these 

phenomena. This will ascertain if there is further evidence of clinical efficacy, sufficient to promote 

the method.  

 

2.6 Vortex Ring:  fluid dynamics in viscous fluids (in vitro 

experiments) 

Section 2.4 has already shown that theoretical approximations of vortex ring generation phase and 

evolution (described in Section 2.3) do not adequately explain vortex dynamics for a broad range of 

initial conditions (Dabiri and Gharib 2004; Tinaikar et al 2018). Further experimental data is needed to 

obtain information about vortex formation, evolution, interaction and decay (Tinaikar et al 2018).  

In the spirit of classification this section provides basic information on vortex ring evolution, Reynolds 

number dependence and velocity distribution profiles. 
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2.6.1 Vortex ring evolution  

A vortex ring naturally forms when a bulk of fluid is forced through a smaller orifice into another 

expansive fluid environment. Under specific initial conditions, the fluid rolls up at the edge of the 

orifice (or nozzle) and propagates into the adjacent fluid environment. Within an initial period, the 

structure is unstable with continuous momentum addition and viscous effects strictly dependent on 

the main generating parameters (stroke length, nozzle diameter, Reynolds number and piston velocity 

profile). Subsequently, it stabilises and propagates with a self-induced velocity, exhibiting a smooth 

vorticity distribution and predictable dynamics. For a configuration consisting of a piston and a nozzle 

(Figure 2.4), the vortex becomes stable (for defined Reynolds numbers) after propagating over a 

distance 2-3 times greater than the nozzle diameter (Tinaikar et al 2018). Because of diffusion effects 

(finite viscosity) in real fluids, the propagating vortex ring exhibits time-dependent vorticity fields. For 

a fully developed vortex ring (beyond the initial unstable period), the vortex core (Figure 2.3) may be 

approximated as a rigid disc and the vorticity distribution can be approximated as a Gaussian profile 

(Saffman 1970; Maxworthy 1977; Saffman 1978; Weigandand and Gharib 1997; Akhmetov 2001; 

Tinaikar et al 2018). Typically, the core vorticity reduces due to viscous dissipation and the core radius 

(Figure 2.3) increases as the vortex propagates. The vortex entrains more fluid and the ring velocity 

decreases as a consequence of sharing the same momentum with more bulk mass of fluid (Reynolds 

1876; Tinaikar et al 2018). Streamlines and vorticity flow fields captured with Digital Particle Image 

Velocimetry, Laser Induced Fluorescence and Particle Imaging Velocimetry in two relevant research 

studies are shown in Figure 2.6a, Figure 2.6b and Figure 2.6c, respectively.  

 

                                                           (a)                                                                 (b)                                        (c) 

Figure 2.6: Streamlines and vorticity of propagating vortex ring with Digital Particle Image Velocimetry (a), 

Laser Induced Fluorescence (b) and Particle Image Velocimetry (c). Direction of propagation is from left to 

right. 

Figure 2.6a. Modification of Figure 3:  Dabiri, J.O. and Gharib, M. (2004). Fluid entrainment by isolated vortex 

rings. J Fluid Mech, 511, 311-331. 

Figure 2.6b and 2.6c. Modification of Figure 5:  Tinaikar, A. et al (2018). Understanding evolution of vortex 

rings in viscous fluids. J Fluid Mech, 836, 873-909. 

 

2.6.2 Vortex ring evolution ς Reynolds Number dependency 

Vortex ring evolution depends on the generating condition which is strongly influenced by the 

Reynolds number (Re). The Reynolds number captures the ratio between inertial and viscous forces 

and defines the stability of the fluid motion. In a straight pipe, flow motion with low Reynolds numbers 

(Re < 2300) is defined as laminar and it is orderly, smooth, highly viscous and with high-pressure loss. 

As the Reynolds number increases (Re >2300) the flow exhibits more chaotic dissipation of kinetic 
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energy and it is less smooth. Instabilities start to occur as Re further increases and the flow becomes 

fully turbulent for Re > 10000.  

In vortex ring experimental studies, Re has been commonly estimated as the ratio of the core 

circulation to the kinematic viscosity (Weigand and Gharib 1997) or with regards to the generating 

condition (input flow velocity profile and orifice/nozzle diameter) (Rosenfeld et al 1998; Akhmetov et 

al 2001). For laminar vortex rings, the vorticity of the rotating core is smooth, the core size is narrow, 

and the ring keeps a circular shape as it travels. In turbulent vortex rings, the core rotates violently, 

intensely and can develop into unstable shapes. By way of example, vortex rings with laminar and 

unstable cores are shown in Figure 2.7(a) and Figure 2.7(b), respectively (Yan et al 2018). 

 

                                               (a)                                                                                                (b) 

Figure 2.7: Vortex ring core for laminar (a) and turbulent (b) conditions 

Figure 5a: Yan, X. et al (2018). Laminar to Turbulent Buoyant Vortex Ring Regime in Terms of Reynolds Number, 

Bond Number, and Weber Number.  

 

Different Reynolds numbers provide different evolutionary dynamics. A complete review, which 

includes mathematical models describing how the Reynolds number affects the vortex ring evolution 

in viscous fluids, is provided by Kaplanski et al (2012). Reynolds numbers in human blood vessels are 

normally below 1000 (in healthy subjects). In the ascending aorta and sometimes in the left ventricle 

it can reach the critical threshold (~2300) for short intervals. However, turbulence is weak and does 

not affect dynamics and vortex ring formation. Reynolds number might be transitional only in mid-

diastole in the left ventricle and in mid-systole in the aorta, reaching a maximum value of ~7000 as 

the peak for short periods (Kheradvar and Pedrizzetti 2012, p. 14 and p. 43).   

Experimental work on the evolution of laminar vortex rings with Reynolds numbers (defined by the 

ratio of the core circulation to the kinematic viscosity) in the range 830 < Re < 1650 has been 

conducted by Weigand and Gharib (1997). One year later, Rosenfeld et al (1998) determined the 

dependency the vortex ring circulation from formation time and Re (based on the maximal piston 

velocity and the orifice diameter) ranging from 1250 to 5000. Analogous experiments were conducted 

by Akhmetov (2001). With a fixed L/D value of ~ 5, Akhmetov (2001) observed that laminar vortex 

ǊƛƴƎǎ ǿƛǘƘ ŀ ƭŀȅŜǊŜŘ ǎǇƛǊŀƭ ǎǘǊǳŎǘǳǊŜΣ ǿƘƛŎƘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ŘǳǊƛƴƎ ǘƘŜ ƳƻǘƛƻƴΣ Ŏŀƴ ōŜ ƎŜƴŜǊŀǘŜŘ ŦƻǊ 

Re < 1-20000. Further experimental studies (with Reynolds number of 1400, calculated on the piston 

speed and cylinder exit diameter, and Reynolds numbers varying between 2000 < Re < 4000, 
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calculated on the ring circulation) have been conducted by Dabiri and Gharib (2004). A numerical 

simulation for vortex rings with Reynolds numbers ranging from 3000 to 10000 is provided by Archer 

et al (2008).  

Finally, a more recent research study that includes a comparison with all the previously proposed 

models is provided by Tinaikar et al (2018). Tinaikar et al (2018) performed experiments with Reynolds 

numbers (in circulation) ranging from 100 to 1500. Results of peak vorticity, circulation, ring core size, 

the standard deviation of the Gaussian distribution and formation number results as a function of time 

are provided (Tinaikar et al 2018). Except for the standard deviation of the Gaussian distribution, all 

the variables in these experiments showed high repeatability with an error lower than +/- 10 %. Results 

provided by Maxworthy (1972), Weigand and Gharib (1997), Rosenfeld et al (1998), Dabiri and Gharib 

(2004), Archer et al (2008) and Tinaikar et al (2018) show good agreement in terms of dependence of 

vortex ring evolution from the Reynolds numbers (both with Reynolds number defined as the ratio of 

the core circulation to the kinematic viscosity and Reynolds number based on the maximal piston 

velocity and the orifice diameter).  

 

 

2.6.3 Vortex ring core ς Gaussian distribution profile 
 

By arbitrarily assuming that the vortex ring size is ŀ Ґ ƪмˋ, where k1 is a specific vortex core parameter 

described by Tinaikar et al (2018), ̀ is the standard deviation of a Gaussian distribution and that a̟vg 

is the average vorticity (considering the ring core as a rigid disc with linear  ̟variation), the vorticity 

distribution profile of the ring core can be suitably approximated by the Gaussian profiles shown in 

Figure 2.8(a) and 2.8(b).  As the Reynolds number (test conducted for 100 < Re < 10000) decreases, 

viscous effects become dominant, the core size increases, the distribution of vorticity is less 

concentrated, the standard deviation of the Gaussian profile is larger and increases with time and 

there is more diffusivity. As the Reynolds number decreases and approaches 100, the vorticity 

ŘƛǎǘǊƛōǳǘƛƻƴ Ŏŀƴ ōŜ ŀǇǘƭȅ ŘŜǎŎǊƛōŜŘ ōȅ ǘƘŜ IƛƭƭΩǎ ǎǇƘŜǊƛŎŀƭ ƳƻŘŜƭ όмуфпύ (Tinaikar et al 2018; Akhmetov 

2001). Increasing the Reynolds number (with respect to the laminar flow limit and to the values tested 

into the mentioned experiments), the core size becomes smaller and the circulation is more 

concentrated with higher velocity gradients. For higher Reynolds numbers, internal viscous interaction 

(dissipation) is negligible compared to the external dissipative effects, therefore the circulation of the 

core can be approximated as a solid disc.  
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                                               (a)                                                                                                (b) 

Figure 2.8: vortex ring core vorticity distribution profile for low Reynolds numbers (a) and for high Reynolds 

numbers (b), considering an experimental range of 100 < Re < 4000. 

Modification of Figure 5 from: Tinaikar, A. et al (2018). Understanding evolution of vortex rings in viscous 

fluids. J Fluid Mech, 836, 873-909. 

 

 

2.7 Discussion 
 

In summary, the first challenge associated with the development of a complex flow phantom that 

operates in a free field (deionised water) is the identification of an appropriate flow. The flow must 

be stable, predictable, reproducible and controllable. In addition, the flow should exhibit complex flow 

patterns that mimic relevant physiological conditions. This literature analysis identifies a flow that 

could be a potential candidate as a test object. Turbulence, recirculation, vortices and jets are 

characteristics of cardiovascular fluid dynamics both in healthy and pathological conditions. 

Particularly, the efficiency of cardiac output is regulated by the formation of vortices in the proximity 

of the mitral valve. Interestingly, analogies between vortices, intra-cardiac vortices, and vortex rings 

have been widely demonstrated. With simple physical parameters relevant to vortex ring formation 

being used as a quantitative index of cardiac health.  

In addition to the physiological relevance, the main advantage of using the vortex ring as the test 

object is that it has been extensively studied in vitro and important parameters characterised. 

Idealised analytical and mathematical models and relationships between the main physical 

parameters are available in the literature (Hill 1894; Lamb 1932; Kaplanski-Rudi 1999). Vortex ring 

generation in a system consisting of a tube and an orifice depends on the stroke length (L), nozzle 

diameter (D), Reynolds number (Re) and piston velocity profile (Up (t)). After complete formation and 

under specific generating conditions (i.e. L/D Ғ пύΣ ǘƘŜ ǾƻǊǘŜȄ ǊƛƴƎ ǇǊƻǇŀƎŀǘŜǎ ƛƴ ŀ ŦǊŜŜ ŦƛŜƭŘ όŜȄǇŀƴǎƛǾŜ 
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fluid) with self-induced velocity and predictable fluid dynamics. Vortex rings can be generated in a 

laboratory, in a controlled environment, with reproducibility of the main parameters typically better 

than +/- 10 %. All the evidence indicates that the vortex ring has the potential to constitute a flow 

benchmark for the development of complex flow test object. Arguably, it is physiologically relevant, 

stable, predictable and controllable, and it satisfies all the requirements discussed in Chapter 1. To 

assess this hypothesis, two vortex ring generators able to operate in air and in fluid were built. 

Experimental measurements and numerical simulations were performed, and results were compared. 

The systems, the experiments and the results are discussed in detail in the following chapter (Chapter 

3).    

 

 

2.8 Conclusion 

 
This literature analysis identifies an appropriate flow for the development of a complex flow test 

object for medical imaging. The vortex ring, a fluid dynamical phenomenon extensively studied and 

characterised in vitro, is a potentially excellent candidate, especially since physical parameters studied 

in vitro can also be used as quantitative indices of cardiac health. These phenomena have relevance 

to many areas, from the wing tip vortices of aircraft, to the physiology of the human heart. 

Experimental studies have indicated that vortex rings can be generated in a lab in a controlled manner 

with encouraging reproducibility. All the evidence warrants its consideration as a candidate for a flow 

test object. To this end, two vortex ring generators are described and experiments conducted, as 

described in the next chapter.  
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CHAPTER 3  

Vortex ring as flow reference for the development of 
a novel test object? 
 

3.1 Introduction 

 
Current design limitations described in Chapter 1 are part of the motivation for this PhD, which aims 
to build and validate a multimodal complex flow phantom for medical imaging. Literature analysis 
(Chapter 2) has also provided evidence that the vortex ring is a form of complex flow that can be found 
under physiological conditions. Main features of the ring vortex (i.e. translational speed, ring size) are 
predictable and controllable, described through mathematical equations (Figure 2.3, Chapter 2).  
Consequently, the vortex ring has been identified as potential candidate for the development of a 
complex flow test object. 
 
To validate this hypothesis and to investigate credibility of the ring as a quantifiable flow for imaging, 
an Air-based Vortex Ring Generator (First Prototype) and an equivalent Liquid-based Vortex Ring 
Generator (Second Prototype) were built, as described in this chapter. 
 
Experiments were undertaken, and comparative analysis was conducted on both prototypes 
evaluating: 
 

- simple relationships described by theoretical models summarised in Figure 2.3 (Section 2.3, 
Chapter 2); 

- measurements performed with video camera and software; 
- computational Fluid Dynamics (CFD) simulations.  

 
The work of this chapter is supported by the publication of a research paper (Ferrari et al 2017) and a 
conference research paper (Ferrari et al 2018). 
 
 

3.2 First Prototype ς Proof of Concept - Air-based Vortex Ring 

Generator 

3.2.1 Introduction 

An Air-Based Vortex ring generator was built to investigate reliability of the vortex ring in terms of 

stability, reproducibility and predictability. The system relied on the energy provided by a speaker 

(woofer) driving air through an orifice, controlled by a laptop. Stable vortex rings were generated and 

measurements were performed to assess reproducibility in terms of vortex ring size and translational 

position as a function of time. Computational Fluid Dynamics (CFD) simulations were also performed 

using appropriate generating conditions. A comparison between theoretical models, summarised in 

Figure 2.3 (Section 2.3, Chapter 2), CFD simulations and experimental measurements was performed. 

Although the system was simple and low cost, it demonstrated basic concepts and features of the 

vortex ring.  
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All the results obtained are reported in an open access scientific paper published by the Open Journal 
of Medical Imaging (OJMI ς Scirp). As indicated in the paper, the first two authors Simone Ferrari and 
Simone Ambrogio contributed equally to the preparation of the manuscript. 

 

3.2.2 Materials   

Vortex ring generation requires a mechanism capable of propelling a slug of fluid through an orifice or 

a nozzle. Once ejected, the fluid swirls at the orifice interface and forms a stable toroidal structure 

that propagates along its axis (see Figures 2.4 and 2.5, Section 2.4, Chapter 2). The system should 

exhibit sufficient reproducibility to allow consistent measurements of flow features of interest.  A cost-

effective and simple way to build a system demonstrating our design concept, is by exploiting the 

energy provided by the membrane displacement of a speaker (woofer). The woofer was coupled to a 

chamber, for vortex ring development. A vaporised fluid was used for visualisation. An electrical signal 

was applied to the voice coil, moving it back and forth and generating a pressure wave (sound wave) 

in response to the electrical signal applied. A laptop was used to generate a single one-half cycle of 

sinusoidal oscillation signal at 10 Hz. The signal was amplified by connection with a 20 W stereo audio 

amplifier (Adafruit, MAX9744, USA), compatible with the speaker (woofer) power requirements. The 

output of the amplifier was used to drive the membrane of a Monacor SP-45/8 speaker (Monacor, SP-

45/8, Germany). Plastic chambers, providing the orifice and essential for the vortex ring development, 

were 3D printed in cylindrical, funnel and conic shapes. The chambers were coupled to the speaker 

with elastic bands. Differences in vortex ring formation and circulation can be controlled by the 3D 

printed shapes, as reported by an experimental study conducted by Rosenfeld et al (2009). For further 

flexibility, an iris was used to modify the output diameter (and consequently the vortex ring diameter 

and vortex ring formation time) on demand. A transparent tunnel was manufactured from Poly 

(methyl methacrylate) (PMMA) and was used to minimise external atmospheric disturbances during 

the propagation of the vortex ring. A schematic block diagram of the system and pictures of the 

components are shown in Figure 3.1 and Figure 3.2, respectively.  

 

Figure 3.1: Block Scheme of the air-based vortex ring generator. Please note that this is a schematic 
representation and elements are not to scale. 
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Figure 3.2: components of the air-based vortex ring generator. 
 

In terms of operation, the selected 3D printed chamber was filled with a vaporised fluid by a smoke 

fog machine (Atmotech, VS400, United Kingdom) for visualising the ring vortex. The fog was generated 

by a mixture of water and glycerol (QTX Fog Smoke Machine Fluid, UK). The half cycle waveform 

generation was then activated, producing a controlled displacement of the woofer membrane. A 

smoke-filled vortex ring emerged from the orifice and travelled along the PMMA tunnel. The vortex 

ring movement was captured by a video camera, enabling measurements through post-processing 

and analysis. This involved measuring vortex ring position (pixel) and vortex ring size as a function of 

time from the captured frames of the video.  

 

3.2.3 Method   

Simple parameters, such as vortex ring size and vortex ring translational velocity as a function of time, 

were evaluated through the comparison of three different methods: simple relationships provided by 

analytical formulae found in literature, results obtained from optical/video acquisitions and 

Computational Fluid Dynamics (CFD) simulations.  
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The CFD study was conducted in partnership with a member of the VPH-CaSE consortium 

(http://www.vph-case.eu/), namely Simone Ferrari, hosted by the University of Sheffield. 

Optical/video measurements were performed capturing the ring vortex at 30 frames per second (fps) 

with a video camera connected to a Laptop Dell Inspiron 13 (Inspiron 13, 5000 Series, Dell, USA). The 

same laptop was used for generating the signal (single one-half cycle of low-frequency sinusoidal 

oscillation, 10Hz) driving the coil (and the membrane) of the woofer. A program-script, written in 

MATLAB (MathWorks Inc., USA) allowed synchronisation of the generation of the vortex ring with the 

camera acquisitions. The frame rate of the camera and in-house-developed software (Figure 3.3) 

allowed measurements of salient features such as vortex ring size and vortex ring translational velocity 

as a function of time. 

 

 

Figure 3.3: In-house developed software for vortex ring size and vortex ring translational velocity as function of 
the time calculations. 
 

For proof of concept, data were collected with a conical shape chamber and iris-orifice diameter set 
at 10 mm +/- 0.5 mm. Simulated CFD Reynolds numbers (Re) at the throat of the orifice were Re = 500, 
Re = 1000 and Re = 2000. These parameters were selected because of physiological relevance. Bale-
Glickman (2003) reported values of Re = 560 and Re = 1680, corresponding to peak systole in stenosed 
common carotid arteries (diameters from ~4.5 mm to ~8 mm), respectively. Experimental acquisitions 
were performed with an estimated Reynolds number of ~2000. This value was calculated with 
reference to the programmed average velocity of the membrane (woofer) displacement, the 
membrane (woofer) diameter and the orifice size. The vaporised fluid density and the dynamic 
viscosity were approximated as air under standard conditions (i.e. room temperature and pressure 1 
atm). Equivalent generating conditions were used for both experimental optical/video measurements 
and CFD simulations. The CFD simulation data was provided by Simone Ferrari for comparison with 
the experimental results. 
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3.2.4 Results 
 
Computational Fluid Dynamics results are reported for Reynolds numbers 500, 1000 and 2000, and 
experimental results have been plotted for Reynolds number 2000. Vortex ring position, size (2R + 2a, 
Figure 2.3, Section 2.3, Chapter 2) and translational velocity as a function of time are plotted in Figure 
3.4, Figure 3.5 and Figure 3.6, respectively. Figure 3.7 shows a linearised plot of the vortex ring velocity 
as a function of distance travelled. The plots on the left depict experimental optical and video results 
whilst the right-hand plots show numerical simulation data. For completeness, correlation plot of 
vortex ring position estimated with optical/video and CFD simulations are shown in Figure 3.8. 
 
  

 
Figure 3.4: Vortex ring position as function of time. Experimental results (left) and CFD results (right) 
Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41. Retrieved from 
http://www.scirp.org/journal/doi.aspx?DOI=10.4236/ojmi.2017.71004 
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Figure 3.5: Vortex ring size as function of time. Experimental results (left) and CFD results (right). The CFD plots 
are not smooth due to spatial discretisation. 
Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41.  

 

 
 
Figure 3.6: Vortex ring translational velocity as function of time. Experimental results (left) and CFD results 
(right). The CFD plots are not smooth due to spatial discretisation. 
Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41.  
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Figure 3.7: Natural logarithm of vortex ring translational velocity as function of distance travelled. Experimental 
results (left) and CFD results (right) 
Plot results from:  Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41.  
 

 
Figure 3.8: Correlation plot of vortex ring position for Re = 2000 ς experimental data versus CFD simulations 
 

Reproducibility and stability are crucial for the development of a flow test object. Measurements on 
the ring vortex size and translational velocity were performed experimentally (using optical/video 
methodology) on the acquisition of 5 different vortex rings. Results indicate reproducibility of better 
than +/- 10 %. Plots of the results are shown in Figure 3.9, Figure 3.10 and Figure 3.11 for the vortex 
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ring position, size and translational velocity, respectively. The results refer to a programmed Reynolds 
number of 2000 with the fluid dynamics expected to exhibit greater instabilities compared to the 
lower Reynolds numbers simulated (500 and 1000). The first five frames for vortex ring translational 
velocity (Figure 3.10) have been excluded for better data visualisation (the vortex has not fully formed 
yet). 
 

 
Figure 3.9: Reproducibility of the evolution of vortex ring position as function of time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 

 

 
Figure 3.10: Reproducibility of the evolution of vortex ring size as function of time time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 



 

70 
 

Plot results from:Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41.  
 

 
  
Figure 3.11: Reproducibility of the vortex ring translational velocity as function of time time (all using the same 
generating conditions). Measurements refer to the acquisition of 5 vortex rings. Each acquisition is 
represented with a different marker shape. 
Plot results from: Ferrari, S., Ambrogio, S., Walker, A., Verma, P., Narracott, A. J., Wilkinson, I. & Fenner, J. W. 
(2017). The Ring Vortex: Concepts for a Novel Complex Flow Phantom for Medical Imaging. Open Journal of 
Medical Imaging, 7(1), 28ς41.  

 
 

3.2.5 Discussion 
 
An Air-based Vortex Ring Generator was built in order to evaluate the basic features of the vortex 
rings that were generated experimentally. Measurements on vortex ring position and size as a function 
of time were performed with a video camera using in-house software developed by the University of 
Sheffield. Computational Fluid Dynamics (CFD) simulations were performed reproducing equivalent 
initial conditions. Experimental results are also worth comparing with the analytical models described 
in Chapter 2 (Figure 2.3, Section 2.3, Chapter 2) as well as the CFD simulations.  
 
The theoretical approximations, described Section 2.6 and more in detail in Akhmetov (2009), reveal 
simple relationships between the vortex ring's translational velocity, its size, time and position. The 
vortex ring translational velocity decays exponentially with distance (Figure 3.7, R2 ~ 0.99) and the 
vortex ring size grows approximately linearly with the propagation time. Numerical simulations 
suggest that the ring radius R grows steadily with piston displacement L and that the piston velocity 
determines the velocity of the ring (Ferrari et al 2017). The optical/video and numerical simulation 
plots show good (qualitative) agreement with theoretical concepts, both for the vortex ring's 
translational velocity and its size evolution over time, indicating that, if the generating conditions are 
known, the fluid behaviour of vortex ring (produced) can be mathematically predicted/approximated. 
As described in Section 2.6.1, the vortex embraces more fluid as it propagates. As a consequence of 
this, the core radius increases whilst the translational velocity decreases because the momentum is 
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shared with the greater mass of the fluid (Reynolds 1876; Ferrari et al 2017; Tinaikar et al 2018). As 
described in Section 2.6.1 (Chapter 2), after an initial period (in which formation of the ring is 
incomplete) the vortex ring stabilises and propagates with a self-induced velocity and predictable 
dynamics (Tinaikar et al 2018). The vortex flow field depends on the following generating conditions: 
the velocity profile input, the orifice diameter and the Reynolds number. Due to the exploratory 
nature of this system, flow performance has not been characterised in detail but it has been 
extensively demonstrated by numerous experimental studies (Weigand and Gharib 1997; Gharib et al 
1998; Rosenfeld et al 1998; Akhmetov 2001; Dabiri and Gharib, 2004; Krueger et al 2004; Akhmetov 
2009).  For proof of concept the Reynolds number of approximately 2000 has been experimentally 
reproduced and results reported. The fluid dynamics for Re = 2000 (transitional within the throat of 
the orifice) can be expected to exhibit greater instabilities than the lower Reynolds number selected 
for CFD simulations (1000 and 500). Furthermore, a Reynolds number of 2000 is the maximum value 
suggested by the EN 61685-IEC 61685:2001 (BS EN 61685:2002, IEC 61685:2001), International 
standard (stability date 2020) for the development of a Doppler Ultrasound flow phantom. 
Measurements on vortex ring position, size and translational velocity as a function of time, performed 
experimentally (optical/video method) on the acquisition of five consecutive vortex rings, 
demonstrated reproducibility within +/- 10 %. The natural logarithm of the vortex ring's translational 
velocity proved to be linear, plotted as a function of the distance travelled for both the experimental 
data and the CFD simulation for Reynolds 2000. Indeed, high correlation coefficients (R2 = 0.989, for 
experimental, and R2 = 0.991, for CFD) were found. Greater data dispersion is observed in the final 
stages of the CFD simulations because the vortex velocity decreased significantly enough that the 
spatial discretisation of the numerical simulation provided non-smooth curves.  
 
 

3.2.6 Limitations 
 
The analysis conducted on the Air-based Vortex Ring Generator was limited by the simplified 
experimental set-up. Experiments and numerical simulations were conducted varying the Reynolds 
number only, as one of the three main generating parameters that determine the fluid dynamics. Since 
measurements of the woofer membrane displacement proved to be challenging, an assumption that 
the displacement profile was equivalent to the signal provided was made. Under this assumption, a 
membrane average velocity has been used for Reynolds number calculation in the experimental set-
up. Notably, software measurement calibration was not performed at the time of the experiment, 
consequently, the results are not directly comparable since the experimental data are reported in 
pixels and frames while the CFD data are reported in meters and seconds. Nonetheless the strong 
correlation illustrated in the plot of Figure 3.8 implies good comparability. 
 
 

3.2.7 Conclusion 
 
Experiments were performed on a simplified Air-based Vortex Ring Generator to evaluate broad 
characteristics of the flow. Analytical, experimental and computational behaviour of the ring vortex 
are reported. The system suffered from several limitations, however, these experiments provided the 
first evidence that the vortex ring may be a good candidate for the development of a flow test object 
because it demonstrates predictability, reproducibility, stability and controllability. Preliminary results 
obtained with the study were encouraging and provided motivation for the development of a more 
advanced Liquid-based Vortex Ring Generator system. A liquid environment is crucial for Ultrasound 
imaging compatibility. In addition, a more controlled environment is expected to improve the 
reproducibility of the flow features of interest.  
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3.3 Second Prototype - Liquid-based Vortex Ring Generator  
 
3.3.1 Introduction 
 
The preliminary analysis conducted on the simplified Air-based Vortex Ring Generator design has 
provided an indication that the ring vortex is suitable candidate for a reference complex flow. In 
addition, the flow resembles complex patterns typical of physiological in vivo condition (Section 2.2, 
Chapter 2). Such characteristics are invaluable for the development of a flow test object (phantom) 
for medical imaging. Since a water environment (or alternatively a tissue mimicking fluid or material) 
is fundamental for Ultrasound and Magnetic Resonance Imaging compatibility, working principles 
need to be demonstrated with respect to a liquid-based system. Consequently, a low-cost Liquid-
based Vortex Ring Generator was developed, and comparable experiments were performed.  The 
Liquid-based system relied on a water tank and a 200 ml syringe driven by a stepper motor. Piston 
displacement and piston velocity were controlled by a square wave signal delivered by a laptop 
ŎƻƳǇǳǘŜǊΦ ¢ƘŜ ǿƻǊƪ ŘŜǎŎǊƛōŜŘ ōŜƭƻǿ ǿŀǎ ǇǊŜǎŜƴǘŜŘ ŀǘ ǘƘŜ ά9ǳǊƻǇŜŀƴ /ƻƴƎǊŜǎǎ ƻƴ /ƻƳǇǳǘŀǘƛƻƴŀƭ 
aŜǘƘƻŘǎ ƛƴ !ǇǇƭƛŜŘ {ŎƛŜƴŎŜǎ ŀƴŘ 9ƴƎƛƴŜŜǊƛƴƎέ ό±ƛǇLa!D9 нлмтΣ tƻǊǘƻΣ tƻǊǘǳƎŀƭύ ŀƴŘ ǇǳōƭƛǎƘŜŘ ƛƴ 
ά[ŜŎǘǳǊŜ bƻǘŜǎ ƛƴ /ƻƳǇǳǘational Vision and Biomechanics ς {ǇǊƛƴƎŜǊ LƴǘŜǊƴŀǘƛƻƴŀƭ tǳōƭƛǎƘƛƴƎ !DέΦ 
Once again, the first two authors Simone Ferrari and Simone Ambrogio contributed equally to the 
manuscript writing. 
 
 

3.3.2 Materials 
 
The Liquid-based Vortex Ring Generator system relied on a NEMA 23 External Linear Stepper Motor 
(OMC Corporation ς Stepper Online, China) coupled with a 200 ml commercially available syringe and 
a water tank. The OMC Nema 23 is 36 V, 3 A, and it is able to provide a linear travel/step of 0.04 mm 
and accuracy of +/- 5 % (datasheet: https://www.omc-stepperonline.com/download/23LS22-3004E-
150G.pdf). At the time that the experiment was performed (late 2017), it was one of the most 
powerful (~100 W) and cost-effective stepper motors on the market. The stepper motor was 
controlled by a DM542 fully digital stepper driver (OMC Corporation ς Stepper Online, China) which 
was connected to a compatible power supply (S-150-36, OMC Corporation ς Stepper Online, China). 
The microcontroller ATmega328P (Atmel Corporation, USA) of an Arduino1 Uno Board was used to 
generate a 25 pulses square-wave signal of amplitude 5-Volt, width ~1 millisecond and duty cycle 50 
%. The signal was delivered to the stepper driver and, consequently, to the coils that drive the rotor 
of the stepper motor. Interacting with the phases of the bipolar stepper motor, the square wave signal 
provided a displacement of 0.5 mm at 0.01 m/s (assuming steady displacement and average velocity). 
Further details about Arduino Uno Board programming and stepper motor working principles are 
provided in sections 4.4.4 and 4.4.5 (Chapter 4). The syringe/piston surface area was 1643.05 mm2 
and the orifice diameter 10.40 mm. These generating conditions produced a flow of Reynolds number 
~2000 at the orifice interface (as for the Air-based Vortex Ring Generator experiment). The syringe 
was prefilled with a mixture of water and coloured dye to produce a visible vortex ring propagating 
through the tank. The leak proof tank, whose dimensions were 18 cm (L) x 9 cm (W) x 9 cm (H), was 
filled with water. Dimensions were chosen to be large enough for walls that would not influence the 
vortex ring behaviour. The main components (motor, syringe and waterproof tank) were fixed 
together on a wood base, using hinges and screws (Figure 3.13). A 25 fps video camera was used to 
capture images and in-house software to measure vortex ring size and translational velocity. A 

                                                           
1 Arduino was developed by a student in Ivrea (Italy) but there are still legal ownership disputes. 
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schematic diagram of the liquid-based system is shown in Figure 3.12 while the assembled system is 
shown in Figure 3.13. 

 
 
Figure 3.12: Schematic block diagram of the Liquid-based vortex ring generator used in Ferrari et al (2018) 
experiment. Please note that this is a schematic representation and elements are not to scale. 

 
 

 
 

Figure 3.13: Liquid-based vortex ring generator assembled. 
Figure 26: Modification of Figure 2: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). 
The Ring Vortex: A Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in 
Computational Vision and Biomechanics, 27, 893ς902. 

 
 

3.3.3 Method 
 
The methods (described in detail in Section 3.2.1) used to carry out measurements were similar for 
both air-based and liquid-based systems. The only difference was that the Laptop Dell Inspiron 13 
(Inspiron 13, 5000 Series, Dell, USA) could not be used for controlling both the Arduino Uno Board 
(which drives the piston) and acquiring images in MATLAB. At the time of writing (late 2017), the 
MATLAB support packages for simultaneous camera communications with Arduino boards were 
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missing or defective. Consequently, a 25 fps video camera was used to continuously capture images 
and in-house software used to measure vortex ring size and translational velocity. The system (syringe 
plus water tank) was filled with water and then coloured food dye was introduced into the syringe to 
provide contrast between the generated vortex ring and the surrounding water. Experiments were 
conducted with Reynolds number ~2000 and a video camera operating at 25 fps. The Reynolds number 
was calculated based on the piston speed, the water viscosity and the output orifice diameter. The 
stepper motor offered valuable flexibility and controllability of the system. The piston displacement 
and the piston velocity were controlled by varying the frequency and the number of pulses of the 
square wave signal with 50 % duty cycle.  
 
Vortex rings were generated, both in experimental measurements and CFD simulations, under the 
following generating conditions: 
- Reynolds number ~ 2000;  
- Stroke ratio ~ 1;  
- the assumption of Constant (steady) piston velocity.  
 
The ring vortex size and the ring vortex position (along the x-axis), as a function of time, were 
calculated following the method described in Section 3.2.3. A ruler was attached to the water tank 
face to support the measurements and to allow software calibration (pixel to cm conversion) (Figure 
3.13). Figure 3.14 shows the vortex ring vorticity flow field generated in numerical simulations and the 
experimental vortex ring generated with the Liquid-based Vortex Ring Generator (a blue dye colour 
was used in this experiment). The vortex atmosphere, as well as the inner and outer ring cores, can 
be recognised in the images.  
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Figure 3.14: vorticity field of ring vortex generated with numerical simulation (top) and with blue coloured dye 
in a Liquid-based vortex ring generator. 
Figure 4: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 

 
 
3.3.4 Results 
 
Plots of vortex ring position, size and translational velocity, calculated from optical/video acquisitions 
(as for the Air-based Vortex Ring Generator system), are depicted in Figures 3.15, 3.16 and 3.17, 
respectively. The results refer to average and standard deviation (error bars, +/- 1 SD) values 
calculated from the acquisition of five consecutive vortex rings. In agreement with the air-based 
system and the theoretical models, the vortex ring size grows (Figure 3.16) as a function of time and 
the vortex ring velocity varies with the reciprocal of time. A schematic diagram for clarifying what is 
being measured is depicted in Figure 3.18. 
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Figure 3.15: Vortex ring position as a function of time. Plot refers to average value and error bar to standard 
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition. 
Figure 5c: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 

 
 

Figure 3.16: Vortex ring size as a function of time. Plot refers to average value and error bar to standard 
deviation, both calculated on the acquisition of 5 vortex rings under equivalent generating condition. 
Figure 5d: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 
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Figure 3.17: Vortex ring translational velocity as a function of time. Experimental data refers to average and 
standard deviation calculated on the acquisition of 5 vortex rings. CFD plot are not smooth due to spatial 
discretisation. 
 

 
Figure 3.18: Schematic block of propagating vortex ring and quantity measured (vortex ring position, vortex 
ring size and vortex ring translational velocity as a function of time). Please note that this is a schematic 
representation and elements are not to scale. 
 

 
Figure 3.19 and Figure 3.20 show plots of the quantified correlation between measurements on the 
vortex ring position and the vortex ring size obtained with experimental measurements (average) and 
numerical simulation. There was a very high correlation in both cases with coefficients of R2 = 0.999 
and R2 = 0.949 for the vortex ring position and size, respectively. However, the offset and gradients of 
the best fit line do show some discrepancies (line of perfect agreement between the two modalities 
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is plotted in blue in Figure 3.19, in order to illustrate the bias). A significant dispersion of the data 
around the best fit line is also observed in vortex ring size measurements. 

 

 
Figure 3.19: Correlation between experimental and CFD simulation results on vortex ring position 
measurements. Line of perfect agreement is shown in blue color to highlight the bias offset. 
Figure 5a: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 
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Figure 3.20: Correlation between experimental and CFD simulation results on vortex ring size evolution 
measurements. 
Figure 5a: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 

 
Similar to the air-based system, reproducibility was evaluated on the acquisition of five consecutive 
vortex rings that were generated under the same experimental conditions. The vortex ring position, 
vortex ring size and vortex ring velocity as a function of time are plotted in Figures 3.21, 3.22 and 3.23, 
respectively. Dispersion is greater in the early stages, both for the vortex ring position and the vortex 
ring size measurements. The error becomes smaller as the vortex ring propagates. An error of approx. 
+/- 7 % is present for the vortex ring position initially. The error (variability between multiple 
measurements) drops to values lower than +/- 2 % as the ring vortex propagates. Equivalent results 
are also seen for the vortex ring size evolution. In the early stage, errors up to +/- 4 % were estimated 
whilst the values drop lower than +/- 2 % when the vortex ring was fully developed. Finally, errors 
lower than +/- 8 % were estimated in the translational velocity measurements. In all these cases, error 
is characterised as standard deviation calculated from the five vortex rings generated. 
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Figure 3.21: Vortex ring position as function of the time - reproducibility. Measurements refer to the 
acquisition of 5 vortex rings. Each acquisition is represented by a different marker shape. 
Figure 6a: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 

 

 
 
Figure 3.22: Vortex ring size as function of the time - reproducibility. Measurements refer to the acquisition of 
5 vortex rings. Each acquisition is represented by a different marker shape. 
Figure 6b: Ferrari, S., Ambrogio, S., Walker, A., Narracott, A. J. & Fenner, J. W. (2018). The Ring Vortex: A 
Candidate for a Liquid-Based Complex Flow Phantom for Medical Imaging. Lecture Notes in Computational 
Vision and Biomechanics, 27, 893ς902. 
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Figure 3.23: Vortex ring velocity as function of the time - reproducibility. Measurements refer to the 
acquisition of 5 vortex rings. Each acquisition is represented by a different marker shape. 
 
 

3.3.5 Discussion 

The Liquid-based Vortex Ring Generator has overcome many of the limitations exhibited by the first 

prototype (Air-based Vortex Ring Generator). Relying on a piston-cylinder system driven by a stepper 

motor and a water tank for the vortex ring propagation. The stepper motor offered controllability, 

reproducibility and flexibility for the generating conditions and the tank offered a more stable 

environment than in air. Following the methods used with the Air-Based system, optical/video camera 

acquisitions and CFD simulations were performed under equivalent generating conditions. For the 

optical/video measurements, coloured food dye was used to mark the propagating ring and to make 

it visible to the camera. Measurements were performed on the vortex ring position, size and 

translational velocity as a function of time for both methods. The results confirmed that the water 

offers a more stable environment and the reproducibility was improved compared to the previous 

system. Interestingly, larger variability was observed in the early stages when the vortex was not fully 

developed, characterised by continuous momentum addition. Later, the vortex stabilised, propagating 

with self-induced velocity and improved reproducibility. This is consistent with the vortex ring fluid 

dynamics, described in detail in Section 2.6 (Chapter 2). The vortex rings were produced 

experimentally with errors, typically better than +/- 7 %, +/- 4 % and +/- 8 %, estimated for position, 

size and translational velocity, respectively. Optical video measurements on vortex ring position and 

size (average values) plotted against the equivalent CFD data to quantify the correlation. The offset 

and gradients of the best fit line for the vortex ring position (Figure 3.18) both show some 

discrepancies between the experimental and numerical results although the two variables are strongly 

linearly correlated. The slope and intercept of the linear equation suggest that higher position (or 

velocity) values are estimated by the CFD simulations. After 5 seconds, the ring travelled 14 cm as 

estimated with the optical video measurements whilst a distance of 17.65 cm was obtained from the 

CFD simulations. Difficulties were also found in the comparison of the vortex ring size data estimated 

and simulated by the two techniques. Significant dispersion of the data around the best fit line was 

observed despite the correlation value being very high (R2 = 0.94). Experimentally, it is challenging to 
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precisely define the boundaries of the vortex core and this undoubtedly adds to the dispersion. 

Overall, the CFD simulations exceeded vortex ring size values (up to 28 %) in comparison with 

experimental measurements.  

The reason for the discrepancy between the two methods (experimental plus CFD) is not clear and 

further studies should be conducted to assess contribution of the two approaches. However, 

experimental measurements showed promising reproducibility and provide the motivation for the 

construction of a more advanced liquid-based prototype, although measurement methods need to be 

considered to validate the system. Adequate functionality in water, which is crucial for the 

compatibility with medical imaging technologies of interest (i.e. Doppler ultrasound and MRI), has 

been successfully demonstrated.  

 

3.3.6 Conclusion 

A Liquid-based Vortex Ring Generator was developed to undertake measurements analogous to those 

performed on the simplified air-based prototype. The system showed encouraging reproducibility for 

vortex ring position, size and velocity as a function of time. However, significant discrepancies were 

found between results provided by the optical/video camera measurements and the Computational 

Fluid Dynamic simulations although a high correlation coefficient was estimated. Higher dispersion of 

the data was found in the early stages (i.e. post formation) when the vortex was not fully developed. 

It is possible that instabilities in the generating process might be the reason for the discrepancies in 

the results of the two approaches (experimental vs CFD). Uncertainties can be reduced with new 

measurement techniques to validate the flow. Nonetheless functionality in water, crucial for the 

compatibility with medical imaging technologies of interest (i.e. Doppler Ultrasound and MRI), was 

successfully demonstrated. Overall, the system has exhibited improved reproducibility compared to 

the air-based prototype. 

 

3.4 Discussion 

The physiological relevance of vortex rings has already been discussed. In addition, fundamental 

requirements for the development of a flow test object are the stability, predictability, reproducibility 

and controllability of the flow. The two simple prototypes described here have enabled comparative 

studies to be undertaken (Section 3.2 and Section 3.3).  

The first prototype, named Air-based Vortex Ring Generator, consisted of a 20 W woofer coupled with 

a 3D printed plastic chamber for the vortex ring development. The system was simple and showed 

several limitations, however, it enabled comparative studies and demonstrated vortex ring stability 

and controllability. Optical/video measurements and CFD simulations showed good agreement with 

theoretical concepts (Section 2.6, Chapter 2) and provided the motivation for the development of a 

second liquid-based prototype. Functionality in water needed to be demonstrated for the 

compatibility with medical imaging technologies of interest (US and MRI). The second prototype, 

named Liquid-based Vortex Ring generator, relied on a ~100 W stepper motor and a 200 ml syringe, 

coupled with a water tank for the vortex ring propagation. Experimental measurements for simulated 

Reynolds number of ~2000 demonstrated high stability and controllability of the flow. Vortex rings 

were generated with reproducible sizes and translational velocity typically less than +/-8 %. However, 
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significant discrepancies were found  when comparing experimental results with CFD simulations. CFD 

simulations approximate well the theoretical predictions but provide absolute values that differ by up 

to 28 % from the experimental results. The propagating characteristics of the ring are dominated by 

the generating phase that is captured by numerical methods. The vortex ring generation phase is a 

phenomenon that has not been fully characterised and numerical simulations may struggle to 

approximate generating conditions. Consequently, experimental results cannot be directly compared 

with CFD simulation results and new measurement methods must be performed to validate the design 

through cross-validation of the results. Laser-PIV measurements are selected as an alternative to CFD 

to characterise both macro and microflow conditions. 

 

3.5 Conclusion 

Two prototypes have been developed in order to generate vortex rings in the lab and to carry out 

comparative studies. The first prototype was a simplified air-based system. Encouraging results 

provided by the air-based system provided the motivation for the development of a second liquid-

based system. As expected, reproducibility and stability of the flow improved in the liquid-based 

system compared to the air-based generator. Discrepancies were found in comparison of 

experimental results and numerical simulations. CFD simulations demonstrated important 

characteristics of the flow but were insufficiently accurate to predict details under equivalent 

generating conditions even though the flow was highly reproducible. Consequently, different 

measurement methods, such as Laser-PIV, will be considered to validate the flow. Overall, the 

experiments conducted on the two prototypes, which are complemented by the publication of two 

scientific articles, have provided evidence that the vortex ring has characteristics that are sufficiently 

predictable, reproducible, stable and controllable to warrant consideration as a flow benchmark for 

the development of a flow test object for medical imaging. 
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CHAPTER 4  
Vortex Ring based Complex Flow Phantom for Doppler 
Ultrasound ς Design Specifications 
 
 

4.1 Introduction 
 

The physiological relevance of vortex rings was discussed in Chapter 2 with Chapter 3 providing the 
motivation for the development of an advanced Vortex Ring based Complex Flow Phantom prototype. 
Reproducibility, stability, controllability and predictability of vortex rings have been demonstrated 
through preliminary experiments on two simplified phantom prototypes. These characteristics, 
fundamental for a test object, have been demonstrated in air and in water with optical/video 
measurements and Computational Fluid Dynamics (CFD) simulations supporting simple relationships 
described by theory. However, discrepancies between absolute values provided by the optical/video 
method and the CFD simulations were evident. The generation phase is challenging for computational 
simulations and affects the ring propagation behaviour. Laser-PIV offers an alternative to CFD 
simulations to characterise the flow at both macro and micro levels. Nevertheless, Chapter 3 provides 
evidence that the vortex ring has features that are key to the development of a complex flow phantom 
for medical imaging. This chapter extends this work and provides details and technical specifications 
for the construction of a credible flow test object. As discussed in Chapter 1, the prototype is designed 
to operate in a free-field and to be compatible with advanced Doppler Ultrasound modalities. After 
extensive design characterisation and validation, a Magnetic Resonance compatible version is 
proposed in Chapter 8. Regulations for MRI unit regulations and hazards are also described in detail 
within that chapter.  
 
This chapter is supported by the publication of a journal article (Ambrogio et al 2019). The phantom 
ŘŜǎƛƎƴ ǿŀǎ ŀƭǎƻ ǇǊŜǎŜƴǘŜŘ ŀǘ ά¢ƘŜ !ƴƴǳŀƭ aŜŜǘƛƴƎ ƻŦ ǘƘŜ 9ǳǊƻǇŜŀƴ {ƻŎƛŜǘȅ ƻŦ wŀŘƛƻƭƻƎȅ нлмфέ ό9{w 
2019, Vienna, Austria, February 27 ς aŀǊŎƘ оύ ǿƛǘƘƛƴ ǘƘŜ άLƴǾŜǎǘ ƛƴ ǘƘŜ ¸ƻǳǘƘέ ǎǳǇǇƻǊǘ ǇǊƻƎǊŀƳ ŀƴŘ 
was demonstrated at the Leeds Test Objects Ltd exhibition booth. Leeds Test Objects Ltd (Leeds Test 
Objects Ltd, Boroughbridge, United Kingdom) is beneficiary partner of the VPH-CaSE (Marie 
{ƪƱƻŘƻǿǎƪŀ-Curie grant agreement No 642612). 
 
 
 

4.2 Main challenges associated with the development of a 
credible flow test object - Summary 
 
 
The main challenges associated with the design of the test object are the identification of an 
appropriate complex flow, dimensions and materials. Fundamental requirements for the 
development of the phantom are summarised in Figure 4.1.  
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Figure 4.1: Challenges associated with the development of a credible flow test object. 

 
The test object aims to provide a reference flow for: 
 

- clarifying the capacity of new clinical technologies to quantify physiological flows; 
- allowing testing and validation of improved quantitative flow algorithms in both clinical and 

research facilities;  
- allowing comparative studies between different flow related imaging techniques (i.e. optical 

and Ultrasound); 
- supporting Quality Control checks in the clinical environment and training. 

 
The design should be compact and portable, to allow easy transportation and delivery. It should be 
userςfriendly and easy (fast) to set-up in hospital environment. Typically, clinical scientists (or 
technicians, medical physicists, biomedical engineers etc.) perform multiple measurements on several 
devices in a single day. They would not consider or promote a device that requires excessive time to 
set up and use. Materials should be affordable, robust, compatible with different medical imaging 
modalities (such as Ultrasound and MR) and optically transparent to allow complementary 
measurements with optical methods (such as Laser Particle Imaging Velocimetry). A good balance 
between cost and quality of materials must be maintained. They must be non-hazardous and 
compatible with the typical health and safety regulations of the hospital environment. The flow should 
mimic relevant in vivo conditions where possible, providing complex flow patterns. Nonetheless, it 
should be stable, reproducible (within well-defined tolerances), controllable and predictable. Ideally, 
the fluid dynamical behaviour of the flow should be known to specified tolerances.  
 
 

4.3 Vortex Ring based Complex Flow Phantom ς why did the 
Ultrasound prototype come first? 
 
Ultrasound was chosen over Magnetic Resonance Imaging because it is clinically available and 
currently the first choice as a diagnostic modality for the assessment of several cardiovascular 
pathologies (Hansen et al 2017). As described in Section 1.4 (Chapter 1), state of the art Ultrasound 
techniques include 2D and 3D real-time angle independent Doppler imaging, based on Vector Flow 
Imaging (VFI), particle velocimetry tracking (Speckle Tracking) and volume quantification in post-
processing (Hoskins et al 2010; Garcia et al 2010; Westerdale et al 2011; Kokkalis et al 2015; Jensen et 
al 2016; Badescu et al 2017-a; Badescu et al 2017-b; Hansen et al 2017). Transverse Oscillation (TO) is 
an advanced and specific Ultrasound Vector Flow imaging technique that has been FDA (US Food and 
Drug Administration) approved (2013) and it is currently implemented on clinical scanners 
manufactured by BK Ultrasound (BK Ultrasound, Nova Scotia, Canada) and Carestream (Carestream 
Health, Ontario, Canada). Transverse Oscillation is the recommended technique for real time 
quantitative analysis of complex flow within valves, bifurcations and heart chambers (Jensen et al 
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2013; Jensen et al 2016). Ultrasound scanners manufactured by Hitachi (Hitachi Ltd, Tokyo, Japan), GE 
Healthcare (Ge Healthcare, Illinois, USA) and Mindray (Mindray Medical International Limited, 
Shenzen, China) implement Colour Doppler Based VFI technique (Jensen et al 2016). The GE 
Healthcare Vivid E95TM (GE Healthcare, Illinois, USA) includes also a speckle tracking technique named 
Blood Speckle Imaging. None of these technologies was available for demonstration purposes at the 
latest conference of The British Medical Ultrasound Society (The 50th Annual Scientific Meeting of the 
British Medical Ultrasound Society, Manchester, 4-6 of December 2018), but when Manufacturers like 
Hitachi and GE Healthcare were asked about these technologies, they affirmed that market demand 
is currently so high that they cannot cover both market and exhibition requests. A consistent number 
of ultrasound scanners with advanced flow mapping techniques will be soon available and there are 
no effective phantom technologies on the market for supporting Quality Control checks of these 
innovative devices.  
 
 

4.4 Vortex Ring based Complex Flow Phantom Design ς 
Technical Specification 
 

4.4.1 Introduction 

As described in Chapter 2 (Sections 2.3 and 2.4), a vortex ring is a natural fluid dynamic phenomenon 
that forms when a bulk of fluid is pushed through an orifice (or a nozzle) into an expansive fluid 
environment. Under specific generating conditions (Reynolds number, velocity stroke ejection profile, 
ƻǊƛŦƛŎŜ ŘƛŀƳŜǘŜǊύΣ ǘƘŜ ŦƭǳƛŘ άǊƻƭƭǎ ǳǇέ ŀǘ ǘƘŜ ƻǊƛŦƛŎŜ ƻǳǘǇǳǘ ǎǳǊŦŀŎŜ ŀƴŘ ǇǊƻǇŀƎŀǘŜǎ ǿƛǘƘ ǎŜƭŦ-induced 
velocity along its central axis. Examples of vortex rings in ordinary life are the underwater rings 
generated by dolphins or smoke rings generated using cigarette smoke. The initial stage of vortex ring 
generation occupies a distance estimated as 2-3 times the orifice diameter (Tinaikar et al 2018) and is 
characterised by instabilities characteristic of vortex ring formation (as described in Section 2.6, 
Chapter 2, and demonstrated in Section 3.3.2 and Section 3.3.3, Chapter 3). Beyond the initial stage, 
the vortex ring stabilises, assuming a toroidal shape that travels with self-induced velocity and 
predictable dynamics across the volume beyond the orifice.   
 
The Vortex Ring based Complex Flow Phantom necessarily accommodates such features and the 
design relies on the assembly of three main components: a piston/cylinder system and 
interchangeable orifices for vortex ring generation, a water-tight imaging tank for the vortex ring 
propagation and a computer-controlled actuator system. The piston, linked to a programmable 
external linear stepper motor, drives a known volume of fluid towards an orifice that connects to the 
water-tight tank. As described in Section 2.4 (Chapter 2), the characteristics of the generated vortex 
ring depend on the stroke length (piston displacement), on the piston velocity profile, on the Reynolds 
number and on the nozzle diameter. Piston displacement and piston velocity profiles are modified on 
demand through dedicated software. Four different interchangeable orifice diameters are provided 
with the prototype. Reynolds number is derived from a combination of these parameters (i.e. flow 
velocity, flow density, orifice diameter). Consequently, a wide range of vortex rings with different 
characteristics can be produced on demand.   
 
The phantom is almost entirely manufactured from PMMA (Perspex) ς a material that is durable, 
waterproof, easy to manufacture (i.e. cut, engrave), available in different colour or as clear 
(transparent) (particularly useful for Optical measurements techniques). Moreover, PMMA has X-ray 
attenuation properties comparable with soft tissues at relevant diagnostic energies (Boone et al 2012; 
ICRU Report 87, 2012). Therefore, no significant modifications need to be applied to the design for 
potential compatibility with X-ray imaging modalities (such as CT). In contrast, Magnetic Resonance 
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Imaging (MRI) imposes several restrictions. Particularly, ferromagnetic materials and electric circuits 
must be excluded from the design to avoid projectile hazards and electromagnetic interference. These 
aspects are ignored in this design but given specific consideration in Chapter 8.  
 
Technical CAD drawings of the phantom components, design, materials and methods are described 
below. 
 
 

4.4.2 Design ς Imaging tank  

The water-tight imaging tank constitutes a semi-closed environment in which the vortex ring forms 
and propagates. The tank is entirely manufactured from clear PMMA (Perspex). It rests on four small 
screw-able nylon pegs that slot into a transparent PMMA base. The PMMA base, designated the 
άƛƳŀƎƛƴƎ ǘŀƴƪ ōŀǎŜέΣ Ƙŀǎ ǎƛȄ ǘƘǊŜŀŘŜŘ holes for additional screw-able feet. The feet on the base can 
be useful for phantom alignment on soft surfaces, such as beds for medical examination. The CAD 
ŘǊŀǿƛƴƎ ƻŦ ǘƘŜ taa! ōŀǎŜ ǘƘŀǘ ǎǳǇǇƻǊǘǎ ǘƘŜ ƛƳŀƎƛƴƎ ǘŀƴƪ όάLƳŀƎƛƴƎ ¢ŀƴƪ .ŀǎŜέύ ƛǎ shown in Figure 
4.2. 
 

 

Figure 4.2: CAD drawing - Vortex Ring based Complex Flow Phantom ς Imaging Tank Base. 

 
The use of transparent materials is recommended to allow direct visualisation of flow and 
measurements with optical techniques, such as cameras or Laser Particle Imaging Velocimetry (Laser 
PIV) (Hoskins et al 2017).  
The top surface of the water-tight tank is open. Diagnostic ultrasound scans cannot be performed 
through PMMA walls due to the acoustic properties of the material. The open surface of the tank 
allows the ultrasonic probes to be placed directly into the fluid where the vortex ring is propagating. 
As mentioned in the introduction section (Section 4.4.1), PMMA was chosen because it is water-tight, 
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durable, and it provides transparency and offers attenuation to X-ray comparable to human soft 
tissues at diagnostic energy range. A couple of spirit levels are placed on top of two opposite walls of 
the tank for accurate levelling. Screw-able nylon pegs and spirit levels allow the levelling of the system. 
The water-tight imaging tank has internal dimensions of 15 cm (width) x 35 cm (length) x 16.5 cm 
(height). The choice of tank dimension is critical, and as frequently occurs in design engineering, it 
relies on numerous compromises. Tank internal height and width should be large enough that the 
walls do not provide large reflections in ultrasound imaging. In addition, the proximity of the walls 
should not influence on vortex ring generation and propagation. On the other hand, large dimensions 
have negative impact in terms of portability and practicality of the device. Filling and emptying a 
device with volumes higher than seven litres in a hospital environment might be impractical. Since 
blood mimicking fluids (BMF) typically used in Ultrasound imaging have a commercial price of ~500 
GBP per litre, a large volume has implication in terms of costs of the experiments. Clearly, a compact 
design is easier to transport, pack, deliver, etc.  
 
In order to support reproducible positioning in comparative studies between different techniques, 
several reference position markers and a ruler have been engraved into the tank surfaces. A threaded 
hole for a compatible drain cap has been cut to facilitate emptying. The CAD drawing of the water-
ǇǊƻƻŦ ǘŀƴƪ όάLƳŀƎƛƴƎ ¢ŀƴƪέύ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ пΦоΦ 5ƛƳŜƴǎƛƻƴǎΣ ƛƴŘƛŎŀǘŜŘ ƛƴ CƛƎǳǊŜ пΦн ŀƴŘ CƛƎǳǊŜ пΦоΣ 
have tolerances of +/- 0.25 mm. Wall thicknesses are 10 mm with production tolerance of +/- 10 % 
plus additional 0.4 mm, in agreement with the ISO 7823-1:2003 (ISO 7823-1:2003). 
 

 
Figure 4.3: CAD drawing - Vortex Ring based Complex Flow Phantom ς Water-tight Imaging Tank. 
Figure 1: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 
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4.4.3 Design ς Piston/Cylinder System 

The generation of vortex rings requires a system able to thrust a volume of fluid through an orifice or 
a nozzle. A simple mechanism is a piston/cylinder assembly with a smaller orifice at the output face. 
The cylindrical chŀƴƴŜƭ ǿŀǎ ƳŀƴǳŦŀŎǘǳǊŜŘ ŦǊƻƳ ŦǊƻǎǘŜŘ taa! όtŜǊǎǇŜȄύΦ ¢ƘŜ ά/ȅƭƛƴŘŜǊέΣ ŀǎ ƴŀƳŜŘ ƛƴ 
Figure 4.4, has an internal diameter of 70 +/- 0.25 mm and 10 mm wall thickness (production tolerance 
of +/- 10 % plus additional 0.4 mm; ISO 7823-1:2003). One open-end of the cylindrical chamber is 
threaded and it supports a water-proof screw coupling to accommodate interchangeable orifices and 
the water-tight imaging tank. The other side is also threaded and is coupled with a compatible 
threaded cap. A square hole is cut in the threaded cap with dimensions compatible with the piston 
stem. The square shape acts as a guide for the piston. It impedes undesired movements during the 
ŘȅƴŀƳƛŎ Ǉƛǎǘƻƴ ŀŎǘƛƻƴΦ ¢ƘŜ ǘƘǊŜŀŘŜŘ ŎŀǇΣ ƴŀƳŜŘ άtƛǎǘƻƴ DǳƛŘŜέΣ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ пΦпΦ CƻǳǊ 
interchangeable screw-in orifices are provided with the prototype. Orifice diameter dimensions, which 
range from 10 +/- 0.25 mm to 25 +/- 0.25 mm, have been selected to generate vortex rings with 
dimensions comparable to physiological conditions (Figure 4.5). Different diameters or shapes can be 
manufactured on request. The plunger has been manufactured from white PMMA and contains a 
hollow stem that travels along the rotating lead screw of an external linear stepper motor. Piston stem 
and stepper motor screw are coupled through a threaded nut. The nut transforms the rotating action 
of the motor to linear piston displacement. The plunger cap (front-end largest part) includes a groove 
that accepts a nitrile rubber O-ring. The O-ring provides a piston/cylinder water-tight seal. However, 
nitrile rubber is not ideal in terms of the coefficient of friction when it is in contact with PMMA 
(Perspex). Petroleum jelly (Vaseline) is typically used as a lubricant to reduce frictional forces. Different 
materials and piston designs have been investigated and are described in the following thesis sections 
(Sections 6.3.1, 6.3.2 and 6.3.3, Chapter 6). The CAD drawings of the piston cylinder system, which 
ǊŜŦŜǊǎ ǘƻ ά/ȅƭƛƴŘŜǊΣ άtƛǎǘƻƴ DǳƛŘŜέ ŀƴŘ άtƭǳƴƎŜǊέΣ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ пΦпΦ /AD drawings of the 
ƻǊƛŦƛŎŜǎ ǇǊƻǾƛŘŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻǘƻǘȅǇŜΣ ƴŀƳŜŘ άLƴǘŜǊŎƘŀƴƎŜŀōƭŜ hǳǘǇǳǘ hǊƛŦƛŎŜǎέΣ ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ 
4.5. 
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Figure 4.4: CAD drawing - Vortex Ring based Complex Flow Phantom ς Piston cylinder system. 
Figure 2: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 
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Figure 4.5: CAD drawing - Vortex Ring based Complex Flow Phantom ς Interchangeable Output Orifices. 
Figure 3: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 

 

4.4.4 Design ς Programmable Actuator System 

The piston and the external linear stepper motor actuator are coupled with a nut/lead screw 

arrangement that transforms rotation into linear motion. This assembly is driven by the programmable 

actuator system of the phantom. The external linear stepper motor is a Nema 23, 1.8 degrees, 36 V, 3 

A (Nema 23 external linear actuator, OMC Corporation Limited, Nanjing, China). The Nema 23 drives 

the piston over a threaded screw of 150 mm in length. The stepper motor is fixed on a compatible 

mounting bracket that screws into a PMMA (Perspex) block. The PMMA block is glued into the PMMA 

base and guarantees alignment between the motor and the piston cylinder system. The 

piston/cylinder alignment is crucial for smooth effort. Free movement is essential to accurately and 

reproducibly translates motor rotation to linear piston movement (to warrant comparable piston 

displacements independently from the piston position). The CAD drawing of the PMMA base, named 

ά{ǘŜǇǇŜǊ aƻǘƻǊ .ŀǎŜέΣ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ пΦсΦ ¢ƘŜ ά{ǘŜǇǇŜǊ aƻǘƻǊ .ŀǎŜέ ƛǎ ŎƻǳǇƭŜŘ ǿƛǘƘ ǘƘŜ άLƳŀƎƛƴƎ 

¢ŀƴƪ .ŀǎŜέ ǘƘǊƻǳƎƘ ŀ taa! hinge. The hinge guarantees a rigid connection when the phantom is in 

operation and also allows folding of the system for easier transportation. The PMMA hinge is 

ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŦǳǘǳǊŜ ŀŘŀǇǘŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜǎƛƎƴ ŦƻǊ aŀƎƴŜǘƛŎ wŜǎƻƴŀƴŎŜ LƳŀƎƛƴƎΦ [ƛƪŜ ǘƘŜ άLƳŀƎƛƴƎ 

¢ŀƴƪ .ŀǎŜέΣ ǘƘŜ ά{ǘŜǇǇŜǊ aƻǘƻǊ .ŀǎŜέ Ƙŀǎ ŦƻǳǊ ǘƘǊŜŀŘŜŘ ƘƻƭŜǎ ŦƻǊ ŀŘditional screw-able feet.   
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Figure 4.6: CAD drawing - Vortex Ring based Complex Flow Phantom ς Interchangeable Output Orifices. 

 

 

The stepper motor is bipolar, relying on two leads for each set of phase coils, neither of which is 

connected to ground. Typically, a cylindrical permanent magnet is attached to a rotor. The rotor is 

surrounded by toothed electromagnets that constitute the stationary magnetic field (stator). The 

electromagnets are divided into groups (phases) and these usually follow an alternating arrangement 

(i.e. A-, B-, A+, B+). The phase coils (A+, A-, B+, B-) are connected to a digital stepper driver DM542 

(Leadshine, DM542, OMC Corporation Limited, Nanjing, China). The internal components of the 

stepper motor are illustrated in Figure 4.7. 
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Figure 4.7: Internal components of a stepper motor. 

 

The DM542 is connected to a compatible switching power supply 150 W, 36 V, 4.17 A (OMC 

Corporation Limited, Nanjing, China) (High Voltage Pins ς V (+) and GND, Figure 4.8) and to the I/O 

digital pins of an Arduino Uno board (Arduino, still unclear who is the Owner). Three different digital 

pins D9, D10 and D11, are used as outputs to set the motor steps, to set the rotating direction and to 

enable the motor, respectively. Digital pin D7 is connected to a push button which is used to 

activate/run the motor/piston displacement program. The DM542 limits the current supplied to the 

motor to 2.69 A (RMS current) to avoid overheating. The Arduino Uno board logic is based on the 

Atmega328P (Atmel Corporation, San Jose, California, USA) microcontroller. The Atmega328P is a low-

power, high performance AVR® 8-bit microcontroller. The unit is programmable through simple USB 

connection to a computer and dedicated open source Arduino Software (IDE). Typically, a stepper 

motor is programmed through a square wave signal that alternates the polarities of the phase coils 

(A+, A-, B+, B-) between (+) and (-). The central permanent magnet of the motor (rotor) moves in 

discrete steps, as commanded by the digital signal, and generates torque (Figure 4.7). The total cost 

of all the components forming the programmable actuator system was less than one hundred Euros 

at the time of writing (2018). A diagram illustrating Arduino Uno, push button, driver DM542, stepper 

motor and power supply connections is shown in Figure 4.8.  
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Figure 4.8: Arduino Uno board, push button switch, stepper driver DM542, stepper motor and power supply 
connections. 

 

 

4.4.5 Design ς Stepper Motor Programming 

One of the simplest ways to drive a stepper motor is by providing a digital square wave signal. The 

Atmega328P microcontroller embedded into the Arduino Uno board is programmed to generate a 

digital square wave signal with 50 % duty cycle in CMOS logic 0-5 V. The number of pulses of the square 

wave signal determines the number of motor steps, thus the piston displacement. The frequency of 

the square wave signal determines at what rate the polarities of the face coils are alternated, thus it 

controls piston speed. By simply changing the number of pulses and the pulse width of a square wave 

signal it is possible to control the rotation of the actuator and, consequently, the piston 

displacement/velocity profiles. A square wave signal can be easily created with a for loop on the 

dedicated Arduino Software (IDE). A flow chart of the Arduino code for programming the motor is 

depicted in Figure 4.9 and a snapshot of the main part of the code is shown in Figure 4.10 (the whole 

code is reported in Appendix 1).  
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Figure 4.9: flow chart of the generating code for stepper motor programming. 

 

 

 
Figure 4.10: Vortex Ring based Complex Flow Phantom ς Snapshot of the Arduino code that generates a ring. 

 

The first part of the programme is dedicated to initialisation of the variables. A push button is used to 

run the program and to trigger the piston displacement. The digital I/O pin D5 is set to provide a digital 

trigger ǎƛƎƴŀƭ όάǘǊƛƎƎŜǊǇƛƴέ) for potential synchronisation with external measurement methods. A 

while ƭƻƻǇ ƛǎ ǳǎŜŘ ǘƻ ǇǊƻƎǊŀƳ άƘƻǿ Ƴŀƴȅ ŎƻƴǎŜŎǳǘƛǾŜ ǾƻǊǘŜȄ ǊƛƴƎǎέ ǘƘŜ ǳǎŜǊ ǿŀƴǘǎ ǘƻ ƎŜƴŜǊŀǘŜΦ ! for 

loop is used to generate the square wave signal that controls the piston velocity/displacement profile 

(Figure 4.9). Digital pins enblPin, dirPin and pulPin control the enabling/disabling of the motor, the 
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motor direction and motor input signal, respectively. These signals must be controlled in a predefined 

order and with predefined delays, as indicated from the DM542 datasheet. The current flows through 

the winding coils of the motor both when the rotor is enabled and when it is stationary. The motor 

holds the load in place, which is particularly useful for vertical or leaning applications. Since the piston 

is in horizontal position during the phantom applications, there is no need to hold the load. Keeping 

the motor enabled during inactivity increases the chance of overheating. Therefore, the enabling 

signal is switched on/off between each vortex ring generation. In the example in Figure 4.10, a 20 

seconds delay (delay(18000), in milliseconds, plus a delay(2000), in milliseconds, between motor 

activation and vortex ring production) has been chosen between each vortex ring generation. A limit 

of 15 seconds delay is effective for prolonged experiments with the phantom. Design improvements 

and an instrumentation pack, for evaluating design performances, are described in Chapter 6. 

Particularly, the instrumentation pack clarifies if the motor can be used at reduced power without 

affecting the vortex ring generation. This may be extremely advantageous for preventing the motor 

from overheating during prolonged application. Experimental studies with the instrumentation pack 

are described in detail in Chapter 7. 

 

4.4.6 Design ς Assembled System   

A block diagram of the Vortex Ring based Complex Flow Phantom is depicted in Figure 4.11.  

 

Figure 4.11: Vortex Ring based Complex Flow Phantom ς Schematic block diagram of the system. Please note 
that this is a schematic representation and elements are not to scale. 
Figure 4a: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 

 
 

 



 

97 
 

Assembling all the components described from sections 4.4.2 to 4.4.4 provides the system illustrated 
in Figure 4.12  
 

 
Figure 4.12: Vortex Ring based Complex Flow Phantom ς Assembled System.   
Figure 4b: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 

 

The electronic components illustrated in Figure 4.8 are placed and secured into a water and impact 
proof junction box manufactured by Schneider Electric (RS Components Ltd, Corby, UK, Stock No. 151-
791). The power supply, also positioned within the electric safety box, is connected to the main socket 
(230V, 50 Hz) through a standard UK three-pin type G plug and a residual-current device (RCD) socket. 
The RCD socket is a life-saving device that quickly breaks the electrical circuit if there any leakage 
current is present. Since the system operates in water proximity, it is strongly suggested that 
connection of the phantom to the mains plug (230V, 50 Hz) occurs through RCD socket for extra safety. 
If the device is meant to be commercialised, it is recommended (but not compulsory) that it complies 
with the Low Voltage Directive (LVD - 2014/35/EU) and that it undergoes electromagnetic 
compatibility (EMC) and electromagnetic interference (EMI) testing. The LVD ensures high level of 
protections for electrical equipment between 50 and 1000 V while the electromagnetic compatibility 
assures that the system does not introduce intolerable electromagnetic disturbances to anything in 
the environment. All the single electric components (stepper motor, Arduino Uno, Stepper Driver, 
power supply) are RoHS, CE and FCC marked, therefore they have already undergone electrical safety 
testing. However, the interconnection of the components create a new electrical system, which may 
not comply with LVD or EMC testing.  
 
As described in detail in sections 4.4.4 and 4.4.5, the stepper motor is connected to the piston and is 
programmed through the Arduino Board to deliver a pre-configured piston displacement/velocity 
profile. The piston moves within the cylinder chamber and propels a known volume of fluid through 
the orifice (i.e. 3 cm3 in 50 ms). The outcome is the generation of a controlled, propagating vortex ring, 
that travels with self-induced velocity (velocities up to 1 ms-1) along the whole length of the tank 
(Figure 4.13). A blue food dye colourant was used for vortex calibration and a ratchet strap was used 
to minimise vibration errors during the piston action in reproducibility studies (Figure 4.13). By 
changing orifice diameter or piston displacement/velocity profile, the L/D Ǌŀǘƛƻ ƻŦ DƘŀǊƛōΩǎ ŦƻǊƳǳƭŀ 
όάŦƻǊƳŀǘƛƻƴ ǘƛƳŜέΣ {ŜŎǘƛƻƴ нΦпΣ /ƘŀǇǘŜǊ нύ Ŏŀƴ ōŜ ƳƻŘƛŦƛŜŘ ƻƴ ŘŜƳŀƴŘΣ ǇǊƻŘǳŎƛƴƎ ǾƻǊǘŜȄ ǊƛƴƎǎ ǿith 
different characteristics. Travelling vortex rings can be imaged, for instance, with an Ultrasound 
transducer placed at the free water interface (Figure 4.11). As mentioned before, the system is fully 
transparent to aid measurements. Ring vortex features can be captured with different imaging 
methods such as Laser Particle Imaging Velocimetry (Laser PIV) or optical/video cameras.  
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Figure 4.13: Vortex Ring based Complex Flow Phantom ς Assembled System with blue dye to visualise the ring. 
 
 
 

4.5 Discussion   

The vortex ring characteristics (physiological relevance, stability, controllability, predictability and 
reproducibility) make our proposed design of phantom a good candidate for the development of a 
complex flow phantom for medical imaging (described in Chapter 2 and Chapter 3). A Vortex Ring 
Based Complex Flow Phantom prototype has been built and technical drawings are provided. The 
system relies on the action of a ~100 W stepper motor connected to a piston cylinder system and a 
water tank for vortex ring formation and propagation.  As described in Sections 2.4 (Chapter 2), vortex 
ring generation depends mainly on a non-ŘƛƳŜƴǎƛƻƴŀƭ ǇŀǊŀƳŜǘŜǊ ŘŜǎŎǊƛōŜŘ ŀǎ άŦƻǊƳŀǘƛƻƴ ǘƛƳŜέ ƻǊ 
άŦƻǊƳŀǘƛƻƴ ƴǳƳōŜǊέ όDŀǊƛō Ŝǘ ŀƭ мффуύΦ CƻǊ ŀ ŘŜŦƛƴŜŘ ƻǊƛŦƛŎŜ-output geometry, the formation time can 
be described as T* Ґ ό¬κ5ύ¢p  where ¬ is the average velocity of the piston, D is the orifice-output 
diameter and Tp is the duration of the piston impulse. Assuming to work always in water (or equivalent 
fluid vastly composed by water), the piston velocity profile (piston velocity and piston displacement 
in unit of time) and the orifice-output diameter also determine the Reynolds number. The prototype 
is provided with pre-programmed modes but the Arduino Board is essentially open-source. Any 
software code can be uploaded with a computer through the USB connection (Type A male to Type B 
male) and Arduino Software (IDE), to produce different flows. Alternatively, the pre-set parameters, 
described in the script in Figure 4.10, can be modified to change the piston velocity profile. The device 
ƻŦŦŜǊǎ ƎǊŜŀǘ ŦƭŜȄƛōƛƭƛǘȅ ŀƴŘ ŀƭƭƻǿǎ ǘƘŜ ǳǎŜǊ ǘƻ ǾŀǊȅ ƛƴŘŜǇŜƴŘŜƴǘƭȅ ŜŀŎƘ ŜƭŜƳŜƴǘ ƻŦ DƘŀǊƛōΩǎ ŦƻǊƳǳƭŀ ŦƻǊ 
experimental studies. By simply altering the frequency of the square wave signal (stepper motor 
speed, ¬ ƛƴ DƘŀǊƛōΩǎ ŦƻǊƳǳƭŀύΣ ǘƘŜ ƴǳƳōŜǊ of pulses of the square wave signal (stepper motor 
displacement extent, Tp ƛƴ DƘŀǊƛōΩǎ ŦƻǊƳǳƭŀύ ƻǊ ǘƘŜ ƻǊƛŦƛŎŜ-output diameter size, vortex rings with 
different Reynolds numbers, different diameters, velocities, volumes and different core thicknesses 
can be generated on demand.  
 
The prototype has been described in detail and needs to be validated through experimental 
measurements to prove its credibility. Considering the inconsistencies between experimental and CFD 
simulation (described in Chapter 3), two different methods, namely optical/video and Laser PIV 
technique, are considered for quantifying the vortex ring behaviour under a number of generating 
conditions. Ultrasound compatibility will also be demonstrated. Experimental measurements are 
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described in the next chapter. Technical drawing and software source code were also provided, 
consequently, phantom and experiments can be replicated in any laboratory. The test object design 
is novel, simple and cost-effective, and requires less than thirty minutes for set-up. Flow phantoms 
offer parabolic flow and a limited range of vessel diameters. In order to make these test objects 
portable, vessel inlet length is often reduced, which limits the range of velocities in which the flow is 
laminar (Appendix 2). Cavitation in the pump head in many systems produces air bubbles even at low 
velocities (~60-70 cm/s), distorting the Doppler spectrum. When not in use, blood mimicking fluid 
scatterer particles tend to settle in the reservoir. Bubbles cannot be easily removed and scattering 
particles are difficult to mix in a closed commercial system, where there is no access to the reservoir. 
Finally, previously developed ultrasound flow phantoms are typically not transparent, which makes it 
difficult to cross validate results or verify performance using other measurement methods. No 
tolerances on flow velocities are usually specified, and the pump is expected to behave in the same 
way for the whole phantom life (typically, warranty is 10+ years). The string phantom, which is 
commercially produced only by CIRS (CIRS Inc., Norfolk, USA), relies on the movement of a silk filament 
to produce the backscatter signal. However, the silk filament entraps air bubbles and the motor 
vibration at certain velocities affects the Doppler measurement accuracy (Browne, 2014). The vortex 
ring phantom overcomes commercial phantom limitations: it offers a range of translational velocities 
between 7 and 90 cm/s; interchangeable orifices with any diameter can be produced on demand; 
scatterer particles can be mixed and air bubbles can be manually removed. Similar to the string 
phantom, it operates in free field (water or blood mimicking fluid) and do not provide acoustic 
attenuation comparable to soft tissues. However, tissue mimicking materials with different 
geometries can be embedded into the water tank. Differently from existing commercial systems, the 
complex flow phantom is open source and offers flexibility for both clinical measurements and 
research studies.  
 
 

4.6 Conclusion 

 

Technical drawings and specifications have been provided for the construction of a novel, cost-
effective, portable, robust and multimodal (in flow features) Vortex Ring based Complex Flow 
Phantom. The system is designed with pre-programmed user-friendly modes but it is essentially fully 
programmable, allowing great flexibility. Chosen materials are non-hazardous, of good quality and 
optically transparent to allow comparative studies with optical techniques for testing. Electric safety 
regulations have been discussed and precautions have been taken for secure use of the device. The 
system is tested through optical/video, Laser PIV and ultrasound techniques. Details are provided in 
the next chapter. 
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CHAPTER 5  
Vortex Ring based Complex Flow Phantom for Doppler 
Ultrasound ςTesting and Validation 
 
 

5.1 Introduction 
 

A vortex ring based complex flow phantom design with technical specifications was provided in 
Chapter 4. Credibility of the system needs to be assessed through experimental studies. Three 
identical phantom prototypes were manufactured by Leeds Test Objects Ltd (Leeds Test Objects Ltd, 
Boroughbridge, United Kingdom), as a beneficiary partner of the VPH-CaSE consortium 
(http://www.vph-case.eu/ύ ǿƛǘƘƛƴ ǘƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme (aŀǊƛŜ {ƪƱƻŘƻǿǎƪŀ-Curie grant agreement No 642612). Optical/video camera, Laser PIV 
measurements were undertaken on the different systems, in two different premises, on two different 
days, and results were compared. Conventional ultrasound techniques (B-Mode, Colour Doppler, PW 
Spectral Doppler) were also performed on a phantom prototype. The third prototype was provided to 
the CREATIS consortium (CNRS UMR 5220 - INSERM U1206 ς ¦ƴƛǾŜǊǎƛǘŜΩ ŘŜ [ȅƻƴ м ς INSA Lyon ς 
¦ƴƛǾŜǊǎƛǘŜΩ WŜŀƴ aƻƴƴŜǘ {ŀƛƴǘ-Etienne) for the application of high frame rate ultrasound Vector Flow 
Imaging techniques. CREATIS consortium is also a beneficiary partner of the VPH-CaSE training 
network programme.  
 

All the measurement techniques were performed independently and results were cross checked to 
confirm the rigour of the methods. A flow chart depicting manufactured prototypes and different 
measurement approaches performed is depicted in Figure 5.1. 
 

 
Figure 5.1: Phantom prototypes manufactured by Leeds Test Objects Ltd and measurement method 
performed. 

 
 

http://www.vph-case.eu/


 

101 
 

Optical/video and Laser PIV methods and results of this chapter are supported by the publication of a 
journal article (Ambrogio et al 2019). Ultrasound results have also been presented with a poster at 
ά¢ƘŜ рлth Annual Scientific Meeting ƻŦ ǘƘŜ .ǊƛǘƛǎƘ aŜŘƛŎŀƭ ¦ƭǘǊŀǎƻǳƴŘ {ƻŎƛŜǘȅέ ό.a¦{Σ aŀƴŎƘŜǎǘŜǊΣ 
United Kingdom, 4-6 of December 2018) (Appendix 3ύΦ ¢ƘŜ ǇƻǎǘŜǊ ǿŀǎ ŀǿŀǊŘŜŘ ǘƘŜ ά.Ŝǎǘ {ŎƛŜƴǘƛŦƛŎ 
tƻǎǘŜǊ tǊƛȊŜ нлмуέΦ ¦ƭǘǊŀǎƻǳƴŘ ±ŜŎǘƻǊ Cƭƻǿ LƳŀƎƛƴƎ ǊŜǎǳƭǘǎ ƘŀǾŜ ōŜŜƴ ǇǳōƭƛǎƘŜŘ ōȅ .ŀŘŜǎŎǳ Ŝǘ ŀƭ 
(2018). 
 
 

5.2 Optical/Video vs Laser PIV acquisitions   
 
5.2.1 Introduction 
 

Optical/video and Laser PIV measurements have the aim of demonstrating the reproducibility, 
stability and reliability of the system. These measurements were performed under a combination of 
motor configurations and orifice sizes, to demonstrate the phantoms functionality. All the 
configurations tested are listed in Table 5.1.  As depicted in Figure 5.1, optical/video measurements 
were performed at Leeds Test Object Ltd (Leeds Test Objects Ltd, Boroughbridge, United Kingdom) 
following the methods described in sections 3.2.3 and 3.3.3 (Chapter 3). Independently, Laser PIV 
measurements were carried out with a calibrated LaVision PIV system (LaVision GmbH, Gottigen, 
Germany) at the ά5ŜǇŀǊǘƳŜƴǘ ƻŦ /ŀǊŘƛƻǾŀǎŎǳƭŀǊ {ŎƛŜƴŎŜέ ƻŦ ǘƘŜ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ {ƘŜŦŦƛŜƭŘ όwƻȅŀƭ 
Hallamshire Hospital, Sheffield, United Kingdom). Laser PIV has become an established technique for 
quantitative assessment of complex flow velocity fields (Grant 1997; Westerweel et al 2013). Health 
and safety regulations and experimental set-up to perform accurate Laser PIV measurements require 
domain expertise. Therefore, Laser PIV measurements were performed under the supervision of a 
LaVisionUK Ltd (LaVisionUK Ltd, Bicester, United Kingdom) application consultant. Two cameras, 
calibrated following the method described by Wieneke (2005), were used to obtain stereoscopic view. 
Optical/video and Laser PIV measurements were carried out for all the orifice diameter sizes 
manufactured for the phantom prototypes (Figure 4.5). For both optical/video and Laser PIV methods, 
the system (imaging tank and piston/cylinder system) was filled with water. A main piston 
displacement of 0.8 +/- 0.04 mm and two main piston speeds, 2 +/- 0.1 cm/s and 1.33 +/- 0.06 cm/s, 
were programmed for these experiments. The piston displacement of 0.8 +/- 0.04 mm was selected 
because this produced particularly stable vortex rings. However, a further piston displacement of 0.6 
+/- 0.03 mm was tested to prove extended operation. The piston speed of 2 cm/s was of interest 
because it pushes the motor close to its maximum obtainable speed. Piston speed of 1.33 +/- 0.06 
cm/s and a further speed of 1 cm/s were also tested. Finally, Configuration 3 (Table 5.1) was tested at 
the beginning (morning) and at the end of an arduous experimental session. Results were compared 
to verify the consistency of the phantom and of the measurement method over prolonged 
experimental periods. Reynolds number and formation time (L/D) calculations are based on the 
cylinder chamber diameter, orifice diameter and average piston velocity. 
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Configuration Orifice Diameter 
(mm) 

Piston Speed 
(cm/s) 

Piston Displacement 
(mm) 

Reynolds 
number 

L / D ratio Number of 
Runs 

1 10 2 0.8 9800 3.92 10 

2 10 1.33 0.8 6517 3.92 10 

3 15 2 0.8 6534 1.16 10 

4 15 2 0.6 6534 0.87 10 

5 15 1.33 0.8 4345 1.16 10 

6 15 1 0.8 3267 1.16 10 

7 20 2 0.8 4900 0.49 10 

8 20 1.33 0.8 3258 0.49 10 

9 25 2 0.8 3920 0.25 10 

10 25 1.33 0.8 2606 0.25 10 

 
Table 5.1: summary of the experimental configuration tested. 

 
5.2.2 Method ς Optical/Video Acquisitions 
 
Optical/video acquisitions required visible contrast between the vortex ring and the fluid of the 
imaging tank. The system was entirely filled with water, an interchangeable orifice was selected and 
screwed into the cylinder. A few drops of food dye colouring were mixed with the volume of water in 
the cylinder chamber to produce visible vortex rings. A video camera Sony HDR-PJ220E (Sony 
Corporation, Tokyo, Japan) was fixed on a tripod and placed at a distance of 3.8 m from the imaging 
tank. The camera telephoto lens was selected at 32x extended zoom, to ensure a focused view of the 
travelling vortex rings. The camera was placed at the maximum achievable distance that permitted a 
clear view of the vortex ring propagation in a selected region of interest for the measurements. This 
camera configuration (maximum distance and maximum extended zoom) minimises perspective 
errors in measurements. The camera records video images at 25 frames per seconds. The field of view 
was focused around a region of 10 cm near the orifice. Vortex rings travelling from the 5th όάLƳŀƎƛƴƎ 
¢ŀƴƪέ ǊŜŦŜǊŜƴŎŜ ƳŀǊƪŜǊǎΣ CƛƎǳǊŜ пΦоΣ /ƘŀǇǘŜǊ пύ ǘƻ ǘƘŜ 15th centimetre mark were distinctly imaged. 
This region of interest was chosen for both optical/video and Laser PIV measurement methods. In 
order to support the measurements with visible timing data, a 1/100 seconds universal digital counter-
timer (Stock No 612-445, RS Components Ltd, Northants, United Kingdom) was placed within the field 
of view of the camera. In addition to the engraved reference markers (άLƳŀƎƛƴƎ ¢ŀƴƪέ ǊŜŦŜǊŜƴŎŜ 
markers, Figure 4.3, Chapter 4, Chapter 4), further reference markers were painted in red colour on 
the opposite wall of the imaging tank. These reference markers supported pixel digital measurements 
and provided information on vortex ring translational displacement. Video camera framerate and the 
timer counter provided timing data. Combining the information, vortex ring translational velocities 
were estimated measuring the displacement along the X-axis (Figure 5.2 and Figure 5.3) in consecutive 
frames. Average translational velocities and standard deviation values (represented as error bars, +/- 
1SD) were calculated as a function ƻŦ ǾƻǊǘŜȄ ǊƛƴƎ Ǉƻǎƛǘƛƻƴ ƛƴ ǘƘŜ ǘŀƴƪ όάLƳŀƎƛƴƎ ¢ŀƴƪέ ǊŜŦŜǊŜƴŎŜ 
markers, Figure 4.3, Chapter 4) from the acquisition of ten consecutive vortex rings, generated for 
each configuration listed in Table 5.1. A block diagram of the experimental set up is shown in Figure 
5.2. For improved clarification, a schematic diagram depicting the layers of circulating flow 
constituting vortex ring toroidal core and translational velocity (Vtrans) is shown in Figure 5.3.  
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Figure 5.2: Optical/video measurements ς schematic diagram of the experimental set up. Please note that this 
is a schematic representation and elements are not to scale. 
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Figure 5.3:  Layers of concentric circulating flow constituting the toroidal core, propel the ring vortex 

forward along its axis of symmetry at velocity Vtrans. 
Figure 4: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 

 

5.2.3 Method ς Laser PIV Acquisitions 
 
Laser Particle Imaging Velocimetry (Laser PIV) is an experimental flow visualisation technique that 

involves capturing sequential camera exposures of Laser illuminated particles in a region of interest. 

The Laser PIV experimental set-up requires neutrally buoyant light scattering particles mixed with a 

volume of water in the tank-cylinder system. Typically, the particle concentration, the particle density 

and the particle size are chosen to not affect the fluid dynamics. Ideally, the particle motion should 

not affect the ambient fluid flow. Consequently, a small concentration (~ 10 g) of nylon particles of 

size 10-20 micron were mixed within the volume of water (~8 L). The imaging tank was placed on a 

table and a double pulse Nd:YAG Laser (LaVisionUK Ltd, Bicester, United Kingdom) was placed below. 

The Laser sheet cut the travelling vortex ring through its centre in a vertical plane. Two camera 

projections (stereoscopic view) were used to record the particle displacement in sequential frames 

within a region of interest. Digital image correlation algorithms allowed the reconstruction of the flow 

field (Wieneke 2005) with a spatial resolution of 0.4 mm at 14 Hz (time interval between adjacent 

samples 0.071 s). Accuracy of the reconstructed flow field velocities as declared by LaVisionUK Ltd was 

better than +/- 0.1 %. A schematic diagram and a photograph of the Laser PIV experimental set up are 

shown in Figure 5.4 and Figure 5.5, respectively.  
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Figure 5.4: Laser PIV measurements ς schematic diagram of the experimental set up. Please note that this is a 
schematic representation and elements are not to scale. 

 

 
Figure 5.5: Photograph of Laser PIV experimental set up.    

 

Knowing the frame rate (14 frames per seconds), translational velocities of the travelling vortex rings 

were calculated as well as mapping the flow field of the Vx components (along the X-axis in Figure 5.4) 

at each frame. Average and standard deviation values of vortex ring translational velocities as a 

function of the vortex ring position in the tank όάLƳŀƎƛƴƎ ¢ŀƴƪέ ǊŜŦŜǊŜƴŎŜ ƳŀǊƪŜǊǎΣ CƛƎǳǊŜ пΦоΣ Chapter 

4) were calculated from ten consecutive vortex ring acquisitions, generated for each configuration 

listed in Table 5.1.  
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5.2.4 Results ς Optical/Video  
 

Average vortex ring translational velocity (Vtrans, Figure 5.3) and standard deviation values (illustrated 
as error bars) were plotted as a function of vortex ring position in the imaging tank όάLƳŀƎƛƴƎ ¢ŀƴƪέ 
reference markers, Figure 4.3, Chapter 4). All the tested configurations refer to Table 5.1. For 
improved clarity of results, configurations (Table 5.1) that produced vortex rings with faster 
translational velocities (15-80 cm/s) are shown in Figure 5.6 while slower translational velocities (0-15 
cm/s) are shown in Figure 5.7. As mentioned previously, the experimental work with the two 
measurement techniques were undertaken on two different days, in two different premises on two 
identically manufactured but different Vortex Ring based Complex Flow Phantom prototypes. Each 
configuration of Table 5.1 corresponds to a specific marker-shape combination and colour, in order to 
directly compare data obtained with optical/video and Laser PIV measurement methods. 
Optical/video data are depicted with bold lines and filled markers while Laser PIV results are illustrated 
with dashed lines and open markers. Variability, which is cited as coefficient of variation (%) within 
the text, was estimated on the basis of ten consecutive vortex rings (for each configuration of Table 
5.1) and is expressed as +/- 1 SD on the plots. Variability estimated with the optical/video 
measurement method were always lower than +/- 10%.  
 

 

5.2.5 Results ς Laser PIV  
 
Average vortex ring translational velocity (Vtrans, Figure 5.3) and standard deviation values were also 
calculated from ten vortex ring consecutive acquisitions with the Laser PIV method, for consistency of 
ǊŜǎǳƭǘǎΦ wŜǎǳƭǘǎ ŀǊŜ ǇƭƻǘǘŜŘ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǾƻǊǘŜȄ ǊƛƴƎ Ǉƻǎƛǘƛƻƴ όάLƳŀƎƛƴƎ ¢ŀƴƪέ ǊŜŦŜǊŜƴŎŜ ƳŀǊƪŜǊǎΣ 
Figure 4.3, Chapter 4) for each configuration listed in Table 5.1 (as for the optical/video method). 
Similar to the optical/video results, configurations generating vortex rings with faster translational 
velocities (15-80 cm/s) are depicted in Figure 5.6 while slower translational velocities (0-15 cm/s) are 
shown in Figure 5.7. Laser PIV results have been plotted with dash lines and open markers of the same 
shape as the optical/video data. The same colours have been used for Laser PIV and optical/video 
results, separating each configuration of Table 5.1. Coefficient of variation (+/- %) of the data were 
calculated as for the optical/video measurements. Laser PIV results show similar behaviour to the 
optical/video measurements, nothing that the measurements were carried out in two identically 
manufactured but different prototypes. However, variability progressively increases for vortex ring 
configurations with translational velocities lower than 8 cm/s (Configuration 8, Configuration 9 and 
Configuration 10, Table 5.1). Configuration 7 (Table 5.1), which corresponds to vortex rings with 
translational velocities of ~10 cm/s, demonstrated a percentage of variability (error) lower than +/- 10 
%. Finally, the percentage of variability is always lower than +/- 8 % for all the other configurations 
(Configuration 1 to 6, Table 5.1) and reached the lowest value of +/- 3 % for an orifice diameter of 10 
mm, piston speed of 1.33 cm/s and piston displacement of 0.8 mm (Configuration 2, Table 5.1).  
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Figure 5.6: Results - optical/video and Laser PIV vortex ring translational velocity measurements relevant to 

configuration 1 to 5 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and 

colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated 

with dash lines and open markers. 

Figure 6: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 
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Figure 5.7: Results - optical/video and Laser PIV vortex ring translational velocity measurements relevant to 

configuration 6 to 10 listed in Table 5.1. Each configuration corresponds to a combination of marker/shape and 

colour. Optical/video results are depicted with solid markers and bold lines while Laser PIV data are illustrated 

with dash lines and open markers. 

Figure 7: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 

 

5.2.6 Additional Results ς Laser PIV  

For completeness, additional Laser PIV results are shown in figures 5.8 and 5.9. Figure 5.8 depicts Laser 

PIV acquisition results obtained at the beginning (first experiment) and at the end (last experiment) 

of an arduous experimental session (more than 8 hours session and more than 100 runs). A maximum 

percentage difference (difference between the values divided by the average of the two values) of 5 

% is apparent between the two curves. Vortex ring position as a function of time for five selected 

configurations (Table 5.1) is plotted in Figure 5.9. Variability is always better than +/- 10 % with the 

exception of configuration 10 where it grows up to +/- 40 %.  
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Figure 5.8: Results ς Laser PIV measurements performed for Configuration 3, Table 5.1, at the beginning (First 

experiment) and at the end (Last experiment) of an 8-hour experimental session.  

 

Figure 5.9: Vortex ring position data as function of time for configurations 1, 4, 7, 9, 10 (Table 5.1). Variability 

increases for vortex rings generated with lower velocities.  
Figure 8: Ambrogio, S., Walker, A., Narracott, A., Ferrari, S., Verma, P. and Fenner, J. (2019). A complex flow 

phantom for medical imaging: ring vortex phantom design and technical specification. Jorunal of Medical 

Engineering and Technology, 43(3):190-201. 
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