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ABSTRACT 17 

With the global demand for more electricity, and for that electricity to be produced using low-carbon 18 

generation, a turbine was designed to extract energy from underutilised flows. The mechanism by which 19 

the turbine operates makes it highly demanding to represent using mesh-based numerical schemes, 20 

resulting in a need to investigate alternative methods. The smoothed particle hydrodynamics (SPH) 21 

software, DualSPHysics, utilising the Chrono solid body solver, was used to represent the turbine as a 22 

free body in a 2D environment allowing for evaluation of the free-spin velocity to be assessed. The aim 23 

of this being to ascertain the applicability of SPH to the modelling of vertical axis turbines with multiple 24 

moving parts, and also develop an understanding of the design itself. The model was found to compare 25 

favourably to lab results, showing that a vertical axis turbine may be represented in this fashion. The 26 

resilience of the device, a design driver – and previously untested mode, was assessed by considering 27 

post-damage scenarios. From this, future flume study and parallel numerical modelling can guide this 28 

or other vertical axis turbines towards improved performance. 29 

HIGHLIGHTS 30 

• Vertical axis turbine modelled in 2D SPH, without prescribed motion. 31 

• Large shifting values (-50) and artificial viscosity required to prevent voids. 32 

• Model convergence to particle spacing and kernel support > O(2). 33 

• Model was not sensitive to downstream boundary position. 34 

• Hydrodynamically driven self start shown including damaged device cases. 35 
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1. INTRODUCTION 43 

With 192 countries setting targets to reduce emissions and adapt to climate change impacts as 44 

part of the Paris Agreement, and a majority of those adopting more stringent measures since then, there 45 

is an increased need for low-carbon energy [1]. In the United Kingdom (UK) tidal stream has been 46 

estimated as having 95 terawatt-hours of energy potential per year, or 32 gigawatts of potential power 47 

[2], of which 15 gigawatts has been identified as practically available for deployment [3]. The majority 48 

of tidal stream turbine designs are horizontal axis with the same fundamental principles as wind 49 

turbines; these typically require large flow velocities (> 2.5 m/s) and deep water (> 2 m) which can be 50 

challenging to locate and effectively utilise [4]. The coastline of Great Britain for example rarely shows 51 

peak spring velocities in excess of 2 m/s, and the locations where velocities in this region can be seen 52 

are often not adjacent to population centres – as is shown in Fig. 1. The tidal predictability and energy 53 

profile make tidal stream a valuable component of future energy scenarios, further improving 54 

diversification of the energy mix [5]. Another potentially underutilised source of energy is the 55 

hydrokinetic potential of small-scale riverine flows. These exist all around the world, both in developed 56 

energy markets and in remote locations where grid connectivity has not yet been established or is not 57 

currently feasible. The global riverine energy resource from hydrokinetic devices has been estimated at 58 

approximately 58,000 terawatt-hours per year, with much of this potential being accessible to remote 59 

or isolated communities [6]. For this, design robustness, unit price, and the ability of the turbine to self-60 

start are key, as the availability of complex maintenance methods may be reduced, to mitigate some of 61 

the key problems associated with small hydrokinetic turbines [7].  62 

 63 

 
Fig. 1 Comparison of mean peak tidal velocity and population density around the UK, tidal stream 

data from the Association of British Ports [8], and population from UK census [9]. 

 64 

Vertical axis turbines offer several fundamental technical differences which allow users to tap 65 

into different resources beyond the scope of horizontal axis designs. In comparison with horizontal axis 66 

designs: vertical axis turbines can be operated in a wider range of depths (being manufactured at 67 

different heights or to operate both fully and partially submerged) and velocities; do not require yawing 68 

systems to best match the flow direction; are more resilient to skewed flows; often do not require 69 

complex components, and offer convenient options for generator connection [10]. The downsides of 70 

vertical axis designs are the lower performance and reduced control ability, two factors that in wind 71 

generation have made horizontal axis designs the status quo for large generators [11]. However, Kumar 72 
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et al. [12] note that the lower cut-in speed, low noise production and response to varying wind conditions 73 

make them suited for use in urban areas as small-scale units.  74 

For deployment in tidal flows and riverine locations, a vertical axis turbine was developed at 75 

Cardiff University, namely ‘CarBine’ [13]. This scalable drag turbine takes the principles of a Savonius 76 

turbine and applies self-actuating hinges to maximise drag on the generating side, while minimising 77 

resistance on the returning side. The fundamental design comprises a central axle with hinged flaps 78 

mounted around it on notional arms. The motion of the flaps is restricted by the central axle and the 79 

axle of the other flaps on the same arm. Outside this restriction in range of motion, the flaps are 80 

unrestrained and are actuated only by the flow past them, giving the turbine self-start capability. Figure 81 

1 shows a schematic diagram of the CarBine mechanism, where the body is rotating at an angular 82 

velocity 𝜔 (rad/s) in a flow with a velocity 𝑈∞ (m/s), along with a 3D rendering of the device. This 83 

design aims to utilise the strengths of vertical axis designs for a varied set of uses, without 84 

compromising aspects such as the geometrically simple components, with deployment scenarios of tidal 85 

regions and as small hydrokinetic installations. 86 

 87 

Laboratory tests already carried out at Cardiff University, were to be used for validation and 88 

calibration of the numerical modelling configuration, before being expanded in scope to explore 89 

alternative configurations and conditions. These experimental tests were run in a flume with a 90 

rectangular cross-section 1.2 m wide, 1.0 m high, and 17.0 m long with the capability to operate between 91 

10 and 1000 l/s as described by Rauen et al. [14], shown in Figure 3. 92 

 
Fig. 3 Cardiff University NERC flume 3D perspective (adapted from [14]) 

The inflow velocities used in the flume experiments were 0.51, 0.64, 0.77 and 1.08 m/s. An 93 

Acoustic Doppler Velocimeter (ADV) was used to measure the flow velocity in the flume at a number 94 

of positions across the section, shown in Fig. 4Error! Reference source not found.. These 95 

measurements were taken with the flume operating without the turbine in position, and the flume 96 

 
(a) 

 
(b) 

Fig. 2 Cross-sectional diagram (a), and 3D rendering (b) of CarBine 
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configurations settings stored and thus re-applied with the turbine model installed. An average free-97 

stream velocity was calculated using the combined profile, calculated over the region which the turbine 98 

occupies using the measured vertical, streamwise, and spanwise velocities. The vertical velocity profile 99 

shown in Fig. 4Error! Reference source not found.b is highly logarithmic, and the average flow over 100 

the turbine may vary with changes in the three-dimensional flow profile and relative position of the 101 

device in the water column. For simplicity, the flume average was used as the input velocity for these 102 

tests, with full calculations available in Ranabhat [15]. 103 

 
(a) 

 
(b) 

Fig. 4 Measured flume flow velocities (a) across the flume, and (b) in the vertical direction 

One of the disadvantages of the CarBine design is the need for multiple moving parts; the ability 104 

of the turbine to operate whilst damaged and without a component is beneficial in scenarios where such 105 

a device would be the primary source of power. To provide some insight into how the base design would 106 

operate if damaged, and to apply the model to a scenario that provides additional insight, two tests were 107 

carried out. Each case involved removing a single flap and replacing it with a simple pin (as in the 108 

prototype the flaps are rotationally restrained by the axle connections) simulating the loss through 109 

damage of a single flap: loss of the inner flap (Case 1) and outer flap (Case 2).  110 

Physical modelling and field testing are important components in the development of a tidal 111 

turbine. However, they can be expensive, time-consuming, and scaling assumptions are typically 112 

required where space is not available for prototype scale models [16]. Numerical models allow the 113 

designer to make changes and investigate performance changes across various scenarios without the 114 

limitations of scaling or physical lab space. There are many approaches available in the field of 115 

Computational Fluid Dynamics (CFD) for the analysis of hydro turbine behaviour. Židonis et al [17] 116 

compared a variety of Eulerian (mesh-based) and Lagrangian (mesh-free) methods/software used in the 117 

design of a Pelton turbines using both 2D and 3D modelling tools. Ansys CFX and Ansys Fluent were 118 

found to be most commonly used, with high accuracy and precision paired with a high computational 119 

cost, and noted that Lagrangian methods can be useful in the earlier design stages of such devices. 120 

Allmark et al. [18] demonstrated the process for testing a conventional style horizontal axis 121 

tidal turbine using both physical and numerical models in a numerical study (carried out using Ansys 122 

CFX) where the turbine was represented in a Moving Reference Frame (MRF); a method whereby the 123 

turbine and adjacent space were modelled in a cylindrical region, that rotated at a prescribed angular 124 

velocity, determined from lab study or empirical analysis [19]. This method however required the 125 

rotational velocity of the turbine at a given flow speed and torque output to be identified in advance, 126 

and the turbine itself to not change shape within the MRF. To accurately represent the CarBine design 127 

using traditional methods would require nested MRFs, whereby each flap is in a reference frame of its 128 

own, within the MRF of the body itself, and this would still require that the individual flaps are able to 129 

move into and out of the regions deemed belonging to other flaps, as visible in Figure 1, the opening 130 

inner flap is in the space occupied by the closing outer flap. This nesting and cross-availability of 131 
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systems would require a non-trivial model construction (potentially achievable using approaches such 132 

as dynamic meshing), and as such would be less suitable for explorative early-stage design 133 

modifications. Large Eddy Simulation with an Immersed Boundary (LES-IB) has been used to predict 134 

the performance of a vertical axis Darrieus turbine under both laminar and turbulent flow conditions by 135 

Ouro and Stoesser [20] using both 2D and quasi-3D simulations (3D domain not considering end 136 

effects) wherein the Lagrangian turbine rotates at a prescribed constant rotational velocity within an 137 

Eulerian fluid domain, again requiring a known motion of the body prior to modelling. Salehi et al. [21] 138 

used a flexible mesh to adjust the guide vanes of a Francis turbine over the process of a turbine shut-139 

down using the open-source CFD solver OpenFOAM.  140 

The Hunter turbine (patent no. GB9524439.8), shares some conceptual elements with CarBine 141 

[22, 23]. Yang and Lawn [22] ascertained geometric positions for the Hunter turbine at given body 142 

angles and used these positions to determine the forces across the blades and as such the turbine as a 143 

whole using a 2D Reynolds Averaged Navier Stokes (RANS) CFD model (using the commercial 144 

FINE™/Turbo code). Using these positions, Hashemi et al. [23] developed equations to describe the 145 

flap positions based on the body angle and implemented these into a 2D model using Autodesk CFD 146 

where the mesh is deformed to form the predefined motion of the turbine over time.  147 

The CarBine design has a key complexity in that the turbine itself is composed of a set of linked 148 

but free-moving components. The torque produced by the design in any position is not simply a factor 149 

of the fluid moving past it, as the positions of the flaps are constantly changing under the influence of 150 

the flow. A method to assess the performance of the design without a requirement for prior knowledge 151 

of the minutiae of operation was deemed necessary, with the classical options each proving to lack some 152 

elements. Additionally, a desire to mitigate costs both computationally and financially, as these can be 153 

seen as entry barriers to progression, was seen as important. 154 

Smoothed particle hydrodynamics (SPH), originally developed in the field of astrophysics 155 

(simultaneously) by Gingold and Monaghan [24], and Lucy [25], is a Lagrangian meshless method that 156 

solves the Navier-Stokes equations over a domain containing particles effectively representing units of 157 

fluid. These particles enact forces upon each other based on a kernel function and can be held in fixed 158 

relations to represent solid bodies, free to move under the influence of the flows around them, with 159 

material parameters such as density being related to the particles themselves. The use of SPH has 160 

expanded to a diverse range of engineering applications including fluid-structure interaction [26], wave-161 

structure interaction (both in 2D [27–29] and 3D [30]), multi-phase flow problems [31–33], and floating 162 

body analysis [34–36]. The potential of SPH to represent situations with a complexity that is prohibitive 163 

to traditional mesh-based numerical modelling could complement mesh-based methods and allow for 164 

better insights into an array of engineering situations [37]. SPH was identified as a method that could 165 

provide insights into the design and operation of the turbine, having been used by Marongiu et al. [38, 166 

39] to simulate the complex flows and rotating geometry within a Pelton turbine using a 3D hybrid 167 

Arbitrary Lagrange Euler (SPH-ALE) method, with Rentschler et al. [40] confirming the robustness of 168 

this approach. The complexities of representing this turbine concept numerically are well mitigated by 169 

the SPH method, and with the solid body interaction capability of CHRONO [41] – the DualSPHysics 170 

software was found to be an ideal candidate for this work. 171 

Both 2D and 3D models have been used to analyse vertical-axis turbines at different stages of 172 

the design and to achieve different objectives [16, 22, 42]. Roy and Saha [43] stated that the use of a 173 

2D assumption in a vertical axis turbine is suitable when the height is greater than or equal to the 174 

diameter of the device. Ouro and Stoesser [20] noted that 2D simulations generally overestimate 175 

performance when compared to their 3D counterparts, highlighting the importance of detailed 3D 176 

numerical or experimental modelling to confirm what a 2D study has ascertained. To provide initial 177 

proof of concept, a 2D representation was used at this stage. This was done by taking a plan section of 178 

the device. For early-stage device assessment, the value of a reduced computational load is valuable, 179 

saving time and cost to enable explorative design development, in SPH performance is strongly 180 

influenced by the number of particle interactions, with each particle interacting with typically 40 181 

neighbours in 2D and 250 in 3D kernel formulations [44]. As the simulations used ~2.5 million particles, 182 

every additional layer of particles into the third dimension would add the same number of particles at 183 

generation and increase the runtime to a greater degree. Thus, the increased degree of insight gained 184 

from a 3D representation was deemed to be dominated by the cost and potential complications incurred 185 

at this stage. 186 
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The primary objectives of this paper are to assess the potential of SPH to quickly and simply 187 

model a vertical axis turbine – without prescribing a rotational motion, and thus to use the SPH model 188 

to provide new insight into the design of this turbine such as hydrodynamic self start. To achieve this, 189 

a 2D SPH model (described in Section 2) was calibrated, validated, and tested against a range of base 190 

flow conditions measured in the laboratory. The validated model was then applied to simulate the 191 

turbine, assessing the resilience of the base design to damage (a hitherto untested scenario). Section 2 192 

describes the modelling approach, the results of the modelling are presented and discussed in Section 193 

3, and conclusions are brought forth in Section 4. 194 

2. METHOD 195 

The modelling was carried out using DualSPHysics, as described by Domínguez et al. [44]. 196 

This is an open-source SPH package utilising the Nvidia CUDA programming toolkit to increase 197 

computational speed through the use of the Graphical Processing Unit (GPU) [45]. DualSPHysics 198 

allows coupling with the multi-body solver, Project Chrono [41], which can be used to solve interactions 199 

and provide connections between floating and fixed solid bodies within the fluid domain – as described 200 

by Martínez-Estévez et al. [46], which is key to appropriate representation of CarBine. The 201 

DualSPHysics model was predominantly run on the Supercomputing Wales HPC, Hawk, using Nvidia 202 

Tesla P100 and Nvidia Tesla V100 GPU-enabled computational nodes, with performance comparison 203 

models run on a desktop workstation with an Nvidia Quadro P2000 GPU. In the following, an overview 204 

of the SPH method used is described. 205 

2.1 SMOOTHED PARTICLE HYDRODYNAMICS 206 

To represent the behaviour of an incompressible fluid the SPH model uses the Navier-Stokes 207 

governing equations for a weakly-compressible fluid in the Lagrangian forms of the continuity (1) and 208 

momentum (2) equations:  209 

 
𝑑𝜌

𝑑𝑡
= −𝜌∇ ∙ 𝐯 (1) 

 
𝑑𝐯

𝑑𝑡
= −

1

𝜌
∇𝑃 + Γ + 𝐟 (2) 

Where 𝜌 is the fluid density, 𝑡 is time, 𝐯 is the velocity (bold lettering hence indicates vector 210 

notation), 𝑃  is the pressure, Γ the dissipative terms, and 𝐟 is an external source acceleration vector 211 

(typically gravity).The mathematical principals of SPH are based on integral approximation of a 212 

continuous function at a position 𝒓 over a domain Ω, here denoted by F(𝒓) (3). 213 

𝐹(𝒓) =  ∫ 𝐹(𝒓′)𝑊(𝒓 − 𝒓′, ℎ)𝑑𝒓′
 

Ω

 (3) 

Where the approximation of the function at a position 𝒓 is calculated over a compact support 214 

region of radius 2ℎ (where ℎ is defined as the smoothing length) using a so-called smoothing kernel 215 

function 𝑊to weight the contribution of the surrounding region. Multiple kernel functions are available 216 

in DualSPHysics; the Quintic Wendland kernel (4) was used here (𝛼𝐷 ensures that ∫ 𝑊(|𝒓 − 𝒓1|)𝑑𝒓′ =217 

1, and 𝛼𝐷 is equal to 7/ 4𝜋ℎ2for 2D implementations), where 0 ≤ 𝑞 ≤ 2 and 𝑞 =
|𝒓−𝒓′|

ℎ
:  218 

 𝑊(𝑞) = 𝛼𝐷 (1 −
𝑞4

2
) (2𝑞 + 1)  (4) 

By considering the domain to be a collection of computational nodes or particles, Equation (3) 219 

can be evaluated for a particle 𝑎, located at position 𝒓𝑎 with a set of neighbour particles 𝑏 with positions 220 

𝒓𝒃, masses 𝑚𝑏, and densities 𝜌𝑏 through the following  221 



7 

 

 𝐹(𝒓𝑎) ≈  ∑ 𝐹(𝒓𝑏)𝑊(𝒓𝑎 − 𝒓𝑏 , ℎ)
𝑚𝑏

𝜌𝑏
 

𝑏

 (5) 

In Equation (2), the momentum source term 𝐟 is hence taken as gravity 𝒈, the dissipative term 222 

Γ was handled in DualSPHysics by the Artificial Viscosity scheme described by Monaghan [47], is 223 

added to the pressures terms whereby the particle has velocity 𝒗𝒂, 𝑃𝑎 and 𝑃𝑏 are the pressures at 𝑎 and 224 

𝑏 respectively, resulting in the momentum term of the Navier-Stokes equations in discrete Lagrangian 225 

form (6). Π𝑎𝑏 is the viscosity term (7), formed by the relative positions and velocities of the particles, 226 

where 𝑐𝑎𝑏̅̅ ̅̅  is the average speed of sound across 𝑎  and 𝑏 , 𝜌𝑎𝑏̅̅ ̅̅̅ the average density, ∇𝑎  the gradient 227 

operator, 𝑊𝑎𝑏 is the value of the kernel function weighting of 𝑏 on 𝑎 and finally, 𝛼 is a dimensionless 228 

tuning coefficient known as the artificial viscosity that needs ascertaining based on the model aims. 229 

This viscosity term thus produces a repulsive force on two particles approaching, and an attractive force 230 

on particles moving apart, based on their relative positions 𝒓𝑎𝑏, and velocities 𝒗𝑎𝑏. 231 

 
𝑑𝒗𝑎

𝑑𝑡
= − ∑ 𝑚𝑏 (

𝑃𝑎 + 𝑃𝑏

𝜌𝑎 ∙ 𝜌𝑏
+ Π𝑎𝑏) ∇𝑎𝑊𝑎𝑏 + 𝒈

𝑏

 (6) 

 232 

 Π𝑎𝑏 = {
−𝛼

𝑐𝑎𝑏̅̅ ̅̅ 𝜇𝑎𝑏

𝜌𝑎𝑏̅̅ ̅̅̅
, 𝝂𝑎𝑏  ∙  𝒓𝑎𝑏 < 0

           0,                 𝝂𝑎𝑏  ∙  𝒓𝑎𝑏 > 0
 (7) 

 

𝒓𝑎𝑏 = 𝒓𝑎 − 𝒓𝑏 , 𝑎𝑛𝑑 𝒗𝑎𝑏 = 𝒗𝑎 − 𝒗𝑏

𝜇𝑎𝑏 = ℎ
𝒗𝑎𝑏 ∙ 𝒓𝑎𝑏

𝒓𝑎𝑏
2 + 0.01ℎ2

  

In complement to (6), the conservation of mass in SPH form for a weakly-compressible fluid 233 

is given by (8). Here the compressibility of the fluid is governed by the equation of state for the fluid 234 

(9) based on Monaghan [47]. This is developed from the relationship between the pressure 𝑃, the 235 

polytropic constant 𝛾, the reference density 𝜌0, the particle and reference speeds of sound 𝑐 and 𝑐0 236 

respectively, and 𝐵 is a dimensionless parameter to mitigate density fluctuations [47].  237 

 
𝑑𝜌𝑎

𝑑𝑡
= −𝜌𝑎 ∑

𝑚𝑏

 𝜌𝑏  
𝐯𝑎𝑏 ∙ ∇𝑎𝑊𝑎𝑏

𝑏

 (8) 

 𝑃 = 𝐵 [(
 𝜌

𝜌0
)

𝛾

− 1] (9) 

 𝛾 = 7, 𝐵 = 𝑐0
2𝜌0/ 𝛾, 𝜌0 = 1000𝑘𝑔/ 𝑚3, 𝑐0 = 𝑐(𝜌0) = √𝜕𝑃 𝜕𝜌⁄ |

𝜌0

  

To reduce density (and therefore pressure) fluctuations, the density diffusion term (DDT) is 238 

added to (8) using the DDT Ψ𝑎𝑏 as proposed by Fourtakas et al. [48], where the coefficient 𝛿Φ of 0.1 is 239 

recommended for most applications, leading to the conservation mass in the form (10). 240 

 
𝑑𝜌𝑎

𝑑𝑡
= −𝜌𝑎 ∑

𝑚𝑏

 𝜌𝑏  
𝒗𝑎𝑏 ∙ ∇𝑎𝑊𝑎𝑏 

𝑏

+ 𝛿Φℎ𝑐0 ∑ Ψ𝑎𝑏 ∙ ∇𝑎𝑊𝑎𝑏

𝑚𝑏

𝜌𝑏
 

𝑏

 (10) 

To mitigate the excess propagation of voids within the domain, Lind et al. [49] applied Fick’s 241 

first law of diffusion to control shifting, the particle flux 𝐉 being proportional to the concentration 242 

gradient ∇C by a degree of the Fickian diffusion coefficient DF (11). 243 

 𝐉 = −DF∇𝐶 (11) 
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The discrete shifting distance δ𝐫𝑎𝑠
 for a particle is thus given by (12) using the kernel gradient 244 

∇Ca , and the shifting diffusivity Ds  – which in turn is a function of the absolute particle velocity 245 

magnitude ‖𝒖‖𝑖 , and timestep 𝑑𝑡 (13) as proposed by Skillen et al. [50] 𝐴 is a new parameter that 246 

controls the degree of shifting and maintains proportionality. 247 

 Δ𝐫as
= −Ds∇𝐶𝑎 (12) 

 𝐷𝑠 = 𝐴ℎ‖𝒖‖𝑖𝑑𝑡 (13) 

In this modelling approach, the turbine is represented as a fluid-driven object, composed of 248 

multiple rigid bodies. As such, the forces 𝑓  felt by each boundary (turbine) particle 𝑘  from the 249 

surrounding fluid particles 𝑎 are given by 𝑓𝑘 (14). Thus, for a body with mass 𝑀, composed of a set of 250 

boundary particles (BPs) the Newtonian motion 𝑉 is derived from the sum of the contributions of the 251 

particle set (15) where each particle has mass 𝑚𝑘 and contributes force 𝑓𝑘. The inertia 𝐼, rotational 252 

velocity Ω, and centre of mass 𝑹0 are related under the same principal per (16).  253 

 𝑓𝑘 = ∑ 𝑓𝑘𝑎

𝑎∈𝑊𝑃𝑠

 (14) 

 𝑀
𝑑𝑽

𝑑𝑡
= ∑ 𝑚𝑘𝑓𝑘

𝑘∈𝐵𝑃𝑠

 (15) 

 𝐼
𝑑Ω

𝑑𝑡
= ∑ 𝑚𝑘(𝒓𝑘 − 𝑹0) × 𝑓𝑘

𝑘∈𝐵𝑃𝑠

 (16) 

The motion of the whole body is thus determined by integrating (15) and (16), and the motion 254 

of each boundary particle in the body is therefore calculated (17). In the case used here, some external 255 

restraints, along with the solid body interactions, are handled externally by the solid body solver, Project 256 

Chrono [41], 
𝑑𝑉

𝑑𝑡
,

𝑑Ω

𝑑𝑡
 and Δ𝑡 are passed from DualSPHysics to Chrono, which calculates the solid body 257 

interactions and returns 𝑽, Ω, and 𝑹0. 258 

 𝒗𝑘 = 𝑽 + Ω × (𝒓𝑘 − 𝑹0) (17) 

The Chrono library [41] includes several connection methods for bodies within the model, 259 

which was used here to appropriately connect the components of the turbine. The body was connected 260 

to the domain by a hinge which acted as an axle. The flaps were then connected to the body, and so 261 

hinged about their individual axles, and when in the closed position then transferred the forces through 262 

them to the body and thus turn the turbine as a whole. The configuration is shown in Figure 5, note that 263 

hinges can be placed beyond the physical position of a component when using Chrono, allowing bodies 264 

to be connected about a notional point – and floating to floating connections are maintained relative to 265 

the forces on the bodies and the centroidal positions of the components. 266 
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Fig. 5 Chrono configuration diagram, showing relative positions of CHRONO hinges used to 

represent turbine connections. 

 267 

2.2 MODEL SETUP 268 

The SPH model was set up as a 2.0 m long section (5 turbine diameters) of the flume which 269 

included the turbine as shown in Fig. 6. The flume inflow boundaries were simulated utilising the 270 

procedure presented by Tafuni et al. [51]; the upstream end was configured as an inflow buffer zone 271 

with a constant uniform velocity of 𝑈∞ using 8 layers of fictitious particles outside the domain with a 272 

prescribed velocity from which particles were extruded to maintain the flow. The outflow buffer used 273 

extrapolated fluid properties onto 8 layers of fictitious nodes which extracted their properties from ghost 274 

nodes within the domain. The flume side walls were represented using an impermeable boundary using 275 

the modified Dynamic Boundary Condition (mDBC) described by English et al. [52] wherein ghost 276 

nodes were mirrored across the solid boundary to satisfy the continuity equation, and a no-slip condition 277 

was applied by fixing the boundary particle velocity to be zero. The boundary condition used for the 278 

turbine was DBC [53] due to mDBC not being compatible with Chrono objects in the version of 279 

DualSPHysics used (v5.0), as well as being more repulsive and thus mitigating interaction over slender 280 

elements. The impact of the position of the downstream boundary on turbine operation was assessed by 281 

comparing the motion of the CarBine with the boundary placed at a range of distances as discussed in 282 

Section 2.5. Hydrodynamically driven net motion of the device (the cumulative turning of the central 283 

axle – which would be connected to a power take-off in an operational prototype) was chosen as a 284 

default calibration parameter as a key novelty of the approach was the absence of prescribed motion. 285 
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The SPH scheme was configured using the Symplectic predictor-corrector time integration 286 

scheme, whereby the timestep was dynamically determined based on the Courant-Freidrichs-Lewy 287 

(CFL) condition [54] limited to a CFL value of 0.2. The quintic Wendland kernel function [55] with a 288 

smoothing length ℎ of 2.25 times dp where dp (m) was the initial particle spacing, and the Density 289 

Diffusion Term of Fourtakas et al. (10) [48]. However, with the gravitational forces set to zero in all 290 

directions – the body forces are therefore also eliminated and this formulation reduces to that of Molteni 291 

and Colagrossi [56]. Due to the interactions of the flaps, the model was highly prone to the formation 292 

of voids due to the opening and closing of the flaps under the pressure of the flow. To mitigate this 293 

issue, and preserve the consistency of the particle spacing, the particle shifting algorithm of Skillen et 294 

al. [50] (13) was used with the ‘𝐴’ shifting coefficient needing to be at the extreme value of -50 (default 295 

-2, with values of -20 used in some 2D example/benchmark cases). Shifting magnitudes of -1, -5, -25, 296 

-50 and -100 were tested, smaller magnitudes led to the development of unphysical voids within the 297 

model domains at areas of low pressure, as shown in Figure 7. Higher shifting magnitudes led to 298 

increased computational time (a 20 % increase from -1 to -100) and so the smallest stable value (-50) 299 

was used. In 3D cases this effect could also be mitigated using Tensile Instability Control (TIC) as 300 

described in Sun et al. [57]. 301 

 

Fig. 6 Schematic of numerical model setup 

 
Fig. 7 Void formed during test at shifting value equal to -25, void shown in red hashing, with 

particles as black points and blade rendered as blue solid. 
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The free surface detection parameter was set to 0.0 (no free-surface) as no free-surface 302 

interaction was expected within the domain – further mitigating the formation of voids. The artificial 303 

viscosity treatment described by Monaghan [47] was used to stabilise the model and treat the effects of 304 

dissipation. The Sub-Particle Scale (SPS) turbulence scheme was first introduced by Gotoh et al. [58] 305 

for Moving Particle Semi-implicit (MPS) modelling, before being adapted to incompressible SPH by 306 

Gotoh et al. [59] and then weakly compressible SPH by Dalrymple and Rogers [60]. The Laminar + 307 

SPS scheme in DualSPHysics was tested at a variety of conditions but the interaction of low-pressure 308 

regions and voids with the outlet boundary when using this formulation resulted in large instabilities in 309 

the domain – and so the more robust artificial viscosity was used. The dimensionless 𝛼 (7) tuning 310 

parameter has been found to converge varyingly depending on the problem in question [61]. In this 311 

study, a dimensionless tuning parameter value of 1e-3 to 1e-6 was found to be produce consistent results 312 

when compared to flume measured turbine rotation,, with 1e-5 producing the most stable operation. 313 

The artificial viscosity formulation provides no inherent turbulence model, whereas the 314 

alternative (Laminar + SPS) formulation does [44]. Hence, an alternative approach was required. Direct 315 

numerical simulation of turbulent effects (using a resolution so fine that turbulent effects are calculated) 316 

has been carried out using SPH both in the case of imposed turbulent conditions being allowed to 317 

dissipate [62, 63] in 2D simulations, and in the study of fluid-mixing devices in 2D representations 318 

where an encouraging agreement to prior studies was found [64, 65]. To achieve this, a high-resolution 319 

initial particle spacing was used in the studies, varying from 0.375 to 6.667 mm in [64] and [63], 320 

respectively. The selected values of artificial viscosity were chosen to best match the numerical 321 

Reynolds number to that of the experiment [66]. The particle spacing and smoothing length chosen to 322 

be small enough to best approximate direct numerical simulation of the turbulent effects and while still 323 

allowing for simulations to be run in an acceptable time. 324 

2.3 CALIBRATION 325 

For the model studied here, a high resolution was required to reach convergence of results as 326 

demonstrated in Fig. 8, using the L2 error norm metric per Equation (18). For this study the net 327 

displacement of the turbine 𝜙 (radians) outside of an initial start-up phase was considered for use in 328 

assessing the accuracy of the model, as predicting the rotation of the turbine is one of the main focus 329 

points of the study. Quinlan et al. [67] found that the error in discretizing a fluid domain into a particle 330 

field depends on the particle spacing itself (dp) and the ratio of dp and h (dp/h), although this second 331 

error may dominate when the physical size of h drops below a critical value. As such is it necessary to 332 

ascertain convergence to both dp and dp/h, for the specific case being assessed. Due to the slender 333 

nature of the flap blades (2 mm at the narrowest point), a particle resolution of less than 2 mm was 334 

deemed necessary, with dp of 0.5, 1, 1.5, and 2 mm tested at h/dp ratios of 1.5 to 2.25 as suggested by 335 

Quinlan et al. [67]. At 0.5 mm spacing (dp), the error arising from the particle spacing to smoothing 336 

length ratio (dp/h) was the dominant error, resulting in lower accuracy than the coarser (and 337 

computationally cheaper) spacings, and as such the 0.5 mm spacing was excluded from further 338 

assessment.  339 

 𝐿2(𝜙) =
1

𝑁
√∑

(𝜙𝐹𝑙𝑢𝑚𝑒 − 𝜙𝑆𝑃𝐻)2

𝜙𝐹𝑙𝑢𝑚𝑒
2

𝑁

𝑖=1

 (18) 

 340 
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Fig. 8 Convergence of model particle spacing (dp) at varied h/dp ratios 

At h/dp of 2.25, the models approached third-order convergence with the convergence order 341 

decreasing along with h/dp – in line with what would be expected per Quinlan et al. [67]. This extreme 342 

rate of convergence may stem from the relatively coarse assessment parameter in net turbine rotation. 343 

Ideally an analytical solution should be used to assess model performance. In the absence of an 344 

analytical solution, measurements were used, which may contain errors. Notably, the slenderness of the 345 

flap ends was again critical when testing h/dp values in excess of this value, as too high of a smoothing 346 

length allowed disruptive levels of particle interaction across the blades, causing errors during 347 

operation. It is likely that for a turbine design with bulkier components, increasing this parameter may 348 

yield further performance improvements. For each given dp, the accuracy can be seen to improve with 349 

increasing h in Fig. 9, with the order of convergence being in excess of second-order (shown as O(2) in 350 

Fig. 9) for the 1 mm spacing. Based on these tests, 1 mm dp, with a h/dp of 2.25 were utilised in the 351 

remainder of the modelling. 352 

 

Fig. 9 Convergence of model to dp/h at varied particle spacings (dp in mm) 
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The initial particle distribution for DualSPHysics was computed using the GenCase tool. An 353 

initial particle spacing about the central axle is shown in Fig. 10 (full design descriptions of various 354 

prototype configurations of CarBine can be found in Harries et al. [13] and Ranabhat [15]). This tool 355 

partitions the domain into a regular cartesian grid with spacing based on the parameter dp. For certain 356 

shapes, the ‘freedraw’ option can be enabled to allow the particles to better match the shape. For 357 

example, in a circle, as used in the central axle, the regular spacing by default could not provide a good 358 

match and therefore freedraw was used to improve the representation. 359 

 

Fig. 10 Initial particle spacing around the central axle, with design details shown for (truncated) 

flap, particles generated at dp = 1 mm  

2.4 MODEL APPLICATION – RESILIENCE 360 

Once a hydro-kinetic device is installed, it is likely that it would experience a variety of events 361 

likely to cause damage. Kirke [7] highlighted damages to the turbine from floating bodies, such as logs, 362 

as one of the main problems facing small turbines. A device installed to produce electricity in a remote 363 

location, where access to the turbine, availability of parts and alternative sources of electricity may be 364 

limited, must be able to operate to some degree whilst damaged. This is particularly important as 365 

damaging conditions may occur at times of greater stress such as floods or storms when loss of power 366 

would be additionally detrimental. To address the effectiveness of the turbine under some post-damage 367 

scenarios, a set of tests were outlined to test the performance of the device with a single flap removed 368 

intentionally to represent a broken flap as a result of floating debris, and replaced with a simple pin. 369 

This is consistent with the experimental prototype where the hinge connection points to the body 370 

provided that support. The testing of an asymmetrical device configuration operating in an unknown 371 

condition provides an opportunity to demonstrate the ability of the SPH method to perform analysis that 372 

would be very challenging in mesh-based methods. The tests sought to provide initial insight into how 373 

the device will behave post breakage, which flaps were most critical to the operation of the device, and 374 

if a given flap is lost, could the remaining flaps be relocated in some way to provide the maximum 375 

energy whilst in the damaged state, as resilience to damage was identified as a key design motivator 376 

[7].  377 

2.5 BOUNDARY LOCATION 378 

Though the wake characteristics of this device are not the focus of the study, the position of the 379 

downstream boundary and its interaction with the wake do have the potential to impact the motion of 380 

the turbine during the test. To ensure the boundary was not having an influence on the test, a set of tests 381 

were run whereby the position of the boundary was varied from 2 – 5 m from the inlet, in 0.5m 382 

increments, with the turbine positioned 0.5 m from the inlet. Also, an extra run was carried out with an 383 

increased total length of 7.5m. It was found that the position of the downstream boundary had a minimal 384 

effect on the displacement of the device (mean L2 error of 0.0209). To reduce the computational cost, 385 
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the smallest domain (a) was utilised in the remainder of the tests. A rendering of the boundary position 386 

tests at the end of the runtime is shown in Figure 10Error! Reference source not found., with the 387 

angular displacement over time shown in Figure 11Error! Reference source not found.. 388 

 

 
Fig. 11 Flow velocity profiles normalised to inlet velocity at t = 10 s using multiple domain lengths, 

at 𝑈∞= 0.9 m/s 

 389 

3. RESULTS AND DISCUSSION 390 

The base model condition, with 𝑈∞  of 0.9 m/s (which was found to be a point of optimal 391 

performance in flume testing [15]), dp of 1 mm, and h/dp of 2.25 was computed on three platforms to 392 

provide a variety of representative performance rates. The first was an Nvidia Quadro P2000 in a 393 

desktop workstation, the second and third being GPU-enabled nodes on the Supercomputing Wales 394 

HPC – Hawk. These are equipped with either Nvidia Tesla P100 (Pascal architecture), or Tesla V100 395 

(Volta architecture) processing units each with 16 GB of memory. This model configuration has on 396 

 
Fig. 12 Turbine body displacements using multiple domain lengths start-up period detail inset, at 

𝑈∞= 0.9 m/s 
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average – a maximum of ~2.5 million particles, and ~193 Tera Particle Interactions (TPIs). The Quadro 397 

P2000 desktop completed the simulation with an average of 10102 seconds of runtime per physical 398 

second (s/s), the P100 operated at 2870 (s/s), and the V100 was the fastest at 1655 (s/s). The Tesla V100 399 

was used in the performance analysis carried out in [44] and found to be in excess of 200 times faster 400 

than a 12-core CPU – highlighting the advantage of carrying out the calculations on a GPU-enabled 401 

device. 402 

3.1 BASE MODEL 403 

To understand the degree to which the modelled turbine was able to represent the physical 404 

prototype, the base four-arm model was placed in a flume with an incident velocity 𝑈∞ of 0.9 m/s across 405 

the flume from an assumed start-up position. The flume model had a mean angular velocity of 3.87 406 

rad/s over the tests, with the SPH model having a mean velocity of 3.825 rad/s excluding a 1-second 407 

warm-up – a 1.2% difference in average rotational velocity. This relationship can be seen in Fig. 13 408 

(with the averaged flume rotation rate plotted). From this timeseries, the ability of the SPH model to 409 

capture high-frequency effects is demonstrated, with the flume velocity being ascertained from a 1 Hz 410 

sampling rate, whereas the SPH model printed results at a 50 Hz rate demonstrating some high-411 

frequency periodic behaviour with oscillations of approximately 5 Hz. This plot also shows the peak 412 

rotational speed experienced during the hydrodynamically driven self start, an effect which could not 413 

be captured in previous studies of the turbine. 414 

 
Fig. 13 Flume and SPH model angular velocity at U∞ of 0.9 m/s 

In assessing the rotational speed of a tidal stream turbine across a variety of free stream 415 

velocities, the dimensionless tip speed ratio 𝜆 (-) is used, which is calculated as follows [13]: 416 

 𝜆 =
𝑟𝑇𝜔̅

𝑈̅∞

 (19) 

where 𝜆 is the Tip Speed Ratio (TSR), 𝑟𝑇  (m) represents turbine radius (here the distance from the 417 

turbine centre to the outer hinge pin), 𝜔̅ (rad/s) is the mean angular rotation of the turbine, and 𝑈∞
̅̅ ̅̅  418 

(m/s)is the mean free stream velocity. To ascertain how the speed of the turbine varies as it rotates at a 419 

higher frequency, the tip speed ratio was calculated at every timestep and plotted against the body angle 420 

for the base condition, shown in Fig. 14. Turbine motion is clockwise in this case and throughout this 421 

study. The start-up motion of the turbine is visible in the lower tip speed ratio point cluster around the 422 

0 radian angle, after which the initial rotation of the turbine is shown by the set of points at higher TSR 423 
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than the generally consistent in-operation motion. Once under motion, the turbine exhibits four-way 424 

symmetry as can be expected from a four-armed device, with a rapid acceleration as the blades fall into 425 

position followed by a mild acceleration, and finally a slowing once the turbine passes the optimal point. 426 

The rapid start-up phases shown indicate a portion of the behaviour that could require additional study 427 

of the component interactions as this sudden acceleration due to the flaps impacting the body is 428 

indicative of a peak force occurring and thus the greatest potential for damage. 429 

 

Fig. 14 Tip speed ratio at body pitch angles for the base condition (U∞ = 0.9 m/s) 

Renderings of the particle velocities around the device at the end of a model run normalised to 430 

the incident upstream velocity is presented for the domain in Fig. 15 with a detail showing the spacing 431 

of individual particles at initial generation in Fig. 10. Here, along with the vorticity field (Fig. 16), the 432 

turbine produced an unsteady wake structure that was absorbed by the downstream boundary. The 433 

turbulence, wake effects, and how they could, for example, influence a potential array structure are 434 

topics upon which further research could be conducted but was beyond the scope of this study. Fig. 17 435 

shows the pressure distribution across the domain calculated per Equation (9) for each particle, 436 

demonstrating how an Increased pressure was developed upstream of the driving blades, against the 437 

heads of the returning blades. 438 
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Fig. 15 Base condition flow field (U∞ = 0.9 m/s) at t = T 

 439 

 

Fig. 16 Base condition Vorticity field at t = T, at 𝑈∞= 0.9 m/s 

 440 
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Fig. 17 Base condition pressure field at t = T, at 𝑈∞= 0.9 m/s 

3.2 VALIDATION 441 

As turbines of this design are certain to be operating in a variety of conditions, it is important 442 

not only that they can operate in a variety of flows, but that their performance in these flows is 443 

predictable. Prior tests with the CarBine were carried out at 𝑈∞ of 0.51, 0.64, 0.77 and 1.08 m/s in fully 444 

submerged, free-spin conditions. These conditions were assessed in the SPH model and additionally 445 

provide validation of the degree to which the SPH model is able to represent the device operation 446 

beyond the base condition, which was selected due to being identified as a point of optimal performance 447 

in flume testing [15].  448 

The angular velocity distributions for this set of tests are shown in Table 1; along with the error 449 

associated to each inlet velocity. Here it can be seen that the SPH model had a tendency to overestimate 450 

device performance (as was found to generally be the case for 2D models by Ouro and Stoesser [20]), 451 

with the error growing as the validation conditions become less similar to the base condition. The 452 

agreement of the SPH model to the laboratory data is not solely dependent on the flow velocity of the 453 

test, but may be less reliable when the flow speeds are farther from the optimal condition, and thus the 454 

motion of the device itself is less reliable. 455 

Table 1: Mean angular velocity at varying flow speeds 456 

𝑼∞ [m/s] 0.51 0.64 0.77 1.08 

SPH [rad/s] 2.191 2.741 3.138 4.540 

Flume [rad/s] 1.991 2.656 3.182 4.321 

L2 Error Norm [-] 0.100 0.032 0.014 0.051 

 457 

This difference in velocities can be seen in the angular displacement of the turbine during these 458 

flow conditions, as shown in Fig. 18. This shows the displacement of the SPH model as compared with 459 

the measured rotation from the flume plotted against the absolute difference between the incident inflow 460 

velocity and the base inflow velocity. Thus, the ability of the model to represent the operation of the 461 

turbine at a variety of flow states was confirmed. 462 
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Fig. 18 Comparison of lab and SPH performance at multiple flow velocities 

The tip speed ratio at the varied flow rates is shown in Fig. 19, with the base condition underlaid. 463 

It can be seen that the turbine behaviour was consistent with different flow ranges. There is an increased 464 

level of variability at the lowest flow velocity; this may be because the turbine was entering the lower 465 

operating range where the behaviour could be less predictable and more difficult to simulate. 466 

 

Fig. 19 Tip speed ratio at varied stream flow velocity 

3.3 POST-DAMAGE RESILIENCE 467 

The two damage cases are noticeably more varied in their angular velocity (shown in Fig. 20), 468 

with the periods when the missing flap is driving the device exhibiting a lower rotational velocity and 469 

so a lower net displacement. The performance of the models suggests that the loss of an outer arm (Case 470 
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2) is more impactful, and thus the outer arms would be better suited to reinforcement or more durable 471 

materials. This was to be expected on an empirical basis as the outer arm has a greater moment 472 

contribution to the device for the same force magnitude due to being farther from the axis. Further 473 

analysis could be carried out using this approach to assess the various combinations of lost flaps to 474 

determine ideal and worst-case layout combinations for a more severely damaged device. 475 

 

Fig. 20 Tip speed ratio comparison of damage options, at 𝑈∞= 0.9 m/s 

4.  CONCLUSIONS 476 

To assess the potential of Smoothed Particle Hydrodynamics to the modelling of a vertical axis 477 

turbine and demonstrate this by providing some initial design insights, a vertical axis turbine design 478 

was represented in a two-dimensional simulation under a variety of flows and physical conditions. A 479 

series of experiments were conducted in the laboratory and used to support calibration and validation 480 

of the model. The simulations showed reasonable agreement with the flume results of the base design 481 

at multiple flow velocities. The primary assessment used the displacement of the device, as this was not 482 

prescribed in the SPH model, a key novelty of the method. The base design model was validated at a 483 

variety of flow states, demonstrating the ability of the SPH model to represent the free-spinning motion 484 

of a vertical axis turbine without the need for a prescribed rotation, thus ensuring the device is truly 485 

driven by the flow and is able to demonstrate hydrodynamically driven self-start. The model was highly 486 

prone to the formation of voids, thus a large shifting rate, and the artificial viscosity formulation were 487 

required to mitigate this. The model converged at a greater than second-order rate to the particle spacing, 488 

and kernel support, and was insensitive to the position of the downstream boundary. Two post-damage 489 

cases were tested to discern how the turbine would operate if it were required to produce energy once 490 

damaged; a motion state that was previously unknown (including hydrodynamically driven self start). 491 

All tests were run without power take-off and the effect of extracting energy from the device would 492 

certainly alter the motion and is an aspect of the device that could be investigated in future work. The 493 

errors associated with using a 2D simulation should be noted, and the process established here used to 494 

progress this method to 3D models when relevant effects are to be assessed. The SPH method was able 495 

to represent the vertical axis turbine and then provide design inputs to develop aspects of the design. 496 
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