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Abstract 

Power performance and turbulent wake characteristics of a scaled current-driven 

marine turbine were simulated using unsteady 3D RANS with the 𝑘 − 𝜔 SST turbulence 

model and sliding mesh technique. The turbine is an axial flow, dual rotor tidal turbine 

with counter-rotating rotors, each with two blades and a diameter of 𝑑𝑇 = 0.5 m, 

representing an approximately 1:40 scale system based on the U.S. Department of Energy’s 

Reference Model 1 (RM1) tidal turbine. Validation of numerical results for three tip speed 

ratios was performed by comparison with experimental data. The influence of rotor cross-

stream spacing on power production was also studied by modeling three distinct lateral 

rotor separations, equal to 1.2𝑑𝑇, 1.4𝑑𝑇, and 1.6𝑑𝑇. Numerical results showed a good 

correlation ranging within ±3.8% of turbine performance to experimental measurements 

for all tip-speed ratios studied, validating the numerical results for power estimation and 

demonstrating the advantages of this model when dealing with high-flow detachment. 

Inflow dynamics were captured well, exhibiting a difference of less than 5% compared to 

experimental data. However, wake dynamics showed a significant difference between 

numerical results and experimental data, ranging from 16% error at approximately 

𝑋/𝑑𝑇 = 4, up to 170% error at 𝑋/𝑑𝑇 = 8. Finally, numerical results indicated a tendency 

for higher power production as the rotors are spaced farther apart, with the resulting power 

coefficient values of 𝐶𝑝 = 0.449, 0.461, and 0483 for lateral rotor spacings of 1.2𝑑𝑇, 1.4𝑑𝑇, 

and 1.6𝑑𝑇, respectively. This behavior was accredited to the reduction of the flow through 

the swept area of the rotors, causing what is known as 'choking effect’.  
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1. Introduction and Background 

In recent years, the impacts generated by using fossil fuels have increased. Clear 

examples of these impacts are found in environmental problems, health problems, and 

climate change. Land degradation, water pollution and gas emissions are specific examples 

of environmental problems. On the other hand, when fossil fuels such as coal, oil and gas 

are burned, large quantities of pollutants are emitted into the air which lead to people 

breathing them. Exposure to these emissions can increase the incidence of diseases such as 

ischemic heart disease (IHD), cerebrovascular disease, chronic obstructive pulmonary 

disease, and lung cancer [1]. Finally, there is climate change, which is considered a natural 

process where the planet's temperature, water sources, and winds, among other phenomena, 

change over time. However, climate changes resulting from global warming has been 

developing faster, mostly attributed to greenhouse gas emissions from burning fossil fuels. 

Gases like carbon dioxide and methane are considered greenhouse gases, which function 

as thermal insulation for the planet, increasing its temperature over time. Because the planet 

is a system, this increase in temperature is reflected in various areas causing extreme 

droughts, massive fires, floods, melting of the poles, and rising sea levels, among others. 

[2].  

These negative impacts are directly proportional to the global demand for energy, 

which has been increasing over the years. According to the 2022 Global Status Report, the 

global energy demand increased by 4% in 2021, which was primarily covered with coal 

and natural gas, leading to record carbon dioxide emissions [3]. However, according to 

Renewables 2021, it is estimated that energy capacity from renewable sources will grow 
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by approximately 60% between 2020 and 2026, which could cover the continuous increase 

in coming years. [4]. This sustainable and extractable energy production can come from 

solar, wind, biomass, geothermal, oceanic and hydraulic sources [5, 6, 7]. From these 

renewable energy sources, energy from the oceans, generally referred to as marine 

renewable energy (MRE), is considered a promising alternative that can meet the demand 

to a large extent in regions with high ocean areas or to a small extent, in regions that have 

limited resource availability [8].  

The Powering the Blue Economy (PBE) initiatives, led by the US Department of 

Energy's (DOE) Water Power Technologies Office, is an initiative that seeks to protect, 

understand, and harness the vast energy potential of oceans and rivers. By understanding 

energy requirements of coastal and maritime markets, the PBE emphasis seeks to advance 

technologies that take advantage of marine energy to supply these areas and allow greater 

sustainable growth. In April 2019, the PBE report was released, highlighting potential 

markets that could benefit from integrating with MRE technologies. Each market was 

evaluated using multiple analyses, such as the opportunity summary; description of the 

application and power requirements; description of the market, energy options and 

geographic relevance; marine energy potential value proposition; and the way forward, 

including research and development needs and potential partners. Their main conclusion 

was that there are more potential markets than expected, both for offshore energy and for 

resilient coastal communities. [9].  

Estimates show that in the United States, marine energy technologies could supply 

approximately 2300 TWh/year, equivalent to the energy demand of 220 million homes and 
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57% of the energy generated by the US in 2019. It should be noted that this value was 

estimated with areas considered to be of great generation where amounts of energy of the 

order of MW or higher could be extracted [10]. For this reason, this value would be even 

higher if the areas where the amount of capturable energy is of smaller scale (e.g., the Great 

Lakes of North America) and that were determined as key for different markets in the 

Powering the Blue Economy Project, are taken into account. 

MRE can include offshore wind, offshore solar, and ocean renewable energy (ORE). 

ORE can be harvested from different sources such as waves, tides, currents and temperature 

and salinity gradients, among others [11]. However, the technologies to extract this type of 

energy are still rapidly developing, which requires significant research and development 

(R&D) to make them competitive with other types of energy generation technologies on a 

commercial scale. For this reason, the US launched the Reference Model (RM) project as 

an initiative for R&D of marine energy extraction technologies, proposing and analyzing 

technically and economically, six different models (RM 1-6) of open-source MRE 

technologies. The open-source nature of this project seeks to encourage R&D into MRE 

devices by university researchers and commercial technology developers. The six proposed 

RMs were designed and based on a reference marine resource site modeled after an actual 

site in the United States and includes: current energy converters (CEC) encompassing 

RM1, RM2 and RM4, and wave energy converters (WEC) containing RM3, RM5 and 

RM6.  

The investigation and characterization of these devices is relatively complex and 

expensive when carried out experimentally, since advanced data collection equipment, 
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large facilities and their manufacturing are required, among other aspects and limitations. 

As a solution, R&D leveraging rapid development of computational resources and 

capabilities enable use of computational fluid dynamics (CFD) to analyze and solve 

problems involving complex fluid flows around highly complex and technical geometries 

in a relatively inexpensive way.  

In recent studies, CFD has been used to estimate power extraction and characterize the 

wake, while also investigating phenomena that influence these. One well studied variable 

is known as the blockage effect, i.e., the ratio of the frontal swept area of the turbine to the 

cross-sectional area of the channel. Multiple works have used CFD to study blockage effect 

on the power extracted in both axial flow [12] as cross flow [13] turbines. Results suggest 

a directly proportional relationship between blockage and MRE turbine power extracted, 

due to an increase in flow velocity that passes through the turbine rotor(s) when blockage 

is greater. On the other hand, the authors concluded that there is also faster flow recovery 

when blocking ratios are high compared to lower blockage ratio environments. This trend 

is explained by the increase in velocity through and around the turbines when blockage is 

higher, which increases energy transfer between near and far wake velocity differences. 

Studies using CFD also illustrate how results from higher blockage, confined turbines can 

be used to estimate various parameters for unconfined MRE turbines such as drag ratios, 

power performance, and tip-speed ratios (TSR) [14]. Besides the extensive work done 

using CFD, multiple authors have also experimentally studied the blockage effect on 

variables like the power coefficient. A clear example is the work performed by Ross and 

Polagye (2020), where authors tested a cross-flow and a axial-flow turbine with varying 
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blockage while keeping non-dimensional parameters, such as free-stream Reynolds and 

Froude numbers, approximately constant. Authors found that increasing blockage 

improved turbine performance over a larger range of TSR [15]. 

Many authors have also used CFD to characterize the performance of different marine 

turbines. One example is the work by Pacot et al. (2019), where authors used CFD in 

ANSYS CFX to establish the performance characteristic of their horizontal hydrokinetic 

turbine built in Switzerland with a designed electrical power output of 1 kW. Authors 

performed numerical simulations for TSR ranging from 𝜆 = 1 to 4.5 and found that the 

optimal TSR for their specific turbine design corresponded to 𝜆 = 2.54 [16]. Another 

example is the work by Riglin et al. (2016), where authors designed and built a preliminary 

hydrokinetic turbine prototype for river applications through performance characterization 

achieved using CFD. Authors performed simulations for five different TSR ranging from 

𝜆 = 2 to 3.5, finding that the peak mechanical power coefficient of approximately 𝐶𝑝 = 0.5 

was achieved at a TSR of 𝜆 = 2.5 [17]. 

Other studies have focused on wake recovery and wake interaction, as it is of 

paramount importance when placing arrays of turbines to increase power production 

towards farm-scale levels. For example, Ren et al. (2021) performed a CFD investigation 

of the relationship between water depth where an axial flow turbine is installed and the 

turbulent wake recovery distance. The authors concluded that deeper placement of the 

turbine resulted in faster wake recovery, which was explained by the pressure change and 

increased rate of momentum transfer of the fluid at that depth [18]. Similar results were 

found by Benavides-Moran et al. (2022), where authors found a slow wake recovery at 
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shallow rotor immersion due to the free-surface proximity, which also reduced the power 

extraction. The study was carried out with the volume of fluid (VOF) model implemented 

in a commercial CFD software ANSYS-Fluent, enabling the capability to model two-phase 

flows to capture free-surface dynamics in open-channel flow [19].  

Until now, few CFD studies have focused on the US DOE RM1 full geometry to fully 

characterize the wake and analyze geometric modifications to understand implications for 

power production and/or wake recovery. Javaherchi et al. (2014, 2017) conducted 

numerical studies to investigate the effect of TSR variation (𝜆 = 5.5 to 10.3) on the 

performance and wake structure associated with an RM1 laboratory-scale model turbine, 

using two different numerical approaches: the Rotating Reference Frame (RRF) model and 

the Blade Element Model (BEM). The authors concluded that the RRF model showed 

limitations to model the effect of dynamic stall on power coefficients at low TSRs and of 

solid walls in the wake recovery. On the other hand, the authors noted that the BEM model 

showed limitations to model turbine performance at very low and high TSRs, under-

predicting the performance due to lacking to ability to appropriately model dynamic stall 

and 3D centrifugal flow. However, it is important to highlight that in this study only one 

rotor was considered, ignoring the interaction between both rotors, the RM1 central support 

tower, and their wakes [20, 21]. 

To date, the only full geometry scaled RM1 studies published were performed by 

Niebuhr et al. (2022), where the authors used experimental results obtained for a 1:40 

scaled version of this turbine as a validation case for their numerical model similar to the 

studied completed in this report. The authors executed CFD simulations to estimate the 
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power coefficient for the optimum TSR, evaluate multiple turbulence models, the effect of 

boundary conditions selection and different rotor modeling techniques. All simulations 

were conducted using the commercial modeling software Siemens STAR-CCM+ [22]. 

However, the authors did not propose or analyze any geometric modifications to affect the 

wake recovery or power output.  

On the contrary, an example of an experimental study performed on a scaled version 

of the full RM1 assembly is the published work done by Hill et al. (2020) where a 1:40 

scaled version of the dual-rotor axial-flow turbine was characterized for a variety of TSRs 

in an open-channel flume. Flow environment was characterized using acoustic Doppler 

velocimeters, whereas the turbine performance was characterized using torque sensors and 

speed control. Also, velocity measurements were recorded in the inflow up to -5 rotor’s 

diameter upstream and in the wake flow field up to 24 rotor’s diameters downstream. Some 

key findings were that maximum performance of 𝐶𝑝 = 0.48 occurs near a 𝜆 ≈ 5.1 and 

elevated levels of turbulent kinetic energy in the near wake attributed mostly to the 

instabilities induced by the center supporting tower [23]. Other studies correspond to the 

work done by Lust et al. (2020) where authors used particle image velocimetry (PIV) to 

measure velocity up to two diameters downstream of the rotor plane in a single rotor 1:25 

scaled version of the RM1.  The authors described in detail the flow field presented in the 

near wake of the turbine in the presence of surface gravity waves [24].  

In this thesis, a numerical study was performed and validated against experimental [23] 

and numerical data [22]. The turbine studied consisted of a 1:40 geometric scaled model 
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of the DOE RM1 turbine, which is a dual-rotor axial flow turbine with counter-rotating 

rotors, each with a diameter 𝑑𝑇 = 0.5 𝑚. 
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2. Methodology 

In fluid mechanics, the movement of fluid can be described by the Navier-Stokes 

equations, which is a system of second-order nonlinear partial differential equations. 

Limited analytical solutions are known for this system of equations, except for very 

specific cases where simplifications and assumptions are made about the fluid, flow, or 

geometry. Typical assumptions include laminar, incompressible, steady, 2D flow, such as 

when the flow is between two parallel plates. When the velocity of the fluid is relatively 

low, the flow is known as laminar with a Reynolds number (Re) below Re = 2300 and 

analytical and numerical solutions are easily found. However, when the flow has a high 

velocity (Re>4000), the flow is said to be turbulent, and the solution of the Navier-Stokes 

equations is complicated. For this reason, the solution is usually obtained by using 

numerical methods applying corresponding boundary conditions and assumptions for each 

specific case. The Navier-Stokes system of equations for a Newtonian incompressible fluid 

is represented by the conservation of mass (1) and conservation of momentum (2): 

𝜕𝑈𝑖

𝜕𝑥𝑖
= 0 (1) 

𝜕𝑈𝑖

𝜕𝑡
+

𝜕𝑈𝑖𝑈𝑗

𝜕𝑥𝑗
= − 

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+

𝜇

𝜌

𝜕2𝑈𝑗

𝜕𝑥𝑗
2 + 𝑓𝑖 (2) 

where 𝑈, 𝑝, 𝜌 and 𝜇 are velocity, pressure, fluid density, and dynamic viscosity, 

respectively. Body forces and external forces applied to the fluid are represented by the 

term 𝑓𝑖. The subscripts indicate the Cartesian coordinate direction being applied to the 
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variable, where i and j can take on values of 1, 2, or 3 corresponding to the x, y, or z-

directions, respectively. 

Due to the fact that pressure and velocity change randomly in time and position, 

Osborne Reynolds proposed the idea of decomposing these instantaneous quantities, or 

exact solutions, (𝜑) in their time-average (𝜑̅) and fluctuating components (𝜑′) (3). 

𝜑 = 𝜑̅ + 𝜑′ (3) 

This technique is known as Reynolds decomposition and applying this to (1) and (2), 

the new equations for conservation of mass (4) and momentum (5), known as the Reynolds-

averaged Navier-Stokes equations (RANS).  

𝜕𝑈̅𝑖

𝜕𝑥𝑖
= 0 (4) 

𝜕𝑈𝑖

𝜕𝑡
+

𝜕𝑈̅𝑖𝑈̅𝑗

𝜕𝑥𝑗
= − 

1

𝜌

𝜕𝑈̅

𝜕𝑥𝑖
−

𝜇

𝜌

𝜕2𝑈̅𝑖

𝜕𝑥𝑗
2 −

𝜕𝑈′
𝑖𝑈′

𝑗
̅̅ ̅̅ ̅̅ ̅̅

𝜕𝑥𝑗
+ 𝑓𝑖 (5) 

An additional term appears in (5), that includes the term 𝑈′
𝑖𝑈′

𝑗
̅̅ ̅̅ ̅̅ ̅̅ , which is known as the 

Reynolds stress tensor. In three-dimensional scenarios, this Reynolds stress tensor is a 3 

by 3 matrix. Additional equations must be used in order to model this tensor to fully close 

(5), giving way to turbulence models in trying to predict or model a term known as kinetic 

eddy viscosity or turbulent viscosity (𝜐𝑡).   

2.1. Turbulence Models 

Multiple turbulence models have been developed to model turbulence. Widely used 

models consist of the Spalart-Allmaras model, turbulence kinetic energy (𝑘) and 

dissipation rate (𝜀) model (i.e., the 𝑘 − 𝜀 model), 𝑘 and specific dissipation rate (𝜔) model 
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(i.e., the 𝑘 − 𝜔 model), Transition SST model, Reynold stress model (RSM) model, 

Detached Eddy Simulation (DES) and Large Eddy Simulation (LES) model, among others. 

The following sections provide brief overviews of some key characteristics of each, 

following by a description of techniques primarily used in modeling rotating turbine 

geometries. 

2.1.1. Spalart-Allmaras Model 

The Spalart-Allmaras (S-A) model is a one-equation model derived using dimensional 

analysis that uses a modeled transport equation for the turbulent viscosity (𝜈𝑡) [25]. This 

model was created specifically for aerospace applications involving wall-bounded flows 

and then adopted for incompressible flow calculations. The S-A model and has been shown 

to give good results compared to experimental data [26], more specifically for problems 

with boundary layers subjected to adverse pressure gradients. 

2.1.2. k-ε Model 

Two equations models such as 𝑘 − 𝜀 and 𝑘 − 𝜔, allow the determination of a turbulent 

length and time scale by solving two additional equations. In the case of the 𝑘 − 𝜀 model, 

proposed by Laundes and Spalding [27], two equations are solved for the turbulent kinetic 

energy (𝑘) and its dissipation rate (𝜀). The equation for 𝑘 is derived from the exact equation, 

while 𝜀 was obtained using physical reasoning. This model assumes that the flow is 

completely turbulent, neglecting the effects of molecular viscosity. Over the years, many 

modifications have been proposed to improve this model, becoming known as the 

renormalization group (RNG) 𝑘 − 𝜀 model and the realizable 𝑘 − 𝜀 model, among others. 
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Once 𝑘 and 𝜀 are calculated, the turbulent viscosity is computed by relating these two 

quantities by (6). 

𝜈𝑡 = 𝜌𝐶𝜇

𝑘2

𝜀
 (6) 

where 𝐶𝜇 is a constant determined experimentally. 

Although the 𝑘 − 𝜀 model performs well in predicting the mean velocity fields in wall-

bounded shear flows and is frequently used due to the fact that this model has proven 

insensitivity to freestream values, it has its own difficulties and limitations in viscous 

sublayer formulation and boundary layers in adverse pressure gradients [28].  

2.1.3. k-ω Model 

The additional widely used two-equation model is the 𝑘 − 𝜔 model, introduced by 

Wilcox [29] in 1998, containing two added equations, one for 𝑘 (7) and its specific 

dissipation rate, 𝜔 (8). This model aims to model the near-wall interactions more accurately 

than the 𝑘 − 𝜀 model, making it a suitable candidate for resolving internal flows, separated 

flows, and internal flows through curved geometries. As this model has been modified over 

the years, additional terms have been added to both equations with the aim of improving 

the accuracy of the model for predicting free shear flows.  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑈𝑖) =
𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘 + 𝐺𝑏 (7) 
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𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖

(𝜌𝜔𝑈𝑖) =
𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔 + 𝐺𝜔𝑏 (8) 

where 𝐺𝑘 represents the generation of turbulence kinetic energy due to mean velocity 

gradients, 𝐺𝜔 represents the generation of 𝜔, Γ𝑘 and Γ𝜔 represents the effective diffusivity 

of 𝑘 and 𝜔 due to turbulence, 𝐺𝑏 and 𝐺𝜔 accounts for buoyancy terms and 𝑆𝜔 and 𝑆𝑘 are 

user-defined sources terms [30]. 

After solving 𝑘 and 𝜔, the turbulent viscosity is calculated using (9). 

𝜈𝑡 = 𝛼∗
𝜌𝑘

𝜔
 (9) 

where 𝛼∗ is a coefficient that damps the turbulent viscosity causing a low-Reynolds number 

correction. 

However, the 𝑘 − 𝜔 model also has some disadvantages. One of the main 

disadvantages is its sensitivity to freestream turbulence intensity values, which can lead to 

inaccurate flow field predictions. Another disadvantage is the inability of the 𝑘 − 𝜔 model 

to accurately predict highly anisotropic flows, such as flows over highly swept wings or 

flows with significant crossflow, whereas other models such as the Reynolds Stress Model 

(RSM) are preferred. To address some of these issues, Wilcox [31] in 2008 proposed the 

incorporation of two modifications to the model: the addition of a cross-diffusion term and 

a built-in stress-limiter modification. The addition of the cross diffusion to the 𝜔 term 

improved the prediction of some free shear flows and significantly reduced the model’s 

sensitivity to the freestream boundary conditions on turbulence parameters. On the other 
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hand, the inclusion of the stress limiter allowed the model to predict with good agreement 

properties of shock-separated flows for flows from transonic to hypersonic regimes.  

2.1.4. k-ω SST Model 

Despite the efforts of various authors to eliminate the effects of freestream dependency 

of the 𝑘 − 𝜔 model, this objective has not yet been achieved and a more detailed discussion 

can be found in [28]. Attempting to improve the 𝑘 − 𝜔 and the 𝑘 − 𝜀 models, Menter [32] 

proposed another turbulence model which he named as the Shear Stress Transport (SST) 

𝑘 − 𝜔 turbulence model. The SST 𝑘 − 𝜔 was developed by retaining the robust and 

accurate formulation of the 𝑘 − 𝜔 model in the near wall region while taking advantage of 

the freestream independence of the 𝑘 − 𝜀 model in the outer part of the boundary layer. To 

accomplish this, the 𝑘 − 𝜀 model is transformed into a 𝑘 − 𝜔 formulation and through a 

blending function each model is used in its appropriate region, meaning that the blending 

function will gradually increase from zero in the wake and in free shear layers, activating 

the 𝑘 − 𝜀 model, to one in the near wall region, activating the 𝑘 − 𝜔 model.  

The second improvement that the SST 𝑘 − 𝜔 has is the inclusion of the important effect 

of the transport of the principal turbulent shear stress (𝜏) and therefore on 𝜇𝑡. By including 

the effects of 𝜏, results have been found to improve when dealing with adverse pressure 

gradient flows. In this new model, 𝜇𝑡 is calculated using (10) [30].  

𝜈𝑡 =
𝜌𝑘

𝜔

1

𝑚𝑎𝑥 [
1
𝛼∗ ,

𝑆𝐹2

𝛼1𝜔
]
 

(10) 

where S is the strain rate magnitude and 𝐹2 is given by (11). 
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𝐹2 = tanh(𝜙2
2) (11) 

where 𝜙 = 𝑚𝑎𝑥 [2
√𝑘

0.09𝜔𝑦
,
500𝜇

𝜌𝑦2𝜔
] and 𝑦 is the distance to the next surface. All other model 

constants have the same value as for the 𝑘 − 𝜔 model.  

2.1.5. Large Eddy Simulation (LES) Model 

Turbulence can be caused by factors like obstruction or sharp corners, high velocities 

that overcome viscous forces, and low-pressure regions, among others. Friction between 

adjacent layers of fluids and their surroundings can form swirls or eddies, which vary in 

size and shape. However, there are cases where solving some or all eddies are extremely 

important and RANS turbulence models are discarded, implementing higher-order models 

such as LES and Direct Numerical Simulation (DNS). When employing LES, large eddies 

of the flow that depend on the geometry are resolved directly, while smaller eddies are 

modeled, which are usually less dependent on the geometry and tend to be more isotropic. 

By solving only a fraction of the eddies present in the flow, one can use much coarser 

meshes and larger time steps compared to DNS. However, as LES resolves some eddies, it 

in turn requires a finer mesh and smaller time steps than RANS models, where all eddies 

are modeled.  This, in the end, results in an increase of the computational costs compared 

to RANS, which in industrial applications, high-performance computing is a necessity. The 

filtering process for categorizing eddies as ‘small’ or ‘large’ can be performed explicitly 

or implicitly way. In the explicitly filtering, an integral operator with a specified kernel is 

used and a cutoff length scale or width is set. On the other hand, the implicitly filtering 

happens by using a cutoff length scale determined by the mesh resolution, where scales in 

size below the smallest cell in the mesh are modeled and bigger scales are solved [33]. Yet, 
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most industrial applications include complex geometries, high velocities, or a combination 

of both, requiring absurd amounts of computational resources. Current technological 

development has the scope of increasing the processing and storage capability but is still 

not available to date, reducing the number of cases where LES can be applied in industrial 

applications. 

2.1.6. Direct Numerical Simulation (DNS) 

Finally, DNS is a type of simulation where the Navier-Stokes equations are numerically 

solved without any turbulence model. In other words, every eddy presented in the flow is 

solved despite the size, from the smallest dissipative scales up to the integral scales 

associated with the motions containing the most kinetic energy. In order to achieve this, 

one has to guarantee fine meshes and small time steps that will cover all temporal and 

spatial scales in the problem. For this reason, the cost required for DNS to solve the entire 

range of scales has been estimated to be proportional to 𝑅𝑒𝑡
3, where 𝑅𝑒𝑡 is the turbulent 

Reynolds number [30]. Evidently, for practical engineering problems involving high 

Reynolds number, the cost becomes prohibitive, and DNS is discarded as an option for 

simulating the problem.  

2.1.7. Turbulence Model in the Present Study 

Due to the complexity of the domain, the flow’s Reynolds number and the limited time, 

the 𝑆𝑆𝑇 𝑘 − 𝜔 model has been chosen for the present work as its able to capture the 

separated flow near the tip of the blades more accurately and is able to reproduce 

experimental data in good agreement compared to other two-equation turbulence models 

[34] requiring reasonable simulation times and computational resources. This model has 
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been widely used to numerically capture the flow field around hydrofoils for various 

Reynolds numbers [35, 36], vertical axis wind turbines [34], horizontal axis wind turbines 

[37], and in many hydrokinetic turbines studies [19, 38, 39].  

2.2. Rotor Modeling Techniques 

When dealing with rotating or moving domains, multiple techniques have been created 

to obtain increased accuracy of the flow by modeling the effect of this rotation/translation 

on the flow or the actual movement of the domain. Typical examples of this type of analysis 

are rotating blades, impellers, and moving walls, among others. The Actuator Disk (AD) 

technique is a mathematical approach to approximate the rotor using an infinitely thin 

source of momentum modeled as a pressure jump across the disk [40]. In other words, the 

disk represents the forces applied to the surrounding flow field by the actual rotor of the 

turbine, as a momentum sink term in the computational domain [41]. This technique 

reduces the computational cost and time as the actual geometry of the rotor does not need 

to be solved, eliminating the need for fine meshes. This technique has been used by 

previous authors to accurately numerically capture the fluid-machine interaction and its 

wake description for applications such as flows around the helicopter main rotors [40], 

single wind turbine rotors [42] and multiple turbines under different arrangements [43, 44, 

45]. However, this technique resembles the Blade Element Momentum (BEM) method in 

that the aerodynamic forces must be determined from measured airfoil characteristics using 

a blade-element approach [46], which are not always available for all airfoils, especially 

when new turbines are designed. Other authors, such as Kang et al. (2014) [47] performed 

a detailed comparison using the AD technique embedded with LES turbulence model and 



18 

 

found that the method is not sufficient to correctly simulate the development of the 

turbine’s wake and proved that the far wake is sensitive to the stability of the vortical 

structure in the near wake.  

Another widely used technique to model rotating geometries is known as Moving 

Reference Frames. In this technique, the RANS equations are solved in a single reference 

frame (SRF) or multiple reference frames (MRF), which allows an unsteady problem in 

the stationary (inertial) frame to become steady with respect to the moving frames [30]. 

When the entire domain is studied as one rotating domain, it is known as SRF and is simple 

to implement. However, SRF is not capable of handling problems that involve multiple 

rotating parts or stationary components. On the other hand, MRF is used when performing 

simulations where one or multiple subdomains, enclosing the rotating objects, are studied 

using moving reference frames, but the rest of the domain is divided into several 

subdomains and studied in the stationary reference frame. The equations of motion are first 

solved in each moving reference frame, declaring the appropriate boundary conditions, and 

then the effects of Coriolis and centrifugal acceleration of the fluid is augmented as body 

forces in the momentum equations [48]. This technique has been found to be relatively 

simple, robust, and efficient, reasons for why authors have used this technique to simulate 

hovering rotors [49], cooling fans [50], wind turbines [51, 52], hydrokinetic [53] and tidal 

turbines [54], among others. However, in some cases, authors have found that when 

employing this technique in cases like tidal turbines, it has underestimated the power and 

thrust of the turbine. Also, low turbulence intensity values were found in the wake of the 

turbine, which authors attributed to the inability of this technique to resolve the rotation-
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induced turbulent intensity, as the domain is placed at a specific position (frozen rotor) 

[54].  

When trying to capture the unsteady effects in turbulent flows and when interactions 

between rotating and stationary domains are crucial, a widely employed technique called 

sliding mesh is preferred as it gives more accurate results when compared with 

experimental data. When using this approach, the computational domain is divided into 

multiple zones, which can be stationary, moving, or a combination of both. In contrast to 

MRF, the sliding mesh technique allows the sliding of the mesh relative to other zones 

along the interfaces between them. This technique requires more computational resources 

and longer simulations as the cell connectivity needs to be re-established each time that 

sliding occurs [55]. In Ansys Fluent, a generic transport equation (12) is applied to all 

model equations such as turbulence, energy, species, phases and so on [30].  

𝑑

𝑑𝑡
∫ 𝜌𝜙𝑑𝑉 +

𝑉

∫ 𝜌𝜙(𝑢⃗ − 𝑢𝑔⃗⃗⃗⃗ ) ∙ 𝑑𝐴 =

𝜕𝑉

∫ Γ∇𝜙 ∙ 𝑑𝐴 

𝜕𝑉

+ ∫ 𝑆𝜙𝑑𝑉

𝑉

 (12) 

where 𝑢⃗  is the flow velocity, 𝑢𝑔⃗⃗⃗⃗  is the mesh velocity of the moving mesh, Γ is the diffusion 

coefficient and 𝑆𝜙 is the source term of 𝜙. Also, 𝜕𝑉 represents the boundary of the control 

volume 𝑉. 

It should be stressed that when using the sliding mesh technique, all cells retain their 

original shape and volume (no deformation occurs) and because the mesh is moving, the 

solutions to (12) will be inherently unsteady. The connection between the two adjacent 

zones is coupled by two interfaces, one on each zone, which must be guaranteed to be 
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identical or minimally different when spatially discretizing these boundaries. Finally, an 

interpolation of field variables between the adjacent interfaces is performed on the 

boundary cell faces in every timestep, which should be also guaranteed to be small enough 

to warrant that the interface slides by no more than half a cell in one timestep [56].  

The sliding mesh technique has been extensively used in vessel tanks [57], vertical 

wind turbines [58, 59] and hydrokinetic turbines [38, 60]. One advantage to using this 

technique is the ability to predict the wake of turbines, which is important when studying 

arrays of turbines as the performance of downstream turbines is influenced by the 

oncoming flow. Silva et al. (2016) performed an unsteady numerical study of wake 

characteristics in a horizontal-axis hydrokinetic turbine [61], using the sliding mesh 

technique, and concluded that the numerical results for performance and wake 

characteristics had good concordance with experimental data. Tabib et al. (2017) compared 

three rotor modeling techniques: the Actuator Line model (ALM), MRF and the sliding 

mesh. Authors concluded that the sliding mesh technique had the minimum difference 

compared to the results found in [62]. However, authors found that the sliding mesh 

predicted a higher wake deficit in the near wake region and a faster wake recovery 

compared to the ALM [63]. In more recent studies, Niebuhr et al. (2022) performed 

numerical modelling of axial hydrokinetic turbine wake in channel flow, comparing 

different rotor modelling techniques and models. Focusing on the results obtained for the 

turbine’s performance, authors concluded that the results lied within 5% of the 

experimentally measured results. However, when using the sliding mesh technique coupled 

with an eddy viscosity turbulence model, authors determined that adequate capture of the 
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wake was limited and an over-prediction by up to 20% was observed in the near wake and 

significantly delayed wake recovery. Authors attributed this inaccuracy to the lack of 

RANS models in resolving small eddies, which can only be fixed by employing higher-

order models such as hybrid models or LES [22].  

2.3. Computational Domain and Boundary Conditions 

The sliding mesh technique coupled with the 𝑘 − 𝜔 SST turbulence model were used 

to simulate the flow field associated with the 1:40 scale model of the US DOE RM1. All 

variables for the 𝑘 − 𝜔 SST turbulence model were kept as the default values. ANSYS 

Fluent version 2022 R2 running on supercomputers available at the Minnesota 

Supercomputing Institute (MSI) was used.  The RM1 is an axial flow tidal turbine with 

dual counter-rotating rotors, each with a rotor diameter, 𝑑𝑇 = 0.5 𝑚. Each rotor and 

nacelle are mounted on a crossarm assembly which are fixed on a monopile foundation, 

visualized in Figure 1. The dual rotors are offset by 1.4𝑑𝑇 from each rotor centerline, giving 

an overall width from blade tip to tip of 1.2 m. The rotor centerline is submerged 1𝑑𝑇 below 

the free surface and positioned 1𝑑𝑇 above the seabed. The total tower height is 2𝑑𝑇, fully 

submerged in the flow and it is un-tapered. The modeled scale blades for the RM1 used 

NACA-4415 instead of the original full-scale RM1 design blade profile (NACA-63(4)-24) 

due to a lower Reynolds number during experiments and the availability of performance 

coefficients data [23]. 
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Figure 1. Photo of the scaled RM1 dual-rotor physical model in the UMN SAFL 

Main Channel. Adapted from [64]. The arrow indicates flow direction. 

 

The entire turbine was placed in an open-channel domain that extended -8𝑑𝑇 upstream 

to 30𝑑𝑇 downstream from the plane of rotation. Each rotor was enclosed in a cylindrical 

domain where a rotating mesh was created. This cylinder was created using a diameter 

10% larger than 𝑑𝑇, improving numerical efficiency and numerical stability. The size of 

the rotating domain was selected having in consideration previous similar studies [22]. The 

total depth (2𝑑𝑇) and width (5.5𝑑𝑇) of the domain matched the experimental dimensions 

in [23]  (Figure 2). This inlet domain length was selected to allow full flow development 

before the rotor was reached. This length is particular for each case studied as it depends 

on many factors such as the turbulence model used, TSR and solidity, among others. It has 
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been previously found that an incorrect selection of the inlet length affects the performance 

of the turbine because of an incorrect estimation of velocity magnitude at the turbine and 

incorrect prediction of the upstream induction field  [65, 66].  

 

Figure 2. Dimensions of the computational domain, which closely match the 

experimental conditions. Flow is lower-left to upper-right. 

 

A similar case occurs with the position of the outlet in the computational domain. This 

boundary condition should be positioned far enough downstream to allow for flow 

development and guarantee no interference with wake dynamics. When focusing on  power 

characterization of turbines, authors have used an outlet length of up to 15𝑑𝑇 and have 

acquired results with good agreement when compared to experimental data [67, 68, 69]. 

However, when the aim of the study is to characterize the near and far wake dynamics, a 

longer domain must be implemented. Previous numerical studies on wind turbines have 
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used outlet lengths of up to 30𝑑𝑇 downstream of the turbine and have obtained satisfactory 

wake results even in the near wake region [70]. Other authors have implemented the same 

study to hydrokinetic turbines, using outlet lengths of 30𝑑𝑇 and reported good agreement 

compared to experimental data measured up to a length of 25𝑑𝑇 downstream of the turbine 

[71]. More recent studies performed on hydrokinetic turbines indicated that flow recovery 

can extend up to 35𝑑𝑇 downstream of the turbine [72]. In the present study, a length of 

30𝑑𝑇 downstream of the plane of rotation was selected in order to not affect the wake 

dynamics and allow comparison between numerical and experimental data. 

Upstream boundary conditions used a constant and uniform velocity and turbulence 

level at the domain inlet. These values match experimental hub height average values 

reported in [23] of 𝑈𝑖𝑛 = 1.04 𝑚/𝑠 for velocity in the axial (flow) direction and 𝐼𝑖𝑛 = 5% 

for the hub height turbulent intensity. The outlet of the domain was set to a gauge uniform 

pressure of 𝑃𝑜𝑢𝑙𝑒𝑡 = 0 𝑃𝑎 and a turbulent intensity of 𝐼𝑜𝑢𝑡 = 5%. For the top face of the 

domain where the water-air interface is located, a symmetry boundary condition was set, 

ignoring the effects from free surface deformation and reducing the computation time.  In 

Ansys Fluent, this condition assumes that the normal velocity at the symmetry plane is zero 

and the normal gradients of all variables at a symmetry plane is also zero [30]. Finally, for 

the side and bottom faces of the channel as well as the rotor, nacelle and supporting tower’s 

walls, a no-slip condition was set, assuming that the fluid has zero velocity relative to the 

boundary and allowing for the development of the boundary layer. All boundary conditions 

are summarized in Figure 3. 
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Figure 3. Employed boundary conditions for the computational domain. 

Water with a density of 𝜌𝑤 = 998.2 
𝑘𝑔

𝑚3 and a dynamic viscosity of 𝜇𝑤 =

1.003𝑥10−3  
𝑘𝑔

𝑚∙𝑠
 was selected as the working fluid. For reference values used in monitors 

and calculations, the following values were established: a rotor swept area by each rotor 

of 𝐴𝑇 = 0.1963 𝑚2,  a length equal to the rotor’s radius 𝐿𝑇 = 0.25 𝑚 , and a reference 

velocity equal to the inlet’s velocity of 𝑈𝑟𝑒𝑓 = 1.04 𝑚/𝑠. Pressure and velocity were 

coupled by the Coupled Scheme, which solves the momentum and pressure-based 

continuity equation together. This technique is known to be used when dealing with 

complicated domains where the generation of the mesh can be difficult and poor elements 

are present [30]. Second-order spatial discretization for pressure and momentum and first-

order discretization for turbulent kinetic energy and specific dissipation rate were 
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implemented. On the other hand, first-order implicit was specified as the transient 

formulation and all other parameters were kept as default by Ansys Fluent.  

Regarding the spatial discretization of the computational domain, Ansys Meshing was 

used to generate all meshes used in this study. The computational domain consists of five 

different subdomains that facilitated the creation and refinement of the mesh while also the 

rotation specification. These five subdomains consisted of two rotating subdomains, 

labeled as left and right rotor, a near wake, a far wake and the full subdomain as seen in 

Figure 4.  

 

Figure 4. Created subdomains for the computational domain. 

Each of the turbine’s rotors is embedded in a rotating subdomain, which is separated 

and connected to the stationary subdomain by a sliding mesh (Figure 5). Similar meshes 

were guaranteed to be in both faces creating the interface necessary for the sliding mesh, 

assuring accuracy and stability while performing the transient analysis. A well-refined 
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mesh was created in the vicinity of the walls in order to capture and achieve an accurate 

solution of the boundary layer.  

 

Figure 5. Interfaces utilized for sliding mesh technique in computational domain. 

2.4. Turbine performance and wake dynamics characteristics 

Multiple nondimensional parameters are used when characterizing a turbine. In this 

section, a brief explanation of common non-dimensional parameters is provided.  

2.4.1. Reynolds Number (𝑹𝒆) 

The Reynold number is a nondimensional parameter in fluid dynamics that relates the 

inertial forces to viscous forces [73].  In hydro turbines this number can be based on either 

the rotor’s diameter (𝑅𝑒𝐷) or chord length (𝑅𝑒𝑐) and depends on the kinematic viscosity of 
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the fluid and a characteristic velocity of the flow. In this work, the chord-based Reynolds 

number was selected and calculated using (13). 

𝑅𝑒𝑐 =
𝑈𝑟𝑒𝑙 ∙ 𝑐

𝜈
 (13) 

where the kinematic viscosity is 𝜈 = 𝜇/𝜌, 𝑐 is the mid-span blade chord length, and 𝑈𝑟𝑒𝑙 

is the relative velocity. 𝑈𝑟𝑒𝑙 is a function of the free-stream velocity and the tip speed ratio.  

When turbines are placed in a bounded flow, the velocity around the turbine increases 

due to the spatial restriction that the channel’s walls and free surface cause. In order to 

achieve dynamic similarity (i.e., similar hydrodynamic forces) on both scaled and full-scale 

systems, Reynolds numbers should be kept similar. In the present study, a 𝑅𝑒𝑐 = 3.1𝑥105 

was guaranteed to match the 𝑅𝑒𝑐 used in the experiments. 

2.4.2. Power Coefficient (𝑪𝒑) 

A non-dimensional parameter called the power coefficient 𝐶𝑝 is used to quantify the 

relationship between the rotor mechanical power to the available hydrokinetic power in the 

approaching flow, giving an idea of the hydrodynamic efficiency of the rotor [74]. Time-

averaged turbine mechanical power coefficient 𝐶𝑝 can be determined using (14) from the 

time-averaged power (𝑃𝑇) and velocity 𝑈, which the later is usually measured 3-5 𝑑𝑇 

upstream. 

𝐶𝑝 =
𝑃𝑇

1
2𝜌𝐴𝑇𝑈

3
 (14) 

where 𝐴𝑇 is the turbine’s flow-facing area or rotor swept area.  
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In Ansys Fluent, users can monitor the momentum coefficient 𝐶𝑀 over a specific 

surface, which can later be related to the 𝐶𝑝 by using the equation 𝐶𝑝 = 𝜆 ∙ 𝐶𝑀, where 𝜆 is 

the tip speed ratio (TSR). In Ansys Fluent, the 𝐶𝑀 is calculated by (15), using the total 

moment (𝑀) vector about a specified center of rotation. 

𝐶𝑀 =
𝑀

1
2𝜌𝑈𝑟𝑒𝑓

2𝐴𝑇𝐿𝑇

 (15) 

In the present study, 𝑈𝑟𝑒𝑓 was matched to the experimental velocity value at hub height 

measured 5𝑑𝑇 upstream of the turbine in [23] and a value of 𝐿𝑇 = 𝑑𝑇/2 was set. The total 

moment vector about a specified center is computed by summing the cross product of the 

pressure and viscous force vectors on each face with the radial vector from the specified 

moment center [30].  

2.4.3. Tip Speed Ratio (TSR)  

The TSR or 𝜆 relates three important variables: the turbine’s rotational speed, the rotor 

diameter, and the incoming flow’s speed. It is defined as the relationship between the linear 

turbine blade tip speed and the incoming flow’s speed (16). 

𝜆 =
𝜔 ∙ 𝑑𝑇

2 ∙ 𝑈𝑟𝑒𝑓
 (16) 

A turbine with its specific design will operate in a range of variations of 𝜆, but will have 

maximum efficiency or 𝐶𝑝 at optimal 𝜆 [75]. In the experiments of [23], the scaled RM1 

model was studied for a 𝜆 range of 1.5 to 9, where authors found that the best operating 

point for both rotors occurred at approximately 𝜆 = 5.07. 
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2.4.4. Velocity Deficit 

Placing a turbine inside a moving flow causes a disturbance in the downstream region, 

triggering strong turbulent mixing and a complex eddy system known as the wake. The 

flow past the turbine loses kinetic energy, and it takes a finite length to fully recover its 

velocity. This distance is known as the wake-recovery distance, and it is measured from 

the turbine location until the flow has recovered 90% of its initial flow velocity [76]. This 

parameter is crucial when defining the spacing between turbines in an array configuration. 

In order to determine the wake-recovery distance, a velocity deficit in the wake is measured 

and calculated using (17). 

𝑈𝑑𝑒𝑓 =
|𝑈𝑟𝑒𝑓 − 𝑈𝑥|

𝑈𝑟𝑒𝑓
 (17) 

where 𝑈𝑑𝑒𝑓 is the velocity deficit and 𝑈𝑥 is the velocity at position x. 

Characterizing the wake of both near-wake (𝑥/𝑑𝑇 < 5) and far wake (𝑥/𝑑𝑇 > 5) of 

each turbine placed in an array will aid in improving the performance of the whole system 

which translates to an increase in overall energy production. For this purpose, when 

performing experimental characterization, variables such as velocity can be measured 

using techniques such as Acoustic Doppler Velocimetry (ADV) [77, 78], Laser Doppler 

Velocimeter (LDV) [79, 80], and Particle Image Velocimetry (PIV) [81, 82]. However, 

these techniques require expensive equipment and prolonged time to set up and test. For 

this reason, CFD has become a leading tool to characterize the power performance and 

wake of turbines [83, 84, 85]. 
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3. Results and Discussion 

This section details results obtained from various numerical simulations performed. 

First, mesh and time step independence studies are discussed for validation of numerical 

results compared to experimental data. Next, the ability of the 𝑆𝑆𝑇 𝑘 − 𝜔 turbulence model 

in handling different types of flows is presented by simulating multiple cases with different 

𝑇𝑆𝑅, encompassing low and high detachment of flow. Following this, an explanation and 

comparison between numerical and experimental results of the inflow and wake is 

presented. Finally, the relationship between rotor spacing and 𝐶𝑝 of the RM1 dual-rotor 

axial flow turbine for three different lateral rotor spacing configurations is discussed.  

3.1. Mesh and Time Step Independence Study  

The non-dimensional parameter 𝑦+ defined as 𝑦+ = 𝑦𝑢∗/𝜐, where 𝑦 is the normal 

distance from the wall and 𝑢∗ is the friction velocity, was monitored and limited to 1 across 

the rotors, nacelles and supporting arms and tower, as presented in Figure 6. This limitation 

is recommended when using this model and ensures that the viscous sub-layer (in the 

region 𝑦+ < 5), is fully resolved.  



32 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Contour of wall 𝑦+on nacelle, rotor and supporting tower’s walls (a), 

zoomed in view of the high pressure (b) and low pressure (c) side of the right rotor blade. 

Results were obtained using a TSR of 5.07 and lateral rotor spacing of 1.4𝑑𝑇 .  

 

Initially, an unstructured mesh consisting of tetrahedral and hexahedral cells was 

created for all simulations. Besides the refinement performed near the walls in the 

computational domain, additional refinements were conducted on the near, far, and full 

domains with the aim of tracking the tip vortices, shown in Figure 7.  
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(a) 

 

(b) 

Figure 7. Illustration of the computational grid used in the simulations. (a) Showing 

refinements in the near and far wake, around rotors, cross-arms, and central supporting 

tower’s walls. (b) Displays a detailed view of the enclosed region in the red box in (a). 

 

After the initial meshes were created, a conversion to polyhedral cells mesh was 

performed. This operation decreased the number of cells to nearly half of that obtained in 
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the initial mesh composed of tetrahedral and hexahedral cells. In this study, three different 

polyhedral meshes were constructed by increasing the density of the mesh in all 

subdomains while monitoring 𝐶𝑝 for convergence.  

A hybrid initialization was used to start the simulations and immediately switch to 

transient conditions. Figure 8 illustrates the 𝐶𝑝 signal from the beginning of the simulations 

and proves the importance of averaging this coefficient after a specific number of 

revolutions where the 𝐶𝑝 becomes cyclic. In the beginning of the simulation, unreasonably 

high 𝐶𝑝 values are recorded as the flow field presents no alteration yet. As the fluid 

continues to develop across the domain, the 𝐶𝑝 starts to oscillate around a constant 

averaged 𝐶𝑝 value. These oscillations are due to blade passing frequencies in front of tower 

structural support members. Since the RM1 model study here has two blades, there are two 

cycles per revolution in the 𝐶𝑝 fluctuations. 
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Figure 8. 𝐶𝑝 signal as the flow field develops from initiation of the simulation. Signal 

corresponds for a TSR of 5.07, lateral rotor spacing of 1.4𝑑𝑇 and mesh with 21.93 

million of polyhedral cells. 

 

In the present study, data was recorded after the difference in the averaged 𝐶𝑝 over one 

revolution between two consecutive revolutions was less than 1% and conserved within 

this value. Figure 9 presents the percentage difference in the averaged 𝐶𝑝 between 

consecutive revolutions, showing that a minimum of 6 revolutions were needed in order to 

achieve an averaged cyclic 𝐶𝑝 value as the difference was less than 1% and preserved 

within this value as the simulation processed. 
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Figure 9. Percentage difference in the averaged 𝐶𝑝. Each point represents the average 

𝐶𝑝 value over one revolution starting from the previous revolution. Results corresponds 

for a TSR of 5.07, lateral rotor spacing of 1.4𝑑𝑇 and mesh with 21.93 million of 

polyhedral cells.  

 

The final meshes created using polyhedral cells were labeled as coarse, medium, and 

fine mesh, with their respective total number of cells presented in Table 1. Experimental 

results obtained in [23] were used to compare the obtained numerical results. It should be 

noted that only results for the right rotor are discussed in the present study due to the 

uncertainties of accuracy of the experimental results for the left rotor, as discussed in [23]. 
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Table 1. Averaged 𝐶𝑝 for the three employed grids and absolute percent difference 

comparing to experimental values. All simulations were performed at a TSR of 5.07 and 

lateral rotor spacing of 1.4𝑑𝑇 

 Cells (Millions) Averaged 𝑪𝒑 (-) Difference (%) 

Coarse 19.89 0.430 9.634 

Medium 21.93 0.461 3.058 

Fine 48.01 0.468 1.615 

Experimental -- 0.476 -- 

 

All meshes studied, assured a 𝑦+ of less than 1 around the walls of the rotors, cross-

arms, and central supporting tower, ensuring that the boundary layer was correctly captured 

in these regions. In Figure 10, the 𝐶𝑝 signal for two revolutions is presented showing the 

difference between the meshes used. All meshes were simulated for a 𝑇𝑆𝑅 = 5.07 for 

validating the 𝐶𝑝 with experimental data in [23]. The 𝐶𝑝 was averaged over four revolutions 

for coarse, medium and fine meshes showing a difference of approximately 10, 3 and 2%, 

respectively, compared to experimental data (Table 1). In order to guarantee a good 

representation of the 𝐶𝑝 while minimizing simulation time, the grid labeled as medium was 

chosen as ideal and used for future studies.  
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Figure 10. Comparison of 𝐶𝑝 signal over two revolutions for the three considered 

meshes. All simulations were performed at a TSR of 5.07 and lateral rotor spacing of 

1.4𝑑𝑇. 

 

Next, a time-step independence study was performed to guarantee that the solution does 

not depend on time discretization. Following previous studies performed in [22], an initial 

time step of ∆𝑡 = 0.0001 s was chosen as a baseline for the initial simulations. One smaller 

order in magnitude time step of ∆𝑡 = 0.00001 s and a larger of ∆𝑡 = 0.0003 s were also 

studied. The averaged 𝐶𝑝 over four revolutions and the percentage difference is presented 

in Table 2.  
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Table 2. Averaged 𝐶𝑝 for the three employed time steps and absolute percent difference 

with experimental values. All simulations were performed at a TSR of 5.07 and lateral 

rotor spacing of 1.4𝑑𝑇. 

Time Step (s) Averaged 𝑪𝒑 (-) Difference (%) 

0.00001 0.463 2.73 

0.0001 0.463 2.73 

0.0003 0.461 3.15 

Experimental 0.476 -- 

 

The Courant number (𝐶) is a dimensionless value representing the number of mesh 

cells traveled by a particle at a given timestep. Is it defined as 𝐶 = 𝑢 ∙ ∆𝑡/∆𝑥, where 𝑢 is 

the velocity magnitude and ∆𝑥 is the length between mesh elements. This variable is of 

utmost importance when analyzing transient effects and a small 𝐶 needs to be guaranteed 

in order to correctly capture transient effects. All time steps used in the present simulations 

ensured a Courant number less than 1 in all regions as far as possible, complying with the 

turbulence model’s requirements, assuring the correct unsteady evolution of the flow, and 

capturing transient phenomena, such as tip vortices. A time-step of ∆𝑡 = 0.0003 s was 

finally selected for the following simulations as the 𝐶𝑝 coefficient was within a 3% 

difference compared to experimental data while minimizing simulation time needed for 

one revolution from approximately 29800 to 1000 time steps (∆𝑡) when using steps of ∆𝑡 

= 0.00001 s and ∆𝑡 = 0.0003 s, respectively.  

3.2. TSR Versus 𝑪𝒑 – Validation against experimental data 

Two additional TSR (𝜆) were simulated and compared against experimental data to 

demonstrate the advantage that the 𝑆𝑆𝑇 𝑘 − 𝜔 turbulence model has when simulating 
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complex flows, especially those with separated flow induced by adverse pressure gradients 

when stall happens. [23]. A 𝑇𝑆𝑅 of 𝜆 = 3 and 𝜆 = 7.6 were selected to predict the 𝐶𝑝 during 

relatively slow and fast blade rotational speeds.  

Table 3. Comparison of averaged 𝐶𝑝 for three TSR numerically studied versus 

experimental data [23]. Data represents the absolute percent difference for simulation 

using a lateral rotor spacing of 1.4𝑑𝑇. 

TSR, 𝝀 (-) Averaged 𝑪𝒑 (-) Experimental 𝑪𝒑 (-) Difference (%) 

3 0.310 0.320 3.125 

5.07 0.461 0.476 3.153 

7.6 0.382 0.368 3.804 

 

Table 3 shows the predicted 𝐶𝑝 for all 𝑇𝑆𝑅 studies and the measured experimental 

values. Results exhibit a difference of approximately 3% for a 𝑇𝑆𝑅 = 3 and a difference 

of 4% for a 𝑇𝑆𝑅 = 7.6. All numerical results are in acceptable 5% range with experimental 

data illustrating the advantage and ability of the 𝑆𝑆𝑇 𝑘 − 𝜔 turbulence model of dealing 

with a variety of challenging flows.  

Numerical results closely matched experimental results and the expected behavior on 

the RM1 performance curve, observed in Figure 11, where the 𝐶𝑝 starts to increase with 

higher 𝑇𝑆𝑅 until reaching its maximum value. As the TSR continues to increase, the 𝐶𝑝 

starts to decrease in value. This is attributed to the angle of attack changing from its optimal 

value for most of the airfoil along the blade span, as previously found in similar studies 

[20]. CFD results also display that maximum 𝐶𝑝 for the TSR studied was achieved at 𝜆 =

5.07, closely agreeing with experiments and similar numerical studies in [86].  
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Figure 11. Experimental data [23] of 𝐶𝑝 as a function of TSR overlaying CFD results 

for all TSR studied and lateral rotor spacing of 1.4𝑑𝑇 . 

 

A TSR of 𝜆 = 7.6 was studied to predict the performance when stall occurs causing 

higher drag and reduction in lift. Table 4 displays the instantaneous drag and lift 

coefficients monitored in the simulations for all TSRs at the same blade position and 

averaged along the blades spam. As it can be noted, a maximum lift coefficient is achieved 

for optimum TSR (𝜆 = 5.07) while on the other hand, the drag coefficient is maximum for 

𝜆 = 7.6 due to expected stall under this high rotational speed.  
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Table 4. Blade averaged lift (𝐶𝐿) and drag coefficients (𝐶𝐷) for all TSRs studied. Values 

correspond to a blade azimuth angle of 90° and match position of values reported in 

Table 3. 

TSR, 𝝀 (-) Lift Coefficient 𝑪𝑳 (-) Drag Coefficient 𝑪𝑫 (-) 

3 0.0116 0.5641 

5.07 0.0220 0.8375 

7.6 0.0097 1.0720 

 

 The skin friction coefficient (𝐶𝑓) is a dimensionless variable relating the shear stress 

at the wall (𝜏𝑤) normalized by the dynamic pressure of the free stream (𝑃𝐷), 𝐶𝑓 = 𝜏𝑤/𝑃𝐷. 

The dynamic pressure is defined as 𝑃𝐷 = 1/2 ∙ 𝜌 ∙ 𝑢𝑒, where 𝜌 and 𝑢𝑒 are the values of the 

density and the velocity at the edge of the boundary layer [87]. When there is high 

attachment of the flow to the boundary, wall shear stresses are high thus, the skin friction 

coefficient increases. In contrast, when the flow is detached from the boundary, low wall 

shear stresses are presented and thus, the skin friction coefficient decreases. Skin friction 

coefficient contours along the rotor’s blades are presented in Figure 12 for the three 

different TSR studied to visualize the detachment of the fluid on the blades. As seen in 

Figure 12, flow separation decreases as the TSR increases, visualized by the decreasing 

dark blue regions near the root of the blades, with highest detachment for a 𝜆 = 3. 
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(a) 

 

(b) 
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(c) 

Figure 12. Skin friction contours along the rotor’s surface. (a) TSR = 3, (b) TSR = 5.07 

and (c) TSR = 7.6. Simulations were run for a lateral rotor spacing of 1.4𝑑𝑇. 

 

A time series of 𝐶𝑝 for all three TSR studied is visualized in Figure 13, where is 

apparent that the torque, which ultimately contributes towards power production and 

influences the 𝐶𝑝 values, changes as a function of the blade azimuth position. The 

fluctuating power production is a result of blades passing in front of turbine tower support 

structures, in this case, the horizontal support arms extending from the central tower to 

each nacelle. This behavior occurs, as expected, for all TSR studied. 
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Figure 13. Variation of the 𝐶𝑝 signal as a function of number of revolutions for all 

TSR studied and lateral rotor spacing of 1.4𝑑𝑇. 

3.3. Inflow and Wake Visualization 

To visualize the kinematics of the flow across the domain, Figure 14 shows the 

horizontal velocity contour at hub height from distances of 𝑋/𝑑𝑇 = −2 upstream to 

𝑋/𝑑𝑇  = 10 for a TSR of 𝜆 = 5.07. It is evident how placing the turbine and supporting 

structure causes a disturbance not only in the upstream region (i.e., induction zone) but also 

in the downstream region of the turbine (i.e., turbulent wake). The flow decelerates as it 

approaches the turbine blades, power extraction from the incoming flow begins, and finally 

creates a turbulent wake. Moreover, close to the blade’s tip, the shed tip vortices are 

captured and displayed by the intense red regions showing the inhomogeneity of the flow 

in these regions.  
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Figure 14. Horizontal velocity contour at hub height for a TSR of 5.07 and lateral 

rotor spacing of 1.4𝑑𝑇. Flow is left to right. 

 

Figure 15 shows the velocity deficit profile at hub height for the right rotor as well as 

for the center tower obtained experimentally in [23] from distances of 𝑋/𝑑𝑇 = −5 up to 

𝑋/𝑑𝑇  =  16 and by the numerical simulations performed from 𝑋/𝑑𝑇 = −5 up to 𝑋/𝑑𝑇  =

 8. The velocity deficit profiles give an idea of the velocity recovery in the wake of a device. 

Although the results obtained by 𝑘 − 𝜔 𝑆𝑆𝑇 model had good agreement with experimental 

results for the 𝐶𝑝, the same agreement was not true for characterizing the full wake. 

Comparable results were found by similar numerical simulations performed using the same 

turbulence model in [22], where authors found the inadequate capture of the wake 

dissipation rate using different RANS models.   
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Figure 15. Comparison of hub height velocity deficit for right rotor and central tower. 

Results correspond to a TSR of 5.07 and lateral rotor spacing 1.4𝑑𝑇. 

  

Figure 15 indicates appreciable differences in the velocity deficit for the wake starting 

from a distance of 𝑋/𝑑𝑇  =  1.  In the upstream region of the turbine, numerical results 

were in good concordance with experimental data as they differ by less than 5%.   

Although the results did not completely capture the wake dynamics in magnitude 

correctly, the trend of the velocity deficit is similar to the experimental data and hence will 

be further explained. From Figure 15 it is apparent how, as previously stated, the RM1 

starts to affect the inflow (upstream) velocities, decelerating the fluid and increasing the 

velocity deficit. In the near wake, the fluid exhibits higher velocity deficits due to 

momentum transfer between the fluid and the device. This region is characterized by a 

strong vortex formation which starts to mix with the bypass flow further downstream, 

recovering the velocity and hence the velocity deficit decreases. The largest velocity deficit 



48 

 

is obtained for the near wake of the central tower where strong vortices and detachment of 

the flow occur right behind the structure. Vortices caused by rotor and nacelle walls are 

higher in quantity and magnitude compared to vortices shed by the central tower, as 

visualized in Figure 16, where isosurfaces of normalized q-criterion are used to visualize 

the vortices detached, colored by the velocity of the fluid.  

 

Figure 16. Normalized isosurface of Q-Criterion color with velocity for a TSR of 5.07 

and lateral rotor spacing of 1.4𝑑𝑇. Flow is left to right. 

 

Focusing on the right rotor in Figure 15, the velocity deficit in the wake starts to 

increase as the fluid moves away from the rotor’s power extraction plane, reaching a 

velocity deficit peak of 47.20% at 𝑋/𝑑𝑇 = 4. After this point, the fluid mixes with the 

bypass flow and begins to gradually recover. The wake predicted by the current numerical 

results shows a recovery of 57.5% of the upstream velocity at 𝑋/𝑑𝑇 = 8 compared to 
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approximately 84.3% reported experimentally in [23] at the same position. This behavior 

can be attributed to multiple reasons such as the inappropriate estimation of the dissipation 

rate by URANS models like the 𝑘 − 𝜔 𝑆𝑆𝑇, as previously found in studies like [22], the 

assumption on dealing with isotropic turbulence imposed by the Boussinesq hypothesis, 

which all RANS models assume and the lack of resolving small eddies, which can be solved 

by using higher order turbulence models such as DES or LES. Also, it is key to highlight 

that the mesh used for studying the wake was chosen by the independency study presented 

in section 3.1., where the 𝐶𝑝 was selected as the parameter for convergence and possibly 

ignoring the effect that the spatial discretization of the regions behind the rotor might have 

on the wake representation.   

3.4. Influence of Rotor Spacing 

The maximum power that a turbine can extract in a tidal channel is dependent on its 

channel blockage ratio, i.e., the ratio of the frontal swept area of the turbine to the cross-

sectional area of the channel. The theoretical model of Garrett and Cummins indicated that 

the power extraction increases as the blockage in the channel expand with the installation 

of more turbines laterally [88]. However, in practice, this does not hold if too many turbines 

are added along the channel cross-section, as the efficiency decreases due to the reduction 

of the energy flux through the channel, discussed in more detail in [89]. Also in reality, a 

considerable portion of a tidal channel cross section must also be unblocked to allow for 

navigation of vessels and so forth, limiting the number of turbines that can be placed across 

the channel’s width. Due to this limitation, it is key to find the optimal spacing between 

the turbines that maximizes power production while minimizing the width occupied by the 
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devices. For this reason, in this study, three different lateral spacings were studied 

corresponding to 𝐿/𝑑𝑇 = 1.2, 1.4 and 1.6, where L is the axial distance between the center 

of each rotor, as seen in Figure 17. As the RM1 contains only two rotors deployed from a 

single tower, the blockage ratio was kept constant, allowing one to focus solely on the 

effect of turbine spacing.  

 

Figure 17. Axial distance between the center axis of rotation for each rotor. 

All parameters selected when meshing the three different lateral spacing domains were 

constant, guaranteeing that the meshes created were comparable to each other. Table 5 

presents the 𝐶𝑝 for all three cases studied, showing a tendency of a higher 𝐶𝑝 as the two 

rotors are spaced farther apart.  
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Table 5. 𝐶𝑝 for three lateral rotor spaces numerically studied for a TSR of 5.07. Right 

column shows the difference in numerical results compared to case with 1.4𝑑𝑇 . 

Lateral Axial 

Spacing 

𝑳/𝒅𝑻 (-) 

Power Coefficient 

𝑪𝒑 (-) 
Difference from 

1.4𝑑𝑇 case (%) 

1.2 0.449 -2.6% 

1.4 0.461 0.0% 

1.6 0.483 4.8% 

 

Increasing the lateral spacing from 𝐿/𝑑𝑇 = 1.2 to 1.4 generated an increase of 

approximately 3% on the 𝐶𝑝, while the increase from 𝐿/𝑑𝑇 = 1.4 to 1.6 caused an 

increment of 5% on the 𝐶𝑝. This behavior can be explained by the choking effect, i.e., 

reduced flow through the swept area of both rotors. To better visualize this, velocity 

contours at a vertical plane at the rotor’s center are presented in Figure 18, comparing the 

different flow fields obtained for all three lateral spacing.   

 
(a) 
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(b) 

 
(c) 

Figure 18. Velocity contours at vertical plane in rotor centers for lateral spacing of (a) 

1.2𝑑𝑇, (b) 1.4𝑑𝑇 and (c) 1.6𝑑𝑇. Results were obtained for a TSR of 5.07. 

 

As seen in Figure 18, the velocity field around the rotors is affected by the reduction in 

the lateral spacing between both rotors. While the rotors are placed closer together, the 

flow through each rotor swept area is affected by each other, reducing the velocities in this 
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section due to an increase in blockage, and therefore choking the fluid that crosses this 

section. This reduction in fluid’s kinetic energy around the rotors plane causes a lower 

energy extraction by the blades and therefore the overall power production decreases. 

Similar results have been found in similar studies [83, 90, 91]. 

4. Conclusions and Future Work 

In this study, numerical simulations based on the k-ω SST turbulence model and the 

sliding mesh technique were performed for a 1:40 full geometric scaled model of the DOE 

RM1 turbine, a dual-rotor axial flow turbine with counter-rotating rotors, each with a 

diameter 𝑑𝑇 = 0.5 m. Results suggested that when numerically studying the performance 

of turbines a minimum of six revolutions are needed for the power coefficient to converge. 

For this reason, power coefficients should be averaged after reaching this condition, 

eliminating high power coefficients obtained when the flow has not yet developed 

sufficiently through the computational domain.  

The ability of the 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence model of dealing with low and high detached 

flow was proven by simulating three different TSR that encompassed a slow (𝜆 = 3), 

optimal (𝜆 = 5.07) and fast (𝜆 = 7.6) blade rotation. All numerical results obtained for 𝐶𝑝 

exhibited a percentage difference of less than 5% compared to experimental data. Skin 

friction contours along the blade’s walls were presented to show the detachment of the flow 

under each TSR studied. Although numerical results obtained by 𝑘 − 𝜔 𝑆𝑆𝑇 model were 

in good agreement with experimental results for 𝐶𝑝, the same was not achieved when 

characterizing the full wake as numerical results differ to experimental data. This behavior 
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was accredited to an inappropriate estimation of the dissipation rate by URANS models 

like the 𝑘 − 𝜔 𝑆𝑆𝑇 model due to the assumption of isotropic turbulence imposed by the 

Boussinesq hypothesis in all RANS models, and lack of resolving small eddies. 

 Impact of rotor axial spacing on the mechanical performance of the turbine was 

investigated by simulating three different cases of 1.2𝑑𝑇, 1.4𝑑𝑇 and 1.6𝑑𝑇. It was found 

that this spacing had a significant impact on power performance of this turbine as numerical 

results show that 𝐶𝑝 increases by way of rotors being spaced farther apart. A maximum of 

5% growth in performance was achieved by increasing the spacing from 1.4𝑑𝑇 to 1.6𝑑𝑇. 

This behavior was attributed to the choking effect (i.e., a reduction of the flow through the 

swept area of the rotors). These findings have important implications for design and 

optimization of this type of tidal turbine as it can be used as a guideline when designing 

future tidal turbines, with the potential to increase the power output and efficiency of these 

devices.  

There are several avenues for future work based on the findings of this study. Initially, 

the study focused on the influence of rotor spacing on power performance, but there are 

additional factors that could be investigated, such as the impact of the cross-sectional area 

of the supporting arms and central tower, depth of installation, and asynchronous rotor 

rotation. Furthermore, in order to reduce computational resources needed and time, a 

symmetry condition for the top wall of the computational domain was set, neglecting the 

effects of free surface deformation. This assumption can possibly affect the correct wake 

capturing as free-surface effects in the form of standing waves, or decreased water surface 

above the turbine, are ignored. Additionally, although computational resources needed 
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would be extremely high, sophisticated turbulence models such as LES and DNS could be 

potentially implemented for wake characterization. These models would be able to 

simulate (LES) or solve (DNS) small eddies providing an improved representation of wake 

recovery. 
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