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I. INTRODUCTION

ue to the rise in global energy demand, fossil fuel use

and demand results in higher carbon emissions [1]. 

This high dependency on fossil fuels could be alleviated 

with renewable energy sources, such as solar, wind, 

biomass, geothermal, oceanic, and hydropower, which 

provide more sustainable and extractable energy [2, 3]. 

Among them, marine renewable energy (MRE) is a 

promising option for regions with areas access to MRE 

resources [4]. The Powering the Blue Economy (PBE) 

project aims to use MRE to support coastal and maritime 

markets and promote sustainable development. In the 

United States, MRE could supply 57% of its 2019 energy 

demand from marine sources using current technology, 

according to an estimate that only considers high-

generation areas [5]. However, the technologies to extract 

this type of energy are still in the growth stage, requiring 

significant research and development to make them 

competitive with other technologies on a commercial scale. 

The Reference Model (RM) project was a US Department 

of Energy (DOE) initiative to advance MRE technologies 

and stimulate academic and industry research using six 

open-source reference models (RM1 to RM6) for extracting 

energy from currents and waves, based on real sites in the 

US.  

With rapidly developing computational resources, 

researchers are making use of powerful computational 

fluid dynamics (CFD) simulations to analyze various 

phenomena that modify the extracted power and 

characterize the wake of MRE devices. Channel blockage 

effects on the power extracted by axial and cross-flow MRE 

turbines have also been investigated using CFD, finding 

that higher blockage leads to superior power extracted. It 

was also found that the flow recovers faster with higher 

blockage, due to enhanced energy transfer between 

varying wake velocity zones [6, 7]. Other  parameters such 

as drag ratio, power, and Tip Speed Ratio (TSR) of 

unconfined turbines have been explored, including the 

differences from confined turbines [8]. Also, CFD has been 

used across a broad range of MRE technology studies, 

including wake recovery and interactions, impacts of free 

surface proximity, and power extraction across a range of 

TSR [9, 10, 11].  

Few numerical studies have been carried out on the 

RM1 tidal turbine to fully characterize the wake and 

analyze  geometric modifications that could enhance 

power production and wake recovery. Javaherchi et al. 

compared the Rotating Reference Frame (RRF) and Blade 

Element Method (BEM) models and found their 

limitations for different TSR ranges [12, 13]. Niebuhr et al. 

validated their numerical model with experimental data in 

[14], and evaluated various turbulence models, boundary 

conditions, and rotor modeling techniques using Siemens 

STAR-CCM+ [15]. In this study, the turbine analyzed 

consisted of a scaled model of the DOE RM1 turbine, a 

dual-rotor axial flow marine turbine with counter-rotating 

rotors, each with a diameter of 𝑑𝑇 = 0.5  m. The 

simulations were carried out using the unsteady Reynolds 

Averaged Navier Stokes (URANS) Shear Stress Transport 

(SST) 𝑘 − 𝜔  turbulence model and the sliding mesh 

technique. Numerical results of turbine performance and 

wake evolution were compared and validated against 

experimental [14] and numerical data [15].  Finally, three 

lateral spacings between rotors’ centerlines were studied 

to evaluate the relationship between this spacing and the 

overall power production.  

II. GEOMETRICAL CONFIGURATION AND SIMULATION SET-UP

A. Numerical domain

The turbine considered in the present study is a 1:40

scale model of the US DOE RM1. This turbine is an axial-

flow dual counter-rotating rotors, each with a rotor 

diameter of 𝑑𝑇 = 0.5 m. Each rotor and nacelle is mounted 

on a crossarm assembly which is fixed on a monopile 

foundation and a 1.4𝑑𝑇 lateral distance between the rotors’ 

centers exists.  The whole assembly was placed in an open-

channel domain that extended -8 𝑑𝑇  upstream to 30 𝑑𝑇 

downstream of the axis of rotation. This inlet domain 

length was selected to allow full flow development before 

the rotor was reached and it is particular to each case 

studied as it depends on multiple factors such as the 
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turbulence model used, TSR, and solidity, among others. 

Previous studies have found that incorrect inlet length 

selection affects turbine performance due to velocity 

magnitude errors at the turbine [16, 17].  To effectively 

validate the numerical results, the total depth and width of 

the computational domain matched the experimental 

dimensions in [14] setting a length of 2 𝑑𝑇  and 5.5 𝑑𝑇 , 

respectively. A similar case occurs with the position of the 

outlet in the computational domain as this boundary 

should be positioned far enough to allow for flow 

development and guarantee no interference with wake 

dynamics. When seeking to characterize both near and far 

wake dynamics, a long enough computational domain 

must be implemented. Previous studies on wind turbines 

[18] and hydrokinetic turbines [19, 20] have used outlet

lengths equal or greater than 30 𝑑𝑇  downstream of the

turbine and have obtained satisfactory results, even in the

near wake region.

B. Rotating domain

When dealing with rotating domains, increased

accuracy of the flow is obtained by modelling the effect of 

the rotation of the domain on the flow. Simplified 

techniques such as the Actuator Disk (AD) [21, 22] and the 

Multiple Reference Frame technique [23, 24] are commonly 

used techniques due to the reduction of computational 

cost. However, in AD the aerodynamic forces must be 

previously determined from measured airfoil 

characteristics. Also, this method is not sufficient to 

correctly simulate the development of the turbine’s wake 

as the far wake is sensitive to the stability of the vortical 

structures in the near wake, which are not captured by this 

technique [25]. On the other hand, previous studies using 

the MRF have underestimated  turbine power production 

and low turbulence intensity values in the wake attributed 

to the inability of this method to resolve the rotation-

induced turbulent intensity, as the domain is placed at a 

specific position (frozen rotor) [26]. To capture the 

unsteady effects in turbulent flows with rotating domains, 

a technique known as Sliding Mesh (SM) is widely used. 

In contrast to MRF, the SM technique allows the sliding of 

the mesh relative to other zones along the interfaces 

between them, increasing the computational resources and 

simulation time [27]. Multiple studies have implemented 

this technique to estimate power production and 

characterize the wake in turbines obtaining good 

concordance with experimental data [15, 28]. For these 

reasons, the SM technique has been used in this present 

study.  

C. Turbulence Model

The Shear Stress Transport (SST) 𝑘 − 𝜔  turbulence

model developed by Menter [29] has been adopted in this 

study. Past studies have applied this model to numerically 

capture the flow field around wind [30] and hydrokinetic 

turbines [11, 31], obtaining good agreement with 

experimental data compared to other two-equation 

turbulence models.  

D. Boundary conditions

A constant, uniform velocity and turbulence were set at

the inlet of the domain. These values matched 

experimental hub-height average values in [14] of 𝑈𝑖𝑛 = 

1.04 m/s for velocity in the axial (flow) direction and 𝐼𝑖𝑛 = 

5% for the turbulent intensity. The outlet of the domain 

was set to a gauge uniform pressure of 𝑃𝑜𝑢𝑡 = 0 Pa and a 

turbulent intensity of 𝐼𝑜𝑢𝑡  = 5%. For the surface of the 

domain, a symmetry boundary condition was set. 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 used. All boundary conditions, domains 

and sizes are visualized in Fig. 1. 

Fig. 1  Computational domain showing employed boundary 

conditions, subdomains and sizes. 

E. Mesh and time-step

The computational domain consists of five subdomains

that facilitated the creation and refinement of the mesh 

while also the rotation specification. All subdomains are 

visualized in Fig. 1. Each of the turbine’s rotors is 

embedded in a rotating subdomain with a diameter 10% 

larger than 𝑑𝑇, separated and connected to the stationary 

subdomain by a sliding mesh. 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 mesh was created in the vicinity of the walls in 

order to capture and achieve an accurate solution of the 

boundary layer. A 𝑦+  = 1 value was ensured across the 

rotors, nacelles, supporting arms, and tower. Additional 

refinements were conducted on the near, far, and full 

domains with the aim of tracking the tip vortices. Three 

different polyhedral meshes were created and labeled as 

coarse, medium, and fine. The objective variable to 

perform the grid convergence study was the power 

coefficient (𝐶𝑝)  averaged over four revolutions. This 

variable was monitored for a TSR of 𝜆  = 5.07 matching 

experimental condition in [14]. The respective number of 

cells for each mesh and the averaged 𝐶𝑝  values are 

presented in Table I.  

The difference in Cp between the medium and fine grids 

is well below 2%, and the medium mesh only exhibited a 

3% difference compared to experimental data; As a 

compromise between accuracy and computation time, the 

medium grid was selected for this study. 
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The time-step preliminary analysis considered three 

different cases: Δ𝑡 = 0.00001, 0.0001 and 0.0003 s. Using a 

time-step of Δ𝑡  = 0.0003 s yielded a 3% difference with 

experimental data in [14] and a difference below 1% 

compared to a time-step of Δ𝑡 = 0.00001. For this reason, a 

Δ𝑡  = 0.0003 s was selected for all simulations as 

computation time was significantly reduced.  

III. RESULTS & DISCUSSION

F. TSR versus 𝐶𝑝

For validation purposes and to show the advantage that

the SST 𝑘 − 𝜔  turbulence model has when dealing with 

different type of flows, three TSRs (𝜆 = 3, 5.07 and 7.6) were 

simulated and compared to experimental data in [14]. All 

averaged 𝐶𝑝 values are presented in Table II. 

Comparing numerical results to experimentally 

recorded values in [14], a difference of 3% for the lowest 

TSR studied (𝜆 = 3) and a 4% for the highest TSR (𝜆 = 7.6), 

were obtained. In both values of TSR, stall is expected to 

happen, causing an adverse pressure gradient and hence, 

power production decreases.  All numerical results are in 

an acceptable range with experimental data, highlighting 

the advantage and ability of the SST 𝑘 − 𝜔  turbulence 

model in dealing with a variety of flows. 

Fig. 2  𝐶𝑝  comparison obtained in the present numerical study 

versus experimental in [14]. 

Fig. 2 presents three simulated numerical values for 𝐶𝑝 

over a range of TSR obtained experimentally in [14]. It is 

apparent that the torque, which finally creates the power 

production, changes as a function of TSR, causing a highly 

variable and fluctuating power production.  

Fig. 3  Velocity deficit at hub height and center of the channel 

obtained in the present numerical study versus experimental data in 

[14] and the CFD numerical simulation in [15].

The velocity deficit is a commonly used variable to

represent the velocity recovery in the wake of this type of 

devices. Fig. 3 shows the velocity deficit profile at hub 

height and center of the channel obtained experimentally 

in [14] and by the present numerical simulations 

performed from distances from 𝑋/𝑑𝑇 = -1 up to 𝑋/𝑑𝑇 = 8. 

Although the results obtained by the SST 𝑘 − 𝜔 had good 

agreement with experimental results for the 𝐶𝑝, the same 

agreement was not achieved for characterizing the full 

wake. Comparable results were found by similar 

numerical simulations performed using the same 

turbulence model in [15], where authors found the 

inadequate capture of the wake dissipation rate using 

different RANS models.   

Fig. 3 indicates an appreciable difference in the velocity 

deficit at 𝑋/𝑑𝑇  = 1 and for further distances than  𝑋/𝑑𝑇 > 5.  

However, a difference less than 5% was found between the 

region of 2 ≤  𝑋/𝑑𝑇 ≥ 4.  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. 

Fig. 4  Velocity deficit at hub height and right rotor’s center (𝑌/𝑑𝑇 

= 0.7) obtained in the present numerical study versus experimental 

data in [14]. 

Fig. 4 shows the velocity deficit for the right rotor at hub 

height. Due to the uncertainties of the experimental 

performance results, especially on the left rotor, only 

results for the right rotor are presented.  Numerical results 

predict well the beginning of the deceleration of the flow 

around 𝑋/𝑑𝑇 ≈ 1.5, as the velocity deficit begins to 

increase, which was also reported in [14]. However, Hill et 

al. reported a velocity deficit peak of approximately 0.3 at 

𝑋/𝑑𝑇  ≈  3, which was not the case for the numerical 

TABLE I 

AVERAGED 𝐶𝑝 FOR THE THREE EMPLOYED GRIDS AND 

EXPERIMENTAL VALUE   

Mesh Cells [Millions] Averaged Cp [-] 

Coarse 19.89 0.430  

Medium 21.93 0.461 

Fine 48.01 0.468 

Experimental    -- 0.476 

TABLE II 

COMPARISON OF AVERAGED NUMERICAL AND EXPERIMENTAL [14] 𝐶𝑝

FOR THREE TSR (𝜆) STUDIED 

TSR (λ) Experimental Cp [-] Averaged Cp [-] 

3 0.320 0.310  

5.07 0.476 0.461 

7.6 0.368 0.382 
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simulations, reaching a peak of 0.46 close to 𝑋/𝑑𝑇 = 6, for 

the right rotor. After the peak in the velocity deficit, the 

fluid mixes with the bypass flow and begins to gradually 

recover as the velocity deficit begins to decrease.  

Higher velocity deficits compared to experimental data 

can be attributed to multiple reasons such as the 

inappropriate estimation of the dissipation rate by URANS 

models like the SST 𝑘 − 𝜔, as previously found in studies 

like [15], the assumption on dealing with isotropic 

turbulence imposed by the Boussinesq approximation in 

RANS models and the lack of resolving small eddies. Also, 

it is key to highlight that the mesh used for studying the 

wake was chosen by the independency study presented in 

section E, 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. 

G. Influence of rotor spacing

A considerable portion of a tidal channel cross-section

must be unblocked to allow for navigation of vessels and 

so forth, limiting the space covered by turbines 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 devices. In this study, three different 

lateral spacings (𝐿/𝑑𝑇)  were studied corresponding to 

𝐿/𝑑𝑇  = 1.2, 1.4 and 1.6, where L is the axial distance 

between both the rotor’s center. 

Table III presents the 𝐶𝑝  for all three lateral spacing 

cases studied, showing a tendency of a higher 𝐶𝑝  as the 

two rotors are farther spaced out. Increasing the lateral 

spacing from 𝐿/𝑑𝑇 = 1.2 to 1.4 and from 1.4 to 1.6 generated 

an increase of 2.6% and 3.7% on the 𝐶𝑝, respectively. This 

behavior can be explained by the choking effect, i.e., 

reduced flow through the swept area of both rotors. 

However, this 3.7% increase on the 𝐶𝑝  is obtained by 

establishing a greater separation between the rotors which, 

from a structural point of view, translates into an increase 

in the bending and torsional moments that the central 

structure must support. For this reason, the central tower 

will probably have to be designed using materials with 

higher mechanical properties or with a larger 

diameter/thickness, increasing manufacturing and 

implementation prices of these devices. This price increase 

will in turn increase the project's levelized cost of energy 

(LCOE) and should be carefully analyzed to see if the 

increased rotor spacing ultimately has a positive economic 

impact. 

IV. CONCLUSIONS

A 1:40 scale model of the US DOE RM1, an axial-flow 

dual counter-rotating rotors tidal turbine was numerically 

studied by means of CFD. Three-dimensional simulations 

using SM technique and SST 𝑘 − 𝜔  turbulence model, 

have been implemented to estimate 𝐶𝑝 in a range of TSR. 

Numerical results showed a favorable comparison with 

experimental data, exhibiting a difference lower than 4% 

for all TSR studied.  

Although good agreement with experimental results for 

the 𝐶𝑝  was achieved, the same agreement was not 

accomplished for characterizing the wake. Numerical 

results estimated higher velocity deficits at distances 

𝑋/𝑑𝑇 > 3, hence estimating a delayed wake recovery.  This 

behavior was attributed to multiple factors such as an 

incorrect estimation of the dissipation rate by URANS 

models, the assumption on dealing with isotropic 

turbulence, and the lack of resolving small eddies. 

Further, the relationship between rotor spacing and 

power extraction was studied by numerically simulating 

three lateral spacings corresponding to 𝐿/𝑑𝑇  = 1.2, 1.4 and 

1.6. Results showed a tendency of a higher 𝐶𝑝 as the two 

rotors are farther spaced out. An increase from 𝐿/𝑑𝑇 = 1.4 

to 1.6 caused an increment of 3.7% on 𝐶𝑝. However, this 

increment is also related to higher torsional and bending 

moments on the central tower as the rotors are spaced 

wider apart. A detailed structural and economic study 

should be performed in order to determine if this increase 

on the 𝐶𝑝 will ultimately cause more competitive LCOE.  
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