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ABSTRACT

To improve the energy extraction efficiency of hydrokinetic turbine farms, it is necessary to study 
the performance of different turbine array configurations. However, predicting and analyzing the 
performance of turbine arrays using high-fidelity blade-resolved simulations is unrealistic due 
to excessive computational cost. A solution to reduce computational demand while maintaining 
realistic performance predictions and accurate representation of flow physics is to use simplified 
turbine models. This work presents a comparison between two simplified modelling approaches 
developed at Université Laval for cross-flow turbines of the H-Darrieus type: the Actuator Line 
Method (ALM) and the Effective Performance Turbine Model (EPTM). Both approaches consist 
of representing the real rotor by equivalent volumetric forces, thus bypassing the resolution of the 
blades and their boundary layers. The ALM is an unsteady method that requires the computation, 
at each time step, of the force distribution to be applied along the span of the turbine’s blades. 
Thus, this method accurately reproduces the local impact of the blade on the flow field and to 
generate realistic near-wake structures. On the other hand, the steady-state EPTM imposes time-
averaged blade forces within an annular cylindrical actuating region to reproduce the mean effects 
of the rotor on the flow, which predicts the mean turbine performance and generates a reasonably 
accurate mean wake. Compared to the EPTM, the ALM is of higher fidelity, capturing more 
physical details, but computationally more expensive.

Three turbine configurations (single turbine, tandem array, and triangular cluster) are simulated 
using both approaches. The two methods are evaluated and compared in terms of the prediction 
of key performance metrics (i.e., power and drag coefficients) and in terms of their wake 
reproduction capability. Recommendations for turbine farm analysis are formulated.

Keywords: Hydrokinetic energy, cross-flow turbine, turbine arrays, simplified modelling, 
actuator line, actuator disk
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1. INTRODUCTION

Hydrokinetic turbines are technologies that 
allow the extraction of kinetic energy from 
freestream water flows, such as river and 
tidal currents, in a manner analogous to wind 
turbines. This work focuses on the H-Darrieus 
Cross-Flow Turbine (CFT) technology, which 
is composed of straight blades rotating at a 
constant radius along the entire span. The 
CFTs, deployed vertically, are well adapted 
to the bi-directional or multi-directional tidal 
flows. They can also be deployed horizontally 
in shallow water applications where their 
rectangular extraction plane allows to 
maximize the power. Thus, their adaptability 
to different environments and their ease of 
installation [1], [2] make them advantageous 
compared to axial-flow turbines. In this work, 
we consider CFTs deployed vertically.

Deploying these turbines in arrays or farms 
becomes an interesting option to minimize 
installation and maintenance costs while 
maximizing energy extraction on regional 
scales. Dabiri [3] also demonstrated in 2011 
that the energy density of turbine farms is 
increased when using CFTs compared to 
axial-flow turbine farms, which makes this 
technology even more attractive for farm-
scale deployment. 

The main challenges when considering turbine 
farms are related to total power prediction 
and configuration optimization. Hydrokinetic 
turbine arrays are not simple superposition of 
isolated turbines; instead, complex interactions 
exist among turbines, such as the local 
blockage effects caused by closely placed side-
by-side turbines [4], [5], as well as the impact 

of upstream wakes on downstream turbines 
[5], [6], [7]. Moreover, resource-related 
factors – such as the global blockage induced 
by the channel bed and the free surface [8], 
[9], free surface deformation [6], and inflow 
characteristics [10], [11], [12] – also have a 
significant influence on the array performance. 
Therefore, it is essential to account for these 
aspects in turbine array studies.

During the design phase of turbine farms, 
Computational Fluid Dynamics (CFD) is an 
important tool to assess the array performance 
and optimize the turbine layout. High-
fidelity Blade-Resolved (BR) simulations are 
often applied for the performance and wake 
characterization of single turbines [13], [14], 
[15]. However, BR simulations are highly 
demanding in computational cost due to the 
boundary layers resolution near the solid 
bodies. As a result, using BR simulations 
for configuration with multiple turbines 
becomes unrealistic due to the excessive 
computational cost. A solution to reduce 
computational demands while still providing 
reliable predictions is to use simplified 
turbine models, such as force prediction-
based modelling techniques like the Effective 
Performance Turbine Model (EPTM) [16] and 
the Actuator Line Method (ALM) [17]. These 
two simplified approaches, which have been 
adapted for CFTs at Université Laval, are 
used in this study. 

This work thus aims to compare these two 
simplified models adapted to the turbine 
geometry described in Section 2.1 based 
on their performance predictions, wake 
reproduction, and computational costs for 
three deployment scenarios: single turbine and 
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two different multi-turbine configurations. 
The modelling details of both approaches 
are presented in Sections 2.2 and 2.3, while 
the results for the three configurations 
(single turbine, tandem array, and triangular 
cluster) are discussed in Section 4. Finally, 
recommendations for the analysis of turbine 
farms using these two simplified models are 
provided in order to highlight the advantages 
and limitations of each approach and to 
address the following question: Which 
model is best suited to optimize turbine farm 
configurations?

2. TURBINE MODELLING

As mentioned earlier, resolving boundary 
layers in BR simulations requires a very 
fine computational mesh near solid bodies 
to capture the strong normal gradient of 
velocity, which significantly increases the 
computational cost. The simplified models 
EPTM and ALM presented in this work are 
both actuator-type turbines models, which 
replace solid bodies with actuating regions 
in which estimated volumetric forces are 
imposed. As a result, boundary layer resolution 
is bypassed in these models, which reduces 
computational cost while still maintaining 
accurate performance predictions. 

This section first presents the reference turbine, 
along with the normalized parameters that 
typically characterize CFTs. Then, the general 
working principles of the two simplified 
models EPTM and ALM are described. 

2.1 Description of the Reference Turbine 
The reference turbine, shown in Figure 1,  
consists of a three-bladed CFT with a 

simplified cylindrical hub, originally designed 
and tested by Mavi Innovations. Supporting 
struts and foundation structures are not 
considered for simplification purpose. Detailed 
parameters of geometric characteristics and 
operating conditions are presented in Table 
1. In this study, the turbine operates always 
at its rotational speed corresponding to its 
optimal power extraction point whatever its 
deployment conditions. The tip-speed ratio is 
a normalized value of the rotational speed Ω, 
defined as:

					        (1)

where R ≡ D ⁄ 2 is the rotor radius and U∞ is 
the freestream velocity. The optimal tip-speed 
ratio (λopt) of a specific turbine design varies 
depending on the blockage ratio:

				                     (2)

where A = bD is the turbine’s frontal area 
and Achannel  is the cross-sectional area of 
the channel. For the investigated CFT, the 
optimal tip-speed ratio is of 3 in a confined 
environment with a blockage ratio of 20% 
[18]. The diameter-based rotor Reynolds 
number is fixed at ReD ≡ U∞ D ⁄ ν =1.07∙107 
(with ν being the fluid kinematic viscosity), 
which is high enough to assume Reynolds 
independence [19] and fully turbulent 
boundary layers.

Conventional turbine performance metrics 
include several non-dimensional parameters, 
such as the mean power coefficient, defined 
as the ratio of time-averaged (mean) power 
extraction (P) to the available power across the 
turbine’s extraction window: 
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Figure 1: Three-bladed turbine geometry and main parameters.
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Table 1: Main normalized geometric and operational characteristics of the reference turbine. 

3

𝑏𝑏 𝐷𝐷⁄ 0.75
𝑐𝑐 𝐷𝐷⁄ 1 14⁄
𝑥𝑥𝑝𝑝 𝑐𝑐⁄ 0.25
𝛽𝛽 0°

𝑑𝑑hub 𝐷𝐷⁄ 0.05

𝐵𝐵 20%
𝜆𝜆 3

𝑅𝑅𝑅𝑅𝐷𝐷 1.07 × 107
𝑅𝑅𝑅𝑅𝑐𝑐 = (𝛺𝛺𝛺𝛺)𝑐𝑐 𝜈𝜈⁄ 2.29 × 106

 

Table 2: Summary of numerical setups for the three types of simulations. SST=Shear Stress Transport 

𝑘𝑘 𝜔𝜔 𝑘𝑘 𝜔𝜔

𝑈𝑈∞

• 𝜈𝜈𝑡𝑡 𝜈𝜈⁄ = 10 𝐼𝐼 = 1% 𝑘𝑘 𝜔𝜔
• 𝜈𝜈𝑡𝑡 𝜈𝜈⁄ = 0.2

𝑝𝑝 = 0

 

Table 1: Main normalized geometric and operational characteristics of the reference turbine.
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					        (3)

and the mean drag coefficient (also referred 
to as the mean thrust coefficient), defined as a 
normalized value of the drag force, i.e., the mean 
streamwise force acting on the turbine (Fx):

					        (4)

where ρ is the fluid density. 

2.2 Low-fidelity Simplified Turbine Model: 
EPTM
The EPTM is a steady-state simplified 
turbine model for use in a three-dimensional 
Reynolds-Averaged Navier-Stokes (RANS) 
CFD simulation of the deployment site, 

originally developed at Université Laval by 
Bourget in 2018 [16], which has been specially 
formulated for the reference CFT considered 
here and further validated and applied under 
various operating environments [20]. As an 
actuator-disk type model, the EPTM imposes 
volumetric forces (i.e., momentum source 
terms in the RANS equation) directly into 
the fluid domain to mimic the time-averaged 
impact of the real turbine. The cylindrical 
actuating region replicates the geometry of the 
CFT’s blades swept area. This approach avoids 
not only the resolution of boundary layers but 
also the long temporal resolution.

Figure 2 presents the overall calculation 
process of an EPTM simulation. The key 
feature of EPTM is that the applied volumetric 
forces f and the mean performance metrics 

Figure 2: Overall computational workflow of an Effective Performance Turbine Model (EPTM) simulation.
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(e.g., the optimal rotational speed Ω, the mean 
output power P, and the mean drag force Fx) are 
all scaled with the effective velocity V*, which 
is defined as the time- and space-averaged 
velocity passing through the rotor (see the pink 
plane denoted S* in Figure 1):

   				       	    (5)

with Q being the mean flowrate through the 
rotor. This effective velocity is not known a 
priori, but results from the simulation. Indeed, 
V * is the main performance metric provided 
by the EPTM. Other performance metrics are 
computed from it as expressed in the chart of 
Figure 2. At each RANS iteration step, the 
effective velocity V * is recalculated and is 
used to update the volumetric force f. Once 
the solution converges, final prediction of the 
mean turbine performance can be derived. It 
is important to note that the input data, i.e., 
the distribution of the volumetric effective 
force coefficient (c*) illustrated in Figure 3, 
as well as the global effective coefficients, 
including the effective tip-speed ratio (λ*), 
the effective power coefficient (C *), and the 
effective force coefficients (Cx,y,z) are all 

extracted from a preliminary BR simulation 
of an isolated turbine at its optimal extraction 
point. Note that the global mean force F x,y,z are 
the volume integrals over the actuating region 
of the components of f in their corresponding 
directions [16].

Since the effective velocity V * represents 
the local flow “effectively experienced” by 
the turbine, the EPTM is intrinsically able to 
account for the rotor-scale local flow effects 
such as the blockage effect and velocity 
variations in the upstream vicinity. The former 
may be due to the channel confinement or the 
presence of neighbouring turbines while the 
latter may be associated to the velocity deficit 
produced by upstream turbines. Moreover, in 
all circumstances, the EPTM tracks the optimal 
power extraction point automatically.

2.3 Medium-fidelity Simplified Turbine 
Model: ALM
The ALM is a medium-fidelity and unsteady 
model that can be used to predict the time 
evolution of the performances [21], [22] and 
to accurately replicate the unsteady turbine 
wake structures due to the blade rotation 

Figure 3: Distribution of the streamwise (cx), transverse (cy), and axial (cz) components of the volumetric effective force coefficient cf. 
The transparent grey plane denotes the turbine extraction plane.
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[23]. In this approach, the solid bodies, i.e., 
the blades and hub of the CFT, are replaced 
by straight actuating lines in rotation (for the 
blades) along which varying volumetric forces 
are applied into the Navier-Stokes equations, 
as shown in Figure 4. The actuating lines 
are formed with actuating points uniformly 
spaced in the spanwise (z) direction, and the 
force distribution is constructed based on the 
force contributions from individual point. 
The lift (Δpfl) and drag (Δpfd) forces for 
each actuating point are calculated with the 
estimated local flow properties [24]: the blade-
scale effective local freestream velocity (V ) 
and the effective angle of attack (α), as well as 
the precomputed 2D aerodynamic polars (i.e., 
lift and drag curves) of the blade’s profile:

					        (6)

					        (7)

where Cl (α) and Cd (α) are the lift and drag 
coefficients corresponding to α, and Δp A = ∆p z 
. c is the area attributed to each point. Resulting 
forces are implemented in the fluid domain 
to replicate the actual blades’ effects on the 
flow. Since CFT blades operate in curved flow, 
it is necessary to apply analytical curvature 
corrections to the lift and drag coefficients [25] 
to adapt the ALM to CFT. Additionally, near-
tip correction functions developed specifically 
for the ALM [26] are used to adapt the force 
loading near the blade tips, as the standard 
ALM struggles to accurately reproduce tip 
loading due to a poor representation of tip 
vortices. The instantaneous power coefficient 
(CP) is computed using the tangential force 
component along the blade chord, which results 

from the projection of Δpfl and Δpfd onto 
the chord direction, as well as the resulting 
moment at the attachment point. Compared to 
other ALM adaptations for CFTs previously 
proposed in the literature [27], [28], [29], the 
ALM used in this work is improved through 
the incorporation of new analytical curvature 
corrections and near-tip correction functions. 
These enhancements maintain the simplicity 
of the ALM while significantly improving its 
predictive capabilities [17]. 

3. NUMERICAL SETTINGS

The EPTM, ALM, and BR simulations in this 
work are all performed using the finite-volume 
commercial CFD software Simcenter™ STAR-
CCM+™ [30]. The BR simulations have been 
realized by Bourget [16] and Gauvin-Tremblay 
and Dumas [6].

Table 2 provides a summary of the general 
numerical setups for the two types of 
simplified turbine simulations and the 
reference BR simulations. 

The EPTM simulations are conducted with 
the steady-state solver while the ALM and 
BR simulations are non-stationary with time 
advancing using a second-order implicit 
scheme. The time discretization corresponds 
to 1,000 time steps per turbine revolution 
period for unsteady simulations. (U)RANS 
approaches are applied to account for the 
turbulence with either the k-ω SST or the 
Spalart-Allmaras model.

Three turbine configuration scenarios are 
considered in this work: #1 single turbine, 
#2 tandem array, and #3 triangular cluster, 1 
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Figure 4: Comparison of (a) the actual blades of the Cross-Flow Turbine (CFT) and (b) the Actuator Line Method (ALM) representation 
via volume rendering of the actuating forces. The actuator line concept of a single blade is shown in (c), with the control points (in 
red), their associated coordinate frame (in blue), as well as the actuating force contour on a plane section passing a control point.
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B
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as illustrated in Figure 5. The computational 
domains are in the shape of a rectangular 
channel, extending at least 10D upstream and 
15D downstream of the turbine (or turbine 
array). For the single turbine and tandem 
array scenarios, the cross section of the 
channel has the same aspect ratio as that of 
the turbine. The channel width is doubled for 
the triangular cluster scenario. The blockage 
ratio (see Equation (2)) based on the frontal 
area of one turbine for scenarios #1 and #2 
and on the frontal area of two turbines for 
scenario #3, is always maintained at 20% in 
all cases. Constant and uniform inflow with 
low turbulence level is specified at the inlet 
boundary and a zero static pressure is imposed 
at the outlet boundary. The lateral boundaries 
are simplified as symmetry planes.

The overset mesh approach supported by 
Star-CCM+ is used here. The background 
channel and the inner domains, which contain 
the actuating regions or the rotor geometry, 
are meshed separately using hexahedral 
or polyhedral cells (as shown in Figure 6). 
Overset mesh technique is applied to connect 
the background mesh and the meshes of the 
inner domains. The inner mesh cells are refined 
to about 0.01D in the vicinity of the actuating 
region of the EPTM and ALM, which are much 
finer around the BR rotor geometry (≤ 0.0025D 
and ≤ 0.005D for the scenario #1 and #2, 
respectively) with boundary layers discretized 
to ensure y+ ~1. The background mesh is 
progressively coarsened away from the turbine 
surrounding regions, but a resolution not 
coarser than 0.05D is maintained up to at least 

Table 2: Summary of numerical setups for the three types of simulations. SST = Shear Stress Transport. SIMPLE = Semi-Implicit Method 
for Pressure-Linked Equations.
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Figure 5: Geometry of the computational domain and boundary conditions 
for the three scenarios. The dimensions in the streamwise (x) direction are 
not drawn to scale for illustrative purposes. (a) Scenario #1 Single turbine. 
(b) Scenario #2 Tandem array. (c) Scenario #3 Triangular cluster.
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7D downstream of the turbines to well capture 
the wake structures for all the simulations.

4. RESULTS AND DISCUSSION

In this section, the two simplified turbine 
models EPTM and ALM are compared in 
terms of the performance prediction, wake 
reproduction, and computational costs for 
the three investigated scenarios shown in 
Figure 5. High-fidelity BR simulation results 
are provided for the first two scenarios as 
reference for comparison. For the unsteady 
ALM and BR simulations, mean results are 
derived from time-averaging over at least 
three additional turbine revolution periods 
after statistical convergence, while the steady-
state EPTM simulations give directly time-
averaged predictions.

4.1 Scenario #1: Single Turbine
In this basic scenario, a single CFT operates in 

a confined environment with a blockage ratio 
of B = 20% (see Figure 5a).

The ALM and BR simulations are conducted 
at various tip-speed ratios (λ) to characterize 
the mean performances of the isolated turbine. 
The EPTM, by design, can only provide the 
predictions at the optimal operation point with 
maximum power extraction. The results are 
presented in Figure 7. The CP curves (Figure 
7a) show that a same optimal tip-speed ratio 
λopt = 3 is predicted by all the three approaches. 
The mean power coefficients estimated by 
the EPTM, which was constructed based on 
an unconfined BR simulation of that CFT, 
match well the value from the reference BR 
simulation carried out at the 20% confinement 
level. The ALM overpredicts the turbine 
power but within an acceptable margin (~15% 
in relative). As for the mean drag coefficient 
Cx (see Figure 7b), it is found that the three 
modelling approaches yield comparable 

Figure 6: Illustration of the meshes around the turbine models on the mid-span horizontal plane section (at z = 0) for the three types 
of simulation. The background mesh is drawn in blue and the overset mesh is drawn in black. The actuating zones of the Effective 
Performance Turbine Model (EPTM) and Actuator Line Method (ALM) as well as the solid blades in the Blade-Resolved (BR) simulation 
are filled in red.
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Figure 7: Mean performance curves of a single turbine at various tip-speed ratios 
(λ) under a fixed blockage ratio of B = 20%, predicted by different turbine modelling 
approaches. (a) Power coefficient. (b) Drag coefficient.

A

B

predictions with only a 2% relative difference 
at the optimal point, signifying that the EPTM 
and the ALM both exert a similar mean effect 
on the fluid in the streamwise direction as the 
BR turbine does. 

The overprediction of CP with the ALM 
can be explained by its poor representation 
of tip vortices. Figure 8a shows that the 
overprediction of the instantaneous power 
coefficient CP of one single blade occurs 
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mainly in the upstream phase of rotation (θ 
є [0˚, 180˚]), especially around the angular 
position θ = 120˚. At such positions, the 
ALM overpredicts the spanwise distribution 
of the blade’s section power coefficient 
CP' mostly at the mid-span region of the 
blade, which is highlighted with red shaded 
area in Figure 8b. These discrepancies are 
related to 3D aerodynamic effects, which are 
revealed through the comparison of the tip 
vortices shown in Figure 8c. The tip vortex 
generated by the ALM exhibits a larger core 
with significantly lower vorticity than that in 
the BR simulation. This leads to a reduced 
downwash along the blade span, a phenomenon 
also reported by Breault et al. [31]. With a 
weaker downwash induced by the ALM’s tip 
vortices, abnormally larger effective angles of 
attack (α) are perceived around the mid-span. 
As a result, the tangential force on the blade 

generated by the lift-drag combination (and 
therefore CP) is overestimated. This occurs 
because the volumetric forces implemented 
in the fluid domain extend beyond the actual 
blade thickness (i.e., a larger force spreading). 
As mentioned in Breault et al. [31], using a 
smaller spreading of the volumetric forces 
in the thickness direction of the blade could 
generate stronger tip vortices. This would 
involve unsymmetric Gaussian smoothing of 
the applied volumetric forces. This is out of 
the scope of the present work and has been 
rejected.

This issue does not arise with the EPTM 
since it is constructed using global turbine 
performance metrics extracted from a 
representative BR simulation. Considering 
that the ALM’s overprediction of power is 
considered to be systematic, a simple ad hoc 

Figure 8: Graphical illustration for the overprediction of the power with the ALM. (a) Evolution of CP of one blade over a turbine revolution. 
(b) Spanwise distribution of the section power coefficient (CP') along a blade at θ = 120˚. (c) Isosurface of the Q-criterion coloured with 
tangential vorticity (ωθ ), representing the tip vortex generated by the Blade-Resolved (BR) and Actuator Line Method (ALM) turbines. 
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correction is proposed based on the relative 
difference in the maximum mean power of the 
isolated turbine (at λopt = 3) between the ALM 
and the BR simulations:

					        

					        (8)

The corrected CP curve of the ALM shows 
improved agreement with the curve derived 
from the BR simulations, as shown in 
Figure 7a. This ad hoc correction will be 
systematically used for all the ALM power 
predictions in this work.

In addition to the performance prediction, the 
wake reproduction is also a key capability of a 
turbine model, which may affect significantly 
the performance prediction accuracy for 
downstream turbines in array deployments. 
Figure 9 compares the mean wake generated 
by the EPTM and the ALM with that of the 

reference BR simulation through mean 
streamwise velocity contours, confirming that 
the characteristic wake topology is reasonably 
well reproduced by both simplified models. 
The wakes are all found to be deflected 
transversely toward the positive y direction 
(i.e., toward the upper part of rotation (θ є 
[-90˚, 90˚])) and contracted in the spanwise 
(z) direction, forming a similar T-shaped 
deficit viewed on downstream cross-section 
planes. The rapidly recovered centre zone, 
observed from 2D downstream of the ALM 
and BR rotors, but only from 4D downstream 
of the EPTM, is effectively attributed to 
this wake deformation. In fact, it has been 
previously proved by Boudreau and Dumas 
[32] that the convection of the mean flow 
contributes predominantly to the wake 
recovery along the centreline. 

Wake recovery could be globally estimated 
with the space-averaged mean streamwise 
velocity on successive wake plane sections, 

Figure 9: Comparison of the mean wake for the single turbine scenario (#1) generated by the three turbine modelling approaches 
through contours of mean streamwise velocity from a top view on the mid-span plane section (left) and a cross-section view at x ⁄ D = 
2, 4, and 6 (right). Rectangles on the cross-section view represent the projection of the turbine extraction plane on the cross section.
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which are aligned with the turbine extraction 
plane and geometrically identical. This section-
averaging operation is denoted by angle 
brackets (‹∙›). As shown in Figure 10, the 
ALM’s mean wake shares comparable recovery 
rate with that of the BR rotor in the near-wake 
region (0 < x ⁄ D < 3), owing to the correctly 
predicted spanwise contraction, which itself is 
induced by the blade’s tip vortices. Its overly 
rapid recovery around 4D – 5D downstream is 
supposed to be attributed to the overpredicted 
transverse convection toward +y. 

The EPTM wake shows slower recovery in the 
near-wake region due to a spanwise contraction 
less pronounced. Nonetheless, in the far-wake 
zone (x ⁄ D > 6), which exhibits higher potential 
for downstream aligned turbine deployment, 
the mean wake profiles regenerated by the two 
simplified approaches match well that of the BR 
turbine, with a relative difference in ‹Ux› lower 
than 5% for the ALM and 2% for the EPTM.

4.2 Scenario #2: Tandem Array
In the tandem scenario, a second turbine (T2) 
is placed 6D downstream of the first turbine 
(T1), as illustrated in Figure 5b. The domain 
retains the same cross section as in scenario 
#1; thus, the blockage ratio of the two turbines 
remains B = 20%. 

As the longitudinal spacing between the 
turbines is sufficiently large, it is reasonable 
to assume that the ambient flow conditions 
of the upstream turbine T1 are unaffected by 
the turbine T2. With the same blockage ratio 
and inflow conditions as in the single turbine 
scenario, it is expected that the optimal tip-
speed ratio of the T1 is unchanged 
(i.e., λopt,T1 = 3). However, as the turbine T2 
operates in the T1’s wake flow, which is not 
fully recovered, its inflow should be slower 
than the reference velocity U∞, and thus 
λopt,T2 is anticipated to be lower than 3. Through 
manual tuning in the BR simulation, it was 

Figure 10: Streamwise evolution of the section-averaged mean streamwise velocity in the wake of the Effective Performance Turbine 
Model (EPTM), Actuator Line Method (ALM), and Blade-Resolved (BR) rotors. The streamwise extent of the turbine sweeping region 
is shaded in grey.
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indeed confirmed in a previous study that 
λopt,T2 = 2.8 [6]. These values of λopt,T1 and 
λopt,T2 were prescribed for the BR and ALM 
simulations, which align well with the optimal 
tip-speed ratios auto-detected by the EPTM 
(λopt,T1 = 3 and λopt,T2 = 2.75, see Figure 11).

Predictions of the mean drag and power 
coefficients within the array are presented in 
Figure 11 as well. For the upstream turbine T1, 
the mean drag and power coefficients remain 
unchanged compared to the values of the single 
turbine at its optimal operating point (see 
Figure 7), confirming the fact that the influence 
of T2 on T1 is negligible. One may observe 
minor discrepancies between the T1 and the 
single turbine in the BR simulations, which are 
probably attributed to the slight differences in 
mesh resolution adopted in the two scenarios 
#1 and #2. 

The mean drag and power of the downstream 
turbine T2 are respectively reduced by 16% 
and 28% compared to T1, as predicted by 
the reference BR simulation, which is not 
surprising since T2 encounters the slower 
incoming flow from T1 with lowered 
momentum and power flux than the free 

stream. This trend is correctly reproduced by 
both simplified models (see Figure 11). The 
T2’s actuating lines (i.e., the ALM blades), 
dynamically acting as real solid blades, 
perceive non-uniformly decelerated effective 
local freestream velocity V along the blade 
trajectory, and generate overall lower forces 
over the revolution (through Equations (6) and 
(7)), leading to a reduced power prediction. 
More precisely, as shown in Figure 12, the 
ALM predicts an instantaneous blade power 
reduction comparable to the BR prediction, 
occurring primarily in the upstream phase 
of rotation and with similar peak values, 
not exactly at the same moment in the cycle 
(at the angular position of 90˚ for ALM 
and 105˚ for BR). By contrast, the EPTM 
works in a more averaged but robust way: a 
lower effective velocity is computed on the 
T2’s extraction plane (VT2 < VT1), yielding 
consistently decreased value of forces and 
power. The differences in the performance 
prediction across the three approaches are 
found to be greater for T2 than for T1, which 
is caused by the discrepancy in upstream 
wake reproduction. The EPTM and the ALM 
overpredicts the drag of T2 by 0.8% and 6%, 
and the power by 4% and 11%, respectively, 

Figure 11: Mean performance prediction for each turbine in the tandem array scenario (#2) from different turbine modelling 
approaches. For the Actuator Line Method (ALM) simulation, the power correction (Equation (8)) is applied. The grey dashed lines 
represent the performances of the single turbine (scenario #1) as reference. The red solid lines indicate the mean power coefficient 
averaged across the array.

* *
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Figure 12: Evolution 
of CP of one blade for 
both turbines in the 
tandem array scenario 
(#2), predicted by 
both unsteady turbine 
modelling approaches 
Actuator Line Method 
(ALM) and Blade-
Resolved (BR).

Figure 13: Streamwise 
evolution of the 
section-averaged mean 
streamwise velocity 
for the tandem array 
scenario (#2) predicted 
by the three turbine 
models. The shaded 
zones correspond to 
the streamwise extent 
occupied by the rotors.

Figure 14: Comparison 
of the mean wake 
for the tandem 
array scenario (#2) 
generated by the three 
turbine modelling 
approaches through 
contours of mean 
streamwise velocity 
on the mid-span plane 
section.
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compared to the BR simulation. Nonetheless, 
the performance predictions of the simplified 
models can still be considered consistent to the 
reference values obtained in the BR simulation, 
falling into acceptable difference ranges. 

Figure 13 and Figure 14 compare the wake 
recovery for the three simulations of scenario 
#2. It is found that the T1’s wake, almost 
unaffected by the T2 up to 1D upstream of T2 
(i.e., x ⁄ D ≤ 5), shows discrepancies among 
the three approaches as was noticed for the 
single turbine (see Section 4.1), which strongly 
affect the performance prediction accuracy 
for T2. In fact, the overprediction of power 
(after correction) of the ALM T2 is related 
to the excessively recovered upstream wake. 
Moreover, the fact that the upstream wake 
recovering centre of the ALM rotor is more 
toward the positive y direction than that of 
the BR rotor (as illustrated in the right panels 
of Figure 9 for x ⁄ D = 4 and 6) explains the 
prediction difference for the angular position 
of the blade extraction peak viewed in Figure 
12. Conversely, even with an underestimated 
inflow velocity, the EPTM overpredicts 
slightly the power for T2. This arises from the 
large non-uniformity of the incoming flow in 
this case, since the EPTM is developed from 
a single turbine operating in uniform flow, not 
accounting for the turbine power reduction 
in wake flows. From another perspective, 
the EPTM may perform better in other array 
configurations where one would want to avoid 
severely sheared inflow for the downstream 
turbines. The T2’s mean wake regenerated 
by the two simplified models resembles quite 
closely the mean wake of the BR rotor (see 
Figure 13 and Figure 14), meaning that the 
performance prediction accuracy would be 

good for hypothetic turbines deployed further 
downstream in the wake.

4.3 Scenario #3: Triangular Cluster
The third scenario consists of three turbines 
configured into a triangular (staggered) cluster. 
As illustrated in Figure 5c, two counter-rotating 
turbines (T1 and T2) are placed side by side 
with a lateral spacing of 2.24D at x / D 
= 0 into a channel maintaining a constant 
blockage ratio of 20%. Another turbine (T3) 
is positioned downstream along the midline 
between the upstream turbines. Configurations 
with various longitudinal spacings (sx) from 
1.2D to 6D and two rotation patterns (named 
“inward” and “outward,” as illustrated in Figure 
15) are tested using the EPTM. With lateral 
symmetric planes present, these configurations 
are practically equivalent to two-row 
arrays of infinite width, where side-by-side 
turbines rotate in alternating directions. ALM 
simulations are conducted only for the best and 
worst cases predicted by the EPTM simulations 
(i.e., with the highest and lowest average 
power extraction). However, high-fidelity BR 
simulations are not conducted in this triangular 
cluster scenario since it becomes too expensive.

As expected, the EPTM predicts always an 
optimal tip-speed ratio close to 3 for the 
upstream turbines T1 and T2 since their inflow 
and blockage conditions remain unchanged 
compared to scenario #1. Larger optimal 
tip-speed ratios are predicted for T3, with 
λopt,T3 ranging from 3.15 to 3.25 depending on 
turbine arrangements.
 
As shown in Figure 16, the EPTM predicts a 
decreasing trend in the mean power extraction 
with increasing longitudinal spacing; however, 
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the cluster average is always higher than 
the single turbine’s mean power. This array 
performance improvement is attributed to the 
accelerated bypass flow between the turbines 
T1 and T2 hitting the turbine T3. In these test 
configurations, T3 extracts about 10% – 25% 
more power than the average of the upstream 
turbines, while the average power production 
of the upstream row remains quite close to that 
of the single turbine. The impact of the rotation 
direction is limited in this case. For the most 
compact configurations, the inward-rotating 
upstream turbines produce more power than 
the outward-rotating ones, whereas this effect 
diminishes when sx exceeds 2D. 

For configurations with sx  ⁄ D > 4, upstream 
turbines rotating outward (with upstream 
wakes defecting inward) are more detrimental 
to T3’s power extraction. These above 
trends jointly determine the best- and worst-
performing cases, i.e., the  sx ⁄ D = 1.2
configuration with inward rotation and 
the sx ⁄ D = 6 configuration with outward 
rotation, respectively. The two cases are now 
investigated in more detail and compared with 
the ALM simulations. 
 
The most pronounced discrepancy between 
the two cases lies in the performance of the 

downstream turbine T3. The ALM’s power 
predictions are quite consistent to those of the 
EPTM (about 1% of difference), except for 
the downstream turbine T3 in the worst case 
(9% of difference), as presented in the right 
panels of Figure 17. 

In the best cases, T3 benefits from the 
accelerated bypass flow between the upstream 
turbines, resulting in a notably enhanced mean 
power CP,T3 (+25 relative to the single turbine 
scenario, as predicted by both EPTM and 
ALM). As predicted by the ALM, the benefit 
to the blade instantaneous power extraction 
occurs mainly in the upstream phase of 
rotation, while the effect on the downstream 
phase is quite limited (see Figure 18).

In the worst case, the EPTM predicts a much 
less increase in CP,T3 (+13%), whereas the ALM 
predicts that there is only a small gain of 3% 
for T3. For one thing, this reduced gain for T3 
results from the gradually decelerated bypass 
flow with the reenergization of the upstream 
wakes, which explains also the power reduction 
of T3 with increasing longitudinal spacing as 
observed in Figure 16. This is further supported 
by the observation in Figure 18 that the 
maximum CP,blade in the worst case, while lower 
than that in the best case, still exceeds that of 

Figure 15: Test configurations of turbine rotation direction in triangular clusters illustrated from top view by red arrows. The grey 
arrows indicate the anticipated wake deflection direction of each turbine. (a) Inward rotation. (b) Outward rotation.

A B
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a single turbine, as predicted by the ALM. For 
another, in the worst case, due to the inward 
deflection of the upstream wakes, the velocity 
deficit penetrates the T3’s extraction region 
(as viewed on the left panels of Figure 17b for 
both the EPTM and ALM), causing notable 
wake-turbine interaction and performance 
degradation for T3, which is also revealed by 
a decrease in instantaneous power extracted by 
the single blade around θ = 45˚ and 150˚ (see 
Figure 18); by contrast, this detrimental effect is 
well avoided in the best case. The discrepancy 
between the two approaches in the power 
prediction of T3 is not such a surprise since 
the ALM’s wake is more diffused, resulting in 
a slower bypass and a stronger penetration of 
velocity deficit into the T3’s extraction region.

Moreover, minor differences are noted for the 
two upstream turbines in the compact cluster 

(best case) compared to the single turbine 
scenario, which may be marginal for array 
deployment studies yet meaningful for the 
purpose of model comparison. Firstly, the 
upstream turbines, on average, extract 2% more 
power than the single turbine. Since T3 is placed 
downstream between the two upstream turbines 
at a sufficiently short distance, the blockage 
effect of the upstream row is effectively 
enhanced by the presence of the closely placed 
downstream row. Secondly, both EPTM and 
ALM predict that T1 extracts 6% less power 
than T2 in the best (compact) configuration, 
which is caused by the asymmetric upstream 
deceleration (visible right upstream of T3 in 
Figure 17 (left)) induced by T3.

In brief, the two simplified turbine models are 
not only able to predict similar trends in the 
mean power variation across the clusters in a 

Figure 16: Mean power coefficient CP for the triangular cluster with different longitudinal spacing sx and rotation patterns, as predicted 
by the Effective Performance Turbine Model (EPTM).
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Figure 17: Comparison of the mean wake produced (top) and the mean power prediction (bottom) of the Effective Performance Tur-
bine Model (EPTM) versus Actuator Line Method (ALM) for the two triangular clusters with the best and worst performances. Mean 
streamwise velocity are shown on the mid-span plane section. (a) Best case: sx ⁄ D = 1.2, inward rotation. (b) Worst case: sx ⁄ D = 6, 
outward rotation.

A

B
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simple manner, but can also reproduce consistent 
flow phenomena and effects (even minor ones) 
associated with these observed trends.

4.4 Computational Costs
A comparison of the computational costs 
required by the three turbine modelling 
approaches is provided in Figure 19. The 
EPTM and ALM simulations employ 
comparable mesh cell counts, roughly five 
million cells per turbine, which is of the order 
of 10-1 of that used in the BR simulations. 
However, since the EPTM is a steady-state 
model, which does not require temporal 
marching nor time statistics for mean turbine 
performance, its has always the lowest Central 
Processing Unit (CPU) time requirement 
among the three methods. The CPU hour 
consumption of the EPTM grows with the 
cell count and also with the complexity of 
interactions within the turbine array which 
may require more iterations to converge. 
For comparison purposes, the CPU time 
requirements of the two unsteady methods 

ALM and BR shown in Figure 19 are estimated 
according to a conservative scenario. It is 
supposed that a minimum of ten turbine cycles 
discretized with 360 steps/cycle and five final 
cycles in 1,000 steps/cycle are required for the 
single turbine scenario (#1) and the compact 
triangular cluster (#3 best). Ten more coarsely 
discretized cycles are required before the final 
cycles for the tandem array scenario (#2) and 
the extended triangular cluster (#3 worst) 
so that the wake from the upstream turbines 
could be effectively transported to the turbine 
located far downstream. The ALM consumes 
on average about 2×104 CPU hours per turbine, 
equivalent to five days of computation on a 
192-core compute node, being approximately 
1,000 times more than the EPTM demand; 
nonetheless, the ALM is still about five times 
faster than the high-fidelity BR simulation.

5. CONCLUSION

This study presented a comparative 
assessment of two simplified turbine models 

Figure 18: Evolution of CP of one blade for the downstream turbine T3 in the triangular array scenario (#3), 
in comparison to the single turbine scenario (#1).
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(EPTM and ALM) tailored for CFTs. Their 
performance prediction, wake reproduction, 
and computational costs were evaluated with 
three deployment scenarios to determine each 
model’s suitability for turbine farm simulations. 

The EPTM was shown to accurately predict 
the performance of each scenario, with the 
only minor discrepancy being a slower wake 
recovery in the near wake, as demonstrated by 
comparisons with blade-resolved results for 
the first two scenarios. The main advantage of 
this method lies in its low computational costs. 
In fact, it is considerably more cost-effective: 
~ 103 times less CPU hours than the ALM 
simulations, making it an efficient alternative 
to unsteady models and ideally suited for 
large-scale turbine farm simulations. Indeed, 
this model could be applied to farms with more 
than 20 turbines while maintaining excellent 
accuracy in the predicted results.

The ALM was shown to effectively reproduce 
the overall performance trends and the wake due 
to its unsteady modelling approach. A systematic 
correction based on the relative difference 
in the mean power coefficient of the single 
turbine scenario was developed to mitigate the 
overprediction of the CP. This correction notably 
enhanced the predictive capability of the ALM. 
However, the corrected ALM still exhibited a 
slight overprediction compared with the EPTM, 
particularly for the downstream turbine in 
tandem configuration, due to the ALM faster 
wake recovery. In future work, such a correction 
could be derived from the flow physics observed 
in BR simulations (e.g., increased downwash 
from tip vortices). With this adjustment applied 
to its performance prediction, the ALM becomes 
more suitable for simulating small and compact 

turbine clusters (involving fewer than five 
turbines to maintain a reasonable computational 
cost) where near-wake interactions are strong 
and unsteady effects important.

Future work could focus on comparing 
and analyzing the models in the context of 
resource-turbine interactions by modifying 
the channel bed topography, including a 
free-surface model, and varying the flow 
turbulence level to assess the models under 
more realistic conditions representative of a 
river or tidal environments.
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