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A B S T R A C T   

A fast and accurate prediction of the wake of an upwind turbine is very important to quantify the performance of 
downwind turbines in offshore wind farms, which become larger and larger. The wake flow and dynamics may 
be quite accurately simulated by high-fidelity computational fluid dynamics (CFD) software but its computa-
tional costs are too high, in particular to simulate a long wake flow often required in engineering practice. 
Therefore, the wake is often modelled by simplified dynamic wake models in design practices. They are 
computationally efficient but could not catch all physics, depend on pre-specified empirical parameters, and are 
not suitable for flow near the turbine. This paper proposes a new hybrid method, in which the near wake flow is 
simulated by a CFD model based on Navier–Stokes equations with the turbine represented by actuator lines while 
the far wake flow is modelled by an improved simplified CFD-based dynamic wake model. The two models are 
two-way coupled at a section downwind the turbine. The newly formulated method is validated by the results of 
full CFD simulations in the whole domain. Its performances are investigated under different conditions. It will be 
demonstrated that the new method takes considerably less computational time than the full CFD tool to produce 
similar results.   

1. Introduction 

Wind energy has contributed significantly to daily energy con-
sumption and will contribute more in future. To maximise the economic 
efficiency of energy production, the wind turbines are generally grouped 
in farms. Wind farms become larger and larger, in particular in offshore 
areas. The optimal wind turbine spacing in wind farms has attracted a 
great interest and been found to be ~15D, where D is the diameter of 
wind turbine, based on the ratio of land surface costs and turbine costs 
(Meyers and Meneveau, 2012). Considering other factors, such as 
transmission lines, typically operational turbine spacing is generally 
selected to be 6-10D (Howland et al., 2019). At such spacing, the wake of 
upwind turbines can significantly affect the dynamics of downwind 
turbines. In particular, the reduced wind speed in the wake of upwind 
turbines can decrease the energy production of downwind turbines, and 
the added turbulence produced by upwind turbines can shorten the 
lifetime of downwind turbines. Therefore, the wake models are needed 
to faithfully reproduce the wake of upwind turbines for correct evalu-
ation of the downwind turbine performance that are essential for 

designing, operating and maintaining wind farms. 
Great efforts have been made in developing the wake models for 

studying the wake flow of turbines. These models may be classified into 
three categories: analytical modelling, simplified CFD-based modelling 
and full CFD-based modelling. Each of them is briefly discussed below. 

Analytical modelling provides analytical equations for estimating the 
wind velocity in the wake of turbines. The relevant work has been 
extensively reviewed and discussed in literature, for example, by Archer 
et al. (2018) and Neiva et al. (2019). Some analytical models are briefed 
here. The analytical model in Jensen (1983) gave an equation for esti-
mating the wake deficit, i.e., the axial wind speed reduction (or wake 
loss) in the wake of a turbine, with an empirical parameter. The equation 
assumes that the wake is an axisymmetric and expands linearly along the 
axial direction, and that the axial velocity is only a function of axial 
positions, independent of radial positions. Frandsen et al. (2006) pro-
posed an analytical model allowing nonlinear expansion of wake. Larsen 
(1988) developed a more advanced analytical wake model which does 
not only consider axial positions but also radial positions. Later, a 
Gaussian-like model was suggested by Bastankah and Porté-Agel (2014). 
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In this wake model, the wake loss has a Gaussian shape with the same 
expansion rate in the vertical and horizontal directions with one 
empirical parameter involved. Similarly, Xie and Archer (2015) pro-
posed a Gaussian-type wake loss model allowing different expansions in 
the horizontal and vertical directions. All these models concern only 
about the axial velocity, ignore the radial and tangential velocities and 
assume that the flow in the wake is stationary. 

Simplified CFD-based modelling provides a set of equations to be 
solved numerically. One of them in this category is the linearised model 
prosed by Ott (2011). The equations in this model are derived from the 
Navier-Stokes equations by dropping the term of time derivatives, i.e., 
assuming the problems to be stationary, and using a forcing term to 
represent the effects of turbines (called an actuator disk model). The 
equation is linearised against the disturbance of the forcing term. A 
widely used model in this category is that proposed by Ainslie (1988), 
including a set of equations for solving axial and radial velocity in wake. 
The equations are derived by assuming that the flow in wake is 
axisymmetric and stationary without considering the tangential velocity 
and pressure gradient. This model was extended by Jonkman and Shaler 
(2021), being able to model wake advection (evolution), deflection and 
meandering in a quasi-steady manner. 

Full CFD-based modelling is to solve the full set of Navier-Stokes 
equations in the time and space domain with the turbulence to be 
modelled by RANS-based turbulence models or by Large Eddy Simula-
tion (LES) models. Good reviews on the models may be found in liter-
ature, such as Sanderse et al. (2011), Mehta et al. (2014) and Porté-Agel 
et al. (2020). In the models, the wind turbine is represented by an 
actuator disk, an actuator line or surface (e.g, Calaf et al., 2010 and 
Sørensen et al. ,2002), or the geometry of the turbine is fully resolved (e. 
g., Wuβow et al., 2007). The performance of different models was 
assessed by Adaramola and Krogstad (2011) for one turbine and by 
Pierella et al. (2014) for two turbines. 

Generally speaking, the analytical models are very computationally 
efficient even for dealing with a long wake (such as more than 10D), but 
they ignore some important physics and depend on empirical factors. It 
would be questionable if they are applied in the near wake region, such 
as less than 2D from turbines. Simplified CFD-based models consider 
more physics, such as considering radial velocity and wake evolution 
behaviours (Jonkman and Shaler, 2021) and require more computa-
tional resources than the analytical models. Nevertheless, their 
computational efficiency is still acceptable. They also depend on 
empirical parameters, may not be suitable for the near wake flow and 
could not produce spiral phenomenon in the wake due to ignoring the 
tangential velocity. Full CFD-based models can catch all the physics 
more accurately at least in theory. However, they take prohibitive 
computational time (e.g., ~103–104 h per simulation as indicated by 
Porté-Agel et al., 2020) even with very advanced computers, in partic-
ular for modelling a long wake, such as more than 6D. 

This paper proposes a new hybrid method which can be more ac-
curate than simplified CFD-based model but requires considerably less 
computational time than the full CFD-based models. The main idea is 
that in the near wake of the turbine, a full CFD-based model is applied 
with the turbine represented by actuator lines while the simplified CFD- 
based model is employed in the far wake. To better catch the physics, the 
employed wake model will be improved. The hybrid method will be 
validated by using the results of full CFD-based model in whole 
computational domain, and its performances will be studied for different 
operational conditions. It will be demonstrated that the hybrid method 
can save considerable computational time than a full CFD-based model 
while achieving similar results. As it is the first paper introducing the 
hybrid method, we only consider a single fixed turbine without ocean 
waves. More complex cases will be studied in our future work with 
necessary extension. 

2. Numerical models 

The new hybrid method to be developed will be formed by coupling 
two kinds of numerical model: the full Navier–Stokes (NS) model in the 
near wake of the turbine combined with a dynamic wake model (DWM) 
in the far wake as indicated above. It is illustrated in Fig. 1. The flow in 
the area (ΩNS) covered by the solid line is solved by the full NS model 
while the flow in the area (ΩDWM) covered by the dashed line is solved by 
an DWM. The two areas overlap with each other. The overlapping area is 
called coupling zone. For convenience, the downstream boundary (its 
axial coordinate denoted by xc2) of the coupling zone is called coupling 
boundary and the upwind boundary (its axial coordinate denoted by xc1) 
of the coupling zone is called ‘DWM inlet’. The length of the coupling 
zone, xc2 -xc1, needs to be assigned properly. If it would be too long, the 
NS domain will be unnecessarily too big and so the NS model will take 
unnecessarily long computational time. If it would be too short, the 
transition of variables in the zone would be too rapid, leading possibly to 
large errors. The length of the coupling zone is taken as 0.5D in this 
paper based on our numerical tests. There is a dash-dotted line in the 
figure which will be explained later. The figure also shows the coordi-
nate systems to be used: Cartesian coordinate system (x,y,z) and cylin-
drical coordinate system (x, r, θ). The origins of the systems are at the 
centre of the turbine hub with x-axis pointing to the flow direction of 
wind, z-axis points upward and θ is positive in the anti-clock direction 
when viewed facing the incoming wind. In the systems, the flow velocity 
vector ( u→) is expressed by u→= (Vx,Vy,Vx) or u→ = (Vx,Vr,Vθ), with Vx,

Vy,Vx being the velocity components in the x-y-z system, and Vx,Vr,Vθ 

being the velocity components in the x-r-θ system. They are easily 
transformed from one to another. 

2.1. NS model and CFD (ALM) 

The simulation of flow in the ΩNS is based on the incompressible 
solver in OpenFOAM using the combined PISO-SIMPLE (PIMPLE)algo-
rithm. This formulation is well-known. The details can be found in the 
documentation of OpenFOAM. For completeness, only brief introduc-
tion is given below. The governing equations to be used are the Reynolds 
averaged Navier Stokes equation (RANS)： 

∇ ⋅ u→= 0 (1a)  

∂ρ u→

∂t
+∇ ⋅

[

ρ
(

u→− U→g

)

u→
]

= − ∇p − ρg+∇ ⋅ (μ∇ u→) + ρf UALM (1b)  

where ρ is the fluid density; U→g is the computational grid velocity; p is 
the dynamic pressure; g is the vector of the gravitational acceleration; 
fUALM is the source term to model the blade effects on the fluids; μ = μd +

ut with μd being dynamic viscosity and ut the turbulent viscosity. The 
turbulent viscosity is estimated by solving the standard k-ω SST (shear 
stress transfer) turbulence model in the OpenFOAM (Menter et al., 
2003), which will not be detailed further. 

The interaction between flow and turbine is modelled by using an 
actuator line model (ALM) proposed by Sørensen and Shen (2002). In 
the model, the aerodynamic forces on the turbine blades are estimated 
by using a well-known blade element method. The effect of the turbine 
blades on the flow dynamics is modelled by distributing the aero-
dynamics forces as a body force (ρf UALM) into the flow domain. More 
details can be found in the above reference. 

The NS model combined with ALM is named as CFD (ALM) hereafter. 
For the purpose of comparison, the CFD (ALM) may be used alone, i.e., 
the flow in the whole domain is solved by this model without use of 
DWM. 

2.2. Existing dynamic wake model (DWM) and CFD (ALM)-DWM 

Many dynamic wake models can be found in literature as indicated 
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above. The model proposed by Ainslie (1988) and extended by Jonkman 
and Shaler (2021) will be employed here. For convenience of discussion, 
the extended model is called as existing dynamic model hereafter and is 
briefed next. This model gives a set of equations in the cylindrical co-
ordinate system obtained by simplifying the Navier–Stokes equations 
without the pressure terms and assuming that the wake flow is 
axisymmetric, stationary and Vθ = 0. The equations used in this model 
are 

Vx
∂Vx

∂x
+Vr

∂Vx

∂r
=

(
1
r

)
∂
∂r

(

rvt
∂Vx

∂r

)

(2)  

∂Vx

∂x
+

1
r

∂
∂r

(rVr)= 0 (3)  

where vt is the empirical kinematic eddy viscosity varying spatially to 
approximate the turbulent effects in the wake flow and estimated by 

vt(x, r)=FvAmb (x)kvAmb IAmbVwindR + FvShr (x)kvShr R
wakeMIN|r{Vx(x, r)}, (4a)  

in which FvAmb (x) is the filter function associated with ambient turbu-
lence and FvShr (x) the filter function associated with the wake shear as 
discussed in the cited reference. They are applied in a region near the 
turbine. In this paper the model is applied downwind the DWM-inlet 
that is at a distance away from the turbine. Therefore, it is reasonable 
to assume that both functions can be taken as one. As a result, the above 
equation can be changed to 

vt(x, r)= kvAmb IAmbVwindR + kvShr R
wakeMIN|r{Vx(x, r)}, (4b)  

where IAmb is the turbulence intensity at hub centre evaluated in the 
same way as that proposed by Jonkman and Shaler (2021); 
MIN|r{Vx(x, r)} denotes the minimum value of Vx along the radius at a 
given downstream section; kvAmb and kvShr are coefficients associated with 
the influence of ambient turbulence and wake shear layer on the eddy 
viscosity, specified as 0.05 and 0.016, respectively, following the sug-
gestion of the cited reference. In the above equations, RWake is the wake 
half-width estimated by 

Rwake(x)=MAX
{

D
/

2, r|{Vx(x,r)=0.99Vwind}

}
(4c)  

where Vwind is the incoming wind speed. For convenience of discussion 
below, the axial velocity (Vx) in the wake may be expressed by 

Vx =Vwind + Vx
Wake (5) 

According to Jonkman and Shaler (2021), Eqs. (2) and (3) are solved 
using the averaged and filtered physical quantities at the turbine section 
as their inlet conditions, and allowing the wake to gradually evolve to 
the downwind. Due to this feature, the time-dependent behaviour of 
wake is partially modelled. Other features of the model can be found in 

the cited reference. 
The existing dynamic model may be combined with CFD (ALM) and 

used to solve the flow in ΩDWM. They are coupled in the same way as 
discussed in the following section. The resulted model will be called as 
CFD (ALM)-DWM hereafter. The main differences between the dynamics 
wake model used in CFD (ALM)-DWM from the one in Jonkman and 
Shaler (2021) are that (1) the inlet of DWM is a section at a distance 
downwind the turbine rather than at the turbine and (2) the information 
between CFD (ALM) and DWM is exchanged through the coupling zone 
in the way discussed in the following section, i.e., the solution from the 
DWM affecting the solution of CFD (ALM). It is obvious that the 
tangential velocity in the wake flow after coupling boundary is zero in 
this model. 

2.3. Improved dynamic wake model (IDWM) and CFD (ALM)-IDWM 

The new hybrid method proposed in this paper is formed by coupling 
CFD (ALM) with a new improved dynamic wake model (IDWM), based 
on but different from the one described in Section 2.2. As has been seen 
in the above discussions, the existing DWM ignores the tangential ve-
locity entirely, and specifies a fixed value to kvShr prior to the modelling. 
Our numerical tests, some of which will be presented in Section 4, have 
shown that these imperfect aspects can affect the results of wake flow 
considerably. We firstly describe how these two aspects are improved 
below. 

The equations for solving the axial and radial velocity for IDWM are 
the same as Eqs. (2), (3) and (4b). However, the coefficient kvShr is 
evaluated using the results from CFD (ALM). For this purpose, Eq. (2) is 
integrated with respect to the radial coordinate at the DWM inlet (i.e., x 
= xc1), also considering Eq. (4b), to give 
∫ Rwake

0

(

Vx
∂Vx

∂x
+Vr

∂Vx

∂r

)

rdr= kvAmb IAmbVwindRwake∂Vx

∂r

⃒
⃒
⃒
⃒

Rwake

+ kvShr R
wake{Vx

(
Rwake)}∂Vx

∂r

⃒
⃒
⃒
⃒

Rwake
.

From this, kvShr is expressed by 

kvShr =

∫ Rwake

0

(
Vx

∂Vx
∂x + Vr

∂Vx
∂r

)
rdr − kvAmb IAmbVwind

x Rwake∂Vx
∂r

⃒
⃒

Rwake

Rwake
{

Vx
(
Rwake

)}∂Vx
∂r

⃒
⃒

Rwake

. (6)  

In order to avoid the singularity in the expression, the maximum values 
of kvShr in Eq. (6) is set as 0.1. It is noted that Vx, Vr and Rwake at x = xc1 
(the DWM-inlet) involved in the equation are readily available from the 
solution of CFD (ALM) in ΩNS. The coefficient, kvShr, determined in this 
way corresponds to the simultaneous turbine conditions and varies with 
the time. 

As regard to the tangential velocity in the wake flow, there are many 
experimental studies for helicopters or a wing but only limited studies 

Fig. 1. Illustration of the new hybrid method (NS model used in the solid-line area while DWM used in the dashed-line area; the lower boundary represents the water 
surface; the upper boundary is the artificial cut-off boundary). 

Y. Yuan et al.                                                                                                                                                                                                                                    



Ocean Engineering 281 (2023) 114770

4

for wind turbines in literature. A short summary of a survey on the 
relevant study is given below. Dobrev et al. (2008) studied the wake 
flow downwind of a three blades turbine experimentally and found that 
the tangential velocity in the wake may be described by an equation 
derived by Vatistas (2006) for the wake flow of helicopters, i.e., 

Vθ =Vθ max
r
rc

[
α + 1

α + (r/rc)
4

](α+1)/4

, (7)  

where rc represents the radial position where the maximum tangential 
velocity occurs, and α is a scaling constant, which is equal to 0.75 for 
helicopters suggested by Vatistas (2006) but should be smaller than 0.75 
for wind turbines suggested by Dobrev et al. (2008). Devenport et al. 
(1996) presented an experimental study on the tip vortex of a half-wing 
and suggested the tangential velocity profile induced by a tip vortex may 
be described by the following equation: 

Vθ =Vθ max

(

1+
0.5
α

)
rc

r

[

1 − exp
(

− α r2

rc
2

)]

(8)  

where α = 1.25643. With this value of α, Vθ ≈ Vθ max at r = rc. Inspired 
by the work of Devenport et al. (1996), we propose that the tangential 
velocity in the wake of a wind turbine is modelled by 

Vθ(x,r)=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Vθmax(x)
rc

r
1− exp(− λr2/rc

2)

1− exp(− λ)
for r≤rc

Vθmax(x)
Rwake(x)− rc

Rwake(x)− r

1− exp
(
− λ

(
Rwake(x)− r

)2

(
Rwake(x)− rc

)2

)

1− exp(− λ)
for r>rc

,

(9)  

where r2 = y2 + z2 in the coordinate system used in this paper and the 
scaling constant λ is assumed to be 1.26 following Devenport et al. 
(1996). The first part of Eq. (9) is almost the same as Eq. (8) when λ =

α ≈ 1.26 but with 
(
1+0.5

α
)

replaced by 1
1− exp(− λ). This minor change en-

sures that Vθ = Vθ max at r = rc no matter what the value of λ is. This 
change also opens a door for selecting other values of the scaling con-
stant λ without affecting the satisfaction of condition Vθ = Vθ max at r =

rc, though it is not attempted in this paper. The second part of Eq. (9) is 
formed by taking the point corresponding to the wake radius (Rwake(x)) 
as the vortex centre where the tangential velocity equal to zero. 

To use the above equation, it is necessary to determine the values of 
Vθ max and rc. Based on our numerical tests, it is assumed that Vθ max 

linearly varies, i.e., 

Vθ max(x)= ax + b (10)  

where a and b are two coefficients. Our results will show that the co-
efficients can be determined by using the data just before the DWM inlet. 
Actually, they are estimated using the maximum tangential velocity 
from CFD (ALM) at 5 sections between the DWM inlet and the section 
denoted by the dash-dotted line at x = xd in Fig. 1. The distance, xc1 −

xd, is taken as 0.5D. rc in Eq. (9) is assumed to be evaluated by 
rc

Rwake(xc)
=

rc1

Rwake(xc1)
β + (1 − β) (11)  

where rc1 is the radial coordinate of Vθmax at the DWM-inlet (xc1), xc is 
the axial coordinate of the section where rc is evaluated. The value of β in 
Eq. (11) should be 0< β <1. It may be determined in different ways but is 
proposed to be estimated by 

β=
rc0
R − 1

rc1
Rwake(xc1)

− 1
(12)  

where rc0/R is the ratio of the radial coordinate of Vθmax at the turbine 
section to the radius of the turbine. Eq. (11) is based on the observation 

of our numerical tests that shows rc1 ≤ rc < Rwake. It is noted that since 
the values of a, b, β, rc1 and Rwake(xc1) in Eqs. (10)–(12) are simulta-
neously estimated by using the results obtained by CFD (ALM) in ΩNS, 
they always correspond to the flow conditions of the turbines which 
change with time. 

The improved dynamic wake model (IDWM) is composed of Eqs. 
2–12. The new hybrid method, CFD (ALM)-IDWM, is formed by 
combining the IDWM with the CFD (ALM) as discussed previously and as 
shown in Fig. 1. The outlet (i.e., the coupling boundary) of CFD (ALM) is 
in ΩDWM while the inlet of the IDWM is in ΩNS. The models are coupled 
together by assigning the velocities of CFD (ALM) to IDWM at the DWM 
inlet and by assigning the velocities of IDWM to CFD (ALM) at the 
coupling boundary (x = xc2). Mathematically, these can be expressed as 
DWMVx(xci, r, t)⇔ CFDVx(xci, r, θ, t), (13a)  

DWMVr(xci, r, t)⇔ CFDVr(xci, r, θ, t), (13b)  

DWMVθ(xci, r, t)⇔ CFDVθ(xci, r, θ, t), (13c)  

where i = 1 or 2. It is noted that the velocities of IDWM is axisymmetric, 
i.e., they do not vary with θ while the velocities of CFD (ALM) is 
generally not axisymmetric. To match them, approximation is required. 
There may be many options for doing so. In this paper, we just take θ =

0, i.e., just using the velocities of CFD (ALM) on the line of z = 0 and y >
0 in Eq. (11) for i = 1 while for i = 2, the velocities on the left hand side 
are assigned to the right hand side at all points with the same values of r. 
This approach is easy to implement and leads to satisfactory results as 
discussed below for all the cases considered in this paper. However, it is 
not perfect and may be replaced by other approaches in future work. 
Another point worth being discussed is that the IDWM is not solved and 
applied before the disturbed flow by the turbine reaches the DWM inlet 
based on the principle of gradual evolution procedure suggested by 
Jonkman and Shaler (2021). In other words, DWMVx(x ≥ xxc1 , r, t) =

Vwind, DWMVr(x ≥ xxc1 ,r,t) = 0, DWMVθ(x ≥ xxc1 , r, t) = 0 for t < xc1/Vwind. 
Further issue is that there are two values of velocities at any point in the 
coupling zone for t ≥ xc1/Vwind: one from CFD (ALM) and the other from 
the dynamic wake model. To smooth them, the following equation 
suggested by Jacobsen et al. (2011) is applied 

f (x, r, θ, t) = fCFD(x, r, θ, t)δ + fIDWM(x, r, θ, t)(1 − δ), (14)  

where the function, f, can be any one of Vx,Vr,Vθ, δ varies in the range of 
0 and 1 according to 

δ= 1 −
eε3.5

− 1
e − 1

, (15)  

where e is the Euler’s number and ε = x− xc1
xc2 − xc1

. The two-way coupling of 
the CFD (ALM) and IDWM is further shown by the flow chart in Fig. 2. It 
is noted that the time steps used for the two models can be different, but 
the same steps are employed in this paper. Different approaches may be 
considered in future work. It is also noted that the two models may be 
iterated in each of time steps, but the iteration is not performed for the 
results presented in this paper. Therefore the coupling referred in this 
paper may be understood as weak two-way coupling. 

3. Discussions on the results of CFD (ALM) 

The behaviours of the new numerical method - CFD (ALM)-IDWM 
will be investigated by comparing with the CFD (ALM) model in the next 
section. Before doing so, the results of CFD (ALM) will be shown to 
converge for the grids used and are validated against experimental data 
in this section. On this basis, this section will also discuss some features 
of the wake obtained by CFD (ALM) to confirm that the assumption of 
Eq. (10) is reasonable and to provide reference results for discussing the 
CFD (ALM)-IDWM in the next section. 
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For this purpose, the wind turbine model used is the same as that 
described by Adaramola and Krogstad (2011). The diameter of the tur-
bine is D = 0.894 m and its rotational centre is located z = 0.817 m. 
More details are given in Table 1. The turbine is supported by a circular 
tower with varying diameter, which is 0.09 m at its root and 0.05 m at its 
top. 

3.1. Convergent tests and comparison with experimental data 

Firstly, the grids to be used for CFD (ALM) are tested. For this pur-
pose, the computational set up is similar to the wind tunnel used by 
Adaramola and Krogstad (2011), i. e, the length, width and height of 
domain are taken as L = 11 m, B = 2.7 m and H = 1.9 m, respectively; 
the unform wind speed at the inlet is applied; zero gradient of the normal 
velocity and pressure at outlet and non-slip condition on other bound-
aries are imposed, different from those shown in Fig. 1. The turbine is 
placed about 2.7 m from the inlet. The wind speed is taken as 10 m/s 
while the tip speed ratio (TSR) is taken as 6, corresponding to 1200 rpm. 

For generating the grids, the domain is split into four regions: A, B, C 
and D as shown in Fig. 3. The wind turbine is located in Region D. The 
grid size in Region A is demoted by (dx, dy, dz) in the corresponding 
direction of x-, y- and z-axes. The grids in Regions B, C, and D are 
generated in such a way that they have a size of (dx, dy, dz)/2, (dx, dy, 
dz)/4 and (dx, dy, dz)/8, respectively. Three different grids (denoted by 
Coarse, Medium and Fine) are considered as detailed in Table 2. A part 
of one typical grid is illustrated in Fig. 3. The time step, Δt, chosen 
corresponds to 1◦ angular displacement of the turbine, i.e., the average 
Courant number being less than 1. For all the cases, more than 100 
turbine rotations are calculated to ensure that the turbine aerodynamics 
became relatively stable. 

Fig. 4 shows the time histories of power and thrust coefficients cor-
responding to all grids. It can be seen that the mean values and the 
oscillating amplitudes of the coefficients for the medium (G2) and fine 
(G3) grids are almost the same, while these for the coarse grid are visibly 
different. The relative differences in the mean value of Cp and CT for G2 
from these for G3 are 0.1% and 0.15%, respectively, while the corre-
sponding differences for G1 are 1% and 2%. 

Fig. 5 shows the axial velocity profiles at two locations behind the 
turbine together with the experimental data from Adaramola and 
Krogstad (2011). The relative errors of the numerical results for different 
grids to the experimental data are calculated by using 

Fig. 2. Flow chart of the CFD (ALM)-IDWM.  

Table 1 
The basic properties of the turbines.  

Airfoil S826 

Number of blades 3 
Rotor diameter(m) 0.894 
Hub diameter(m) 0.13 
Hub height(m) 0.817  

Fig. 3. Illustration of grids (R: diameter of the turbine). The turbine is included 
in Region D where the grid is the finest. The grid sizes from Region D to Region 
A increase by a factor of 2. 

Table 2 
Mesh generation scheme.  

Grid name Mesh L/dx H/dz B/dy Total mesh (million) 

G1 Coarse 78 27 38 1.63 
G2 Medium 110 38 54 4.47 
G3 Fine 154 53 75 12.26  
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Error2=
1
n

∑n

i=1

⃒
⃒VCFD(ALM)(yi) − Ve(yi)

⃒
⃒

∑n

i=1

⃒
⃒VCFD(ALM)(yi)

⃒
⃒

, (16)  

where V = Ṽx/Vwind with Ṽx being the averaged axial velocity over the 
80th-100th rotations of the turbine at a spatial point, and Ve(ri) is the 
experimental data while these with subscripts of CFD(ALM) are the 

numerical results. These are all taken from Fig. 5. The relative errors are 
shown in Fig. 6. Again, not much difference between the results of G2 
and G3 is observed. Apart from this, the relative error from G1 to G2 
changes considerably but does not change significantly from G2 to G3, 
indicating convergence of the numerical results. The numerical velocity 
profiles are similar to the experimental data, though their relative errors 
are at the level of about 6–9%. 

The numerical results of mean power and thrust coefficients are 
further compared with the experimental data for a range of TSR values 
in Fig. 7. In addition to ours, some results denoted by ‘Manger’ from 
Krogstad and Eriksen (2013) are also plotted in the figure, which were 
obtained by running Ansys Fluent with k-ω SST turbulent model and 
with the blade geometry resolved. The overall agreement between the 
present numerical results and experimental data is acceptable. More 
specifically, at the design value of TSR, the numerical power coefficients 
are slightly larger than the measured value; at other TSR values, the CFD 
(ALM) results are smaller while the results from Krogstad and Eriksen 
(2013) are larger at the smaller TSR but smaller at the larger TSR. For 
the thrust coefficients, our results are very similar to those of Krogstad 
and Eriksen (2013). Both have similar trends to the experimental data 
but are visibly smaller than the experimental ones. 

This subsection indicates that the results of the CFD (ALM) are 
satisfactory compared with experimental results, and that the grid 
similar to G2 is appropriate. All the grids used for the results presented 
below are similar to G2. 

3.2. Some features of wake flow 

In this subsection, we will present some results obtained by using 
CFD (ALM) to reveal some features of wake flow. These features will 
confirm our assumption used for Eq. (10), and will provide evidence for 

Fig. 4. The time histories of power and thrust coefficients for VWind = 10 m/s and TSR = 6: (a) power coefficient (CP), (b): thrust coefficient (CT).  

Fig. 5. Axial velocity profiles averaged over 80th-100th rotations at z = 0.817 m for VWind 
= 10 m/s and TSR = 6 (a): Vx/VWind at x = 1D, (b): Vx/VWind at x = 3D.  

Fig. 6. Relative errors of numerical axial velocity profiles averaged over 80th- 
100th rotations to the experimental data (The results in Fig. 5 are used for 
calculating the relative errors.). 
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discussing the results in the following section. 
For this purpose, the same turbine as in the above section is 

considered but the domain is enlarged to reduce the block effects of 
artificially boundaries. The length, width and the height of the compu-
tational domain are 17D, 4.5D and 4.5D, respectively. The boundary 
conditions are the same as illustrated in Fig. 1. The grids used is similar 
to G2 described above. The wind speed is 10 m/s and TSR will take 
different values. 

Fig. 8 shows the profiles of the tangential velocity (denoted by Vz) at 
the points on the line of -2 R < y < 2 R and z = 0.817 m at different axial 
locations after the turbine (1D, 3D … … representing x = 1D, 3D …...). 
The results are obtained by averaging the corresponding velocities over 
80th-100th turbine rotations for TSR = 6. One can see that the maximum 
value of the tangential velocity gradually decreases with the increase of 
the distance from the turbine. To further show this feature, Fig. 9 plots 
the maximum of the tangential velocity at different locations for a range 
of TSR. It can be seen that the maximum almost linearly varies from 
about x/D = 2 for all the cases. If the location where the maximum 
tangential velocity become linearly varying is denoted by XL, we have 
XL ≈ 2D for these cases. More interesting thing is that the linear fitting 
lines obtained only by using the numerical data in the region between 
the coupling boundary and the section of XL can well fit all the data 
downwind. This does not only confirm that the assumption used for Eq. 
(10) is reasonable but also indicates that the constants, a and b, in Eq. 
(10) can be determined by using the data in the region before coupling 

boundary and after the section demoted by XL. It is noted that the value 
of XL is not very sensitive to the grids based on our numerical tests (not 
presented here), and so it may be estimated by preliminary tests using a 
course grid. 

Another feature to be discussed is about the variation of the axial 
velocity in the wake. For the same case as in Fig. 8, the profiles of the 
axial velocity averaged over 80th-100th rotations along a horizontal line 
(-2 R < y < 2 R,z = 0.817 m) at different axial locations is depicted in 
Fig. 10. At each of the locations, there is a minimum velocity, e.g., Vx/ 
VWind ≈ 0.4 at x/D = 3. It varies with the axial locations. It decreases 
from Vx/VWind ≈ 0.5 at x/D = 1 to Vx/VWind ≈ 0.4 at x/D = 3, before it 
increases. The recovery of the axial velocity in the far wake is a well- 
known phenomenon. What we are more interested here is where the 
smallest minimum velocity occurs and how it is affected by the rota-
tional speeds. To reveal more, Fig. 11 plots the minimum axial velocity 
for a range of TSR values. For each value of TSR, there is a smallest 
minimum and a location, p0, corresponding to it. P0 varies between x/D 
= 2 and x/D = 4 in the cases. For example, p0 occurs at x/D = 2.8 for 
TSR = 6. Later we will demonstrate that the coupling boundary for CFD 
(ALM)-IDWM should be chosen after p0 to produce better prediction of 
the wake flow properties. 

As it affects the choice of the coupling boundary for CFD (ALM)- 
IDWM, it is worth studying how sensitive p0 is to the computing set up. 

Fig. 7. Comparison of mean numerical power and thrust coefficients with experimental data for different TSR with VWind = 10 m/s. (a) Power coefficient, (b) 
Thrust coefficient. 

Fig. 8. Profiles of tangential velocity (Vz) averaged over 80th-100th rotations 
along a horizontal line (-2 R < y < 2 R, z = 0.817 m) for VWind = 10 m/s and 
TSR = 6. 

Fig. 9. Variation of the maximum of averaged tangential velocity over 80th- 
100th rotation on the line of θ = 0 along the axial direction for VWind = 10 m/s 
(points denote the results obtained by CFD (ALM); the lines with ‘linear’ being 
the fitting lines obtained by using the data of CFD (ALM) between the section of 
XL and the coupling boundary). 
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For this purpose, we recalculate the case with TSR = 6 by using different 
grids, similar to G1, G2 and G3 in Table 2 and place the outlet at x/D = 4. 
For different cases, the location of p0 varies in the range of 2.5D-3.8D, 
roughly same as in Fig. 9. This indicates that this location is not very 
sensitive to the setting up, and that it can be estimated by preliminary 
tests with coarse grids and smaller computational domain. 

4. Behaviours of the new hybrid method - CFD (ALM)-IDWM 

The key elements involved in the new hybrid method is the coupling 
of the two models and the improved dynamic wake models as discussed 
in the previous sections. Regarding the coupling, the important aspect is 
where the coupling boundary should be located. In this section, we will 
discuss the effects of the coupling boundary location and the perfor-
mance of the improved dynamic wake model by comparing the results of 
the new method with the full CFD simulation in the whole computa-
tional domain. The results to be presented and discussed include these 
(wind power, thrust and velocity profiles) in the near wake and these 
(velocities) in the far wake. 

4.1. Effects of the coupling boundary locations 

One of issues related to CFD (ALM)-IDWM is how to select the 
coupling boundary location and how the location of the coupling 
boundary affects the numerical results. This subsection will discuss this 
issue. For this purpose, the turbine model and computational domain are 
chosen as the same as those for Fig. 8 unless described otherwise. The 
length of the domain (ΩDWM) for the dynamic wake model varies 
depending on where the coupling boundary is located. The grid for the 
domain of ΩNS is similar to G2. The domain of ΩDWM is split by dx = D/9 
in axial direction and dr = D/32 in radial direction. 

Fig. 12 presents the time histories of power and thrust coefficients 
obtained by using CFD (ALM) in the whole computational domain (i.e., 
with its outlet set at x = 13D) and by the CFD (ALM)-IDWM with its 
coupling boundary at x = 2D, 3D or 4D. From this figure, we can see that 
the aerodynamic coefficients obtained by the CFD (ALM)-IDWM with 
different locations of the coupling boundary are almost the same, and 
also that they agree very well with these obtained by CFD (ALM). The 
largest error occurs when the coupling boundary is at x = 2D, which is 
about 0.5% for power coefficient and 0.1% for thrust coefficient. 

Fig. 13 plots the axial velocity profiles averaged over 80th-100th ro-
tations at two axial locations in the near wake for the same cases of 
Fig. 12. It shows that the velocities obtained by CFD (ALM)-IDWM with 
different coupling boundary locations have not much visible differences 
between them and from these obtained by CFD (ALM). 

To further reveal the sensitivity of the results to the different loca-
tions of the coupling boundary, the errors of the axial velocity profiles at 
x = 1.5D obtained by CFD (ALM)-IDWM with its coupling boundary at 
x/D = 2, 3 …. 13 are estimated. The velocities are these recorded at 
100th rotations. The errors are calculated by using a similar equation to 
Eq. (16) but Ve is replaced by the axial velocity calculated by using CFD 
(ALM) in the whole computational domain (i.e., these denoted by CFD 
(ALM) in the figure) while VCFD(ALM) by these from CFD (ALM)-IDWM (i. 
e., these denoted by CFD (ALM)-IDWM in the figure). The resulted errors 
are plotted in Fig. 14. In addition, the similar error of CFD (ALM) with its 
outlet at x/D = 2, 3, …13, respectively, are also plotted in this figure. It 
can be seen that the errors of CFD (ALM)-IDWM are very small, less than 
0.6%, for different locations of the coupling boundary. The errors of CFD 
(ALM) with its outlet at a location near the turbine are considerable 
larger than these of CFD (ALM)-IDWM, though they all would be 
acceptable from engineering point of view. 

Figs. 12–14 tell us that the dependence of the aerodynamic co-
efficients and the velocity at the near wake on the location of the 
coupling boundary is very weak. 

However, the story for the velocities in the wake further downwind is 
different. Fig. 15 presents the errors, calculated in the same way as 
Fig. 14, of axial velocity taken at different sections for TSR = 4,5,6 and 7. 
The velocities are estimated by using CFD (ALM)-IDWM with its 
coupling boundary at x=(p0-1D)+0.5D, p0+0.5D or (p0+1D)+0.5D, 
where p0 represents the location of the smallest minimum axial velocity 
discussed in Fig. 11; p0-1D, p0 and p0+1D represent the location of the 
inlet boundary of IDWM. One can see that there is no significant dif-
ference between these obtained by using p0 and p0+1D as the inlet 
boundary of IDWM or using p0+0.5D and (p0+1D)+0.5D as the location 
of the coupling boundary. However if the p0-1D is used as the location of 
the inlet boundary of IDWM or (p0-1D)+0.5D as the location of coupling 
boundary, the error is considerable larger, though it still less than 6%. In 
addition, the errors in this figure are much higher than those in Fig. 14. 
That is because the velocities at the locations of x > 4D are estimated by 
using the improved dynamic model which is based on a number of as-
sumptions as discussed previously and so larger errors are expected. 
Nevertheless, the errors are less than 5% when proper location of the 
coupling boundary is used and are acceptable from the engineering 
point of view. 

Based on the results in Fig. 15, the location of the coupling boundary 

Fig. 10. Profiles of axial velocity averaged over 80th–100th rotations along a 
horizontal line (-2 R < y < 2 R,z = 0.817 m) for VWind = 10 m/s and TSR = 6. 

Fig. 11. Minimum axial velocity at different sections calculated by using CFD 
(ALM) for VWind 

= 10 m/s. 
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should be selected to be downwind of p0 to obtain better results for the 
wake flow. However another factor should be considered when selecting 
the location, i.e. whether the maximum tangential velocity follows the 
linear trend as discussed in Fig. 8. Clearly if the coupling boundary is too 
close to the turbine, the maximum tangential velocity will not vary 
linearly and so Eq. (10) is not valid. Considering the two aspects, the 
location of the coupling boundary xc2 would be taken as xc2 =

max (p0 + 0.5D, XL). The problem is that we do not know XL and p0 
beforehand, which come from the result of CFD (ALM). This problem 
may be resolved in two ways. One is to estimate them based on empirical 
data. The other is to estimate them by preliminarily running CFD (ALM) 
with a coarse grid and smaller computational domain. As discussed 
before, this can produce the good estimates to p0 and XL. However it 
should be noted that we may still obtain quite good results for the wake 
flow even p0 and XL are not very accurate based on our numerical tests so 
far and as shown in Fig. 15. 

4.2. Performance of the improved dynamic wake model 

One of main contributions of this paper is to develop an improved 
dynamics wake model used for CFD (ALM)-IDWM as described in Sec-
tion 2.5. Some results will be presented to demonstrate the effectiveness 
of the new model. For the purpose of this section, the turbine model is 
the same as in previous sections. The computational setup is similar to 
Fig. 15 unless mentioned otherwise. The location of the coupling 
boundaries is selected to be xc2 = 3.6D, 2.5D, 3.4D, 4.3D for TSR =
4,5,6,7, respectively, based on the numerical tests discussed for Figs. 9 
and 15. For comparison, the cases are also simulated by using CFD 
(ALM)-DWM, which is based on the dynamic wake model currently used 
in literature as discussed in Section 4, and by using CFD (ALM) in the 
whole computational domain. The location of the coupling boundary for 
CFD (ALM)-DWM is the same as for CFD (ALM)-IDWM. Table 3 shows 
the results of the mean power and thrust coefficients obtained by using 
three different methods. Overall, the difference between the results are 
insignificant, though the difference of the results obtained by CFD 
(ALM)-DWM from these of CFD (ALM) is slightly larger than the 

Fig. 12. Comparison of time histories of power and thrust coefficients for TSR = 6 and VWind = 10 m/s obtained by CFD (ALM) and CFD (ALM)-IDWM (2D, 3D and 
4D indicating that the coupling boundary is located at x = 2D, 3D and 4D, respectively). 

Fig. 13. Comparison of axial velocity profiles averaged over 80th–100th rotation, taken on the line of -2 R < y < 2 R,z = 0.817 m and (a) x = 1D and (b) x = 2D.  

Fig. 14. Error of axial velocity taken at x = 1.5D for TSR = 6 and VWind 
= 10 

m/s. 
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difference of the results obtained by CFD (ALM)-IDWM. Specifically, the 
maximum error of the results of CFD (ALM)-IDWM compared to CFD 
(ALM) is less than 0.7% while the maximum error of CFD (ALM)-DWM is 
about 4%. 

Fig. 16 presents the dynamic pressure distribution along a line of -2 
R < y < 2 R, z = 0.817 m, taken at two axial locations, x = 1D and 2D, for 
different values of TSR. One can see that there is not much visible dif-
ference between the pressure obtained by CFD (ALM)-IDWM and CFD 
(ALM). The differences in the results of CFD (ALM)-DWM from those of 
CFD (ALM) are also insignificant, though they are slightly larger. 

Fig. 17 depicts the tangential velocity profiles averaged over 80th- 
100th rotations along the horizontal line of -2 R < y < 2 R and z = 0.817 
m, taken at x = 1D, 2D and 3D, normalized by the incoming wind speed. 
Again there is no much difference in the results of CFD (ALM)-IDWM 
from these of CFD (ALM). The results of CFD (ALM)-DWM are also very 
close to those of CFD (ALM) but have visible difference, particularly at 
the location near the coupling boundary. 

Fig. 18 plots the distribution of deficit velocity averaged over 80th- 
100th rotations along the horizontal line of -2 R < y < 2 R and z = 0.817 
m, taken at x = 1D, 2D and 3D, respectively, normalized by the incoming 

wind speed. The deficit velocity is calculated by | u→wake
| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Vwake
x )

2
+ V2

r + V2
θ

√

. The similar agreement between the results to that 
of Fig. 17 is observed. 

All the results shown in Figs. 16–18 and Table 3 demonstrate that use 
of both the existing dynamic wake model and the improved dynamics 
model for coupling with CFD (ALM) can give quite good results for the 
aerodynamics coefficients and for the wake flow near the turbine before 
the coupling boundary. 

However, the observation is different for the wake flow after the 
coupling boundary. This can be seen in Figs. 19–22 for the same cases for 
Figs. 15–17. One aspect is that CFD (ALM)-DWM) ignores the tangential 
velocity in the far wake but the results of CFD (ALM) and CFD (ALM)- 
IDWM indicated that the tangential velocity magnitude can be about 1/ 
10 of the wind speed as shown in Fig. 19. This figure also shows that the 
tangential velocity is well modelled by the improved dynamic wake 
model. 

Fig. 20 presents the distribution of deficit velocity averaged over 
80th-100th rotations along the horizontal line of -2 R < y < 2 R and z =
0.817 m, taken at x = 4D, 6D, 8D and 10D, respectively, non-
dimensionalized by the incoming wind speed. As can be seen, in the far 
field, the deficit velocity profiles have a local minimum near the centre 
of the wake and two local maxima from the results of CFD (ALM). CFD 
(ALM)-IDWM can catch the feature well and produce quite good results 
agreeing well with CFD (ALM). However, CFD (ALM)-DWM can fail to 
catch the feature, and its results are quite different from these of CFD 
(ALM). 

This is further illustrated by Fig. 21, which shows the streamlines 
starting from a circular surface with a radius of 1 R at x/D = 4 at 100th 

rotations for TSR = 6 based on the results obtained by using the three 
methods. One can see that the streamlines from CFD (ALM) and CFD 
(ALM)-IDWM are spiral while they are almost straight from the results of 
CFD (ALM)-DWM. This is further illustrated by a surface formed by the 
streamlines starting from the line of − 1.5 R < y < 1.5 R, z = 0.817 m and 

Fig. 15. Error of the axial velocity profiles obtained by CFD (ALM)-IDWM with different location of the coupling boundary. The velocities are these obtained at 100th 
rotations. p0-1D, p0-1D and p0+1D represent the location of the inlet boundary of IDWM. 

Table 3 
Mean aerodynamic coefficients.  

TSR CFD (ALM)/CFD (ALM)-IDWM/CFD (ALM)-DWM 

4 5 6 7 

Cp 0.239/0.240/ 
0.231 

0.375/0.375/ 
0.390 

0.397/0.396/ 
0.404 

0.375/0.376/ 
0.363 

CT 0.372/0.372/ 
0.368 

0.485/0.485/ 
0.492 

0.642/0.642/ 
0.648 

0.683/0.684/ 
0.679  
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x/D = 4 in Fig. 22. The streamline surface of CFD (ALM) and CFD (ALM)- 
IDWM are curling while it is just a plane surface for CFD (ALM)-DWM. 
The phenomena are consistent with the fact in Fig. 19 that the tangential 
velocities from CFD (ALM) and CFD (ALM)-IDWM is considerable while 
they are zero for CFD (ALM)-DWM. 

All the results in Figs. 19–22 demonstrated that CFD (ALM)-IDWM 
with the improved dynamic wake model can produce a quite good wake 
flow in the far wake while the CFD (ALM) -DWM with the existing dy-
namic wake model cannot catch the main features of the far wake flow. 

4.3. Computational efficiency of CFD (ALM)-IDWM 

It is mentioned before that the main reason to develop the new 
hybrid method is to improve the computational efficiency for estimating 
the far wake flow. The reasoning for achieving is obvious as the 
computational time used by IDWM is much smaller than that used by 
CFD (ALM). This section will give some quantitative information about 
how much computational time would be saved if CFD (ALM)-IDWM is 
used. 

Fig. 16. Near-field dynamic pressure averaged over 80th–100th rotation along the horizontal line -2 R < y < 2 R, z = 0.817 m for TSR = 4,5,6 and 7.  

Fig. 17. Tangential velocity profiles (normalized by Vwind) averaged over 80th-100th rotation along the horizontal line of -2 R < y < 2 R and z = 0.817 m for TSR = 4 
and 7 (solid line: CFD (ALM); circles: CFD (ALM)-IDWM; dashed line: CFD (ALM)-DWM; the unit for velocity is meter). 

Y. Yuan et al.                                                                                                                                                                                                                                    



Ocean Engineering 281 (2023) 114770

12

For this purpose, the same cases as for these described in Section 4.2 
will be considered. All cases are run on a workstation with Intel (R) Xeon 
(R) CPU E5-2660 v3@2.60 GHz 24 core processor for 100 rotations of 
the turbine. To achieve the results presented in the previous section, the 
computational time used by the three methods are presented in Fig. 23. 
As can be seen, for all the case, the computational time used by CFD 

(ALM)-IDWM is about 47%–57% of that used by CFD (ALM). The 
computational time used by CFD (ALM)-DWM is similar to that CFD 
(ALM)-IDWM, though it is slightly less. Specific values depend on the 
specific cases. Of course, the results in this figure may be different for 
other cases not considered in the paper, and depends on the computa-
tional setup, in particular the length of the domain covered by the 

 
 

Fig. 18. Deficit velocity profiles (| u→wake
|/Vx

Wind) averaged over 80th-100th rotation along the horizontal line of -2 R < y < 2 R and z = 0.817 m for TSR = 4 and 7 
(solid line: CFD (ALM); circles: CFD (ALM)-IDWM; dashed line: CFD (ALM)-DWM). 

Fig. 19. Tangential velocity profiles (normalized by Vwind) averaged over 80th-100th rotation along the horizontal line of -2 R < y < 2 R and z = 0.817 m for TSR = 4 
and 7, taken at different axial locations (solid line: CFD (ALM); circles: CFD (ALM)-IDWM). 
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Fig. 20. Deficit velocity profiles (| u→wake
|/Vx

Wind) averaged over 80th-100th rotation along the horizontal line of -2 R < y < 2 R and z = 0.817 m for TSR = 4,5,6 and 7 
(solid line: CFD (ALM); circles: CFD (ALM)-IDWM; dashed line: CFD (ALM)-DWM). 
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dynamic wake model. But it can be understood that the longer of the 
domain for the dynamic model, the more CUP time is saved by using the 
hybrid method. 

5. Summary and conclusions 

This paper presents a new hybrid method for modelling offshore 
wind turbines and its wakes. The method is named as CFD (ALM)-IDWM. 
In the method, the near wake flow is simulated by a CFD model based on 
full Navier–Stokes (NS) equations with the turbine represented by 
actuator lines while the far wake is modelled by an improved dynamic 
wake model based on the equations obtained by simplifying the NS 
equations. The two models are two-way coupled in the coupling zone 
downwind the turbine. The dynamic wake model (i.e., IDWM) employed 
in the hybrid method is obtained by improving the existing model in two 
aspects. (1) The coefficient (kvShr ) is estimated simultaneously by using 
the CFD numerical results, which does not only reduce the uncertainties 
due to artificial specification of kvShr but also make the model better 

consistent with the flow near the turbine, compared to that used in the 
existing DWM. (2) The tangential velocity ignored in the existing DWM 
is taken into account by proposing a new model, and the coefficients 
involved in the model are also simultaneously estimated by the CFD 
numerical results. 

The newly formulated hybrid method is validated by the results from 
the full CFD simulations in the whole computational domain under 
different conditions. It is demonstrated that the new hybrid method can 
produce the numerical results very close to those of full CFD simulations, 
not only in the near wake (wind power, thrust and velocity profiles) but 
also in the far wake (axial or total and tangential velocities). It is also 
demonstrated that the use of IDWM leads to much better results of the 
velocities in the far wake than use of the existing dynamic wake model. 
More important is that the hybrid method take much less computational 
time (around 50% in the case considered) than that taken by the full CFD 
simulation to achieve the similar results. 

This is the first paper to present the new method. Only preliminary 
tests are carried out on the new method. Future work will apply this 

Fig. 21. Streamlines starting from a circular surface with a radius of 1 R at x/D = 4 at 100th rotations for TSR = 6: (a) CFD (ALM), (b) CFD (ALM) -IDWM, (c)CFD 
(ALM)-DWM (color represents total velocity magnitude). 

Fig. 22. A surface formed by all the streamlines starting from a line between − 1.5 R < y < 1.5 R, z = 0.817 m at x/D = 4 at 100th rotations for TSR = 6: (a) CFD 
(ALM) (b) CFD (ALM) -IDWM (c)CFD (ALM)-DWM (color represents the size of total velocity magnitude). 
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method to more complex cases, such as those with clear wake deflection 
phenomenon, multiple turbines, floating wind turbines, and so on. 
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