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Abstract. Calculating the wake behind multiple turbines has been a challenge in wake
modelling. Superposition methods have been widely used because of their simplicity. However,
it is hard to truly conserve momentum using these techniques. Momentum-conserving models
also do not usually consider how wake interactions affect the recovery rate. Thus, these models
do not always provide accurate predictions. In this study, we propose a new far-wake model for
a lateral row of identical turbines in a uniform flow that accounts for the reduction of lateral
transfer of energy between neighbouring turbine wakes. The model assumes a multi-Gaussian
wake profile and models the recovery rate by calculating the divergence of the Reynolds shear
stresses. We verify the model with numerical simulations of flow past actuator discs over a
range of thrust coefficients, inflow turbulence intensities and two turbine spacings, and also
compare it with linear and root-sum-square superposition methods of a single wake. Overall, the
proposed model demonstrates good agreement with the simulation results. This new approach
could provide a basis for engineering modelling of wind farm internal flow fields and multi-rotor
turbine wakes in future studies.

1. Introduction
As wind farms grow in size, some turbines are likely to operate in the wake of other turbines.
The wake effect is known to decrease the power available for extraction by the downstream
turbines; thus, good wake prediction is crucial for wind farm design and optimisation. Since
high-fidelity models, such as Large Eddy Simulations (LES), are too expensive for farm layout
optimisation, engineering wake models are often used for farm design. Frequently used models
include the Jensen model [1], Bastankhah and Porté-Agel (BP) model [2], and the Ainslie model
[3]. These models were developed for single turbines and require a wake merging method to
predict the wake of multiple turbines.

The most widely used wake merging method is the superposition method. Two common
methods are the linear superposition method and the root-sum-square (RSS) superposition
method. Linear superposition is based on the assumption that the velocity deficit is analogous
to a passive scalar plume in the far-wake region [4]. Thus, the resultant wake can be modelled
by directly superimposing the individual wakes. RSS superposition assumes that the kinetic
energy deficit of the merged wake is the sum of the energy deficit of individual wakes. There
are also different definitions of the velocity deficit of the turbine wakes. Some models define it
with respect to the freestream, and some models define it with respect to the flow generated
by the upstream turbine. While the superposition methods do not necessarily conserve physical
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quantities such as mass and momentum, some models give good accuracy under certain
conditions. More recent wake merging methods better conserve momentum ([5], [6]), but lack
consideration of how wake-wake interactions change the wake recovery rate.

There are two main mechanisms of how wake interaction affects wake recovery. One is
to increase turbulence intensity through wake-induced turbulence. This mechanism is usually
considered by modifying the wake expansion rate in the single wake model. Another mechanism
is related to the energy available for wake re-energisation: when two side-by-side wakes interact,
they compete for the energy for wake recovery. This mechanism is rarely considered in existing
models.

In this study, we propose a new far-wake model that considers the competing effects between
wakes. Here, we formulate the model to predict the far wake development behind a lateral row
of turbines. Instead of superimposing the wake of an individual turbine, we predict the wake
evolution from its main driving forces and consider the combined wake as a whole. We evaluate
the proposed model under different inflow turbulence intensities, thrust coefficients, and turbine
spacings. The model can be used to calculate multi-rotor turbine wake and has the potential to
be further developed for wind farm velocity field modelling.

The paper is structured as follows. Section 2 introduces the theoretical basis of the model
and how it can be implemented; Section 3 describes the setup of the numerical simulation used
to verify the model; Section 4 shows the model results and analyses the underlying mechanisms,
and Section 5 concludes the study.

2. Analytical model
2.1. Problem definition
In this study, we consider a lateral row of n turbines placed in a uniform flow with velocity U0

as shown in Figure 1. All the turbines are identical and exert the same thrust. The turbine
hub-to-hub spacing is S and is set to 2D for a range of inflow turbulence intensities and thrust
coefficients, where D is the turbine diameter. We also studied a reduced separation case where
S = 1.2D for inflow turbulence intensity of 10% and a thrust coefficient of 0.6259. We assume
the wake of each turbine is also identical, and thus can be defined by the same wake centre

Figure 1. An array of turbines experiencing uniform inflow (top) and its far-wake wake profile
(bottom).
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velocity deficit C and characteristic width σ, so that the wake velocity, U , has the form

U

U0
= 1−

n∑
i=1

Ce−
(y−Yi)

2+(z−Zi)
2

2σ2 , (1)

where y and z are the horizontal and vertical coordinates, respectively, Yi and Zi are the
horizontal and vertical positions of each turbine, respectively. Although the model can handle
varying Zi in principle to model the wake of a multi-rotor turbine [7], we consider the scenario
where Zi for all turbines are identical. We set n to be 5 in this study, so that the wake profile is
as shown in the bottom sketch in Figure 1. We solve the streamwise evolution of the wake centre
velocity at the position marked in Figure 1, and calculate the velocity profile by Equation 1. We
neglect the finite array effect, which would cause each turbine to experience slightly different
inflow velocity.

2.2. Driving forces for wake recovery
We find the main driving forces of wake recovery by examining the streamwise component of
the steady Reynolds-Averaged Navier-Stokes (RANS) equations given as

U
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∂y
+W
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, (2)

where V , W are spanwise (y) and vertical (z) mean velocities, respectively, x is the streamwise

coordinate, p is static pressure, ρ is fluid density, and u′u′ , u′v′ , u′w′ are the streamwise, spanwise
and vertical components of the Reynolds stresses, respectively, and ν is the kinematic viscosity.
We then use the Boussinesq (linear) eddy viscosity hypothesis which states

u′u′ =
2

3
k − 2νt

∂U

∂x
, u′v′ = −νt

(
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∂x

)
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)
, (3)

where νt is the kinematic eddy viscosity, and k is the turbulent kinetic energy. Along the wake
centre of the central turbine, V ∂U

∂y = W ∂U
∂z = 0 due to symmetry, ν is much smaller than νt,

and we assume that ∂u′u′

∂x , νt
∂2V
∂x∂y and νt

∂2W
∂x∂z are relatively small compared to the other terms.

Therefore, Equation 2 for the wake centreline can be reduced to

α
∂α

∂x̂
= −∂p̂

∂x̂
+R, (4)

where p̂ = p/(ρU2
0 ), ν̂t = νt/(U0D), x̂ = x/D, ŷ = y/D, ẑ = z/D, and R = ν̂t(

∂2Û
∂ŷ2

+ ∂2Û
∂ẑ2

),

Û = U/U0, and α is Û at the wake centre. In the far-wake region, the pressure gradient term is
negligible, so Equation 4 can be simplified to

α
∂α

∂x̂
= R. (5)

This implies that, at the axis of symmetry, the main recovery mechanism in the far wake
is the divergence of the Reynolds shear stresses. This idea is stressed by van der Laan et al.
[8], and is also an assumption of the Ainslie model [3], which solves a simplified streamwise
component of the RANS equations numerically. By assuming the wake profile is Gaussian,
a simplified solution can also be derived [9], which solves the wake centreline velocity by an
ordinary differential equation.
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The Ainslie model [3] and its simplified version [9] are both single-wake models. The main
difference between a single turbine and a cross-stream row of turbines is that, for a single wake,
the energy transport occurs both in vertical and horizontal directions. In the case of a row of
turbines, in the region close to the turbines before wakes have merged, each wake may still entrain
some energy from the horizontal direction. As the wakes start to merge, each wake entrains the
majority of the energy vertically. We can capture this change in the energy entrainment using
Equation 5 and the wake profile described by Equation 1.

2.3. Turbine row model
To solve how the velocity develops in the far-wake region, we rearrange Equation 5 to

∂α

∂x̂
=

R
α
. (6)

Then we define a series of infinitesimal control volumes along the wake centreline and integrate
this equation from the inlet to the outlet of each control volume. Using a first-order Taylor
expansion, we have

αi+1 = αi +
R
αi

∆x̂ (7)

where αi is α at the inlet of the i-th control volume.
The proposed multi-Gaussian model solves the wake using the following process.

1. Pick a position x̂0 where we start the far wake modelling, and give the wake centre velocity
α0 at this point. In this study, we extract α0 directly from the numerical simulation (against
which the far wake model is validated).

2. Calculate the corresponding wake width σ by inserting Equation 1 into the conservation of
momentum equation, ∫

Ac

U(U0 − U)dA =
T

ρ
, (8)

where Ac is the domain size averaged on the central turbine and has the width of S, and T
is the thrust of a single turbine.

3. Calculate R using the velocity profile determined by Equation 1.

4. Iterate the solution using Equation 7.

5. Use αi+1 and Equation 8 to calculate σi+1, to give the new velocity profile.

6. Repeat steps 3 to 5 until the entire wake is solved.

2.4. Single wake model and superposition methods
To compare with the conventional superposition methods, we use a single wake model derived
by Anderson [9] and two superposition methods. We choose the Anderson model as the single
wake model because it also predicts the wake evolution by calculating the divergence of the
Reynolds shear stresses from the assumed wake profile, and requires the same type of input as
the proposed multi-Gaussian model. The Anderson model [9] has the form of

dα

dx̂
=

16ν̂t(α
3 − α2 − α+ 1)

αCt
, (9)

where Ct is the thrust coefficient. The superposition methods used are linear superposition

Û = 1−
n∑

i=1

(1− Û), (10)
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and RSS superposition

Û = 1−

√√√√ n∑
i=1

(1− Û)2 (11)

In this study, we are mainly interested in the wake evolution in the far-wake region and the
mechanism of wake recovery. Thus, we take the wake centreline velocity from the simulation
at a selected starting point x̂0 and the eddy viscosity along the wake centre, and use them as
inputs to the multi-Gaussian model and the Anderson model [9]. The results from the Anderson
model are then combined with different superposition methods to predict the row wake.

3. Numerical simulation
In the current study, we compare the wake centreline velocity and a newly defined velocity deficit
of the central turbine with RANS simulations of a turbine in an infinitely wide row, achieved
using symmetry boundary conditions. We make this comparison because the analytical model
predictions using five turbines and seven turbines were almost identical, which suggests that
adding more turbines would not significantly change the model prediction.

3.1. Governing equations
Three-dimensional RANS simulations with a modified k-ϵ turbulence model have been performed
using OpenFOAM to verify the proposed wake model. The RANS actuator disc code for
representing the turbine is adapted from the original code by Svenning [10], which has been
validated by the data from Mikkelsen [11].

To maintain the turbulence level in the uniform background flow, we add a pair of source
terms to the standard k − ϵ turbulence model. The k − ϵ model in OpenFOAM solves

D

Dt
(ρk) = ∇ · (ρDk∇k) + P − ρϵ+ Sk (12)

and
D

Dt
(ρϵ) = ∇ · (ρDϵ∇ϵ) +

C1ϵ

k
(P + C3

2

3
k∇ · u⃗)− C2ρ

ϵ2

k
+ Sϵ, (13)

where t is time, Dk is the eddy diffusivity for k, P is the turbulent kinetic energy production
rate, Sk is the source term for k, ϵ is the turbulent kinetic energy dissipation rate, Dϵ is the
effective diffusivity for ϵ, C1, C2 and C3 are all model coefficients, u⃗ is the velocity vector, and
Sϵ is the source term for ϵ. For the standard implementation of the k − ϵ model, both Sk and
Sϵ equal zero. In this study, we used the ‘scalarSemiImplicitSource’ function in OpenFOAM to
add the source terms, so that the turbulence does not decay in uniform flow. The two source
terms are

Sk = ρϵ (14)

and

Sϵ = C2ρ
ϵ2

k
. (15)

The same approach was previously used by van der Laan et al. [12].

3.2. Simulation setup
The turbine is represented by an actuator disc placed 15D downstream from the inlet and
50D upstream from the outlet of a rectangular computational domain, with a cross-section of
2D × 27.5D for S = 2D, and 1.2D × 27.5D for S = 1.2D. No hub or support structure is
simulated, and the tangential force is turned off to yield the simplest case of the disc, reducing
only the axial momentum of the flow.
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Table 1. Parameters for the simulation cases.

cases 1-4 cases 5-7
Ti(%) 1 5 10 20 10
Ct 0.6259 0.36 0.75 0.8889

Table 2. Summary of simulation boundary conditions.

Inlet Outlet Sidewalls
U fixed value (10 m/s) zero gradient slip
p zero gradient fixed value zero gradient

k and ϵ fixed value zero gradient zero gradient

The ‘blockmesh’ function in OpenFOAM was used to generate multi-block structured grids
with hexahedral cells. In the streamwise direction, the mesh is refined near the disc and expands
in the downstream direction. A refined region for the disc is meshed independently, and the
actual disc (0.025D thick) is located in the middle of the refined region (0.03D thick). The
mesh in this region is very fine (with 12 cells being uniformly distributed across the 0.03D-thick
region) to make sure that the volume force exerted is accurate and does not change in the mesh
convergence study.

This baseline mesh was refined using the ‘SnappyHexMesh’ function in OpenFOAM to obtain
three additional meshes for a mesh convergence study. The refinement level is defined such that
level m divides each cell in the baseline mesh into 2m parts in each direction. As a compromise
between accuracy and computational cost, refinement level 1 is adopted in this study. The final
mesh consists of 2,765,824 hexahedral cells for S = 2D, and 2,691,072 cells for S = 1.2D. The
sizes of the cells near the disc are 0.05D in the tangential direction and 0.021D in the radial
direction.

For all the cases simulated, the Reynolds number, defined as Re = U0D
ν , is 2.67 × 107.

The mixing length l at the inflow is 10 m. A range of inflow turbulence intensities and thrust
coefficients for S = 2D is simulated and summarised in Table 1, where Ti is the inflow turbulence
intensity. For S = 1.2D, Ct = 0.6259 and Ti = 10%. The boundary conditions are summarised
in Table 2. The inlet k is calculated from Ti as 1.5(TiU0)

2, and the corresponding inlet ϵ is
calculated as C0.75

µ k1.5/l, where Cµ is a model constant equal to 0.09.

4. Results
4.1. Centreline velocity
Figure 2 shows the wake centreline velocity of the simulation and different model predictions
for varying thrust coefficients. The discrepancies between different models for Ct = 0.36 are
negligible. This is expected, since a small thrust coefficient leads to a small wake deficit, and the
wake interaction is trivial. As the thrust coefficient increases, the wake interaction gets stronger,
and differences between the models emerge. As expected, the single wake model predicts a faster
recovery rate, since the model allows the wake to entrain energy from both the vertical and the
horizontal directions equally. The multi-Gaussian has the slowest recovery rate because it limits
the energy transfer along the horizontal direction. Linear superposition has a slower recovery
rate than RSS method because its calculated velocity deficit scales with

√
n∆U , while the

velocity deficit calculated by the linear superposition scales with n∆U , where ∆U is the velocity
deficit of a single turbine. A similar trend was observed by Vogel and Willden [13]. The overall
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Figure 2. Comparison of wake centreline velocity between simulation results and different
models for a range of thrust coefficients.

better agreement of the proposed multi-Gaussian model demonstrates that modelling the non-
negligible interactions between neighbouring wakes is important for predicting the recovery of
multiple wakes.

The results for varying inflow turbulence intensities are shown in Figure 3. For Ti = 1%,
the velocities predicted by both linear superposition and RSS superposition are almost identical
to the wake predicted by the single wake model. This is because the models predict that the
wake expands slowly for low turbulence conditions, and the wake interaction is weak. For higher
turbulence intensities, the linear superposition method predicts a slower recovery rate than
the RSS method, which suggests that the wake interaction gets stronger. The multi-Gaussian
model still predicts the slowest recovery rate, and has the most accurate solution except for
Ti = 20%. For Ti = 20%, the multi-Gaussian slightly underestimates the velocity compared
to the simulations. This is partly because the model only considers the velocity deficit and
ignores the velocity increase in the bypass due to conserved mass flux. Additionally, as the
inflow turbulence intensity increases, the multi-Gaussian model changes from overestimating
the recovery rate to underestimating the recovery rate. This transition is related to how inflow
turbulence intensity changes the wake profile.

4.2. Velocity deficit at the turbine scale
The centreline velocity corresponds to the conventional velocity deficit, C, and represents wake
recovery with respect to the velocity far upstream. We are also interested in how the individual
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Figure 3. Comparison of wake centreline velocity between simulation results and different
models for a range of inflow turbulence intensities.

wake recovers within the array. We define

δU = Uiw − Uwc, (16)

where Uiw is the velocity at the inter-wake position and Uwc is the velocity at the wake centre
position as shown in Figure 1. δU is the velocity deficit at the turbine scale within the array,
and measures the wake profile variation. However, directly using δU for different models does
not give the best comparison of how fast the wake profile changes, because there is a discrepancy
between the Gaussian wake profile and the experimental wake profile for a single turbine, as
described by Pope [14]. This discrepancy, observed mostly around the wake edges, is partly
attributed to the non-uniformity in eddy viscosity in the spanwise direction. This argument
is supported by the simulation results of van der Laan et al. [8], who showed that a uniform
eddy viscosity leads to a wake profile closer to a Gaussian shape. For multiple wakes merged
together, this discrepancy manifests in a lower velocity at the inter-wake position. Thus, all
models have a smaller δU than the simulation at the starting position of far-wake modelling,
where all the models start with the same centreline velocity as the simulation. Since different
models underestimate the inter-wake velocity by different amounts, we normalise δU by δU0,
where δU0 is δU at the starting position. δU/δU0 reflects the proportion of the (individual)
wake deficit that has not been recovered, and better represents how fast the wake profile varies.

Figure 4 shows δU/δU0 from simulation and different model results for a range of thrust
coefficients and inflow turbulence intensities. For all the thrust coefficients examined, the
single wake model underestimates the profile variation rate because there is no wake merging
at all. RSS superposition also underestimates the profile variation rate, because it considers



The Science of Making Torque from Wind (TORQUE 2026)
Journal of Physics: Conference Series 3224 (2026) 032032

IOP Publishing
doi:10.1088/1742-6596/3224/3/032032

9

Figure 4. Comparison of δU/δU0 between simulation results and different models for a range
of thrust coefficients and inflow turbulence intensities.

a weaker wake interaction compared to the linear superposition and the multi-Gaussian wake
models. Both the proposed multi-Gaussian model and the linear superposition method show
good agreement with the simulation results, and it captures accurate variation in terms of the
change in wake profile.

For different inflow turbulence intensities, all models overestimate the profile variation rate
at Ti = 1%. This is because, for low turbulence intensity, a Gaussian profile tends to predict
a wider wake width, which corresponds to stronger wake interaction, and the profile variation
rate is faster. This effect gradually disappears as the inflow turbulence intensity increases. At
Ti = 5%, the single wake model and RSS method show better agreement with the simulation, but
as the turbulence intensity increases, these two models gradually switch from overestimation to
underestimation of the profile variation rate; hence, this better agreement may be coincidental.
The linear superposition method and the proposed multi-Gaussian model still have similar
results. Their agreement with the simulation increases as the turbulence intensity increases.
This implies that the wake interaction for S = 2D is quite weak, and the momentum deficit
behaves similarly to a passive scalar.

4.3. Computational cost and multi-rotor turbine application
The computational cost required for the proposed multi-Gaussian method is on the order of
seconds, which is a few orders of magnitude higher than the superposition methods (10−4 to
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10−3 s), but it is still much lower than the cost for RANS simulations (103 to 104 s). Although
the multi-Gaussian model shows modest improvement over the linear superposition approach, it
captures key wake-recovery mechanisms and provides a physically consistent framework, whereas
the linear superposition method, although computationally efficient and accurate for the cases
considered, can occasionally yield non-physical solutions.

We examine the physical consistency of the proposed model with a much smaller rotor spacing
typical for a multi-rotor turbine [7], which has stronger wake interaction, S = 1.2D, which
corresponds to a turbine tip-to-tip spacing of 0.2D. The results are shown in Figure 5. In this
case, the difference between the single wake model and the simulation wake centreline velocities
is much larger compared to the case of S = 2D, which implies stronger wake interaction. Both
the multi-Gaussian model and the linear superposition method predict wake centreline velocity
in good agreement with the simulation results. The RSS superposition improves little from the
single wake model in terms of wake centreline velocity. For δU/δU0, both the linear superposition
and the multi-Gaussian models agree well with the simulation δU/δU0 up to 8D. Downstream
of 8D, both the multi-Gaussian model and the RSS model predict δU/δU0 tends to zero in
consistency with the simulation results, while the linear superposition predicts an increasing
δU/δU0. This increasing δU/δU0 arises from the fact that the linear superposition predicts a
faster recovery rate at the inter-wake position than that along the wake centreline downstream
of 8D. Thus, although both the linear superposition method and the multi-Gaussian model
yield good agreement with the simulation results in terms of wake centreline velocity, the multi-
Gaussian model provides a more physically consistent solution and has more potential to deal
with more complex wake interactions.

Figure 5. Comparison of centreline velocity and δU/δU0 between simulation results and
different models for Ct = 0.6259, Ti = 10% and S = 1.2D.

5. Conclusions
This study presents an analytical model that employs a multi-Gaussian wake profile to predict
the wake recovery downstream of a lateral row of turbines, accounting for the reduction of
lateral energy transfer between neighbouring wakes. The proposed model is compared with
single-turbine model predictions and results from superposition methods, and validated against
RANS simulations. We evaluated the model performance using wake centreline velocity and the
velocity difference between the wake centre and the inter-wake positions.
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For most flow conditions, the RSS method overpredicts the centreline velocity recovery and
underpredicts the wake profile variation rate compared to RANS simulations, which corresponds
to underestimating the interactions between neighbouring wakes. For different thrust coefficients
and inflow turbulence intensities at S = 2D, the multi-Gaussian model agrees better with the
simulations compared to the single wake model, despite the small discrepancy between the
single wake model and the simulation. The linear superposition method also demonstrates
good agreement and retains an advantage in computational cost over the multi-Gaussian model.
However, under strong wake interaction at S = 1.2D, it can yield non-physical solutions, whereas
the multi-Gaussian formulation maintains physical consistency and predictive robustness.

Overall, the proposed multi-Gaussian framework demonstrates potential for modelling wake
interactions behind a lateral row of turbines, including multi-rotor systems at substantially
reduced computational cost relative to CFD simulations. For more general turbine layouts,
further developments are required, including the ability to model different wake centreline
velocity deficits and wake characteristic widths for individual wakes and the incorporation of a
near-wake model for turbines operating within each other’s induction zone.
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