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Numerical Simulations of Two
Back-To-Back Horizontal Axis
Tidal Stream Turbines
in Free-Surface Flows
We simulate two back-to-back full-scale tidal turbines using an in-house computational
free-surface flow code. We briefly present the mathematical formulation of the computa-
tional framework. We first validate the proposed method on a single turbine configuration.
A mesh refinement study is conducted to ensure the result is converged. We then quantify the
wake effect and free-surface effect on tidal turbine performance by a case study. To inves-
tigate the free-surface effect, we perform both pure hydrodynamics and free-surface simu-
lations. The time history of thrust and production coefficients is quantified. In both pure
hydrodynamics and free-surface flow simulations, thrust and production coefficients of
the downstream turbines drop significantly due to the velocity deficit in the wake. By com-
paring the result between free-surface flow and pure hydrodynamics simulations for the
configuration considered here, we find that the free-surface does not affect the upstream
turbine but significantly affects the downstream turbine. [DOI: 10.1115/1.4046317]
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1 Introduction
Renewable energy is one of the important driving forces in reduc-

ing environmental pollution and greenhouse gas emission. Among
many different kinds of renewable energy, the tidal energy that con-
verts hydro-kinetic power to electricity has the potential to become a
big source attributed to the predictability and repeatability of tidal
power generation [1–5]. Compared with other tidal energy harvest-
ing devices, horizontal axis tidal stream turbine (HATT) is the
most developed one [6–9]. In the research around HATTs [10,11],
tidal farm design and power generation are of the priority and
attract the most attention. Therefore, accurate prediction of the
hydrodynamic performance of tidal stream turbines is critical for
the development of tidal energy, and numerous computational and
experimental approaches have been proposed to achieve this goal
[12–17]. Tidal energy can borrow many technologies from the
wind energy industry because of the shared underlying mechanical
principles. However, there are still several fundamental differences
in the design, operation, and modeling between wind turbines and
tidal stream turbines, such as different flow conditions, the free-
surface effect, and possible occurrence of cavitation. In tidal farms,
many tidal turbines are installed to extract maximum power. Due
to the finite site of the tidal farm, flow interaction between turbines
is very strong. The energy extracted by the downstream turbines is
less than the upstream ones due to the negative wake effect, which

significantly reduces the overall power production of the entire tidal
farm. Increasing the distance between turbines may reduce the wake
effect. However, the availability of the site and the cost of electrical
transmission, the availability of the site, and the electrical transmis-
sion cost constrain maximal distance. Although a considerable
amount of research has focused on a single tidal turbine [12,18], it
does not guarantee the optimal overall power generation of the
entire tidal farm. Besides, HATTs operate in a bounded environment
with limited available water depth, and the expansion of the wake is
constrained by the free-surface. Thus, themodeling of the interaction
betweenmultiple tidal turbines subjected to realistic flow conditions,
especially free-surface flow conditions, is critical but less investi-
gated at this point. Traditionally, the blade element momentum
method, vortex element method, and other reduced order numerical
methods have been utilized in the tidal turbine design and the predic-
tion of the turbine performance [13,19]. These methods are desirable
in the optimization attributed to the low computational cost. But
thesemethods rely on experimentalmeasurements and empirical cor-
relations to achieve accurate predictions. To our best knowledge, few
considered the free-surface effect in their numerical simulations
among these computational efforts, although experiments by Bahaj
et al. [17,20] have quantitatively shown that free-surface can signifi-
cantly affect the performance of tidal stream turbines.
The current paper presents numerical simulations of multiple

HATTs at full-scale operating in realistic free-surface flows using
a computational framework we proposed in Ref. [21]. In the compu-
tational framework, the level-set method [22–28] is utilized to track
the evolution of the air–water interface. The unified two-phase
Navier–Stokes equations of incompressible flows are employed to
model the fluid motion. The fluid density and viscosity are
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interpolated by using the level-set function. The Arbitrary Lagrang-
ian–Eulerian variational multi-scale (ALE–VMS) formulation
enhanced with weak enforcement of essential boundary conditions
with linearfinite-element discretization is employed to solve the free-
surface flow problems. The sliding-interface formulation is used to
handle the relative motion between the rotating rotor and stationary
tower, thus enabling the so-called “full-machine” simulation. The
paper is outlined as follows. In Sec. 2, we introduce the governing
equations of free-surface flows using the level-set method and two-
phase Navier–Stokes equations at the continuous level. In Sec. 3,
we present the major components of the computational formulation
of free-surface flows at the space-discrete level, including ALE–
VMS, weak enforcement of essential boundary conditions, and
sliding interface technique. We also summarize other key numerical
techniques, such as linearization, time integration, linear solver,
re-distancing, and mass balancing of the level-set field, in this
section. In Sec. 4, we first perform a mesh refinement study of a
single turbine to validate the computational method. Then, we simu-
late two back-to-backHATTs using the proposed framework, which,
to the best knowledge of the authors, is the first computational fluid
dynamics (CFD) calculation of multiple tidal turbines in free-surface
flows. Both pure hydrodynamics and free-surface flow simulations
are performed with the same set of operation parameters, based on
which the experimental measurement of a single turbine is available.
We compare the performance between the upstream and downstream
turbines and quantify the free-surface effect. In Sec. 5, we draw con-
clusions and specify future research.

2 Strong Form Equations of Free-Surface Flows
In this section, we summarize the strong-form governing equa-

tions of free-surface flows on a moving domain. Figure 1 shows a
combined moving air–water domain with two back-to-back tidal
turbines inside, denoted by Ωt∈R3 at time t. Γt denotes its bound-
ary. Ωa

t , Ω
w
t , and Γaw

t denote the air subdomain, water subdomain,
and air–water interface, respectively.
We employ the level-set method to simulate free-surfaceflows [22–

26,29,30] around the tidal turbines. For this, a scalar functionϕ(x, t) is
defined in the fluid domain. ϕ(x, t) is the signed distance of x with
respect to the air–water interface, and its zero level (ϕ(x, t) = 0)
defines the air–water interface and divides the spatial fluid domain
into air subdomainΩa

t andwater subdomainΩw
t , which are defined by

Ωa
t = {x|ϕ(x, t) < 0, ∀x ∈ Ωt} (1)

Ωw
t = {x|ϕ(x, t) > 0, ∀x ∈ Ωt} (2)

Γaw
t = {x|ϕ(x, t) = 0, ∀x ∈ Ωt} (3)

The flow motion is governed by the Navier–Stokes equations of
incompressible flows posed on a moving domain by Arbitrary
Lagrangian–Eulerian (ALE) description, which reads

ρ
∂u
∂t

∣∣∣∣
x̂
+ (u − û) · ∇∇∇∇∇xu − g

( )
+∇∇∇∇∇p − μΔxu = 0 (4)

∇∇∇∇∇x · u = 0 (5)

where u and p are the fluid velocity and pressure, g is the gravitational
acceleration vector, û is the velocity of the fluid domain, Δx is the
Laplace operator, and ∇∇∇∇∇x is the gradient operator. In the above
Navier–Stokes equations, the partial time derivative of the velocity
field is taken holding the referential configuration (denoted by x̂)
fixed, and the space derivatives are taken with respect to the current
configuration denoted by x. In the ALE formulation, the fluid
domainvelocity û is completely independent of thefluidparticle veloc-
ity u, which allows users to choose any mesh motion scheme that is
convenient for the problem.
At each point of the two-phase fluid domain, the fluid density ρ

and dynamic viscosity μ in Eq. (4) will be assigned the correspond-
ing values by the following interpolation.

ρ = ρwHϵ(ϕ) + ρa(1 − Hϵ(ϕ)) (6)

μ = μwHϵ(ϕ) + μa(1 − Hϵ(ϕ)) (7)

where Hϵ(ϕ) is the regularized Heaviside function defined by
Eq. (8), ρa, μa, ρw, and μw are the density and dynamic viscosity
of air and water, respectively.

Hϵ(ϕ) =

0 if ϕ < −ϵ
1
2

1 +
ϕ
ϵ
+ sin

ϕπ
ϵ

( )( )
if |ϕ| ≤ ϵ

1 if ϕ > ϵ

⎧⎪⎪⎨
⎪⎪⎩ (8)

In Eq. (8), ϵ defines a finite width of the air–water interface. In a
numerical setting, ϵ scales with the local mesh element length.
The air–water interface is moving with the fluid material particles,
which is modeled by a pure convection equation of the level-set
field. In the ALE description, the equation reads

∂ϕ
∂t

∣∣∣∣
x̂
+(u − û) · ∇∇∇∇∇xϕ = 0 (9)

Similarly, the time derivative is taken holding the referential config-
uration fixed, and the spatial derivative is taken with respect to the
current configuration. Together with the appropriate initial and
boundary conditions, Eqs. (4)–(9) formulate a complete model of
free-surface flows of tidal turbines on a moving domain.

3 Numerical Methods
In this section, we show the numerical method for solving the

above free-surface flow equations. We present the Arbitrary
Lagrangian–Eulerian variational multi-scale (ALE–VMS), weak
enforcement of essential boundary conditions, and sliding interface
technique with details. Other numerical techniques, including line-
arization, re-distancing, linear solvers, and time integration, are
briefly summarized.

3.1 ALE–VMS Formulation With Weak Enforcement of
Essential Boundary Conditions. The Reynolds number of the
free-surface flows around tidal turbines is very high. To handle the
turbulence, we utilize the ALE–VMS formulation [31,32], which
has been successfully applied to a variety of challenging high Rey-
nolds number CFD and fluid–structure interaction (FSI) problems
in wind energy and marine engineering [33–40], to attain the space-
discrete version of the free-surface flow equations. For that, let Vh

denote the discrete trial set for the velocity-pressure-level-set triple
{uh, ph, ϕh} and letWh be the discrete test set for the linear momen-
tum, continuity and level-set convection equations {wh, qh, ηh}. The
ALE–VMS formulation of free-surface flows is stated as follows:
Find {uh, ph, ϕh} ∈ Vh such that ∀{wh, qh, ηh} ∈ Wh,

BALE−VMS {wh, qh, ηh}, {uh, ph, ϕh}
( )

− FALE−VMS wh, qh, ηh
( )

= 0

(10)

where BALE−VMS and FALE−VMS are given by
Fig. 1 The fluid spatial domain with air and water subdomains
separated by the free-surface
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BALE−VMS {wh, qh, ηh}, {uh, ph, ϕh}( )
= wh, ρ

∂u
∂t

∣∣∣̂
x
+ ρ(uh − ûh) · ∇∇∇∇∇xuh

( )
Ωt

+ ∇∇∇∇∇xwh, −pI+ 2μ∇∇∇∇∇s
xu

( )
Ωt

+ qh, ∇∇∇∇∇x · uh
( )

Ωt
+
∑Nel
e=1

τM(uh − ûh) · ∇∇∇∇∇xwh + τM
∇∇∇∇∇xqh

ρ
, rM(uh, ph)

( )
Ωe

t

+
∑Nel
e=1

ρτC∇∇∇∇∇x · wh, rC(uh, ph)( )
Ωe

t
−

∑Nel
e=1

τMwh, rM(uh, ph) ·∇∇∇∇∇xuh
( )

Ωe
t

−
∑Nel
e=1

∇∇∇∇∇xwh

ρ
: τMrM(uh, ph)⊗ τMrM(uh, ph)

( )
Ωe

t

+
∑Nel
e=1

ηh,
∂ϕh

∂t

∣∣∣̂
x
+ (uh − ûh) · ∇∇∇∇∇xϕ

h

( )
Ωe

t

+
∑Nel
e=1

τϕ(uh − ûh) · ∇∇∇∇∇xηh, rL(uh, ϕh)
( )

Ωe
t

(11)

and

FALE−VMS wh, qh, ηh
( )

= wh, ρg
( )

Ωt
+ wh, h
( )

Γh
t

(12)

where∇∇∇∇∇s
x is the symmetric gradient operator, h is the prescribed trac-

tion vector on theNeumann-type boundaryΓh
t . In the above equation,

the operator (X1,X2)A denotes theL2-inner product ofX1 andX2 over
the domain A. The terms integrated over element interiors may be
interpreted as the stabilized method for fluid mechanics, where Nel

is the number of elements, τM , τC , and τϕ are the corresponding sta-
bilization parameters [41–43]. These terms also act as a large Eddy
simulation turbulence model for high Reynolds number wall
bounded flows. rM(u

h, ph), rC(u
h, ph) and rL(uh, ϕh) are the strong-

form linear momentum, continuity, and level-set convection equa-
tion residuals, respectively, given as

rM(uh, ph) = ρ
∂uh

∂t

∣∣∣∣
x̂
+ (uh − ûh) · ∇∇∇∇∇xuh − g

( )
+ ∇∇∇∇∇ph − 2μΔxuh

(13)

rC(uh) =∇∇∇∇∇x · uh (14)

rL(uh, ϕh) =
∂ϕh

∂t

∣∣∣∣
x̂
+ (uh − ûh) · ∇∇∇∇∇xϕh (15)

For large-scale, high Reynolds number wall-bounded flows,
fully resolving of viscous turbulent boundary layers is nearly impos-
sible. To relax the requirement of boundary layers resolution without
sacrificing the accuracy of hydrodynamic loading on the tidal
turbine, another crucial ingredient needed to be included in the
formulation is the weak enforcement of essential boundary con-
ditions (weak BCs). For this, several additional terms acting on
the fluid-turbine interface are added to Eq. (10), and the semi-
discrete problem becomes: Find {uh, ph, ϕh} ∈ Vh such that
∀{wh, qh, ηh} ∈ Wh,

BALE−VMS {wh, qh, ηh}, {uh, ph, ϕh}
( )

−FALE−VMS wh, qh, ηh
( )

−
∑Neb

b=1

wh, σ(uh, ph)n
( )

Γb
t ∩Γ

g
t
−
∑Neb

b=1

2μ(∇∇∇∇∇S
xw

h)n+ qhn, uh − vh
( )

Γb
t ∩Γ

g
t

−
∑Neb

b=1

wh, (ρuh ·n− ρûh ·n)(uh − vh)
( )

Γb
t ∩(Γ

g
t )

−

+
∑Neb

b=1

τBwh, uh − vh
( )

Γb
t ∩Γ

g
t
= 0 (16)

where vh is the prescribed velocity (determined by the rotational
speed of the rotor in the current case) on the fluid-turbine interface
denoted by Γg

t . n is the unit normal vector on Γg
t . Γ

g
t is decomposed

intoNeb surfaces denotedwithΓb
t . (Γ

g
t )

− is the inflowpart ofΓg
t , given

as (Γg
t )

− = x
∣∣uh ·n< 0, ∀x∈ Γg

t

{ }
. τB is a penalty parameter chosen

for the balance of accuracy and stability of the numerical formula-
tion. Comparedwith the strongly enforced essential boundary condi-
tions (strong BCs) approach, in which the nodal value at the
boundary is replaced by the prescribed boundary value, the weak
BCs add more flexibility by allowing the flow to slightly slip on
the tidal turbine surface in the casewhen themesh size inwall-normal
direction is relatively coarse. This technique tends to produce more
accurate results than those coming from strong BCswhen the bound-
ary layer mesh is not sufficiently fine to completely resolve the
detailed turbulent boundary layers. Readers are referred to Refs.
[44–54] for more details on weak BCs and their successful applica-
tions to wind turbine CFD and FSI simulations. The comparison of
performance between weak BCs and strong BCs in the context of
ALE-VMS for the simulations of a NASA Ames 80 ft × 120 ft
wind turbine can be found in Ref. [55].

3.2 Sliding Interface Formulation for Objects in Relative
Motion. “Full machine” simulations need to handle the relative
motion between the stationary tower and the rotating rotor. For
that, we employ the sliding interface technique that utilizes a sta-
tionary subdomain for the tower and a rotating subdomain for the
rotor (see Fig. 2). The two domains share a sliding cylindrical
interface and are in relative motion, resulting in non-matching
meshes on each side of the interface. The sliding interface

Fig. 2 Fluid mechanics domain and sliding interface
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technique imposes the continuity constraints of the kinematics
and traction at the interface between the stationary and rotating
subdomains. Such a technique was originally developed in
Ref. [56] for simulating fluid flows around rotating components
and has been applied to many CFD and FSI simulation with
structures in relative motion [35,49,57]. The technique is
extended to take the continuity of the level-set function into con-
sideration in Ref. [21] to simulate free-surface flows. To present
some details of the method, let the subscripts s and m denote the
quantities associated with the fluid mechanics problem on the sta-
tionary and moving subdomains, respectively. To enforce the
continuity of the flow kinematics, traction, and level-set function
at the sliding interface, we add the following terms to the left-
hand side of Eq. (16)

−
∑Neb
b=1

1
2
(wh

s − wh
m), σsns − σmnm

( )
Γb
t ∩Γ

SI
t

−
∑Neb
b=1

1
2
(δσsns − δσmnm), uhs − uhm

( )
Γb
t ∩Γ

SI
t

−
∑Neb
b=1

wh
s , ρ (uhs − ûhs ) · ns

[ ]
−(u

h
s − uhm)

( )
Γb
t ∩Γ

SI
t

−
∑Neb
b=1

wh
m, ρ (uhm − ûhm) · nm

[ ]
−(u

h
m − uhs )

( )
Γb
t ∩Γ

SI
t

+
∑Neb
b=1

λB(wh
s − wh

m), u
h
s − uhm

( )
Γb
t ∩Γ

SI
t

−
∑Neb
b=1

ηhs (uhs − ûhs ) · ns
[ ]

−, ϕ
h
s − ϕh

m

( )
Γb
t ∩Γ

SI
t

−
∑Neb
b=1

ηhm (uhm − ûhm) · nm
[ ]

−, ϕ
h
m − ϕh

s

( )
Γb
t ∩Γ

SI
t

(17)

where ΓSI
t denotes the sliding interface, ns and ns are the unit

normal vectors of the interface, σ and δσ are the Cauchy stress
tensor and its variation, given as σ = −pI + 2μ∇∇∇∇∇su and
δσ = 2μ∇∇∇∇∇s(wh)n + qhn, respectively. The operator [A]− denotes
the negative part of A, which is [A]−=A if A< 0 and [A]−= 0
if A > 0. λB is a penalty parameter chosen for the balance of accu-
racy and stability of the numerical formulation. The sliding inter-
face formulation is derived from a discontinuous Galerkin
method, where the basis function is continuous everywhere in
the interior of the two-fluid subdomains except the sliding inter-
face. In the present work, the fluid subdomain that encloses the
turbine tower is stationary, thus ûhs = 0. However, the formulation
is capable of handling situations where both subdomains are in
motion with arbitrary sliding interface shape between them. The
simulation of two compliant hydrofoils in a tandem configuration
is such an example, which can be found in Ref. [57].

3.3 Other Numerical Details. In the present work, linear
finite elements are used for the spatial discretization, and the
generalized-α method [58] is employed for time integration. A two-
stage predictor-corrector algorithm based on Newton’s method is
used to solve the nonlinear equations. At each Newton iteration, a
flexible GMRES algorithm is employed to solve the fluid velocity,
pressure, and level-set increments simultaneously. The flexible
GMRES solver is preconditioned using the iterative solution of
individual linearized Navier–Stokes, and level-set equations, as pro-
posed in Ref. [26]. Besides, to ensure the signed property of the
level-set function and global mass conservation, the re-distancing
and mass balancing processes of the level-set field are performed
at the end of each time-step.

4 Free-Surface Simulations of Two Back-to-Back Tidal
Turbines
4.1 Tidal Turbine Rotor Geometry. The geometry of the

tidal turbine used in this paper is the same as that used in our pre-
vious single turbine simulations [21]. The turbine rotor, which
was originally designed by Ref. [17], is widely used for validating
numerical simulations for tidal energy, because of the availability of
experimental data characterizing its hydrodynamic performance in
free-surface flows [17,20]. The tidal turbine rotor has three blades
with a diameter of D= 0.8m and 20 deg hub-pitch angle. Each
blade is composed of NACA 63-812, NACA 63-815, NACA
63-818, NACA 63-821, and NACA 63-824 airfoil cross section
shapes. The 3D rotor blades are constructed by stacking the appro-
priately scaled, offset, and twisted 2D cross sections.

4.2 Method Validation. To validate the method, we perform a
refinement study of a single-tidal turbine in free-surface flow using
a deep-immersion case, of which the experimental measurement
of thrust coefficient and production coefficient is obtained in
Refs. [17,20]. The computational domain is a box with dimensions
5 m× 2.8 m×2.64 m (6.25D× 3.5D × 3.3D). An initial study has
been conducted to ensure that the computational domain is big
enough to avoid the side wall effect. Figure 3 shows a snapshot
of the computational domain. We design two refined regions to
better capture the wake and free-surface evolution. The volumetric
mesh makes use of triangular prisms in the rotor boundary layers
and tetrahedra elsewhere. Two meshes with different element
lengths are utilized. Figure 4 shows a plane cut of the coarse
mesh. Tables 1 and 2 summarize the statistics of the two meshes.

Fig. 3 Problem set-up and computational domain of the singe
turbine simulation

Fig. 4 A snapshot of the coarse mesh of the singe turbine simu-
lation on a planar cut (y=0)
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The operation parameters are set as follows. The rotor speed is set to
Ω= 28.250 rad/s, water speed is set to U0= 1.5m/s, and the tip
immersion of 0.75D is used (the deep-immersion case in
Refs. [17,20,21]). The boundary conditions are set as follows.
Zero wind speed is applied strongly on the air portion of the inlet,

and the desired uniform water speed is applied strongly on the
water portion of the inlet; the level-set field is also prescribed
strongly on the inlet boundary as a linear function of the vertical
coordinate. The top and outlet surfaces are set to the hydrostatic
pressure boundary conditions; no penetration boundary condition
is applied on two lateral surfaces and the bottom surface. The time-
step is set to Δt= 1 × 10−4 s.
Figure 5 shows the time history of the thrust and production coef-

ficients, which are defined as CT = 4T/0.5ρwπD2U0
2 and CP =

4QΩ/0.5ρwπD2U0
3 (T and Q are the thrust and torque, respec-

tively). The experimental data from Refs. [17,20] are also plotted
for comparison. Figure 6 shows the free-surface deformation and
tip vortex contours colored by velocity magnitude at the fully devel-
oped stage. Although the coarse mesh slightly underestimates the
coefficients and loses some flow features of the vortex structure,
reasonable accuracy is obtained for both meshes. In order to
achieve better accuracy, the element lengths based on the fine
mesh will be used in the next two back-to-back turbines simulation.

4.3 Simulations of Two Back-to-Back Tidal Turbines. One
important fact, which was observed in both the experiment [17,20]
and our previous computation of a single turbine [21], is that the
thrust and production coefficients are higher in the deep-immersion

Table 1 Element length (in meters) of the meshes of the single
turbine simulations

Meshes
Refined region

(wake)
Refined region
(free-surface)

Rotor boundary
layer

Fine 0.03 0.03 0.0005
Coarse 0.06 0.06 0.001

Table 2 Mesh statistics of the single turbine simulations

Meshes Number of nodes Number of elements

Fine 1,351,490 7,800,145
Coarse 503,611 2,874,939

0.5 1 1.5 2
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2 Coarse
Fine
Experiment

0.5 1 1.5 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
Coarse
Fine
Experiment

Fig. 5 Thrust and production coefficients of a single turbine: refinement study

Fig. 6 Snapshots of air–water interface and underwater vorticity colored by velocity magnitude
(in m/s) of a single turbine (t =1.8 s): refinement study (left: fine mesh. right: coarse mesh)
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case than those in the shallow-immersion case. In the deep-immer-
sion case, the free-surface effect is negligible. As a result, pure
hydrodynamics and free-surface simulations give quite similar pre-
dictions for thrust and production coefficients. But the free-surface
effect is significant for the shallow-immersion case by decreasing
the thrust and production coefficients.

Based on our previous work in Ref. [21], we present the simula-
tion of two back-to-back tidal turbines. The deep-immersion case
from the experiment in Refs. [17,20] is chosen. The goal is trying
to answer the following two questions: (1) How much is the effi-
ciency drop of the downstream turbine? (2) Is the free-surface
effect still important for this two back-to-back turbine configura-
tion, given the fact that the free-surface effect is not important for
a single turbine with this immersion depth? To quantify the free-
surface effect, we perform both pure hydrodynamics and free-
surface simulations.
The same operation parameters of the single turbine simulation

[21] are utilized. The distance between the upstream turbine and
downstream turbine is L= 3.5m. The computational domain of
the free-surface simulation is a box with dimensions 6.5 m×
2.8 m× 2.64 m (8.125D× 3.5D × 3.3D). Similar to the mesh used
in the validation section, we design a refined cylinder and a
refined box around the still water level to better capture the turbu-
lent wake generated by the upstream turbine and the free-surface
evolution. Figure 7 shows the problem setup and a snapshot of
the mesh on a planar cut. The domain is divided into three subdo-
mains separated by two cylinder-shaped sliding interfaces.

Fig. 7 Left: Problem setup of two back to back turbines (Turbine towers are removed for illustration purpose.). Right: A 2D
cut to show the mesh quality used in the two back-to-back simulation. Two refined regions are built to better capture the
turbulent wake and free-surface evolution.

Table 3 Element length (in meters) of the mesh of the two
back-to-back simulation

Outer
box

Refined region
(wake)

Refined region
(free-surface)

Rotor boundary
layer

0.5 0.03 0.03 0.0005

Table 4 Mesh statistics of the two back-to-back simulations

Number of nodes Number of elements

1,351,490 7,800,145

Fig. 8 Time history of thrust and production coefficients predicted by the free-surface flow simulation
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Table 3 shows the element length employed, and Table 4 shows the
total number of nodes and elements. We use the same mesh in the
pure hydrodynamics simulation to eliminate the influence of the
mesh on the results. For the free-surface simulation, the boundary
conditions are the same as the single turbine simulation. For pure
hydrodynamics simulation, uniform water speed is applied strongly
everywhere on the inlet; zero traction boundary condition is adopted
for the outlet; no penetration boundary condition is used for other

4 5 6 7 8 9 10 4 5 6 7 8 9 10
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Fig. 9 Thrust and production coefficients predicted by the pure hydrodynamics and free-surface flow simulations in
fully developed stage

Table 5 Average thrust and production coefficients

Cases CT CP

Free-surface (upstream turbine) 0.8894 0.4216
Pure hydrodynamics (upstream turbine) 0.8902 0.4263
Free-surface (downstream turbine) 0.2698 0.2886
Pure hydrodynamics (downstream turbine) 0.2886 0.3308

Fig. 10 Water speed between the two turbines averaged over 10 rotor revolutions plotted at different locations as a function of the
radial coordinate
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surfaces. The time-step is set to Δt= 1 × 10−4 s for both free-surface
and pure hydrodynamics simulations.
Figure 8 shows the predicted time history of CT and CP of the

upstream turbine and the downstream turbine from the free-surface
simulation. The results are compared with the experimental data of a
single turbine with the same immersion depth from Ref. [17].
We see the coefficients of the upstream turbine still stay at the
same level with the single turbine configuration, the thrust coeffi-
cient, and the production coefficient of the downstream turbine
are only 30% and 62.3% of that of the single turbine. Higher-
amplitude fluctuations of CT and CP of the downstream turbine
are also observed.
Figure 9 shows the comparison between the pure hydrodynamics

and the free-surface simulations for CT and CP prediction in the
fully developed stage. Table 5 summarizes the averaged coefficients
from 4 s to 10 s. For the upstream turbine, the averaged thrust and
production coefficients predicted by the pure hydrodynamics and
the free-surface flow simulations are quite similar, still agreeing
with experimental data based on a single turbine from Ref. [17],
which indicates that the free-surface still does not affect the
upstream turbine performance in this deep-immersion case. But,
for the downstream turbine, the pure hydrodynamics simulation
predicts higher coefficients than the free-surface flow simulation.
The discrepancy is 7% for the thrust coefficient and 15% for the pro-
duction coefficient, respectively.
Figure 10 shows the water speed at different locations between

the two turbines averaged over 10 rotor revolutions as a function
of the radial coordinate. A short distance past the upstream
turbine, the velocity deviates from a uniform profile. As going
downstream, the average water speed gradually decreases. We
also observe that the averaged water speed at a specified radial coor-
dinate is lower in the free-surface flow simulation, which explains
the smaller prediction of thrust and production coefficients. These
findings indicate that the free-surface does not affect the upstream
tidal turbine but significantly change the performance of the down-
stream turbine in the current turbine arrangement.
Figure 11 shows the vorticity colored by velocity magnitude for

the pure hydrodynamics simulation at the fully developed stage. A
large amount of tip vortex is generated in the wake due to the rota-
tion of the upstream turbine rotor. The turbulent wake causes the
high amplitude fluctuations of CT and CP seen in Figs. 8 and 9.
From these visualizations, we also see that the solution fields
are quite continuous across the non-matching sliding interface,
which indicates that the sliding-interface technique is successful
for handling this type of problem involving components in relative
motions.
Figure 12 shows the vorticity and deformed free-surface colored

by the velocity magnitude at t= 0.025 s, 2.1 s, 9.4 s, and 10.8 s of
the free-surface simulation. Significant topological changes of the

air–water interface are observed after the flow hit the tower of the
upstream turbine. Before the wake hits the downstream turbine,
the vorticity structure of both turbines can maintain six tube-like
vortex structures. However, after the turbulent wake reaches the
downstream turbine, these tubes of the downstream turbine break
and form big vortexes. As going downstream, we observe that the
interaction between tip vortex and free-surface becomes more and
more pronounced, resulting in substantial the air–water interface
deformation, which consequently produces a more pronounced
free-surface effect on the thrust and production coefficients of the
downstream turbine.

5 Conclusions and Future Research
We simulated two back-to-back tidal turbines using a computa-

tional free-surface flow formulation. The simulations are carried
out at full-scale and with the full complexity of tidal turbine geome-
try. Without any empiricism, the simulations can accurately capture
the effect of the free-surface on the rotor hydrodynamic loading and
interaction between the upstream and downstream turbines.
For the deep-immersion operating conditions considered in the

present work, a drop in thrust coefficient of 70% and a drop of pro-
duction coefficient in 38.7% between the upstream and downstream
turbines were predicted by the free-surface simulation. By compar-
ing the results of the pure hydrodynamics simulation and free-
surface simulation, we found that the free-surface does not affect

Fig. 11 Pure hydrodynamics simulation. Vorticity colored by
velocity magnitude (in m/s).

Fig. 12 Free-surface and underwater vorticity colored by the
velocity magnitude (in m/s)
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the upstream turbine but significantly change the performance of the
downstream turbine for this deep-immersion case.
This work is a first step of using free-surface flow simulations of

multiple full-scale tidal turbines to understand the combined wake
and free-surface effects on these machines and to improve the effi-
ciency of tidal farms with finite sites. In the future, the parametric
study of the distance between the upstream turbine and downstream
turbine will be performed. We also plan to extend the current meth-
odology to simulate multiple tidal turbines arranged in arrays.
Regarding method development, fluid–structure interaction (FSI)
effect and cavitation will be considered in future research.
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