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a b s t r a c t 

The paper presents aerodynamic and fluid–structure interaction (FSI) simulations of two back-to-back 

5 MW horizontal-axis wind turbines (HAWTs) at full scale and with full geometrical complexity operat- 

ing in a stably-stratified atmospheric boundary layer (ABL) flow. The numerical formulation for stratified 

incompressible flows is based on the ALE-VMS methodology, and is coupled to a Kirchhoff–Love thin-shell 

formulation employed to model the wind-turbine structure. A multi-domain method (MDM) is adopted 

for computational efficiency. In the simulations presented the wind turbines are positioned one behind 

the other at a distance of four rotor diameters, which results in a noticeable power production loss for 

the downstream turbine due to the wake velocity deficit of the upstream turbine. The importance of 

including FSI coupling in the modeling to better predict the unsteady aerodynamic loads acting on the 

wind-turbine blades is also highlighted. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Wind turbines arranged in arrays operate in complex turbu-

ent atmospheric boundary layer (ABL) flows with a wide range

f energy-containing scales, and in different atmospheric stabil-

ty regimes. Wind turbines positioned downstream operate in the

akes generated by upstream turbines, and have been observed to

enerate less power compared to the upstream turbines. In addi-

ion, downstream turbines experience higher variations in aerody-

amic loads, which tend to shorten their fatigue life. Depending

n the atmospheric stability regime, spacing between turbines, the

nderlying surface topology, turbulence intensity, and wind direc-

ion and speed, the power-generation deficit for the downstream

urbines may be as high as 40%, as was reported in [1,2] . 

To better understand the conditions under which such power

roduction losses occur, and to get a better estimate of the un-

teady aerodynamic loading causing premature turbine failure, it

s important to have good wind-turbine-farm-level measurement

ata as well as advanced, validated modeling methodologies and

ools for these systems. In addition, the ability to dynamically inte-

rate simulations and measurements into a single predictive mod-
∗ Corresponding author. 
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ling framework [3] may lead to further advances in wind-energy

echnology. 

As the wind energy sector continues to grow, more wind tur-

ines are designed and built to operate in mountainous regions

nd in offshore environments, where the background stratification

as significant effects on wind-turbine performance. As a result,

n recent years, several experimental and numerical studies have

een carried out to better understand wind-power generation in

BL flows. Effects of atmospheric stability on wind-turbine power

roduction were studied through the analysis of data collected in

ctual wind farms in [1,2,4] . Influence of atmospheric stability con-

itions on power production were also studied in [5] using mea-

urements in a stratified-flow wind tunnel, and in [6] through

eld-test measurements of a single wake. A cooled ABL has a

hallow inversion layer which can exceed the blade tip maximum

eight and turbulence properties that are quite different when

ompared to convective and neutral regimes. The numerical ap-

roach developed here provides a way forward to include realistic

BL computational data in wind turbine simulations. 

A common approach to numerically simulate wind turbines in

BL flows is to use large-eddy simulations (LES) in combination

ith actuator-line models, which represent the effect of wind tur-

ines in the flow. A study of near-wake structures of a single tur-

ine in a stably stratified ABL was performed in [7,8] . The effect

f the Coriolis force on the turbine wake structure was studied in

9] . The above mentioned studies focused on aerodynamics only,

http://dx.doi.org/10.1016/j.compfluid.2017.05.010
http://www.ScienceDirect.com
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without considering structural coupling and complex geometry of

the wind-turbine components. An attempt to investigate structural

response of wind turbines in ABL and the remaining fatigue-life

in downwind turbines was made in [10] using an LES solver cou-

pled to low-fidelity aerodynamics and structural mechanics wind-

turbine models [11] . The effect of atmospheric stability on the

blade-root moment and low-speed shaft torque was studied in

[12] , but also without considering the full complexity of the blade

geometry and material distribution. 

The current paper focuses on methods developed for model-

ing of multi-megawatt wind turbines at full-scale operating in re-

alistic stably-stratified ABL flows. Full complexity of aerodynam-

ics, structural mechanics, and wind-turbine geometry is considered

in the modeling approaches presented in this paper. The meth-

ods presented herein form a foundation for predictive FSI modeling

for multiple wind turbines operating in ABL flows. To the best of

our knowledge FSI simulations of multiple turbines are reported in

open literature for the first time. 

The paper is organized as follows. In Section 2 , we present the

governing equations for aerodynamics of ABL flow, structural me-

chanics, and their coupling. Discretization techniques for the FSI

formulation employed are discussed in Section 3 . In Section 4 ,

we describe how we employ the Multi-Domain Method (MDM)

[13–17] in the modeling of wind-turbine FSI, report the results

of aerodynamics and FSI simulations of two back-to-back 5 MW

horizontal-axis wind turbines (HAWTs) operating in a stably-

stratified ABL, and compare the aerodynamic performance of the

upstream and downstream turbines. In Section 5 , we draw conclu-

sions. 

2. Governing equations 

The aerodynamics of wind turbines in ABL flows is governed

by the Navier–Stokes equations of incompressible flows with the

Boussinesq approximation. The equations are posed on a moving

domain using the Arbitrary Lagrangian–Eulerian (ALE) description

[18] , and are written as 

ρ1 

(
∂u 

∂t 

∣∣∣
ˆ x 

+ (u − ˆ u ) · ∇ 

∇ ∇ u − f 1 

)
−∇ 

∇ ∇ ·σσσ 1 − f b = 0 , (1)

 

 ∇ · u = 0 , (2)

where ρ1 is the fluid density, u is the fluid velocity, ˆ u is the ve-

locity of the fluid domain, f 1 is the fluid body force per unit mass,

f b is Boussinesq forcing term, and σσσ 1 is the fluid Cauchy stress de-

fined as 

σ 1 ( u , p ) = −pI + 2 μ∇ 

∇ ∇ 

s u , (3)

where I is the identity tensor, p is the pressure, μ is the dynamic

viscosity, and ∇ 

∇ ∇ 

s is the symmetric gradient operator. 

To model the temperature distribution in a thermally-stratified

ABL, a time-dependent scalar advection-diffusion equation is em-

ployed, 

∂φ

∂t 

∣∣∣
ˆ x 

+ (u − ˆ u ) · ∇ 

∇ ∇ φ −∇ 

∇ ∇ · νφ∇ 

∇ ∇ φ = 0 , (4)

where νφ is the diffusivity, and φ is the potential temperature,

which is decomposed into two parts, namely, 

φ(x , t) = φ̄(x 3 ) + φ′ (x , t) , (5)

where φ̄(x 3 ) is the background temperature field varying in the di-

rection of gravity and φ′ is a temporally and spatially varying tem-

perature fluctuation. The temperature field φ enters the Navier–

Stokes momentum equations through the Boussinesq forcing term

f b , which is given by 

f b = ρ1 g 
φ′ 
φ0 

e 3 (6)
here φ0 is the reference temperature assumed constant in the

oussinesq approximation, g is the gravitational acceleration mag-

itude, and e 3 is the Cartesian basis vector pointing in the direc-

ion of gravity. 

To arrive at this form of the Boussinesq forcing term, we first

onsider the equation of state 

pM = ρRφ, (7)

here M and R are the molar mass and universal gas constant,

espectively. According to the Boussinesq approximation, density

ariation �ρ only appears in the term of the momentum equation

hat is multiplied by the gravity vector, i.e., f b = �ρ · ge 3 (this term

s also called the buoyancy force, which only acts in the direction

f gravity). In all other terms density is assumed to be constant

nd equal ρ1 . Density variation is assumed to only depend on tem-

erature variation. As a result, the relative change in density may

e expressed as 

�ρ

ρ1 

= −α · φ′ , (8)

here α is the coefficient of thermal expansion, which, for an ideal

as, is given by 

= 

1 

φ0 

. (9)

he minus sign in Eq. (8) ensures that increase in temperature

eads to decrease in density. 

To model Earth’s rotation, the Coriolis forcing term is added to

q. (1) , and is given by 

 1 i = f c εi j3 u j e i (10)

here f c is the Coriolis parameter and ε ijk are the Cartesian com-

onents of the alternator tensor. 

emark. In Eqs. (1) and (4) , the time derivatives are taken holding

he referential-domain coordinates ˆ x fixed, while the space deriva-

ives are taken with respect to the spatial coordinates of the cur-

ent configuration x . 

The governing equations of structural mechanics, written in the

agrangian frame [19] , consist of the local balance of linear mo-

entum, and are given by 

2 

(
d 

2 y 

d t 2 
− f 2 

)
−∇ 

∇ ∇ ·σσσ 2 = 0 (11)

here ρ2 is the structure density, f 2 is the structure body force

er unit mass, σσσ 2 is the structure Cauchy stress, y is the structure

isplacement vector, and the time derivatives are taken holding the

aterial coordinates fixed. 

At the fluid-structure interface, compatibility of the kinematics

nd tractions is enforced, namely, 

 − d y 

d t 
= 0 , (12)

1 n 1 + σσσ 2 n 2 = 0 , (13)

here n 1 and n 2 are the unit outward normal vectors to the fluid

nd structural mechanics domains, respectively. 

In the following, a discretization of the above formulation ap-

licable to the FSI modeling of wind turbines in ABL flows is dis-

ussed. A comprehensive discussion of discretization options, cou-

ling strategies, and other aspects of computational FSI may be

ound in a recent book [20] . 
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. Discretization methods and FSI solution strategy 

The aerodynamics formulation for stratified incompressible

ows is based on the Arbitrary Lagrangian–Eulerian Variational

ultiscale (ALE-VMS) method [21–26] and weak enforcement of

ssential boundary conditions [27–32] . The former may be viewed

s an extension of the residual-based variational multi-scale (RB-

MS) LES turbulence model [33,34] to moving domains using the

LE technique, while the latter acts as a near-wall model and

elaxes the boundary-layer resolution requirements for engineer-

ng applications without significant loss of solution accuracy. VMS

ethods, in context of both ALE and space–time techniques, have

een successfully applied to a wide range of engineering prob-

ems [17,24,25,32,35–56] . The stratified-flow ALE-VMS formulation

s discretized in the present work using linear finite elements. 

emark. The stratified-flow ALE-VMS formulation employed in the

resent work is taken from a recent paper [26] , where the veloc-

ty, pressure, and temperature fine scales were assumed to be pro-

ortional to the strong residuals of their respective equations. Im-

roved VMS formulations where the coupling between the Navier-

tokes momentum and temperature equations is taken into ac-

ount in the construction of the fine scales were presented in

17] and [57] . For the background, as well as more recent publica-

ions on stabilized and multiscale methods in fluid mechanics the

eader is referred to [17,42,57–62] . 

To perform the FSI simulations of the full wind turbine config-

ration and capture the interaction between the rotor and tower,

ollowing [63] , the fluid domain is divided into subdomain R and

ubdomain S . Subdomain R encloses the entire wind turbine rotor

nd rotates with it, while the subdomain S is a stationary domain

hich encloses the rest of the turbine. The interior of the rotating

ubdomain R is allowed to deform to accommodate the motion of

he wind-turbine blades. However, the motion of the outer bound-

ry of the subdomain R is restricted to a rigid rotation to maintain

eometric compatibility with the stationary subdomain S . As the

ind turbine rotor rotates, a sliding interface is created between

he two subdomains. The compatibility conditions enforced at the

liding interface are 

 R − u S = 0 , (14) 

−p R I + 2 μ∇ 

∇ ∇ 

s u R 

)
n R + 

(
−p S I + 2 μ∇ 

∇ ∇ 

s u S 

)
n S = 0 , (15) 

R − φS = 0 , (16) 

φ∇ 

∇ ∇ φR · n R + νφ∇ 

∇ ∇ φS · n S = 0 , (17) 

here all quantities with subscripts R and S refer to rotating and

tationary subdomain, respectively, and n R and n S are the corre-

ponding unit outward normal vectors. Compatibility conditions

iven by Eqs. (14) –(17) are enforced weakly through the framework

f the sliding-interface methods [20,31,64] , which are now widely

sed to handle flows about objects in relative motion in many en-

ineering applications [35,37,65,66] , including problems with non-

tationary sliding interfaces [67,68] . 

Structural mechanics modeling of wind turbines makes use of

otation-free Kirchhoff–Love shells [69–71] discretized using Iso-

eometric Analysis (IGA) based on non-uniform rational B-splines

NURBS) [72,73] . Using Kirchhoff–Love shells for structural mod-

ling presents a good combination of efficiency (since only dis-

lacement degrees-of freedom are employed in the formulation),

ccuracy (since NURBS are a higher-order accurate discretization

echnique [74] ), and robustness. The latter refers to the fact that

igher-order continuity of NURBS induces smooth deformation of

he structural surface, which in turn, leads to a smooth deforma-

ion of the fluid mechanics mesh at the fluid-structure interface,
nd results in better quality of boundary-layer discretization near

oving structural surfaces. 

The coupled FSI problem is formulated using an augmented La-

rangian approach originally proposed in [75] for non-matching

uid–structure interface discretizations. The key feature of the

ethod is a formal elimination of the Lagrange multiplier variable,

hich results in a weak enforcement of the interface compatibility

onditions using only primal variables (i.e., fluid velocity and pres-

ure, structure displacement, and temperature), and, consequently,

eads to increased efficiency compared to classical Lagrange multi-

lier methods. 

Generalized- α method [76–78] is employed to advance the FSI

quations in time. In all simulations the high-frequency dissipa-

ion parameter of the Generalized- α method is set to ρ∞ 

= 0 . 5 .

 simple block-iterative FSI solution strategy [20,61,79–81] is em-

loyed to solve the discrete FSI equations at each nonlinear itera-

ion within a time step. The block iterative approach is a strongly

oupled FSI technique where, at the level of nonlinear iterations,

ncrements of the fluid (including fluid velocity, pressure and tem-

erature), structure, and mesh discrete unknowns are computed

equentially. Block-iterative coupling is found to be the most ef-

cient solution strategy for wind-turbine FSI simulations. 

emark. The fluid mesh motion is handled by solving the equa-

ions of elastostatics with Jacobian-based stiffening [61,79,82–

4] to better preserve the mesh quality. 

emark. An alternative method to deal with objects in relative

otion, in the space-time (ST) context, is the ST/NURBS Mesh Up-

ate Method, called “STNMUM” [42–45,85–87] . This method was

pplied in the references cited to flapping-wing aerodynamics and

SI and wind-turbine aerodynamics. It is more general and easier

o use than the Shear-Slip Mesh Update Method (SSMUM) [88–90] .

he ST Slip Interface (ST-SI) method [31] , which is essentially the

T version of the sliding interface method, is even easier to use and

as been applied to a number of challenging problems [31,32,91–

5] . Quite often, the ST-SI method is used together with other ST

ethods, such as the ST Topology Change (ST-TC) method [96] and

he ST method with continuous representation in time (ST-C) [97] . 

. Two back-to-back wind turbines in ABL flow 

We consider two back-to-back NREL 5 MW HAWTs [98] oper-

ting in ABL flow. This turbine design was previously simulated

nder uniform flow conditions in [42,63,68,70,75,99–101] , and in

tably-stratified ABL in [26] , although a rotor-only aerodynamics

omputation was performed in the latter reference. 

Each turbine has a rotor that is 120 m in diameter mounted

n an 80 m tower and operating at constant, fixed rotor speed of

 rpm. This rotor speed gives the optimal tip-speed ratio for 8 m/s

ind [98] , which is also the geostrophic wind speed used in the

resent computations. 

.1. Computational setup and boundary conditions 

Two wind turbines are positioned one behind the other at a

istance of 480 m, which corresponds to four rotor diameters. As

 result, the wake generated by the upstream turbine needs to

e accurately computed over a long domain before it impacts the

ownstream turbine, which poses a significant computational chal-

enge due to a very large problem size. To circumvent this diffi-

ulty, a multi-domain method (MDM), originally proposed in [102] ,

s adopted in the present work to efficiently separate the two tur-

ine domains. We note that the MDM was successfully applied to a

umber of challenging 3D problems, including flow around a small

ing placed in the wake of a larger wing [102] , flow in the wake of
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Turbine 1 

Turbine 2 

Box 

240 

240 

320 

300 
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Flow direction 

1 

2 3 
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2 3 

Fig. 1. Problem setup for the multi-domain wind-turbine simulation. The subdomains are labeled and all the dimensions are in m. 

1 
2 

3 

4 

Fig. 2. Data flow between the subdomains. Velocity and temperature collected at 

location 1 are applied as inlet boundary conditions at location 2. Velocity and tem- 

perature collected at location 3 are applied as inlet boundary conditions at loca- 

tion 4. At all lateral boundaries velocity and temperature boundary conditions come 

from a standalone spectral/fine-difference LES. 
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a circular cylinder up to 300 diameters downstream [13,14] , aero-

dynamics and FSI of a parachute crossing the far wake of an air-

craft [15,16] . More recently, a spatially multiscale version of the

MDM was applied to thermo-fluid analysis of a ground vehicle and

its tires [17] . 

In the present work the MDM is employed as follows. The prob-

lem domain is divided into three subdomains (see Fig. 1 for di-

mensions and notation). Domains labeled Turbine 1 and Turbine 2

contain the upstream and downstream turbines, respectively, and

domain labeled Box contains the space between the turbines. The

three domains are simulated in a sequential manner. Velocity

and temperature boundary conditions on the inflow boundary of

Turbine 1 , as well as lateral boundaries of all subdomains, are ob-

tained from a standalone 3D LES computation of a stratified ABL

with a uniform grid size of 5 m. This stratified flow computational
Fig. 3. Pressure profile used for outflow bo
odel [103–105] , which can be run in DNS or LES modes, makes

se of a mixed spectral/finite-difference algorithm and the subfilter

erms are handled with dynamic eddy viscosity and eddy diffusiv-

ty models. Nodal values of the velocity and temperature bound-

ry conditions are obtained by interpolating the finite-difference

olution from the structured grid of the LES simulation to the un-

tructured grids of the wind-turbine simulations. This data transfer

trategy, employing the same dataset as in the present work, was

uccessfully tested for the rotor-only ABL simulation in [26] . The

ackground temperature φ̄(x 3 ) is set to 260 K up to 100 m with

n overlying inversion of strength 0.01 Km 

−1 for all domains. The

eostrophic wind speed is set to 8 m/s, and the Coriolis parameter

f c = 1 . 39 × 10 −4 . Velocity and temperature inflow boundary con-

itions for Box are obtained using a similar data transfer strategy,

here, in this case, the data is obtained by interpolating the so-

ution on a plane positioned 10 m behind the turbine during pure

erodynamic simulation on Turbine 1 . Inflow boundary conditions

or Turbine 2 are obtained by interpolating the solution on the out-

ow plane of Box (see Fig. 2 for details.) 

Traction boundary conditions are prescribed at the outlet

oundaries of all subdomains. To generate the traction values, a

imulation in Turbine 1 is performed first with the wind turbine

emoved, and with zero outlet traction boundary conditions. The

nlet tractions produced as a result of this computation, shown in

ig. 3 , are then assigned as outlet boundary conditions for all sub-

omains. A similar strategy was successfully employed in [26] , as

ell as in [17] to perform a detailed thermo-fluid analysis of the

ear tires of a ground vehicle. 

The subdomains are discretized using triangular prisms in the

oundary layer region near the wind-turbine rotors, and tetrahedra

lsewhere (see Fig. 4 ). For Turbine 1 and Turbine 2 the boundary-
undary conditions on all subdomains. 
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Fig. 4. Meshes employed in the wind-turbine aerodynamics and FSI simulations. 

Top-to-bottom: Turbine 1 , Box , Turbine 2 . 
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Fig. 6. 3D view of vorticity isosurfaces colored by air speed. 
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ayer mesh design is based on that reported in [68] . For Turbine 1

 total of 7,824,602 elements are used with a 4 m element length

n the outer boundaries. A finer grid resolution with 2 m element

ength is used on a plane behind the upstream turbine where inlet

ata is collected for the Box simulation. The Box domain, which
Fig. 5. 2D slice of the air speed (to
as a refined inner region to more accurately represent the wake

urbulence, is discretized using 15,436,631 elements The Turbine 2

omain, with a total of 9,153,426 elements, also contains a refined

nner region in front of the turbine for better wake resolution. 

The time step size is set to 10 −4 s for Turbine 1 and Turbine 2

imulations, and to 10 −2 s for the Box simulation. The reference

emperature, inversion layer height, geostrophic wind speed, and

oriolis parameter employed in the computations are all taken

rom [26] . 

.2. Aerodynamics simulation results 

Pure aerodynamics simulation results, which are also referred

s “CFD”, are reported in this section. During CFD simulations

he wind turbine rotor is treated as a rigid, spinning object.

ig. 5 shows the velocity and temperature contours at the domain

enterline. No discernible discontinuity between the subdomains is

bserved. A slight growth of the shear layer from the upper edge

f the upstream-turbine rotor can also be seen in Fig. 5 . The bot-

om shear layer grows much more rapidly, due to higher turbulent

ixing and presence of the tower. 

Fig. 6 shows vorticity isosurfaces. Rotor-tip vortices of the up-

tream turbine maintain a helical pattern for a distance of about

ne rotor diameter. They later break up, and eventually merge with

ortices shed from the root and tower to form larger structures
p) and temperature (bottom). 
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Fig. 7. Front view of vorticity isosurfaces colored by air speed. 
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at a distance between two and three rotor diameters (see Fig. 6 .)

These larger flow structures impact the downstream-turbine rotor

and tower, and break up together with the rotor-tip vortices. The

helical pattern of the rotor-tip vortices for the downstream turbine

is only maintained for a short distance behind the rotor. This en-

hanced turbulent mixing gives a faster growth of the shear layer

behind the downstream turbine. 

Remark. When simulating ABL flows, the computational domain

should be large enough to account for the wake drift due to side

wind and Coriolis force. Fig. 7 shows the front view of the vor-

ticity isosurfaces, where the wake drift is clearly seen. While in

the present simulations wake drift is not as significant, for stronger
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Fig. 8. Air speed averaged over six rotor revolutions and plotted at different
ide winds the computational domain needs to have a larger span-

ise dimension. 

Fig. 8 shows the air speed, averaged over six rotor revolutions,

t different locations along the centerline as a function of the ver-

ical coordinate. Air speed profile at the inlet corresponds to that

mposed from the LES simulation. A short distance past Turbine 1

he profile appears distorted, and slowly begins to recover with in-

reasing distance from the upstream turbine. By the location of

urbine 2 the profile begins to recover up to the hub height and

bove the upper-blade tip. However, qualitative differences w.r.t.

he inflow profile, e.g., less near-ground shear and a higher shear

bove the top of the upper rotor, may be observed. In between

he hub-height and upper-blade-tip locations one can clearly see

he velocity deficit, which is on the order of 1–2 m/s. This veloc-

ty deficit leads to the power-production drop, as discussed in the

ext section. 

.3. FSI Simulation results 

FSI simulations of the same multi-domain set-up are reported

n this section. The wind-turbine geometry, materials, and mesh,

hich is comprised of 2318 quadratic NURBS shell elements, are

aken from [68] . Fig. 9 shows the aerodynamic torque acting on

ach blade of the upstream-turbine rotor, and compares the pure

erodynamics (labeled “CFD”) and FSI results. The FSI-simulation

urves exhibit low-frequency modes coming from the blade flap-

ise bending motions, as well as high-frequency modes coming

rom the blade axial torsion motions. These modes are obviously

ot present in the CFD curves. We note that the blade flapwise

nd torsional motions are not affecting the large scales of rotor-

ake turbulence in a significant way. The importance of capturing

hese motions, which can only be done with high fidelity by solv-
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ng a coupled FSI problem, lies in the ability to capture the blade

yclic stresses that affect the blade fatigue life (see [65] .) 

Fig. 10 shows a comparison of the aerodynamic torque acting

n the upstream and downstream turbines. The results confirm

ower losses for the downstream turbine of 10–15% relative to

he upstream turbine, which are due to the velocity deficit in the

pstream-turbine wake. The nominal aerodynamic torque from the

REL baseline design for a uniform wind speed of 8 m/s [98] is

lso plotted for comparison to underscore the importance of in-

luding realistic boundary-layer flow in the aerodynamics and FSI

odeling of wind turbines at full scale. 

. Conclusions 

In this paper a computational FSI methodology for MDM of

ind turbines is presented, and applied to the simulation of two
ack-to-back 5 MW wind turbines in a stably-stratified ABL. The

imulations are carried out at full scale and with full complexity of

ind-turbine-component geometry and material distribution. For 

 given set of operating conditions, a drop in power production

f 10–15% between the upstream and downstream turbine is pre-

icted by the simulation, which is within the range reported in ob-

ervations by other researchers. Utilization of actual ABL conditions

nd strong FSI coupling were found to be important in the model-

ng of the blade structural response to the flow. In the future we

lan to extend the current methodology to simulate multiple wind

urbines arranged in arrays. 
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