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ABSTRACT

We present numerical simulations of two horizontal axis wind turbines, one operating under the wake of the other, under
an incoming sheared velocity profile. We use a moving mesh technique to represent the rotation of the turbine blades
and solve the unsteady Reynolds averaged Navier–Stokes equations with a shear stress transport k � ! turbulence model.
Temporal evolution of the lift and drag coefficients of the front turbine show a phase shift in the periodic cycle due to
the non-uniform incoming free stream velocity. Comparisons of the lift and drag coefficients for the back turbine with the
unperturbed behaviour of the front demonstrate the complex non-linear interactions of the blades with the wake, with a sig-
nificant decrease in overall performance and two peaks at specific points in the cycle associated with local angle of attack
modification in the wake. The vorticity field in the near wake shows tilting of the vortex lines in the wake due to the shear
and a faster diffusion of the tip vortical signature compared with the uniform free stream velocity case. Observations of the
wake–wake interaction show good agreement with recent studies that use different methodologies. Copyright © 2012 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

As energy consumption increases and non-renewable energy sources are depleted, the need for clean renewable energy
sources is continually increasing. Solar, wind, wave and tidal energy are all renewable sources that can contribute to the
overall reduction in dependence on non-renewable fossil fuels. Wind energy has emerged as one of the leading technolo-
gies in providing cost-effective non-polluting renewable energy. However, wind power is still relatively expensive compared
with non-renewable sources such as coal, despite reducing the cost per kWh by a factor of 10 over the past 20 years. More-
over, the widespread deployment of wind turbine farms is leading to an exhaustion of the prime sites, especially in small,
highly technologically advanced countries in Western Europe. To further reduce the cost of wind energy and improve its
availability as a non-polluting energy source, improvements in wind farm site optimization are necessary. Further under-
standing of the interactions between wind turbines and wakes from turbines located upwind from them is key to improving
the utilization of the wind resource and raising the efficiency of installed turbines. In the last 30 years of rapid development,
turbine designers have improved energy output by reaching higher into the atmospheric boundary layer and capturing more
consistent and higher speed winds. With the increased height has come increased weight. If blade design is scaled up to
maintain stiffness, blade weight increases with the blade length cubed, whereas the energy capture increases with the blade
length squared.1 To make wind turbines that are economically viable, weight reductions are required. The drawback arises
from the combination of increased span and decreased weight resulting in turbines that are more dynamically active than
their predecessors. The dynamic response of operating wind turbines to inflow turbulence can lead to structural fatigue
and, ultimately, to failure. Inlet flow turbulence in wind turbines is most commonly generated by atmospheric phenomena
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and wake-induced turbulence. As turbines become larger, the increased heights expose them to high-energy atmospheric
phenomena such as low level jets.2 These low level jets can cause shear velocity profiles that current wind turbine analysis
methods are ill equipped to handle. Numerical simulations can provide the detailed flow physics with sufficient temporal
and spatial resolution to understand the optimization of turbine design and operation with respect to the three key open
questions described above: turbine–wake interaction, detailed aerodynamic loading on turbine blades and turbine operation
in a sheared velocity profile. We present results from highly resolved numerical simulations of rotating turbines, using
the sliding mesh model to address these issues. Conventional wind turbine design codes have traditionally relied on the
blade element method (BEM) for their wake predictions. The BEM has been tremendously useful in wind energy design,
but this method has its limitations. The BEM formulation begins to break down in unsteady flows and can be difficult to
implement when temporal variations or non-axisymmetric velocities are present.3 In the real world, however, temporal
variations and non-axisymmetric flows are the norm rather than an exception.4 Errors in the flow analysis, caused by these
variations, can cause errors in the loading analysis resulting in premature failure of the rotor. Most computational fluid
dynamics (CFD) analysis that has been performed to date assumes a uniform inflow condition that, as explained above, is
an idealized condition, not fully representative of the real world. Work has recently begun on using CFD to simulate rotors
in non-uniform flows.5–7 In this paper, two turbines, one partially immersed in the wake of the other, operating in a shear
flow were modeled using a sliding mesh approach. In Section 2, we describe the methodology and the boundary conditions
used in our simulations. In Section 3, we present comparisons of the results from the simulation to experiments, validating
the methodology used for this study. In Section 4, we first analyze the results from the front turbine to address the influence
of the sheared velocity profile on its performance. The results from the second turbine, located in the wake of the first one,
are then analyzed and compared with the first, unimpeded turbine, in order to understand wake–turbine interaction issues.
In Section 5, we summarize our conclusions from the analysis and point to implications on efficient turbine spacing rules
and aerodynamic loading prediction.

2. NUMERICAL MODEL SETUP AND BOUNDARY CONDITIONS

CFD is been increasingly used to improve the overall understanding of the flow physics of wind turbines. A full three-
dimensional (3D) analysis of turbine and wake can eliminate some of the limiting assumptions that are made with other
methods such as blade element or lifting line methods. Numerical investigations of wind turbine blades and/or the resulting
wake can be performed using numerous combinations of approaches and turbulence models. We use the Reynolds aver-
aged Navier–Stokes equations, with a turbulence model to provide closure for the Reynolds stress term and the sliding
mesh model to simulate the flow around the rotating turbine blades.

2.1. Turbulence model

The Reynolds average Navier–Stokes equations describe the mean fluid variables in a turbulent flow.8 Briefly, Reynolds
averaging starts by decomposing the velocity, U(x, t) (and all other fluid variables such as pressure), into its mean value,
U.x; t/, and its fluctuation, u0.x; t/. The resulting equation has the same form as the Navier–Stokes equations with the
addition of the Reynolds stress term. This terms needs to be modeled as a function of other conserved or transported vari-
ables to provide closure. Of the many turbulence models available, we use the shear stress transport (SST) model, developed
by Menter,9 which has been showed to solve the limitation of the �–! model, whereas the boundary layer solution depends
strongly on the freestream value of !. The SST �–! model is identical to the �–! model for the inner half of the boundary
layer but transitions to a �–� model for the freestream. The production term is limited in the SST model to prevent the
build-up of turbulent kinetic energy in stagnation regions and is given by
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where �T is the turbulent, or eddy, viscosity; @ui=@xj are the different elements of the velocity gradient tensor; ˇ� is a
numerical coefficient (=9/100); � is the fluid density; � is the turbulent kinetic energy; and ! is the specific dissipation.

2.2. Numerical solver

The numerical simulations were performed in Fluent 6.3 (ANSYS Inc., Cannonsburg, PA.). A sliding mesh approach was
used to capture the dynamics of the unsteady flow field around the turbines, including the realistic boundary conditions
involved in the sheared velocity profile at the inlet, the off-axis location of the turbines and the non-axisymmetric simulation
domain. In the sliding mesh approach, multiple cell zones are created and bound through interface zones. Adjacent cell
zones are coupled through a grid interface, along which the motion of the cell zones will occur. Because the cell zones
are moving with relationship to each other, the face grid of the interface zones will not be aligned at each time step. This
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Figure 1. Schematic of the non-conformal interface. Points A–D, B–E and F–C are coincident at the beginning of the time step but
become distinct because of the rotation of the upper volume with respect to the lower one, which makes A move to a, B move to b,

and C move to c.

misalignment requires the flux across the interface to be calculated using a non-conformal interface at each time step. In
the example shown in Figure 1, the interface zones are defined by faces A–B, B–C, and D–E, E–F. The intersection of these
faces creates faces a–d, d–b, b–e, etc., which become the interior face that couples the two fluid zones. To calculate the flux
into zone III, we used faces d–b and b–e whereas we ignored A–B and D–E. The interface between the two fluid zones
is recalculated after each time step, and the process is repeated. All convective terms are calculated using a second-order
upwind scheme. For second-order accuracy of an unstructured grid, Fluent uses a multidimensional linear reconstruction
approach, as described by Barth and Jefferson.10 This approach uses a Taylor series expansion of the cell centered value
about the cell centroid. For this analysis, the SIMPLE algorithm was used to iterate the pressure field. Using this algorithm,
it is not necessary to fully resolve the pressure–velocity coupling between each consecutive step. This method starts by
calculating an approximate velocity and pressure gradients and solving the discretized momentum equation based on the
boundary conditions. A pressure correction term is then computed at each cell, and the velocity field is updated to satisfy
the continuity equation. To iterate, the algorithm uses under-relaxation factors to update to a new pressure and velocity field.

2.3. Solid wall modeling

The wall contributes a considerable portion of the mean vorticity and turbulence to the flow. Because of this, near-wall
modeling must be handled carefully. There are two approaches to modeling near-wall flows. The first approach modifies
the turbulence models and requires a mesh that can resolve the flow all the way through the viscous sub-layer. The second
approach does not attempt to capture the flow all the way to the wall but uses semi-empirical models, or wall functions,
to bridge the gap between the outer layer and wall. The wall function used corresponds to an approximation of the mean

velocity near the wall U � D 1=� ln.Ey�/, where U � is defined as U � D UC 1=4� k1=2�=�w and y� D yC 1=4� k1=2�=�. �
is the dynamic viscosity, � is the density, k is the turbulence intensity, �w is the wall shear stress, and E and � are empirical
constants equal to 9.793 and 0.4187 (von Karman constant), respectively. This approach can save significantly on com-
putational resources and eliminates the need to modify the turbulence model to account for the wall. The wall function
approach assumes that the flow follows the logarithmic law-of-the-wall near the wall. This assumption can cause the wall
function to break down for low Reynolds numbers flows or in the presence of strong pressure gradients. In wind turbine
applications, this can be an issue. For large angle of attacks, where the pressure peak at the leading edge is exacerbated
and separation occurs immediately on the suction side, this can cause difficulty in maintaining the recommended yC at the
wall. Simulations presented here were conducted under conditions ensuring the flow remained attached except in a very
small region near the blade root.

2.4. Turbine geometry: NREL Phase VI rotor

The National Renewable Energy Laboratory (NREL, Golden, CO.) Phase VI rotor was used for this study. The availability
of the test data on this geometry from the NASA Ames 80 � 120 ft wind tunnel (NASA Ames Research Center, Moffet
Field, CA.)11 made this the ideal geometry to perform this study. This is a stall-regulated, two-bladed turbine, with 5.53 m
radius and hub height of 12.2 m. We reproduce in our simulations the operating conditions at 7 m s�1 free stream velocity,
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Figure 2. NREL Phase VI rotor in operation during wind tunnel test (from Hand et al.11).

Figure 3. NREL Phase VI wireframe. The geometry created for the tip of the blade is shown in the top.

with an ambient turbulence intensity of 2% and a rotational speed for the blades of 72 rpm. The key non-dimensional
parameters are the tip speed ratio, ƒD 5:41, and the Reynolds number, ReR D 2:2 10

6 (Figure 2).
A 3D model of the baseline NREL Phase VI rotor blade was constructed using the 3D modeling capability of Gambit

2.4.6. The blade itself is composed of a series of S809 airfoils from root to tip, which are tapered and twisted to achieve
the desired performance. The blade cross sections are defined using NREL tabulated data of the taper and twist at various
radial distances. From the tabular data, wireframes of the blade and root were created, and surfaces were constructed using
Gambit’s net surface creation.

Because actual dimensions of the blade tip were not available, a wireframe was constructed using measurements from
NREL documents for reference, shown in Figure 3. The base of the blade tip wireframe starts at the 0:96R blade section
(where R is the blade radius). This cross section was offset by 0:001R, and a series of nodes was placed along the edges.
Using this offset as the starting point ensures that the curves are tangent to the blade surface along the face. These nodes
were then projected onto the tip base and top edge, which was defined as the camber line of the airfoil at r=R D 1. Using
these nodes as control points, non-uniform rational B-spline (NURB) curves were used to ensure that the blade tip would
be tangent to the blade at the transition. The dimensions of the curvature at the leading edge were based on the planform
view of the blade. An arc, with a radius of 0:0038R, was swept from the tip of the base to the camber line to create the
leading edge. The NURB curves were then clipped at the 0:96R blade section, and a net surface was again used to create a
smooth face.

To simplify the creation of prism layers, we rounded the trailing edge. The sharp angles at the edge of the actual geom-
etry create skewness issues in the numerical grid, which are difficult to resolve. The rounding of the edge shortened the
chord length by 0:4%. This process can be observed in Figure 4. A numerical study conducted by Do12 demonstrated
that clipping an airfoil at this chord position does not affect any of its aerodynamic characteristics, including its shedding
frequency, which is the most sensitive to trailing edge modifications.

The turbine hub geometry was included in the model to create domain closure at the centerline and to contribute center-
line vorticity present in the actual flow. The hub used is not representative of actual NREL wind turbine hub geometry, but
is believed to be an improvement over other methods that omit the hub completely. Details on the hub, one of the blades,
and blade tip are shown in Figure 5.

For the sliding mesh model, the rotating sub-domain must be defined inside the fluid volume. This sub-domain rotates
about the turbine axis and must be axisymmetric about the axis of rotation. The sub-domain used in the analysis is a cylinder
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Figure 4. Rounding of the trailing edge of the blade section to avoid skewed grid elements.

Figure 5. Blade tip and hub shown with moving sub-domain boundary.

with a radius of 1:1R and length of 0:5R. The overall domain is shown in Figure 6, where we can appreciate the two disks
with the moving meshes around each of the two turbines, as well as the separation between the turbines: 1R lateral offset
and 2R downstream spacing. An unstructured mesh was applied at the blade surface. With the use of a fully unstructured
mesh, it is possible to concentrate grid points in the area of interest and to use growth functions to limit quality issues
away from these areas. These growth functions also become crucial when transitioning from the blade to the interface. For
sliding mesh models, the interface between the sub-domain and the rest of the flow field must have similarly sized face
grids. Numerical errors arise when there is a discontinuity in grid size at the interface. A fine numerical grid is required at
the blade tips and edges to ensure sufficient resolution in the regions of highest curvature and largest pressure gradients.
A model using a fully structured grid would need a high mesh density in the entire moving sub-domain to adequately
capture the blade tips and satisfy the requirement that the interface be nearly uniform. If the entire flow field is also to be
structured, then this small grid size would propagate in all directions, which would ultimately produce a grid size that is
unmanageable. The first cell height of the prism layer was set equal to 0.002 m to ensure that yC was between 30 and 300
at the edges of the blade.

When using an unstructured grid, it is important to recognize the potential for additional numerical diffusion caused by
the limited spatial resolution. To address this additional numerical diffusion, a technique of manual wake clustering was
used to concentrate elements in the flow field downstream of the turbine. A cylindrical surface with a radius of 1:02R and
a length of 8R was created in the flow domain, starting at the domain interface. This surface was then meshed and used as
the source for a growth function. The initial size of the elements is 0:04R. A cross sectional view of the mesh on a plane
that cuts through the hubs of both turbines is shown in Figure 7. The apparent skewness of grid elements is an artifact of a
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Figure 6. Two-rotor external flow domain.

Figure 7. Manual clustering of the mesh to minimize dissipation in the wake.

cross-section slicing through the unstructured 3D grid and does not represent actual element skewness. This technique was
used on both upstream and downstream turbines with the same parameters. The total grid count for the two-rotor model is
17 106 cells.

2.5. Boundary conditions

A shear velocity profile was specified at the inlet and sides of the fluid region. This profile is defined by a linear increase in
velocity from 0.1 m s�1 at the bottom of the domain to 7 m s�1 at the hub and a constant velocity of 7 m s�1 above that.
The rotor is given a rotational speed of 72 rpm, which results in a tip speed ratio of 5.41. This profile was used to allow
for comparison with the NREL Phase VI test data at the top of rotation and to create a strong shear profile for the bottom
half of the rotation. The turbulence intensity at the inlet was set to 2%. The top, sides and bottom surfaces were set to
constant velocities, equal to the velocity in the inlet profile corresponding to the vertical coordinate. This way, the velocity
is kept constant at the boundaries far away from the turbines, although it evolves inside the domain because of the presence
of the turbines and their wakes. The velocity normal to the walls was set to zero. The use of a wall boundary along the
bottom would allow the growth of a bottom boundary layer, but would make the velocity a variable as a function of distance
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downstream, thereby making comparisons between the two turbines inadequate. The outlet is set as a pressure outlet with
a backflow turbulence intensity of 2%. A time step of 0.002315 s (1ı rotor rotation per time step), with 20 sub-iterations
per time step, was used for the transient simulation. This time step is below the shedding frequency of the tested NREL
Phase VI blade13 and gives reasonable accuracy without excessive computational expense. Zhale and Sørensen14 showed
that the difference in computed torque between a time step of 0.002 and 0.001 s was around 2%, providing marginal
improvement at greatly increased cost. With this time step and 20 sub-iterations, the residuals drop by three orders of
magnitude at each step. To initialize the flow field, we used a time step of 0.02315 s with 20 sub-iterations. This large time
step allowed for information from the solution initialization to wash out of the computational domain before iterating at
the regular step size. A total of 20 revolutions was used to initialize the flow field, but fewer could be used if the field is
monitored regularly. Monitoring can be performed by plotting the area-weighted value of a chosen flow variable for a cut
plane near the outlet of the domain. The solution can be considered to be steady once the variable changes by less than
5% from one rotation to the next. After the initial 20 revolutions were completed, an additional 2.5 revolutions were run
using the smaller time step. We checked for convergence not only of the integral forces but also of the local lift and drag
coefficients at different sections of the blade. Starting approximately after 1.5 revolutions, we did not find any variations
in the values with the ones calculated for a time one revolution earlier, beyond the small-scale fluctuations associated with
the turbulent character of the flow. This was the criterion for stopping the simulation. This is consistent with Figure 3 from
Zahle and Sørensen,14 which shows the almost instantaneous convergence of the flow for the small time step. Running
the simulation for such a long time at this small time step (with the significant computational cost associated with it)
allowed us to ensure sufficient time for the shed vortices in the wake to be convected past the downstream turbine in the
two-rotor simulation.

3. COMPARISON WITH EXPERIMENTS AND VALIDATION OF THE
NUMERICAL METHODOLOGY

3.1. Validation of the numerical methodology: comparison of the single turbine simulation
in uniform flow velocity

We used the results of the simulation of flow around a single turbine in uniform flow, performed under the same
methodology as the two-turbine simulation, to compare against similar experimental and computational results. This is
a first step in the validation of our results, ensuring that our methodology captures the physics of the simpler case.

A contour plot of the non-dimensional centerline velocity, Vx=V is shown in Figure 8. The velocity profile of the wake
shows that the transition to a self-similar wake occurs around 4–5 radii downstream of the turbine, which is in agreement
with test data.15

The results from our simulation were also compared with Duque’s16 work performed on the NREL Phase VI rotor in a
uniform flow. The sliding mesh approach shows good agreement with Duque’s results in pressure coefficient and velocity.
Comparison of the velocity contours along the blade between our simulation and the 7 m s�1 case from Duque et al.16 is
shown in Figure 9. We can see identical features in the velocity results near the blade, tip and wake. The key differences
seen near the blade root can be attributed to the addition of the hub in the current study.

Figure 8. Centerline velocity profile for a single turbine (NREL PHASE VI geometry) in uniform flow from numerical simulation by
using the sliding mesh method.
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Figure 9. Velocity contours for current study (left) demonstrate similar patterns to those shown in Duque16 (right).

3.2. Validation of the two-turbine simulation in sheared flow: comparison with
experimental test results for NREL phase VI

To ensure the consistency of the results obtained from the simulation of two turbines in a sheared flow with the single
turbine simulations, we compared several quantities obtained in a preliminary simulation of a single turbine in uniform
flow with our simulation from the top blade on the front turbine, when the blades are passing through the vertical position
and therefore the top blade is subject to an incoming uniform flow. The variables were almost identical. This validates that
this simulation is converging and is still capturing the physics of this complex flow. To further validate the two-turbine
simulation, we compare the pressure coefficient Cp D�.P �P1/=.0:5�.V

2
1C .�r/

2//, at different sections of the front
blade at the top position, against the experimental values reported from the NREL Phase VI rotor blades test.17 The results
of this comparison can be seen in Figure 10. We find very good agreement between the simulations and the experimental
measurements, with the peak negative pressure near the leading edge of the suction side of the airfoils being the area were
the simulation has trouble and consistently underpredicts the values of Cp. As the peak is less marked for the blade sections
closer to the tip, r=R � 0:8 and 0:95, the accuracy of the numerical results is much better than for the mid-blade sections,
where the suction peak is much more prevalent, r=R D 0:3 and r=R D 0:47. This is typical of any simulation of this type
and has minimal impact on the integral quantities such as lift, torque and power. This limitation of the numerical technique
is associated with the fact that the yC is at or below the recommended minimum for use of wall functions in the areas of
the largest error. Improvements in yC could be made during grid refinement once a more accurate estimate of the local
flow velocity has been established. The 3D flow field and curvature in these areas complicates setting a single first cell
height. The first cell height was set to obtain a yC near 30 at the end of the blade to ensure the wall function calculated a
more accurate solution of the tip vortices. The most accurate approach is achieved by modeling the near-wall region, but
doing so increases the number of cells in the prism layer by a factor of 4,18 making the node count unrealistic for this type
of study.

4. RESULTS AND DISCUSSION: MULTIPLE ROTOR MODEL

In this section, we review the results from the simulation of two NREL Phase VI rotors in a tandem configuration where
the second turbine is located two radii downstream of the front turbine and at one radius lateral offset from the axis of
rotating, as shown in Figure 6. The free stream was modeled with a sheared velocity to make the results more relevant
to realistic configurations and to take advantage of the modeling capabilities of the sliding mesh technique. The upstream
turbine demonstrates a sinusoidal fluctuation of the lift and drag coefficients, defined in terms of the relative velocity
Cl;d D L;D=.1=2�c.V

2
1 C .�r/

2/, as a response to the passage of the blades through the shear profile. A phase shift in
the drag coefficient for the upstream turbine is present, decreasing with radial position. This phase shift is consistent with
the results reported by Sørensen7 and Zahle14. In all plots, an azimuthal position of 0ı corresponds to the blade in a vertical
orientation (i.e. with the blade tip furthest from the bottom surface).

Figures 11 and 12 show the velocity contours in vertical and horizontal planes, respectively. We can see the structure of
the wake, including the acceleration at the tip vortices and the detached flow behind the hub. It is interesting to note how
the velocity field impinging on the second turbine depends strongly on the position of the upstream blade, for this close
positioned turbines.

Figure 13 shows the evolution of the drag coefficient versus position of the blade. The decrease in drag coefficient phase
shift as the radial distance is increased can be attributed to the influence of blade velocity on the relative velocity triangle
for different sections of the blade. The change in relative velocity affects the angle of attack and results in fluctuations of
the aerodynamic forces: tangential velocity increases with radial distance and becomes a larger component of the relative
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Figure 10. Plot of pressure coefficient at four radial distances along the blade showing the improvement of the solution near the
blade tip.

velocity, therefore reducing the effective angle of attack. Because the incoming velocity is not uniform, particularly in the
downstream turbine where the flow has an induced downwash around 90ı and upwash at 270ı due to the wake (and the
sense of rotation) of the upstream turbine, the drag and lift coefficients present high-frequency fluctuations overlapped with
the predominant harmonic at the frequency of rotation of the turbines.

A plot of the transient lift and drag coefficients of the second (downstream) turbine show a clear response to the wake of
the upstream turbine. The relative inflow velocity decreases as the blades pass through the wake of the upstream turbine.
The evolution of the lift coefficient, shown in Figure 14, is clearly non periodic, even for the upstream turbine. The lift
remains almost flat from 0ı to 90ı, as the blade moves through the uniform velocity field, but it fluctuates between 90ı and
270ı because of the shear velocity profile in the case of the upstream turbine. For the downstream turbine, the behaviour
is much richer because of the strong interaction with the wake of the upstream turbine. Drag increases noticeably in the
fourth quarter (between 270ı and 360ı) as a result of the effect of the upstream wake on the incoming velocity and blade
angle of attack. For the downstream turbine, the lift on the blade is reduced to its minimum value (about 0.2) for the entire
region in which the blade is immersed in the wake of the upstream turbine (0ı to 180ı) but surges above the maximum
value (approximately 0.9) as it leaves the wake and moves through the upper reaches of the sheared velocity profile. At
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Figure 11. Contours of non-dimensional velocity in a horizontal (X–Y ) plane at the turbines hub height. The blades are at 135ı from
the vertical.

Figure 12. Contours of non-dimensional centerline velocity for two different vertical streamwise (X–Z) cross planes. On the left, the
plane shown is along the upstream turbine axis, at y D 0 (the downstream turbine is shown just to outline its position, the hub is
on a different plane). On the right, the plane shown is along the downstream turbine axis (at y D �1R). The flow is presented at
two instants within the blade rotation cycle: the top subfigures show the flow when the blades are at 45ı from the vertical, and the

bottom subfigures are for the blades at 90ı from the vertical.

about 315ı, the lift coefficient peaks for every section of the blade because of the upstream turbine inducing a favorable
incoming velocity in this quadrant. This is a result of the coupling between the turbine spacing, lateral offset and tip speed
ratio, which are specific to this simulation, but the importance of this observation is that this physical effect will occur for
all conditions, albeit at different positions in the cycle, leading to high loads and high-frequency harmonics. It then returns
to the reference value at the vertical position .0ı). A brief increase in lift and drag can also be seen at the point where the
blade passes through the centerline of the upstream turbine .90ı/. This can be attributed to the small acceleration of the flow
as it wraps around the hub of the upstream turbine and the separated region immediately behind it. Similarly, the reduced
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Figure 13. Drag coefficients versus position for upstream rotor (left) and downstream rotor (right).
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Figure 14. Lift coefficient versus position for upstream rotor (left) and downstream rotor (right).
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Figure 15. Normal (left) and tangential (right) force coefficients plotted versus position for both rotors.

loading of the cylindrical section of the blade at the root induces a low blockage and a resulting high relative speed in that
area of the wake. Both of these contributions create a high local velocity coming from the upstream turbine that, in this
configuration (1R lateral spacing, 2R downstream spacing), is clearly still a coherent feature of the flow impinging on the
downstream turbine. This feature can be seen in the contour plots of non-dimensional velocity in Figure 11. The velocity
in these contour plots is made non-dimensional using the maximum freestream velocity of 7 m s�1. Similar physics can
be observed in Figures 13 and 15, where the drag, normal and tangential coefficients are plotted, respectively. The same
high-frequency forcing on the blades can be observed, with the main feature to be highlighted is the large increase in the
drag and tangential forces on the blade sections near the root, compared with the sections near the tip as a result of the
high angle of attack found in those sections, resulting in very similar lift (and normal force) coefficients with much higher
drag (and tangential force). An additional observation from Figure 15 is that the behaviour of the upstream and down-
stream turbines converge to a certain degree in the region where the downstream blade is further away from the wake of
the upstream turbine, between 225ı and 300ı, diverging when they approach the vertical position where the downstream
blade is exposed to the induced velocity from the upstream turbine. This region around 315ı is where the lift coefficients
for the downstream turbine peak.
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Figure 16. Torque (left) and thrust (right) for the two turbines, plotted versus the position of the blade with respect to the vertical axis.

Figure 17. Comparison of the upstream and downstream pressure coefficients at two radial positions for blades in the horizontal
position (azimuthal position = 90ı). In the legend, blade N.M refers to blade M on turbine N. For example, 2.2 is blade 2 on the

downstream turbine and the blade immersed in the wake of the upstream turbine.

The overall performance of the turbines is shown in Figure 16. The torque and thrust (overall drag force on the turbine)
are plotted dimensionally for both turbines. These integral quantities follow a very similar trend as observed in Figure 15,
as the behaviour for all sections of the blade is qualitatively the same. Although the values at the top of the cycle .0ı/ are
consistent with the values from the literature for blades in uniform flow, specially for the upstream turbine, the drop off
as the blade sinks into the sheared velocity profile (or the wake for the downstream turbine) highlights the influence of a
non-uniform velocity profile on the turbine performance. The upstream turbine is relatively close to a sinusoidal variation.
The downstream turbine, however, sees a very steep fall off as it enters the wake between 0ı and 60ı, stays low as it travels
through the bottom of the sheared velocity profile (from 120ı to 180ı). Performance matches the upstream turbine in the
low velocity region outside the wake (180–270ı) and then peaks because of the interaction with the upstream turbine wake,
at 315ı, coming down with a steep slope as it approaches the vertical position.

Figure 17 shows the difference in Cp between all four blades while in a horizontal position .90ı/. At a radial distance
of r=R D 0:80, the difference between the Cp of the blade in the wake, blade 2.2, and the other three blades is less than
at a radial position of r=R D 0:47. When the blades are in the vertical position .0ı/, it can be seen in Figure 18 that the
difference in pressure coefficient at a radial distance of r=RD 0:80 between the upstream and downstream turbine is small.
The difference in pressure coefficients is somewhat more pronounced at a radial distance of r=RD 0:47. A comparison of
these six plots provides information about the effect that local changes in inflow velocity have on aerodynamic forces on
the blade.

The effect of the shear profile is apparent in the iso-surfaces of constant vorticity shown in Figure 19. These iso-surfaces
illustrate the decreased lift due to the shear profile and the resultant skewing of the wake. The iso-surfaces for the blades at
45ı in the rotation cycle, Figure 20, show a clear interaction of the downstream blade with the shed vortex from the upstream
turbine. For the combination of angular velocity, turbine separation and inflow velocity profile modeled, the downstream
turbine passes directly through the coherent vortices shed by the upstream turbine. Plots of the centerline velocity profiles
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Figure 18. Pressure coefficients for the upstream (left) and downstream (right) turbine. In both cases, the blades are in the vertical
position (azimuthal position = 0ı). Symbols marked as TOP refer to the blade that is pointing upwards, at 0ı with the vertical, and
are therefore subject to a uniform flow, at least in the case of the upstream turbine. Symbols marked as BOTTOM refer to the blades
pointing downwards, at 180ı with the vertical, and are therefore subject to a pure shear velocity profile, at least in the case of the

upstream turbine.

Figure 19. Iso-surfaces of constant vorticity. The centerline velocity profile is shown for the second rotor. Blades are in vertical
position (0ı).

for the two turbines are shown in Figures 21 and 22. The effect on the streamwise velocity from the upstream turbine is
noticeable up to a distance of 8 radii downstream, at an azimuthal position of 0ı. These velocity profiles compare well
with wakes, measured and modeled, in the literature.5,7,19 The source of the performance degradation of the downstream
turbine (i.e. reduced lift coefficient) can be seen in Figure 21 at a distance of x=RD 2. The vertical velocity profile shows
significant shear across almost the entire rotor disk, up to a height of 0:8R above the axis, because of the mixing induced
by the upstream rotor on the velocity profile. This correlates well with the loss in lift experienced by the blade in the
downstream turbine that crosses the wake at positions from 0ı to 180ı, as shown in Figure 14.
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Figure 20. Iso-surfaces of constant vorticity shown with blades at 45ı position.

Figure 21. Centerline velocity profile for upstream rotor. x=R dimensions are given with respect to upstream rotor. The downstream
rotor is located at x=RD 2.

Figure 22. Centerline velocity profile for downstream rotor. x=R dimensions are given with respect to the downstream rotor.
x=R D �2 would correspond to the location of the upstream rotor. Note the centerline plane for this turbine corresponds to the

plane across the tip of the upstream turbine, so the profiles shown here do not correspond to any shown in Figure 21.
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Figure 23. Velocity contours (non-dimensionalized with the free stream value of 7 m s�1) at four different cross sections in the Y –Z
plane. The view is from upstream, so that the blades are rotating counterclockwise.

The interaction between the wakes of the upstream turbine and the downstream turbine can be studied by taking cross
sections of the flow field at different distances downstream. In Figure 23, we show four such cross sections, looking down-
wind so the turbines rotate counterclockwise, at the location of the two turbines (x=R D 0 and x=R D 2) and at locations
just downstream of the first turbine (x=RD 1) and just downstream of the second turbine (x=RD 3). In this last subfigure,
at x=R D 3, the downstream wake can be observed being drawn up and to the left. Notice the low momentum fluid in
green, left behind by the second turbine after passing through the first turbine wake, moving up and spreading left in the
counterclockwise motion of the wake from the upstream turbine. This interaction between wakes is similar to the results
shown recently by Troldborg et al.20

5. CONCLUSIONS

The understanding of performance characteristics of rotors in shear flow is an important step to optimize rotor arrays in
wind or tidal stream farms. We have used a fully 3D, time-accurate CFD simulation to improve on the current understanding
of the effect of a shear freestream velocity profile, the wake of a previous turbine and the combination of the two effects, on
overall turbine performance. These CFD simulations represent the highest fidelity representation of the turbine geometry
and boundary conditions available to date, but still have some limitations in terms of the use of a turbulence model for
closure and in the spatial discretization of the flow field. A sliding mesh numerical approach has been used for first time to
model multiple rotors in a sheared inlet wind profile. We use an SST � � ! turbulence model to capture the details of the
wall bounded turbulence on the blades, as well as the free shear turbulence in the wake. Although other turbulence models
can, and should, be tested in conjunction with this model, we found this to be satisfactory tool to perform a detailed flow
analysis of wind turbines in a complex environment that closely reproduces the physics of actual application conditions,
deviating from the typical uniform free stream flow. The lift and drag coefficients of the upstream rotor are in qualitative
agreement with previous work performed on a single rotor in shear flow. These coefficients have a sinusoidal profile, with
a phase shift that decreases for blade sections further from the hub. The lift and drag coefficients of the downstream rotor
are strongly affected by the wake of the upstream rotor in this case of very aggressive spacing and demonstrate a noticeable
degradation in performance. In the analysis of the lift and drag coefficients of the downstream turbine, we found a complex
non-linear interaction with the shear inlet profile and the wake, with localized enhancement of the performance at 90ı

and 315ı due to the symmetry-breaking combination of shear in the incoming velocity and rotation due to the upstream
wake. Lateral spacing rules, therefore, need to take the direction of rotation and the operational tip speed ratio into account.
Iso-surfaces of the vorticity illustrate the skewing of the wake due to the shear profile and the interaction of the downstream
blade with the wake of the upstream rotor. 3D time-accurate CFD calculations are computationally expensive, but provide
insight to the transient nature of the aerodynamic forces acting on the rotor blade. These updated aerodynamic forces can
be used to improve the current BEM approach and provide a more realistic representation of the loading and simulated
wake. These improved models can be applied in turbine array predictions, allowing the designer to optimize spacing and
further reduce cost.
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