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Abstract

Results from a computational fluid dynamics (CFD)
model of a vertical axis tidal current turbine are pre-
sented. This CFD model has been implemented in
the commercial code CFX and is a Reynolds-averaged
Navier-Stokes solution with the k- SST turbulence
model. The turbine simulated is a 15 kW small-scale
prototype device being developed by Edinburgh Designs
Ltd. with independently and continuously variable pitch
blades.

A major focus of the present work is the thorough ver-
ification and validation of the numerical model. This is
based on a series of progressively more complex simu-
lations, beginning with fixed pitch hydrofoils (airfoils),
progressing to oscillating pitch hydrofoils, and finishing
with a complete time-dependent model of the turbine.

The paper concludes with a parametric study of tur-
bine performance, comparing fixed pitch and variable
pitch operation and a four-bladed variant of the turbine
with the three-bladed baseline. It is found that variable
pitch operation both increases the peak power coefficient
and broadens the peak in the power coefficient versus tip
speed ratio curve. An increase in the number of blades
(maintaining solidity) leads to a slight drop in perfor-
mance, commensurate with Reynolds number effects.

Keywords: tidal current turbine, vertical axis, CFD, verifica-
tion and validation

Nomenclature

A
c

blade planform area
chord length

cd = drag coefficient

cl = lift coefficient

Cm = moment coefficient

Cp = (power)/ lpUi,A; power coefficient
Co = (torque)/ ijD%AR; torque coefficient
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Cr = (thrust)/ % pUZ A; thrust coefficient

Fy = blade force normal to chord

Fy = Fy/ % pUZcL; blade normal force coefficient
Fr = blade force tangential to chord

FT+ = Fr/ % pUZcL; blade tangential force coefficient
L = blade length

Ly, = length to far-field boundary

M = moment on blade

Mt =M/ % pUZc2L; blade moment coefficient

Ma = Mach number

R = turbine radius

Re = Reynolds number

Us = freestream speed

p = fluid density

w = turbine rotational speed

Ay"™ = non-dimensional distance to first node from wall

1 Introduction

A number of previous authors have presented results
from the CFD analysis of vertical axis wind and tidal cur-
rent turbines, an exhaustive listing of which is provided
in [1]. Only one of these references, however, includes
any verification of the numerical model, this being a pa-
per by Simdo Ferreira et al. [2] on the modelling of a lab-
oratory scale wind turbine; the verification study therein
is based on qualitative comparisons of the vorticity fields
and the blade forces and moments. Many references do
include validation of the numerical model, but the verac-
ity of this is questionable given the lack of verification.
(Note that the specific meanings of the terms verification
and validation will be discussed in the next section.) A
major aim of the present work, then, is to perform a thor-
ough and quantitative verification of the CFD model and
then to validate that model with the best experimental
data available in the literature.

The turbine geometry studied in the present work is
that of a small-scale prototype being developed by Ed-
inburgh Designs Ltd. This turbine has a diameter of
2.5 m and three blades of 0.2 m chord, 2 m length, and
NACA 0024 section profile. The rated power is 15 kW at



a free stream speed of 2.5 m/s. The turbine blades may
be pitched independently and continuously according to
any given algorithm. In the current work only one algo-
rithm (other than fixed pitch) is implemented, this being
a ‘limiting angle of attack’ strategy. The essence of this
is to limit the angle of attack to a certain maximum value
by pitching towards feather when the relative flow angle
exceeds this maximum value; the relative flow angle it-
self is calculated by assuming a velocity field.

The commercial CFD code ANSYS CFX, hereafter
CFX, was selected for the present modelling work. This
particular code was selected because of its know strength
in modelling turbomachinery and free surface flows; in
practice a number of other commercial codes could also
have been successfully employed. More generally, the
choice of a commercial code was driven by the desire to
make the process by which the results were generated as
useful as the results themselves in terms of their applica-
tion to industry.

As will be discussed below, all of the modelling car-
ried out was for 2D problems. This was achieved in CFX
(a 3D solver) by using one-element thick meshes and
applying symmetry boundary conditions as appropriate.
When discussing the meshes used, all of the language
will refer to the surface meshes that were extruded to
create the volume meshes.

2 Verification and validation

While the terms verification and validation are fre-
quently used interchangeably in common English usage,
they have specific and broadly accepted definitions in the
field of numerical analysis. These definitions are given
by a number of sources e.g. [3—6]; perhaps the most terse
of these is that given by Roache [3]:

Verification: Solving the equations right.
Validation: Solving the right equations.

To elaborate upon these definitions. Verification is con-
cerned with the quantification of numerical errors, these
being primarily due to insufficiently fine spatial and tem-
poral discretization, insufficient iterative convergence
and programming errors. In the context of external
flow problems the (arbitrary) placement of the far-field
boundary also introduces an error and this is investigated
within the framework of verification. Validation involves
comparing the results of a verified simulation with exper-
imental data in order to assess the modelling error. This
may be problematic if the problem under consideration
is complex and the experimental data is limited; in ad-
dition there may be significant uncertainties associated
with the model setup.

Where validation is problematic, the American Insti-
tute of Aeronautics and Astronautics (AIAA) “Guide for
the verification and validation of computational fluid dy-
namics simulations” [4] recommends a ‘building block’
approach. This entails the simulation of a series of prob-
lems, grouped into four levels of complexity. These
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Figure 1: Problem decomposition. Solid lines indicate the
flow of information within a phase or between two consecutive
phases. Dashed lines indicate the flow of information between
non-consecutive phases.

levels feature the complete system, subsystems, ‘bench-
mark cases’ and ‘unit problems’. The expectation is that
as the complexity decreases the quality of experimental
data will increase while uncertainties associated with the
model setup will decrease; additionally there may be an-
alytical solutions for the unit problems.

Although not specifically highlighted in the AIAA
guide, the building block approach is also relevant to the
verification effort as verified grids from the less compli-
cated problems can be used as the basis for the grids on
the more advanced problems. Where further verification
is carried out for the more advanced problems (as tech-
nically it should) it can be focussed and also based on a
smaller number of grids than might otherwise be neces-
sary.

For the present problem, the building block approach
was defined as shown in figure 1. At the top-left is the
most complicated problem featuring all fluid dynamic
effects, while the bottom tier features the least compli-
cated problems. The diagram also shows a hierarchy
within each level of complexity. Only three problems
are considered in the present work: ‘turbine blades only
(2D)’, “oscillating hydrofoil (2D)’, and ‘hydrofoil (2D)’.
Clearly then the present work is both an end in itself and
a clearly defined foundation for future work.

Validation data for the hydrofoil simulations were
taken from the literature on wind tunnel tests of air-



Table 1: Lift, drag and moment coefficients from the four grids having different distance to far-field boundary. The
‘RE 40-80’ results were obtained by Richardson extrapolation from the grids having 40 and 80 chord lengths distance
to their respective boundaries. The percentage changes are from these extrapolated results.

Grid (Lp/c) c cq Cm % c; % cg %
10 1.5887 0.02638 —0.06090 —0.74 26.24 1.90
20 1.5933 0.02404 —0.06839 —0.46 15.06 1.13
40 1.5968 0.02261 —0.06817 -0.24 8.18 0.81
80 1.5986 0.02182 —0.06801 -0.12 4.44 0.58
RE 40-80 1.6006 0.02090 —0.06762 - - -

foils. Such data are suitable if the Mach number is ‘low’
(Ma < 0.3) and are widely used for this purpose in the lit-
erature. Importantly, data for the correct Reynolds num-
ber are available. (Sources of such data were examined
in a previous EWTEC paper by two of the present au-
thors [7].)

No suitable 2D turbine data were found in the litera-
ture at the Reynolds numbers of interest, nor was it pos-
sible to carry out such experiments as part of the present
work. High quality 2D turbine data were found in [8],
but for a considerably lower Reynolds number. Given
the disparity in the Reynolds number between this data
and the present application, it is questionable to what ex-
tent validation with this data would serve to validate the
high Reynolds number simulation. The requirements for
the grid resolution in the boundary layer would also be
very different. As such, it was decided to focus efforts
on the validation of the hydrofoil/airfoil cases.

3 Airfoils
3.1 Verification

The primary verification effort was carried out for the
case of the NACA 4412 airfoil at an angle of attack of
12.15° and a Reynolds number of 4.17 x 10°. This case
was selected for two key reasons: first, it was studied
as part of a European Research project [9], from which
the numerical grid was available, thus serving as an ex-
cellent starting point for the present work, and second,
excellent experimental data were available [10] for sub-
sequent validation. This section is also from the same
series as that used for the turbine (the NACA 4-digit se-
ries) and so it has the same normalized thickness distri-
bution. Only the verification work on this case will be
discussed here.

This verification study considered the effect on the
solution of the following four ‘numerical parameters’:

e Spatial discretization

e Distance to far-field boundary

o Alignment of grid in the wake of the airfoil
o [terative convergence

The spatial discretization study used a series of
five C-grids, with each grid having a linear coarsen-
ing/refinement ratio of /2 relative to the next. As the
grids were 2D (one element thick in the third dimen-
sion), this represented a halving/doubling of the number
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of nodes. Richardson extrapolation was used to calculate
asymptotic values for the lift, drag and moment coeffi-
cients, and these asymptotic values were in turn used to
calculate the spatial discretization error for each of the
grids. The errors in the drag coefficient were found to
be the largest, with the ‘medium’ grid reducing the er-
ror to less than 5%. This grid, having 268 x 82 cells and
AyT ~ 1, was selected.

All of the grids used in the spatial discretization study
had the far-field boundary at a distance L; of 20 chords
from the airfoil. Given that the intention of these sim-
ulations is to simulate the behaviour in freestream con-
ditions (as opposed to that of a wind tunnel for exam-
ple), the sensitivity of the solution to the position of this
boundary must be examined. This was approached in a
manner similar to the spatial discretization study with a
series of grids being created having 10, 20 (as above),
40 and 80 chord lengths to the far-field boundary. Each
of the smaller grids (10, 20 and 40) were effectively a
crop of the larger grid such that the spatial discretiza-
tion remained the same. As noted by Roache [3] in his
analysis of the results of Zingg [11], Richardson extrap-
olation may again be used to estimate asymptotic values
for the solution variables. The results of this are shown
in table 1. Again, the errors in the drag coefficient were
found to be the largest, with a grid having L,/c = 80
being required to reduce the error from the asymptotic
value to less than 5%.

When creating a structured grid for the simulation of
an airfoil at a fixed angle of attack the grid lines in the
wake may be aligned with the flow in order to best cap-
ture the physics, as was the case in the two studies dis-
cussed above. Without resorting to adaptive meshing,
this is of course not possible for the case of oscillating
airfoils and turbines. In order to study the effect of non-
aligned grids, a new grid was created having grid lines
behind the airfoil aligned with the chord line, but oth-
erwise having the same spatial discretization and extent
as the 80 chord lengths grid above. This gave estimates
of the lift, drag and moment coefficients less than 1%
different from the aligned grid, but significantly higher
(RMS) equation residuals. On inspection it was found
that the elevated residuals were confined to a small num-
ber of cells in the wake behind the trailing edge of the
airfoil and it is speculated that the cause of this may be
due to a Kelvin-Helmholtz instability. These localized
residuals were considerably reduced by creating a series
of grids with ‘fanned’ grid lines in the wake. Such a



grid arrangement was therefore adopted; nevertheless, it
is clear that the solution is insensitive to the alignment of
the grid in the wake.

The effects of iterative convergence on the predic-
tion of the lift, drag moment were also examined. This
suggested that reducing the RMS residual to less than
5 x 10° reduced the error to less than 5%.

Further verification was carried out for simulations of
the NACA 0012 and 0015 airfoil sections at angles of
attack up to 20 degrees and for both fixed pitch and os-
cillating cases. This confirmed the generality of the con-
clusions drawn from the simulations of the NACA 4412
airfoil and also investigated the effect of the time step
and the total time; these simulations are not discussed in
this paper.

3.2 Validation

Simulations of the NACA 0012 and 0015 airfoils, as
introduced above, represented the primary validation ef-
fort in the current work. These cases were chosen be-
cause of the wealth of experimental data available for
both fixed and oscillating pitch.

Preliminary simulations of the oscillating case on a
C-grid as above showed that the CFX solver produced
spurious solutions when the grid was rotated. This was
attributed by CFX support to a problem with moving in-
let boundaries, for which no solution was available. Two
alternatives were available: the use of grid stretching and
the use of a multi-domain grid where the inner domain
rotates and the outer domain is stationary. As it was de-
sired to develop a turbine model capable of arbitrarily
large pitching angles, for which the grid stretching op-
tion would not be suitable, it was decided to pursue the
two domain solution.

The grid structure used for the inner domain is shown
in figure 2 and is termed an ‘O-C-grid’ because it fea-
tures both grid structures. This allows for an airfoil with
a sharp trailing edge and an orthogonal grid in the bound-
ary layer as with the C-grid while the O-grid structure
allows for a circular domain interface. This domain in-
terface is located at a radius equal to two chord lengths.
Gridding parameters are, as far as possible, equivalent to
those on the ‘medium’ C-grid discussed above.

Results from the present simulations are compared
with the experimental results of Sheldahl and Klimas
[12] in figure 3 for the NACA 0015 airfoil at a Reynolds
number of 0.68 x 10°. As is seen, the prediction of lift
stall is very good while the prediction of moment stall
is also acceptable. That the numerical simulation shows
higher drag than experiment at low angles of attack is
readily explained by the fact that the numerical simula-
tion is run as fully turbulent while the experimental case
is untripped. Predictions of the zero-lift drag coefficient
for the NACA 0012 (not shown) showed excellent agree-
ment with a curve fit to a large body of tripped experi-
mental data derived by McCroskey [13] - within 1% for
some Reynolds numbers.

Figure 4 shows a comparison with experiment for an
oscillating case. The section is again a NACA 0015, this
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Figure 2: View of the medium O-C-grid (a) and the block
structure used to create the grid (b) in the vicinity of the air-
foil.

time at a Reynolds number of 2 x 10°. Here the com-
parison with experiment for the lift and the moment is
again good, but the drag shows poor agreement. Note
that the experimental data here are for pressure drag, this
being calculated by integration of surface pressure data
from pressure taps. It has been shown by McCroskey
et al. [14] that this method of calculating the pressure
drag may be inaccurate, especially at low angles of at-
tack. Nevertheless, other authors [15] have shown good
agreement between CFD prediction and the experimen-
tal data of Piziali [16], and so the poor agreement shown
here cannot be entirely explained by criticizing the ex-
perimental data(!).

4 Turbine

The verification and validation work on airfoils de-
scribed in the previous section served as the foundation
for the turbine modelling work. In particular the veri-
fication studies on spatial discretization formed the ba-
sis for the grids of the turbine while the validation work
showed the capacity of the current modelling approach
to correctly predict the behaviour of airfoils i.e. turbine
blades.

The multiblock structure of the turbine mesh is shown
in figure 5 while a detailed view of part of the mesh is
shown in figure 6. This incorporates the inner domain
of the oscillating airfoil grids for the three domains im-
mediately around the three blades. The other two do-
mains are the rotating domain around the blade domains,
formed by an unstructured tri mesh, and the stationary
domain outside of this, formed by a structured O-grid.

4.1 Verification

As with the airfoil simulations, a thorough verifica-
tion study was conducted for the turbine simulations.



Figure 5: Block structure of the mesh used for the turbine. The sub-division of the blade domains (blocks 1-3) is not shown; for

this see figure 2.
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Figure 7: Quantitative analysis of the development of the
forces and moment on blade A. Values shown are the percent-
age deviations from the result during the final (100th) turbine
revolution.

e Velocity profile along the wake

and the quantitative comparisons being based on:

¢ Maximum, minimum and mean blade force and importance is the prediction of the average value of the

moment during a cycle tangential force coefficient, as this determines the power
coefficient for the turbine. (A small contribution also
comes from the moment.) Approximate errors from the
assumed asymptotic value (taken as the value after 100
The most significant variations in the predictions  turbine revolutions) are 10% after 10 revolutions, 5% af-

o RMS deviation in the blade force and moment over
acycle

were seen when the time step and the total time were var-  ter 20 revolutions and 1% after 40 revolutions. Given
ied and so we focus here on these two parameters. Con-  the clear importance of this effect it is surprising that no
sidering first the time step, it was found that the blade  study of this was found in the literature.

moment showed the greatest variation between simula- The velocity field in the wake was also (unsurpris-

tions and that a time step of 2° /@ was required toreduce  ingly) found to be highly dependent upon the total time.

the errors (in the quantities noted above) to less than 5%  In the immediate wake, taken as extending about 10 di-

relative to the best solution (having a time step of 2°/®).  ameters downstream of the turbine, about 40 turbine rev-

It might be noted that simulations having time steps of  olutions were required for a qualitatively accurate pic-

4° /@ and 8° /@ did show qualitatively correct behaviour.  ture of the wake profile, while at the edge of the com-
The solution variation with total time, for a simulation putational domain, at 40 diameters, at least 60 turbine

having a time step of 2°/®, is show in figure 7. This  revolutions were required.

shows that the error from the final value follows a pat-

tern that approximates to exponential decay. Of prime
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Based on this verification study, the following solu-
tion procedure was devised for investigating the phys-
ical parameters of interest: the model was first run on
a ‘coarse’ mesh and with ‘loose’ iterative convergence
for 60 turbine revolutions in order to produce a solution
for the wake velocity profiles. This coarse mesh was
based around a blade domain grid that had one quar-
ter of the number of nodes of the medium grid used for
the inner domain of the airfoil grids (and therefore had
AyT ~ 2). The coarse mesh solution was then interpo-
lated onto the medium mesh (based around the medium
grid used for the airfoil simulations), and advanced for
a further three turbine revolutions and with ‘good’ it-
erative convergence to produce a solution for the blade
forces and moments. This second stage provides a more
accurate solution for the forces and moments, but intro-
duces a perturbation into the wake solution, hence why
the coarse mesh solution is taken for the wake velocity
solution. Overall, this strategy minimizes the compu-
tational time required to produce a solution of the re-
quired accuracy for both the wake velocity profiles and
the blade forces and moments.

4.2 Investigating physical parameters

The variation in blade normal force, tangential force
and moment with azimuth angle is shown in figure 8 for
five different values of the tip speed ratio. Fixed pitch
operation is used in each case. The sharp drop in the mo-
ment at the lowest three tip speed ratios and for azimuth
angles around 180-225° suggests moment stall. Lift stall
is shown for the lowest tip speed ratio by a sharp drop in
the tangential force at an azimuth angle of 180°. At the
highest tip speed ratio the turbine is presenting a consid-
erable blockage to the flow, with the effect that during
the downstream pass of the blades the tangential force
remains positive (giving a negative shaft torque).

The velocity field in the wake is analysed by plotting
the variation in the streamwise velocity along a line par-
allel to the freestream direction and normal to the turbine
axis, figure 9. The five cases considered are the same as
those above. As expected, higher tip speed ratios lead to
lower velocities at the turbine and in the near wake (up to
about 6 or 7 diameters downstream of the turbine axis).
The pattern of wake recovery differs somewhat, with the
cases that have higher tip speed ratio showing more rapid
and more complete recovery within the domain studied.

Finally, we examine the variation in the coefficients
of power, torque and thrust with tip speed ratio for fixed
pitch operation with three blades, variable pitch opera-
tion with three blades and variable pitch operation with
four blades (figure 10). The advantages of variable pitch
operation over fixed pitch operation are clear, with vari-
able pitch operation giving an increased Cp,, and a
broader peak in the curve. Variable pitch operation also
gives a desirable increase in the ratio of power coeffi-
cient to thrust coefficient. The four blade variable pitch
results are seen to be very similar to the three blade vari-
able pitch results, with the small decrement in the perfor-
mance being readily attributable to the reduction in the
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-0.8 - - - - - - -
0 45 90 135 180 225 270 315 360
Azimuth angle, y (deg)
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Figure 8: Forces and moment on blade A for five different tip
speed ratios (see legend) with fixed pitch operation
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Figure 9: U-velocity along a line parallel to the free stream
and normal to the turbine axis for five different tip speed ratios
(see legend).
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5 Conclusions

This paper has presented selected results from a re-
cently completed PhD thesis [1]. A methodology for the
verification and validation of a CFD model of a verti-
cal axis turbine has been described which is based on
a building block approach, and which is recommended
for future studies. A major focus of this approach has
been the simulation of hydrofoils at fixed and oscillating
angles of attack; this has identified the setup necessary
to reduce numerical errors to an acceptable level and it
has demonstrated the accuracy of the current predictions
in comparison to experimental data. Verification work
on the turbine model has shown in particular the impor-
tance of running the simulations for a substantial period
of time in order to generate accurate predictions for the
power coefficient and for the wake velocity profiles. Fi-
nally, use of the model to investigate the variation in tur-
bine performance with tip speed ratio for a number of
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configurations has shown the advantage of variable pitch
operation based on limiting the angle of attack.
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