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ABSTRACT

The generation of a propeller surface in a CAD
environment using non-uniform rational B-splines is
described. A universal chordwise knot vector for both 2D
(sections) and 3D (surfaces) is given including modified
boundary conditions for improved handling of piecewise
monotonicity. A method to smooth the chordwise
thickness distribution is presented and applied to several
legacy sections. The buildup of the surface in 3D and a
volumetric grid topology for CFD is described and
demonstrated using the venerable B4-70 propeller as a
case study object.
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1 INTRODUCTION

Within the EU Motor project the focus lied on design
optimization technologies for fluid energy machines, one
of which was the ship propeller. For the design, analysis
& optimization of marine propellers using CFD an
efficient geometry workflow is require to obtain a
volumetric calculation mesh based on a high-quality
surface description. This description typically follows
from a CAD application. Here we describe our recent
efforts in obtaining that surface implemented in the CAD
program Rhinoceros; this surface follows from the typical
construction of a blade in terms of sectional outlines in
combination with radial distribution functions for pitch,
skew and rake. In our day-to-day work we have
encountered many issues in either surface manipulation or
grid generation that could be directly related to the
robustness of the CAD model. Several improvements are
presented & discussed.
The most commonly used mathematical model used in
CAD is the Non-Uniform Rational Basis Spline
(NURBS), see for example Farin (2002). A NURBS curve
is a summation of basis functions depending on a number
of control points Pi with a weight wi such that the curve
for each coordinate is defined as
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with u a monotonically increasing knot vector along the
curve, p the curve order and the basis functions N i , p
defined by the following recursive relation:
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Typically, when a (cubic) B-spline is derived for CAD
work as an interpolator of a set of data points p i one
assumes unity weights wi and the denominator of eq.
(0.1) is one. A selection for the knot vector ui is required;
the most common choice is the chordal knot vector, or,
the cumulative distance from p i to pi 1 . Other choices for
the knot vector are uniform (a point-to-point counter) or
centripetal (cumulative square root of the distance from
p i to pi 1 ). Different knot vectors may cause significant
changes in the interpolating behavior of the curve.
Boundary conditions (BCs) at the curve ends are required
to close the linear system of equations. Typical BCs are
prescribing the 1st (clamped), 2nd derivative (natural if
zero), a constant 3rd derivate over the end piece (not-aknot), or cyclic conditions (curve ends share 1s & 2nd
derivative).
A cubic B-spline surface is basically a tensor product of
curves
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with v a second knot vector. For a propeller surface we
define u and v as the knot vectors over a section outline
and in radial direction, respectively.
PART I CONSTRUCTION
OUTLINE

OF

THE

SECTIONAL

For our surface defined in eq. (0.3) it is required that each
section is defined using the same knot vector u ; the
default chordal knot vector definition that is well suited to
capture an individual 2Dsection may differ significantly
between a thick root section and a thin section in the tip
region and these differences may cause wiggles in the
surface. A universal knot vector is required that can
capture the individual sections sufficiently well.

If x is the section's normalized distance from the leading
to the trailing edge, we apply a transformation in the x 's
direction
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whereby we have a contraction towards x  0 , x  1 , or,
both. We now define û as the chordal knot vector of x̂ ,
see Figure 1; û is no longer dependent on the sectional
offsets but the chordwise stations only. For the derivation
of our spline curves or surfaces we use the actual location
of the data points with transformed knot vectors uˆ , vˆ .
When creating curves and surfaces, for sectional outlines
or thickness distributions we apply û01 if the trailing edge
is both closed and round, otherwise û0 . The knot vector
v̂1 based on the propeller radius—when creating a surface
where x  r —is particularly well suited for propellers
with a zero chord length.

follow the ITTC recommended procedures. Now, for the
transformed knot vector the vertical tangency condition is
not an implicit property either but is typically met when
the suction and pressure side ordinates of the foil are
given at equidistant chordwise stations.
When deriving a spline for a sectional outline (piecewise)
monotonicity of the curve in x-direction using a not-aknot boundary condition is not guaranteed; the trailing
edge is sometimes observed to loop back onto itself.
When these reversals are minute they are not readily
visible but may considerably complicate CFD mesh
generation.
The derivative itself can be specified directly using a
Bessel end condition by fitting a parabola through the
three points at each end of the curve
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whereby B represents our parabolic fit and pˆ i  pi  p0 ;
for most curves this gives very good results for the
chordal knot vector. However, when we use our
contracted knot vector û we need to transform the Bessel
derivative as well. We apply a simple chain rule to our
BC:

C  uˆ 
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In effect, we use a Bessel end condition using a default
chordal knot vector applied to a spline constructed using a
transformed knot vector; we estimate û u using the
same parabolic Bessel fit now based on both knot vectors.
When u  uˆ then B  uˆ, u   1 so we can always apply our
modified BC.
Figure 1 Transformed knot vectors for the creating of
sectional outlines and propeller surfaces.

When the knot vector is contracted towards the trailing
edge following eq. (0.4) we note that dxˆ1 dx   ,
reintroducing very high curvature at the ends; applying
eq. (0.6) certainly reduces this curvature but will not
entirely remove it. However, a contraction towards the
trailing edge is meant for sections with closed and
rounded trailing edge where one normally applies a
periodic BC.
Kulfan's method

The curvature of a curve is defined as
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Figure 2 Leading-edge close up for two knot vectors.
In Figure 2 a close-up is shown of the leading edge of a
(cambered) section airfoil for the chordal knot vector u
and knot vector û0 . For the chordal knot vector, note that
the outline curve runs into x  0 ; the tangent at the
leading edge is not fully vertical and as such does not
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which is continuous for a cubic spline because C is
C2-continuous. The continuity of the curvature gradient,
however, is not an inherent property of cubic splines. For
many legacy sections or propellers exchanged in tabular
format a loss of precision leads to wiggles in the spline
and these wiggles have an effect on the pressure
distribution. A method to smooth the sectional data is
required to ensure smooth sectional curves.
There is no shortage of parametric airfoil models intended
for fairing (or optimization); here we present a method

based on the approach by Kulfan & Busoletti (2006) who
describe the upper and lower curve of a section in its
general form as
f foil  x   fCl  x  f Sh  x   fTE  x 

fTE  x   xtTE
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This particular class-function contains a square root term
capturing the leading edge radius similar to many legacy
sectional descriptions such as the NACA 4-series,
Ferguson's spline (Sóbester & Keane, 2007), or the
PARSEC method (Sobieczky, 1998). From these
equations (1.9) two relations are immediately obtained,
and that is the leading edge radius RLE

f Sh  0  

2 RLE
cCl ,0
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(where cCl ,0 denotes the coefficient of the square root
term in the class function in eq. (0.9), for the original
formulation cCl ,0  1 ) and opening angle at the trailing
edge – often referred to as the boat tail angle and here
called a trailing edge shape factor – STE  f foil 1 :
f Sh 1  

f foil 1  fTE 1
fCl 1

(0.11)

The resulting shape function is often a comparatively
simple distribution: Kulfan et al. (2008) show for an
RAE2822 airfoil that it can be captured within
manufacturing tolerances using a generic 5th-order Bézier
curve for the shape function.
Modified Kulfan method

For our parameterization we intend to have a minimum
number of parameters; most methods are able to capture a
section using an inverse method but we also desire
intuitive local control. We first redefine the class function
to be a function of the chordwise maximum cMAX :
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with BCs
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The original thickness function is a wedge over the entire
length of the section, so any change in the trailing edge
thickness tTE affects the entire section. To avoid changes
upstream of cMAX we use
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The thickness function is defined as

(0.8)

or, a combination of a class function, a shape function
and a trailing-edge thickness function. For an airfoil they
use

fCl  x   x 0.5 1  x 
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The shape function at cMAX needs to be exactly tangent to
thickness function and not exceed it anywhere. For our
shape function we use an arbitrary addition of two simple
cubic polynomials using eqs (0.10) and (0.11) at the
boundaries, setting the maximum thickness at tMAX , and
an additional shape factor S LE that mainly steers the midchord curvature
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with exponents that appear to work well: p  0, 1 2 , 3 2 , 5 2 
and BCs:
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where we recognize the thickness function at f Sh1  cmax  ,
and
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f S2  cmax  "  f S2  cmax   f S2  cmax   0
We now have six parameters that allow local control of
the section;


RLE :

leading edge radius



Smid :

shape factor at cmax



STE :

trailing edge shape factor



tTE :

trailing edge thickness



cmax :

x-position of maximum thickness



tmax :

maximum thickness

The last term is the propeller's radial distribution of the
sectional thickness-to-chord ratio; if the chordwise
thickness shape is to be made independent of the
maximum thickness, the following scaling is to be applied
2
Rˆ LE  RLE tmax
SˆTE  STE tmax
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Figure 3 Fit of a NACA66TMB using Kulfan's
modified method.
For a NACA66TMB we obtain a thickness distribution by
subtracting the mean camber line; the resulting functions
for this particular foil are plotted in Figure 3. The method
is applied to a number of legacy sections, see Table 1,
including the YS-930 by Shen & Eppler (19841) and the
NACA66 TMB and BUSHIPS type I foil from Brocket
(1966). The parameter fit is specified in Table 1 including
 , the maximum percentage error. The NACA66TMB
and BU type I foil are a modified NACA66 and
NACA16, respectively, whereby the outlines aft of cmax
wer replaced by a parabolic function. The NACA16 and
BUSHIPS type I foil show nearly the same parameters for
Rˆ LE & Sˆmid . The thickness distribution taken from a
NACA66 foil is represented poorly with its characteristic
S-shape in the pressure recovery zone with low a SˆTE ;
any number of functions can be added if more local
control is needed for such S-shape if required.



Rˆ LE

Sˆmid

SˆTE

tˆTE

cmax

NACA4

4.230

3.824

2.400

0.021

0.300

0.084

NACA16

1.929

1.626

4.749

0.020

0.500

0.175

BUSHIPS I

1.964

1.630

3.903

0.000

0.486

0.315

NACA63

2.717

1.966

1.892

0.004

0.353

0.365

NACA64

2.886

1.512

1.980

0.004

0.374

0.661

NACA66

1.540

2.344

0.703

0.000

0.454

1.640

NACA66
TMB

1.761

1.680

3.619

0.067

0.448

0.249

YS-930

1.172

5.110

2.650

0.000

0.344

1.053

[%]

Table 1 Parameters following a fit of several legacy
hydrofoils.
For a NACA66TMB the curvature  of the reference
and fitted foil outlines is plotted perpendicular to the
outline in Figure 4. We observe that the curvature is
notably smoother for the fitted foil and that the knot
vector selection does not affect the foil except in the
leading edge region whereby the contracted knot vector
yields the smoothest curvature distribution.

Figure 4 Curvature plots for a Naca66tmb
The reference and parameterized NACA66TMB were
analyzed by XFOILv6.99 at angles of attack of 1 and 2
degrees with the (inviscid) pressure distribution in Figure
5. No appreciable difference in the pressure distribution is
found for different knot vectors with minor variations in
the leading-edge region only. It is observed that the
curvature fluctuations of the reference foil at x  0.4 in
Figure 4 are visible in the pressure distribution and that
the leading-edge suction peaks have reduced slightly.
For our sectional outline we now have a spline derivation
with a single knot vector that we can apply to a propeller
surface that captures all sections, usually satisfies the
vertical tangency condition at the leading edge, results in
smooth curvature at the leading edge and has a stable
boundary condition at the trailing edge. Note that only the
contracted knot vectors and modified Bessel BC need to
be specified when constructing the spline and no changes
to the formulation of the spline itself are required; once
the surface has been constructed it can be shared with any
other CAD program without loss in precision. In addition,
if the tabular data needs smoothing we can apply the
parameterized section approximation outlined above.

Figure 5 (Inviscid) pressure distribution for a
Naca66tmb at AoAs of 1 and 2 degrees as calculated
by XFOILv6.99 for two knot vector choices without
and with geometry smoothing.
B-series sections

The geometry of the Wageningen B-series are described
in Kuiper (1992). The sections were defined from the
pressure side up and not the nose-tail line. Also, a
leading-edge thickness—not a radius—was specified as a
correction function applied equally to both the suction and
pressure side. No procedure for applying a leading edge
was specified. An algorithm was applied that for each
section minimizes the error of fit simultaneously for 1) a
nose-tail line estimate, 2) a quadratic spline for the
camber line and 3) a fit of the sectional thickness using
the modified Kulfan method. The results of the latter were
then faired radially (see Figure 6), yielding an informative
overview of the B-series' sectional properties over the
propeller radius. The smoothed sections are compared to
the tabular input in Figure 7 and the fit is considered to be
acceptable. Differences are observed in the trailing-edge
regions of the sections at the lowest radii that show a mild
S-shape. These sections can be applied to all B-series
propellers.

Figure 7 Faired sections (-) of the B-series and its
tabular data input (o).
PART II CONSTRUCTION OF THE BLADE SURFACE

The optimized 2D section profiles, obtained by
interpolation of points along the profile, are converted to
3D using a cylindrical coordinate transform with values
from the radial distributions pitch, skew and rake. Using
the same 2D sectional knot vector and BCs, and a radial
knot vector that is arccosine-contracted towards the tip,
the surface is interpolated through the 3D points using
radial boundary conditions explained below.
The care that was taken in the previous section to get
smooth interpolated section curves now pays off when
using exactly the same 2D sectional knot vector for the
3D sections, as they will all have the same smooth
curvature behavior (See Figure 8). The 2D section and 3D
surface functionality was implemented as a Rhinoceros
plug-in using the Rhino-Common programming interface.

Figure 8 Curvature on the NURBS surface in sectional
direction
For the surface interpolation, at the root of the blade
surface (at the hub), the modified Bessel BC is used.
Depending on the values of chord length and maximum
thickness of the profile at the tip, we distinguish three
cases.
Figure 6 Radial interpolation of the parameter fit of
the sections of a B-series propeller.

1) For a propeller with zero chord length at the tip, the BC
is set by demanding that the tangential control points are
all in a plane perpendicular to the propeller tip. The
control points are distributed on this plane with the shape

of the penultimate section, scaled by extrapolating a
second-degree estimate of the chord length along the last
three profiles. The camber of this tangential profile can be
scaled, and is by default zero. To fine-tune the way the tip
of the propeller is shaped, the tangential control points
can be scaled and rotated in a reference frame parallel to
the plane of the points with major axis along the profile
and minor axis perpendicular to the profile (see Figure 9).

coefficients Ni,p (obtained using the knot vector û and
Eq. 1.1) are entered for each control point. As the
tangential control points are known from the boundary
conditions, their diagonal coefficients are equal to 1. The
control point locations are solved by LU-decomposition
of B with M matrices of dimension [N+2 x 3], one for
each section of interpolation points and boundary
conditions. This results in M 3D section curves.
In the second step this procedure is repeated with the
transposed control points obtained in the first step, using
an [M+2 x M+2] coefficient matrix obtained using the
knot vector v̂ , resulting in the control point locations of
the NURBS surface (see Figure 11).

Figure 9 Tip tangent control points lie in a cylindrical
surface (yellow) coincident with the tip profile
2) For a propeller with non-zero chord length and zero
maximum thickness at the tip, the tangential control
points are distributed on the cylinder surface that is
coincident with the tip, using a tunable distance from the
tip section line (see Figure 10).
3) for a propeller with non-zero chord length and nonzero thickness at the tip, i.e. having a surface that is open
at the tip, the boundary conditions at the tip are
determined by the modified Bessel condition. In this case,
the radial knot vector is not contracted towards the tip.
Figure 11: Curve interpolation showing section curves
in red with interpolated radial curves in black
Construction of a five-patch surface
The propeller surface needs to be discretized (meshed) to
be used as input for CFD grid generation. For propellers
having zero chord length, the meshing algorithms cannot
handle the singularity point at the tip where all control
points of the surface are stacked into a single location. In
the best case, this leads very small, highly distorted
discrete elements which more often than not give
problems downstream, when grid points need to be
positioned on the blade surface.

Figure 10 Tip tangent control points lie in a plane
(yellow) perpendicular to the tip
As a NURBS surface is essentially a tensor product of
interpolation in the u-direction through the points,
followed by interpolation in the v-direction through the
transposed control points of the curves obtained in the
first interpolation, the following procedure is followed.
For a propeller with M sections and N points per section,
in the first step a tridiagonal matrix B is created of
dimensions [N+2 x N+2] in which the B-spline

To mitigate this problem, the blade surface is split into
five parts: the leading and trailing edge parts, the suction
and pressure side parts and the remaining tip part. The
split between edge parts and blade parts is performed as
follows: for each 3D section, the position on the front and
the back surface is calculated such that the geodetic
shortest path curve from front to back has the same length
for each section. These points are then used to generate a
B-rep trim domain to get the split. The split between tip
and blade parts is performed along an iso-curve in
sectional direction (see Figure 12).

Automatic topology generation

Using the blade surface and the hub surface as input, the
procedure that generates the Gridpro topology can take up
to nine steps. These steps have been automated using the
parametric modeling Rhinoceros plug-in Grasshopper;
each step is implemented as a Grasshopper component.
The procedure starts with generating a tubular surface
with a radius of 0.5% of the propeller radius around the
leading and trailing edge curves, intersecting the blade
surface. This intersection results in three surfaces: the
surface inside the tube and two surfaces on each side of
the propeller blade. By splitting the surface inside the tube
at a given radius close to the tip, another three surfaces
are obtained, the LE surface, the TE surface and the tip
surface. Note that these five surfaces are not the same as
the five-patch surface from the previous section.

Figure 12 Five-patch surface split lines for B4-70
blade
The tip-part surface containing the singularity is
reconstructed using a curve network obtained by
intersecting the tip surface and prescribing G2-continuity
along the common edges with the four other surfaces.
This reconstruction is performed using the built-in curve
network function of Rhinoceros. The five patches thus
obtained can be discretized using a choice of meshing
algorithms, e.g. structured quads, unstructured quads, or
unstructured triangles. Each of these choices performs
well in the subsequent grid generation.

Next, a coarse structured quad grid is generated on these
five surfaces, followed by an extrusion of these quads
perpendicular to the surfaces to form and O-grid of
hexahedral blocks bounding the blade. A compact
enrichment of grid blocks is generated inside the tube, to
better capture the flow characteristics close to the leading
and trailing edges without having to extend this
enrichment into the flow domain. (See Figure 13)

CFD GRID GENERATION

For propeller CFD, and CFD in general, multi-block
structured hexahedral grids generally have superior
quality and convergence characteristics compared to
unstructured hexahedral or mixed-element grids.
Therefore, the MARIN standard approach for propeller
CFD is to generate a multi-block structured grid using the
GridPro grid generation package (GridPro 2018). As
input, this requires the discretized blade (as obtained from
the five-patch surface), the discretized hub shape and a
block topology that captures the blade surface, the hub
and extends towards the outer domain. Each block is a
structured 3D grid of hexahedral elements. The block
topology serves as a starting point for the GridPro
elliptical solver (Ggrid). Generating the block topology
for a propeller blade/hub assembly by hand using the
default Gridpro topology tools is a task of almost
Sisyphean proportion, where the generation of a single
block topology by hand can take days, only for it to
become clear that more manual modifications are needed
as the grid does not converge to a state of sufficient
quality.To speed up the generation of the block topology
for Gridpro, the following automatic procedure has been
devised, which reduces the time to generate a block
topology to 15-30 minutes.

Figure 13 O-grid around the blade consisting of three
layers. Inset shows detail around trailing edge with
compact refinement
Lastly the blocks are extended in stream-wise, radial and
rotational fashion to create a multi-block topology for
GridPro. The topology has two extraordinary points (i.e.
more or fewer than eight hexahedra on one vertex) on
each topology-section and by carefully choosing the
location of these extraordinary points, the topology can be

adapted to the shape of the propeller blade, mainly as a
function of the pitch. This is usually a trade-off between
the pitch at the hub and the pitch at the tip, as the
extraordinary point location needs to be the same at each
radius. When the computational domain needs to capture
the full hub cap shape, additional blocks can be placed
downstream of the hub cap. For a typical B-series
propeller, 3,000-5,000 topology blocks are used to capture
the flow domain around the blade/hub assembly (See
Figure 14).

Figure 15 Faired B-series chord and skew outlines.
The two propellers were analyzed for their open-water
performance by the MARIN RANS code ReFRESCO
(2018) using a kSST turbulence model (Menter et al.
2003) and our best-practice gridding guidelines following
the above-outlined grid topology resulting in y  1 over
the entire blade surface. Here model scale values are
presented for a diameter of 240 mm and a rotation rate of
2400 min-1 to obtain a Reynolds number of about 2 106
based on the chord and rotation rate at 70% of the radius.
In Figure 16 we plot the typical open water characteristics
as well as the ideal efficiency and merit coefficient
Figure 14 Starting Gridpro block topology for fourbladed B-series propeller consisting of 3,160 blocks for
each blade. Each color indicates one of the four blades.
Grid generation

Using the automatically generated topology for the
blade/hub assembly, Gridpro is used to generate the grid
for the flow domain. The Ggrid schedule used is to
generate a coarse grid in 3,000 iterations with 64 cells per
block, followed by a threefold refinement (i.e,. a ninefold
increase in cells) for up to 20,000 iterations. Depending
on the starting topology and the number of blades this
leads to a propeller grid of 8-12M cells. This domain has
a length of 0.75D up- and downstream and a radius of
0.625D (with D the propeller diameter).
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The differences are observed to be small. The new
propeller has a minor increase in its effective pitch. To
compare the differences in efficiency we also plot the
difference O based on KT J 2 -identity for the
modified propeller. For J  0, 0.8 the differences
between efficiencies are less than 0.3%.

The Gridpro grid is then encased in a larger, unstructured
hexahedral grid of measuring 5D in upstream,
downstream and radial direction, with another ~12M cells
to give the final grid of 20-24M cells.
APPLICATION

A tabular B4-70-series propeller file was taken from
record. The faired sections were added and the radial
distributions for chord and skew were radially
approximated by a least-square fitting of a cubic spline
curve of only four control points; the chord outline was
created by mirroring the points over the x-axis, and then
trimming the spline through all points at the tip location
(see Figure 15). The rake and pitch of the propeller are
clearly defined and needed update.

Figure 16 Calculated pen water diagram of the
reference (o) and faired (-) B4-70.

CONCLUSIONS

In this paper we have presented our method to recreate the
geometry of a B-series propeller in a CAD environment
and an automated structured grid generation approach.
For the 3D NURBS surface generation we apply a single
knot vector that is well suited to capture the sections
combined with a modified Bessel boundary condition;
calculations of 2D sections show no appreciable effect on
the pressure distribution. These changes to the either 2D
sectional spline curves or 3D spline surfaces can be easily
implemented and as they are applied in the construction
phase the resulting splines can be exchanged between
CAD methods without loss of topology.

Drela M. (1989), 'Xfoil: an analysis and design system for
low reynolds number airfoils',. in Low Reynolds Number
Aerodynamics.
Farin, G. (2002),Curves and Surfaces for ComputerAided Geometric Design, A Practical Guide, Fifth Edition
GridPro v6.5 (2018), http://www.gridpro.com/
Kuiper, G. (1992), The Wageningen propeller series,
MARIN publication 92-001.
Kulfan, B., & Busoletti, J.E., (2006), '"Fundamental"
parametric geometry representations for aircraft
component shapes', 11th AIAA/ISSMO Multidisciplinary
Analysis and Optimization Conference

For legacy sections we have applied a section smoothing
approach that is well able to capture sectional outlines
with only six parameters based on the method by Kulfan
that was found to be both intuitive and stable. The
sections of the B-series propellers were faired using these
method forming the bases of the surface construction.

Kulfan, B. (2008), 'Universal Parametric Geometry
Representation Method', J. of Aircraft, 45(1), pp 142-158.

For the construction of the blade NURBS surface, a
contracted knot vector and careful choice for the
tangential control points close to the blade tip ensure a
smooth propeller blade surface. To facilitate the surface
discretization for use in CFD grid generation, a procedure
has been devised to split the blade into 5 patches.

ReFRESCO (2018), http://www.refresco.org/

CFD grid generation using a multi-block structured grid
approach requires a starting topology. A new procedure
has been developed that allows for the automatic
generation of such a block topology.
RANS open-water calculations with the multi-block
structured grids of the 'tabular' and smoothed propeller
showed minor differences in efficiency and effective
pitch.
Acknowledgements

The authors would like to thank Mark Merkens for
performing the ReFRESCO computations.
The work leading to these results has received funding
from the European Community’s Horizon 2020
Programme (2014 under grant agreement no 678727. The
opinions expressed in this document are of the authors
only and no way reflect the European Commission’s
opinions. The European Union is not liable for any use
that may be made of the information.

REFERENCES

Brockett,T., (1966), 'Minimum pressure envelopes for
Modified NACA-66 sections with NACA a=0.7 Camgber
and BUSHIPS Type I and II sections', David Taylor
Model Basin Report 1780.

Menter F., Kuntz, M. & Langtry, R.B. (2003), 'Ten years
of industrial experience with the SST turbulence model',
Heat and Mass Transfer, 4m pp 625-632
Shen, Y. T., and Eppler, R. (1981) 'Wing Sections for
Hydrofoils -- Part 2: Nonsymmetrical Profiles', J. of Ship
Res., 25(3), pp 191-200.
Sóbester, A., & Keane, A. J. (2007). 'Airfoil design via
cubic splines', AIAA Infotech@Aerospace 2007
Conference and Exhibit
Sobieczky, H. (1998), 'Parametric airfoils and wings',
Notes on Numerical Fluid Mechanics, 68, pp 71 - 88

