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Abstract  In a hydraulic turbine, the search of a better energy exchange with the fluid has 
led to designs of runner blade of geometrical shapes so complex that they are considered as
free-form surfaces. Since such blade characteristics are unable to be expressed by analytic 
functions, its complete and realistic geometrical reconstruction requires an excessive quantity 
of design parameters. This study proposes a coherent and robust full 3D blade numerical 
reconstruction methodology in which the geometrical definition of the blade is independent of its 
design parameters. A quantitative and qualitative fit evaluation shows that the blade surface 
reconstruction needs an important quantity of discrete data along the spanwise and streamwise 
direction to achieve a continuous and smooth definition. The results infer that the shape 
characteristics of damaged and worn blades without an original CAD model could be 
recovered, making this methodology attractive for industrial and optimization applications.  

 
1. Introduction   

In a hydraulic turbine, the interaction between the runner blade and the surrounding fluid de-
termines how the fluid velocity is changed and deflected, transforming it in mechanical energy. 
Since small changes in the blade geometry have modified the runner performance, several 
researchers have concentrated their main efforts in the blade parameterization during its opti-
mization process [1-4]. Francis turbines, with 3D radial-axial blades, have so twisted shape that 
they are considered as free-form surfaces. This means that the surface curvature has such 
complex geometric characteristics that it is unable to be expressed accurately by means of one 
or several analytic functions [5, 6]. 

Recently, the design techniques to obtain the blade shape have used parametric curves and 
surfaces, trying to reach continuity and smoothness over such complex and free-form geome-
tries, in Ref. [7] those techniques are divided in those that use a sectional approach and those 
that use surface patches. In the sectional approach, 2D sections hydrofoils are stacked along 
the span-wise direction. This has induced the use of the conformal mapping of the planar blade 
sections to cylindrical surfaces to represent the length and angle distortions of the blade [8-11]. 
To avoid this, in the surface method, a 2D camber surface (CS) is created and a thickness 
distribution (TD) is placed normally to it [12, 13]. In both methods the number and position of 
the TD or hydrofoil sections on a CS had to be determined arbitrarily and the pressure and 
suction side (PS and SS) of the blade defined by lofting or skinning the given profiles.  

However, since a more detailed blade definition requires that the number of sections be in-
creased, it continues depending on the quantity of sections used by the parametric approach. 
This has provoked that the number of parameters implied in the blade design also increases in 
an important way, which has limited its manipulation in the runner optimization [1, 4]. Thus, the 
major efforts must be concentrated on the search for a flexible parametric approach that can 
reconstruct the blade as a continuous and smooth free-form surface decoupled totally from the 
fluid and structural analysis and above all from the number of discrete data in order to be of   
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interest in design optimization purposes. 
Recently, practical methodologies have used numerical grid 

generation to reconstruct free-form surfaces looking for a regu-
lar geometry rather than a structural performance [5, 14-16]. 
The grid is considered as an organized set of points formed by 
the intersection of the coordinate lines that are coincident with 
each segment of the physical boundaries and they have the 
same dimension as the physical region. In this context, the 
clustering and orthogonality of the grid lines generated by the 
transfinite interpolation (TFI) in the blade domain could define 
in a bidirectional way (spam-wise and stream-wise direction) 
the free-form of 3D Camber Surface as a skeleton. This multi-
directional interpolation should build a grid conforming (same 
form or shape) to the specified boundaries of the blade. Thus, 
according to the grid intensity, any continuous thickness distri-
bution data or hydrofoil section could be stacked normally to 
the skeleton, fitting the pressure and suction side to any pre-
scribed tolerance to the real blade. 

The tests revealed the number of stacked sections along the 
span-wise direction and the points along the stream-wise direc-
tion that should be needed to reach a continuous and smooth 
reconstructed surface. In relation to the precision in the geo-
metrical shape characteristics reached by the analytical blade, 
the results infer that this reconstruction methodology could be 
used to recovery the original CAD models in a reverse engi-
neering technology of the damaged or worn blades [17], pre-
serving the design constrains imposed to the original model. 

 
2. Methodology 

The blade reconstruction methodology consists of three main 
steps: Extraction, reconstruction and evaluation. Several algo-
rithms had to be designed and placed as Fig. 1 shows (in gray) 

to fit the numerical blade to the original one. 
The first step presents how both algorithms, the grid genera-

tion and the surface cutting, were designed to extract the main 
features from the original blade. In the reconstruction step, the 
algorithm placed orthogonally to the camber-skeleton the TD 
on the pressure and suction sides, generating the blade sur-
faces. Finally, the reconstruction accuracy of the model was 
analyzed by a comparison between the reconstructed and real 
surfaces, using the surface distance algorithm. 

As original blade shown in Fig. 2, we used the test-case pro-
vided by NTNU-Norwegian University of Science and Technol-
ogy under the Francis 99 workshop series [18]. 

Fig. 2(a) presents the solids obtained from the digital file of 
the runner which is a structure composed of three main parts: 
crown, band and blades. This is a no-conventional runner since 
uses short blades (splitter) that alternate with long ones (main). 
Runner inlet and outlet flow diameters are 0.63 m and 0.349 m 
respectively with an inlet flow height of 0.06 m and the specific 
speed is 0.27. In Ref. [19] the main characteristics are ex-
plained of this kind of runners and important results are pre-
sented of its practical application. 

Fig. 2(b) shows the twisted and re-flexed free-form main 
blade. It consists of a pressure side (PS) and a suction side 
(SS), and a leading edge (LE) where the water enters and a 
trailing edge (TE) where it exits, as well as an upper (hub) and 
lower (shroud) sections which are joined to the crown and band, 
respectively. At the blade inlet, the shroud is further forward (in 
the direction of the rotation) than the hub; the blade has a for-
ward sweep. 

 
 
Fig. 1. Steps and algorithms used by the blade reconstruction methodology. 
 

 
(a) Runner components 

 

 
(b) Blade surfaces 

 
Fig. 2. Components of the Francis 99 blade runner [18]. 
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3. Extraction of discrete data 
The CAD file presented in Fig. 2(b) provides a discrete rep-

resentation of the solid model with six surfaces: the pressure 
and suction side and the hydrofoil sections at the junction of 
the blades with the crown (hub) and band (shroud), and the 
trailing and leading sections.  

To better represent the reflexed and twisted form the real 
hub and shroud, it was necessary to extract a considerable 
quantity of coordinate points from each side of the section. 106 
discrete points approximated with an accuracy of three orders 
of magnitude the length of the well-defined pressure and suc-
tion edges.  

Thus, calculating its arithmetic mean, as in Ref. [20], the 
mean camber line (MCL) defined the upper and lower bounda-
ries of the numerical blade. Due to the no complex definition of 
the Leading and Trailing sections of the real blade, the right 
and left boundaries were obtained using a lesser number of 
points, as is shown in Fig. 3. 

 
3.1 Grid generation algorithm 

Considering the frame as the boundaries of a free-form ge-
ometry blade, the transfinite interpolation (TFI) method was 
used to generate the grid lines that should define the skeleton 
of the CS of the blade. This algebraic grid generation method 
[21] is based on the use of mathematical functions that interpo-
late among pre-assigned boundaries to generate grid lines 
inside the edges of the domain. In Ref. [6] the TFI to generate 
the mesh in the inter-blade fluid domain of an axial-radial, non-
conventional runner was used. This simple and efficient alge-
braic method allowed controlling the clustering and orthogonal-
ity of the grid lines and, following the modeling of its boundaries, 
fitting the blade surfaces. 

To use the TFI in our methodology, the physical domain of 
the real blade had to be related to a computational domain as 
is shown in Fig. 4. The physical plane was delimited by four 3D 
piecewise linear curves: The LE, the TE, the hub and the 
shroud, thus defining two logical directions. 

The first one (x) starts from the leading edge rl and ends at 
the trailing edge rr, along the blade streamwise. The second 

direction (h) is defined by the curved line that goes from the 
band rb to the crown rt along the blade spanwise. In the compu-
tational plane rb is the bottom edge, rt the top edge, rl the left 
edge and rr the right edge, fulfilling the consistency conditions: 

 
(0) (0)= =b lA r r   (1) 
(0) (1)t lB r r= =   (2) 
(1) (0)b rC r r= =   (3) 
(1) (1)r tD r r= =   (4) 

 
where A, B, C and D are the four vertices of the physical do-
main.  

Fig. 5 presents the algorithm created to generate the grid in 
the computational domain. Afterwards, the algorithm returns 
the grid to the physical domain to erect the skeleton of the 
camber surface. 

In Fig. 5, m and n are the number of points selected to define 
the TFI mesh. Eqs. (5)-(7) were used to obtain the grid points 
in the physical domain. 

 
 
Fig. 3. Frame obtained of the real blade file. 

 

 
 
Fig. 4. Relation between the physical (mm) and computational domain. 

 

 
 
Fig. 5. Definition of the grid generation algorithm. 
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Fig. 6 shows the camber skeleton built with the same num-

ber of grid points in each direction and uniformly spaced. The 
curves, where x is constant, corresponds to the camber lines 
which are used to define the flow surface. The curves, where h 
is constant, corresponds to the stacking lines, which can con-
trol the spanwise shape of the blade surface. 

Due to the free-form shape of the blade, the camber lines 
and the stacking lines as main components of the camber 
skeleton are nearly orthogonal. The intersection of those grid 
lines forms now a set of data points in the real space of the 
blade. This structured information will help to extract important 
discrete data directly from the original blade. 

 
3.2 Surface cutting algorithm 

The next step of the methodology was to create a surface-
surface cutting algorithm based on the orthogonal tensor prod-
uct to place surfaces normal to the camber skeleton. The algo-
rithm shown in Fig. 7 was incorporated to the methodology 
looking for: First, knowing precisely the real bending and thick-
ness distribution at interior sections and second, having refer-
ence points to evaluate the fitness of the reconstructed blade. 

As the Fig. 8(a) illustrates, the cutting sections were stacked 
orthogonally to the camber skeleton, intersecting the blade 
surfaces of the real blade. The intersections demarcated the 
PS and SS of eight hydrofoil sections along the spanwise di-
rection. Although along the spanwise direction, each hydrofoil 
section has different length, 106 data points also defined pre-

cisely, continuously and smoothly, like the hub and shroud, 
each PS and SS edges of the interior sections, as shown in Fig. 
8(b). Later, these same set of collected points will allow evalu-

 
 
Fig. 6. Skeleton generated on the CS in the physical domain of the blade. 

 

 
 
Fig. 7. Definition of the surface cutting algorithm. 

 

 
(a) Cutting surfaces along the spanwise 

 

 
(b) Collected points on the blade surfaces 

 
Fig. 8. Applying the surface cutting technique to the real blade. 
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ating, using Eq. (8), the fitting approach reached by the nu-
merical blade. 

In Ref. [22], an algorithm to intersect the blade surfaces with 
horizontal cutting planes, perpendicular on the rotating axes is 
defined. However, when using this technique with radial-axial 
blades, the extracted section presented an irregular thickness 
distribution in relation to the one taken from the shroud and hub 
sections. Moreover, the number of sections with a leading a 
trailing edge was limited since the horizontal cutting planes 
intersected each edge at different levels. 

 
3.3 Evolution of the thickness distribution 

To know precisely the bending and thickness behavior of the 
real blade at interior sections, the collected data from each 
hydrofoil were related to the MCL. These data are shown as a 
surface in Fig. 9(a) which represents the evolution along the 
spanwise direction of the TD of the real blade. It is evident that 
the TD maintains the same evolution in the first 50 % of the 
mean camber line. This means the main evolution changes are 
presented after the maximum thickness, towards the blade TE. 
Therefore, this TD evolution change presents a standard devia-
tion of 1.6 mm or 0.25 % in relation to the runner diameter.  

Although in Ref. [13] it is demonstrated that not only the 
thickness distribution but also its evolution can modify hydro-

dynamic and mechanically the runner performance, to define 
different sections at limited span positions will implies an in-
crease in the number of parameters involved in the reconstruc-
tion process. Instead, if we stack the mean TD in a consider-
able number of span positions, we would face to find compro-
mise between quality description and parametric dimension. 

Fig. 9(b) shows the curve build by the interpolation of 106 
collected discrete points. As a result, the symmetric thickness 
distribution has now a continuous definition, and it can be re-
lated to the MCL percentage of the arc length section profile. 
This is one of the three types of thickness definition techniques 
presented by Ref. [7]. 

Since this methodology measured the thickness distribution 
directly on the real space, it was avoided possible distortion 
and discontinuity of each blade section. 

 
4. Blade reconstruction  

With the discrete values extracted from the real blade, now 
the reconstruction methodology is directed to achieve a con-
tinuous definition of the blade surfaces. The surface recon-
struction algorithm, shown in Fig. 10 and based on the or-
thogonal tensor product, allowed using the camber-skeleton 
and the thickness distribution as input, arranging all this infor-
mation in a such way that the pressure and suction side of the 
blade were built up as continuous and smooth surfaces. 

 
4.1 Camber skeleton 

To add more control and definition to the camber-skeleton, 
the algorithm presented in Fig. 5 build its mesh density through 
a bidirectional distribution. 

Fig. 11 shows the different grid intensity determined along 
the spanwise (h) and streamwise (x) direction of the real blade. 
While the camber-skeleton was built, the algorithm based on 

 
(a) As surface 

 

(b) As mean distribution 
 
Fig. 9. Evolution of the distribution of the hydrofoil thickness. 

 

 
 
Fig. 10. Definition of the blade reconstruction algorithm.  
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TFI showed to be computationally efficient to conform different 
grids to the specified boundaries. 

The camber and the stacking lines as main components of 
the camber skeleton are actually composed by a set of data-
points. These points will serve now as real coordinates in 
which the TD will be placed directly in the real space of the 
original blade. 

 
4.2 Hydrofoil definition 

Fig. 10 shows the algorithm based on the orthogonal tenso-
rial product which permitted that the main TD, shown in Fig. 
9(b), were placed symmetric and orthogonally to the camber-
skeletons, shown in Fig. 11. Besides, the TD was transposed 
directly on the real space using the same MCL percentage and 
placed normal to it as shown in Fig. 12. This procedure was 
focused on suppress the mapping process, used in Ref. [23], in 
which the conformal plane is applied to obtain the values and 
then they are brought back to real space. Since Fig. 9(b) pre-
sents a continuous TD along the streamwise direction, it was 
possible to extract the same number of discrete points that 
each skeleton demanded, which resulted in an advantage of 
this technique. Thus, a smooth and continuous hydrofoil defini-
tion was obtained at its upper and lower half-sections as the 
number of grid points of the skeleton was increased, Figs. 
12(a)-(c). 

4.3 Blade surface definition 

For each camber-skeleton defined in Fig. 11, the surface re-
construction algorithm had to use the same number of grid 
points, n = m, to define the blade surfaces.  

For this reason, Fig. 13(a) shows an irregular distribution of 
the grid points over the PS and SS when the camber-skeleton, 
Fig. 11(a), was only defined with ten points. This resulted in a 
poor resolution of the blade surface due to the different relation 
between streamwise and spanwise length, which is a charac-
teristic of runners of low specific velocity. 

On the contrary, when a finer camber-skeleton mesh was 
used, as shown in Fig. 11(b), a cloud of points was established, 
which makes the spanwise and streamwise evolution more 
continuous and not discrete, as shown in Fig. 13(b). Therefore, 
a more intense bidirectional control should permit a better sur-
face definition. 

When 1M of grid points was employed to define the camber-
skeleton, Fig. 11(c), continuous blade surfaces were obtained, 
as shown in Fig. 13(c). This resulted in an enormous point 
quantity where the pressure and suction surfaces were con-
tinuously defined. 

The methodology generated a runner blade from a cloud of 
points instead of surfaces patches or sectional approaches 
presented by Ref. [7]. This avoided the influence of not only the 
number of sections but also the different loft settings or skinning 
techniques in achieving the final shape of the blade surface. 

Now, it is necessary to analyze the accuracy of the recon-
structed geometry; hence, a qualitative and quantitative shape 
error comparison was developed. 

 
5. Shape error evaluation 

Since the objective of this work is to obtain a reconstructed 

  
(a) Grid 10×10                      (b) Grid 100×100     

 

 
(c) Grid 1000×1000 

 
Fig. 11. Definition of the skeleton inserted into the CS of the real blade. 

 

 
         (a) Grid 10×10                   (b) Grid 100×100 
 

 
(c) Grid 1000×1000 

 
Fig. 12. Definition of the blade hydrofoil.  
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free-form blade, in this section the fit reached to the real one 
was evaluated carefully using Eq. (8). 

 
( )

2 2 2

i i iax b y cz d

a b c

+ + +
=

+ +
d   (8) 

 
where d is the deviation between the plane created by the 
collected points, shown in Fig. 8(b) (a, b, c and d), and the grid 
points created by the orthogonal tensor product algorithm on 
the pressure and suction side (xi, yi and zi), Fig. 13. Thus, the 
shape mean error is given by Eq. (9). 

 
2

1

N

iiRM SE
N
== å d

  (9) 

 
5.1 Quantitative approximation 

Fig. 14 presents the fit reached between the analytical and 
the real blade as the camber-skeleton mesh was increased. Eq. 
(8) allowed calculating the distance between the points gener-
ated by the analytical blade and those collected from the real 
blade shown in Fig. 8(b). With this distance, the mean and 
maximum shape error presented by each approximation was 
calculated. In both errors there is a clear trend of decreasing, 
from one to five orders of magnitude, when the blade was de-

fined using m = n = 100 and m = n = 1000 grid points. After 
that, the reconstruction method started to converge; the error 
had not an important numerical reduction. However, to know 
the significance of this numerical error, mainly when 100 to 
1000 grid points per side, a hydrodynamic and structural study 
should be undertaken. 

Previous techniques reconstructed the blade generating a 
surface from a set of profiles. In Ref. [9] the runner blade with 
five sections on a 2D meridional plane is presented. In Refs. 
[10, 11] a thickness distribution on three sections is used and in 
Ref. [24] seven previously defined sections to describe an axial 
blade are stacked. In Ref. [23] eleven streamlines to stack 
NACA hydrofoils are used. However, Fig. 14 confirms the ne-
cessity of stacking a greater number of cross-sections along 
the spanwise direction to better approximate the real shape of 
a blade. 

In Ref. [25] maximum deviations of 0.044 mm in a totally ax-
ial airfoil blade are reported. Meanwhile, in Ref. [26] a final 
RMS error of 10.61 mm of the reconstructed surface of a real 
axial-radial blade is obtained. In Ref. [27] an average error of 
0.004 mm as displacement of measured points from the nomi-
nal surface of an axial blade is reached. 

Ref. [28] considered, in an axial-radial blade, a maximum er-
ror of 5 mm, (0.1 % of the turbine diameter) as valid to accept a 
blade reconstruction. Table 1 presents the maximum error, in 
relation to the real runner diameter, reached by this methodol-
ogy. Using a grid size of 100×100, it was possible to improve 
by two orders of magnitude the error previously established. 

Fig. 15 shows the volume change of the reconstructed blade 
in relation to the volume of the real blade as the grid size in-

 
         (a) Grid 10×10                    (b) Grid 100×100 
 

 
(c) Grid 1000×1000 

 
Fig. 13. Definition of the blade surfaces. 

 
 

 
 
Fig. 14. Blade fit error in mm. 
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creases. The reconstructed blade suffers a relative volume 
variation of 0.0754 % when a grid size of 100×100 defined the 
camber-skeleton. When the blade is reconstructed using a grid 
size greater than 100 points per side, the relative volume 
change remains almost constant. If we use this parameter as a 
predictor of a better shape definition, this no relative volume 
change could imply that the reconstructed blade has been 
totally defined and it contains now smoothing and continuous 
pressure and suction surfaces. 

Fig. 13 showed the changes in the surfaces definition when 
the grid size of the CS was increased by an order of magnitude. 
Fig. 16 shows the rapid absolute error convergence of the rela-
tive volume change and maximum error as de number of grid 
size used for the reconstruction increase. We can observe that, 
for the volume change, the threshold is reached at 0.001 using 
300 grid points per side. The maximum shape error requires a 
little more grid points, 500 per side, to meet the desired preci-
sion, 0.0001.  

 
5.2 Qualitative approximation 

To visualize the shape error distribution, a blade surface was 
generated with levels of colors. Using Eq. (8) this approximation 

was assessed qualitatively and the results were transported to 
the pressure and suction surfaces, as shown in Fig. 17. 

Fig. 17(a) illustrates the distribution of the shape differences 
between the analytical and the actual surfaces, when the 
coarser camber-skeleton was used. The maximum error 
reached was 1 %, and it was found all along the inferior part of 
the PS and SS. 

Fig. 17(b) shows the shape error distribution on the blade 
surfaces when the grid size of the camber-skeleton was estab-
lished in a finer way; one hundred points on each direction. It 
should be noticed that the maximum error reached in this ap-
proximation was 0.01 %, two orders of magnitude lesser than 
the one obtained with a mesh of ten grid points. The zones with 
a highest shape error were reduced in an important way. In the 
PS, these zones have almost disappeared. However, although 

Table 1. Maximum error, in relation to the runner diameter, between blade 
surfaces. 
 

Maximum error (%) 
Case Grid points 

Pressure side Suction side 
1 10 × 10 1.76 × 10-1 2.49 × 10-1 
2 100 × 100 1.45 × 10-3 2.90 × 10-3 
3 200 × 200 5.63 × 10-4 1.07 × 10-3 
4 300 × 300 1.54 × 10-4 4.58 × 10-4 
5 400 × 400 9.14 × 10-5 1.14 × 10-4 
6 500 × 500 1.13 × 10-4 9.90 × 10-5 
7 1000 × 1000 3.25 × 10-5 2.02 × 10-5 
8 1500 × 1500 9.86 × 10-6 7.18 × 10-6 
9 2000 × 2000 6.08 × 10-6 5.77 × 10-6 
10 2500 × 2500 2.16 × 10-6 3.57 × 10-6 
11 3000 × 3000 1.54 × 10-6 1.96 × 10-6 

 
 

 
 
Fig. 15. Relative volume change (%) of the numerical blade. 

 

 
 
Fig. 16. Convergence history of the volume change and maximum error. 

 

  
           (a) Grid 10×10                   (b) Grid 100×100 
 

 
(c) Grid 1000×1000 

 
Fig. 17. Shape error distribution (%) on the blade surfaces. 
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in a lower level, the difference remains along the inferior part of 
the SS. 

Fig. 17(c) illustrates the shape error distribution on each 
blade surfaces when the camber-skeleton was built using one 
thousand points on each side. In this evaluation the error pre-
sents a maximum of 0.0001 %. The error zones along the infe-
rior part of both sides of the blade were eliminated. However, 
several zones with the maximum error yet remain on the region 
of the highest curvature of the blade. 

Previous researchers relate a better blade geometry defini-
tion with the number of the parameters involved in its design. 
This has limited the optimization process due to the high num-
ber of parameters that might be manipulated by the optimiza-
tion algorithm. The results obtained in this work indicate that 
the accuracy to fit a real blade with sharp edges and high cur-
vature variations only increases in relation to the camber-
skeleton definition. Thus, the blade approximation may be in-
dependent of any blade parameterization approach used in a 
runner rehabilitation or upgrading process. 

 
6. Conclusions 

This work presented the numerical reconstruction of the 
blade geometry of a Francis runner. The design of several 
mathematical algorithms allowed, first, extracting discrete in-
formation from a digitalized model and then processing it to 
create blade surfaces of continuous and smooth shape.  

Since the PS and SS were generated directly on the real 
blade space, this methodology eliminated problems of length 
distortion inherent to the twisted and reflexed axial-radial ones. 
Moreover, the maximum and mean deviation between the real 
and analytical blade were reduced only increasing the grid 
points used to define the blade skeleton, and no geometrical 
design parameters were involved. 

Although a shape error convergence was unattainable, the 
results suggest that at least one hundred of hydrofoil sections 
placed along the spanwise direction would be necessary to 
reach an acceptable fit and no volume change. Consequently, 
a continuous and smooth blade could be reached, which is 
required at its reflexed and edges zones. However, the stack-
ing of a standard deviation of the TD along the spanwise direc-
tion could have provoked the volume difference between the 
real and analytical blade. 

Having tested the suitability of this methodology for recon-
structing an ideal (non-defective regions within the surfaces), 
twisted and contortioned blade, we assume that it could be 
efficient to reconstruct a damaged and worn free-form blade, 
especially when the original surface geometry implies large data 
sets of unorganized points often involving measurement noise.  

Consequently, the updated CAD model may be used not 
only to provide more realistic analysis of the part’s in service 
performance, through CAE tools (CFD and CSM), but also to 
represent accurately the manufactured geometry in a Reverse 
Engineering process. Besides, with the simplified CAD model 
obtained from the Camber-Skeleton and the main TD; the 

blade could be parameterized considering all its design pa-
rameters at the same time rather than be focused on specific 
parts, which might reduce the design evaluations in an optimi-
zation process. 
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Nomenclature----------------------------------------------------------------------------------- 

TFI   : Transfinite interpolation 
PS     : Pressure side 
SS     : Suction side 
CS     : Camber surface 
TD     : Thickness distribution 
MCL   : Mean camber line 
RSME  : Root square mean error 
CAD   : Computer aided desing   
CFD   : Computational fluid dynamics 
CSM   : Computational structural mechanics 
CAE   : Computational aided engineering 
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