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Design of Airfoils and Cascades of Airfoils

Theodosios P. Korakianitis*
Massachusetts Institute of Technology, Cambridge, Massachusetts

This paper presents a method for generating blade shapes to be used as inputs to the direct- or inverse-blade-
design sequences. This method can generate subsonic or supersonic blades for compressors and turbines, or
isolated airfoils, but the discussion in this paper is limited to subsonic-exit turbine blade rows. Gas-turbine
blades are usually designed by a mixture of iterative, direct- and inverse-blade-design methods. The iterations are
enormously reduced if the initial blade shape has performance characteristics near the desirable ones. The
desirable performance characteristics are presented, and ways to manipulate the input striving for such
characteristics (mihimizing design iterations) are discussed. The overspeed regions near the leading edge are
avoided. The performance curves of three blades generated by this method are included. It is concluded that
blade performance is extremely sensitive to small changes in the shape of the surfaces and to changes or discon-
tinuities in the derivative of the curvature of the blade surfaces. The order of magnitude of these changes is the
same or lower than the order of magnitude of the thickness distribution of the boundary layers.

Nomenclature
a = coefficient of thickness distributions
b =axial chord length )
blc =angle of construction line at the origin
C =chord length ‘
M =Mach number
p =pressure
S =tangential spacing of the blades
X,y = coordinates
yp =line segment on the pressure surface
s =line segment on the suction surface
XP,YP  =point on the pressure surface of the blade
XS, YS =point on the suction surface of the blade
tpr = pressure side root-x coefficient
tsr = suction side root-x coefficient [Eq. (3)]
o =flow angle
8 =angle of the blade surface (see Fig. 2)
Blc =angle of construction line at the origin
A =stagger angle of the blade
T =thickness distribution near the leading edge
Subscripts
0,1,2,... =with XP, YP, XS, and YS points on the blade
0,1,2,3 =with yp and ys, line segment on the blade
1,2 =with flow angle or Mach number, inlet and
) outlet, respectively )
c = construction line
= pressure side
rb =rotor-blade cascade
s =suction side
Introduction

AS-turbine blades are three-dimensional objects operat-
ing in a complex flowfield. Because of its complexity, the
problem usually is reduced to a series of two-dimensional
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problems (solved for some diameters). Blade design is partly a
science and partly an art. The performance of the blades is ex-
pressed in the form of some property distribution (such as
pressure, velocity, etc.) on the blade surface and in the cascade
passage. Two-dimensional designs are ‘‘stacked’’ using some
rules for the locus of the centers of areas of the sections and
the three-dimeénsional shape of the leading edge and of the
trailing edge. Compromises in performance must be made to
accommodate these three-dimernsional constraints.

Blade cascades can be designed by direct or inverse
methods. In the direct method the designer inputs the geome-
try of the blade, and the output is the performance of the air-
foil. The blade geometry is modified until a desirable perform-
ance is obtained. In the inverse method the designer usually
starts from some initial blade shape and performance, and in-
puts the desired modifications to the performance. The output
is a new shape and its performance, which is as close to the
desired (input) performance as permitted by the equations
modeling the flow. Both methods are iterative and are based
on the assumption of steady-inflow and steady-outflow condi-
tions (although the flow around the blades during engine oper-
ation is inherently unsteady).

Both methods have relative advantages and disadvantages.
The direct method is laborious; it requires considerable insight
and many iterations until an acceptable performance is ob-
tained. On the other hand, the designer has direct control of
the various geometric parameters, and infeasible blade shapes
are excluded before they are analyzed. The inverse method is
less laborious, but must start from the direct method anyway.
The designer has less control on the blade shape and on the
resulting performance. The resulting blade shape may be in-
feasible due to stress considerations. If one decides that some
geometric parameters (such as the stagger angle) must be
changed, one must start from the direct method again.

The final design is usually obtained by a judicious combina-
tion of both methods, although if an inverse method is not
available, one could use the direct method exclusively. In any
case, one would like to start the inverse method with a blade
shape close to an acceptable design, since this will reduce enor-
mously the number of inverse-design iterations. The purpose
of this paper is to provide a design tool for generating initial
blade shapes for either method. ‘

Background

Gas-turbine-blade cascades operate in an inherently
unsteady environment. The flow is affected by viscosity,
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wakes, potential interaction, vortex generation, turbulence,
three-dimensional effects such as radial components of veloc-
ity, end-wall effects, leakage flows, and the interaction of the
above. Demands for improvements in performance and reduc-
tion of engine weight and cost have led to increases in temper-
ature, which add the effect of cooling flows, and have led to
increases in loading, which make good performance harder to
obtain. These demands require sophisticated methods for
blade design because the performance of the airfoils becomes
critical. Because of the lack of methods that can take into ac-
count all of these effects, blades are designed for steady-
inflow and steady-outflow conditions. With current technol-
ogy, we are still a long way from a blade-design method that
incorporates the effects of unsteadiness in the early blade-
design sequence.

This work was initiated by the need for a series of typical,
modern turbine blades on which to study the effects of
unsteady flow on the generation of unsteady forces on gas-
turbine blades.!? Engine manufacturers do not publish the ge-
ometry of the blade shapes they develop. Thus, we needed to
design our own blade series for the aforementioned work.

The blade-design sequence depends on the application and
on the global constraints of the engine. Design sequences are
described in some texts (for examples, see Refs. 3 and 4). The
designer has many choices, but for the purposes of this paper
we will refer to the diagram of Fig. 1, and we will assume that
the designer has chosen the velocity diagram (and, hence, the
inlet flow angle «; and outlet flow angle «, of the cascade)
and the exit Mach number M, in the absolute frame for stators
and in the relative frame for rotors. Three additional choices
must be made: some specification for the tangential spacing S
between the blades, some specification for the inclination of
the blades with respect to the axial direction x, and the
trailing-edge thickness.

The spacing between the blades (which is directly linked to
the number of blades in the blade row) is a function of the
tangential lift coefficient C; and is defined by

tangential aerodynamic force
tangential blade area X outlet dynamic head

il

G (1)

This expression can be manipulated in a number of ways (for
compressible flow, for incompressible flow, accounting for
variations in axial-flow velocity, etc.). Here we chose the
incompressible-flow derivation (see Ref. 3), which reduces C;
to

C; =2S cos’q,(tane, —tan|a, [)/b )

The stagger angle \ is defined as the angle between the line
joining the leading-edge point and the trailing-edge point on
the pressure surface, and a line in the axial direction. Sug-
gested values for the stagger angle have been published by
Kacker,’ although the designer has considerable flexibility in
specifying the stagger angle, and different methods are used in
various companies. The trailing-edge thickness is controlled
by the amount of cooling air and by considerations of struc-
tural integrity.

The outlet flow angle «, depends on the throat diameter o.
The latter is a critical parameter that affects the whole design.
The industry has for years depended on the Ainley-Mathieson
method® and on improvements to it (e.g., by Dunham’) for
the prediction of the outlet flow angle as function of exit Mach
number, spacing, and throat diameter. This is sufficient for
preliminary design. Today’s computer programs (such as
ISES?) are more accurate and compute the outlet flow angle.
Gostelow? has explained how the result depends not only on
the geometry but also to some extent on the Kutta condition at
the trailing edge.
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Method

Early blade-design methods were based on the distribution
of a specified thickness function around a camber line. Exam-
ples of such methods have been published by Dunham,!® and
earlier methods have been included in pages 7-11 of the text by
Moran.! These methods do not provide enough flexibility to
control both the suction and pressure surfaces in order to ob-
tain a desirable performance. In modern methods each surface
is varied independently.

The method described in this paper is based on specifying
five points (excluding the trailing-edge points and the origin)
and two slopes on each surface and on generating the leading-
edge region with two thickness distributions added perpendic-
ularly to two parabolic construction lines (see Fig. 2). The
two-dimensional Cartesian coordinates of the five points on
the suction surface are (XS;,YS;), (XS,,YS;), (XS,,YS,),
(XS,,YS;), and (XS,,YS,); and the corresponding points on
the pressure surface are (XP,, YP,), (XP,,YP,), (XP,,YP,),
(XP;,YP,), and (XP,,YP,). In the following sample blades,
the x locations of these points have been kept constant at
axial-chord positions 0.10, 0.20, 0.40, 0.60, and 0.80. Also,
the blades are generated with pointed trailing edges because
they have been analyzed using incompressible calculation
methods, and they are assumed to include the effects of
boundary-layer blockage to the flow. This means that the
shapes shown are the outside surfaces of the boundary layers
developed around the airfoils, and that the trailing edge in-
cludes a computational ““cusp.’’ The inlet flow angle «;,, the
outlet flow angle a,, and the loading coefficient C; specify the
tangential spacing S between the blades for unit axial chord b
[see Eq. (2)]. The stagger angle specifies the location of the
trailing-edge point (1.00, tan)). If a trailing-edge thickness is
desired, one can add a parameter and displace the two trailing-
edge points by the trailing-edge thickness or a circular arc of
specified radius, and use viscous calculation methods. The
trailing-edge blade angle is specified by the two slopes of the
suction and pressure surfaces at the trailing edge, 8, and 8,,,
respectively. Since this trailing edge is where the suction and
pressure boundaries ‘‘collapse,’’ the trailing-edge angle speci-
fied here is smaller than that of the blade material. Two cor-
responding points and slopes are defined near the leading
edge. The slope of the suction surface at point (XS,,YS,) is
B, and the slope of the pressure surface at point (XP,, YP,) is
B, - In addition, two parabolic construction lines are speci-
fied: one for the suction surface and one for the pressure sur-
face. The suction-side construction line passes through points

Qyp,1

Fig. 1T Geometry of a typical cascade.
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(0.0, 0.0) and (XS,, YS.) and has slope Slc; at the origin. The
pressure-side construction line passes through points (0.0, 0.0)
and (XP,,YP,) and has slope 81c,, at the origin. In the sample
blades shown in this paper, XP,.=XS,=0.20. The program
that generates the geometric shapes of the blades permits alter-
ing the values of all these x locdtions, but for the blade shapes
to be discussed here, it was found that it was not necessary to
use other x locations for the points on the surfaces.

Sample inputs are shown in Table 1. Although 34 parame-
ters are shown, some of the parameters have been standard-
izéd (as mentioned above), and 23 of those are actively used.
After the first few trials, only one or two of these parameters
are actually manipulated at a time, until a desirable shape is
obtained. ,

Each surface is developed separately by four adjoining
lines. The development of the suction surface is discussed for
illustration. The development of the pressuré surface is similar
to that of the suction surface. The section of the suction sur-
face ys, between x= XS, and x=X§, is a linear third-order
polynomial that passes through points (XS,, YS,), (XS;,YS)),
and (XS,,YS,) and has the specified slope B, at the first
point. The section of the suction surface ys; between x= XS,
and x=1.0 is a linear third-order polynomial that passes
through points (XS,,YS;), (XS,,YS,), and (1.00, tan\) and
has the specified slope 8, at the last point. The section of the
suction surface ys, between x= XS, and x=XS; is a linear
fifth-order polynomial that passes through points (XS,,YS,)
and (XS;,YS;) and matches first and second derivatives with
lines ys; and ys; at the adjoining points. When the blade ge-
ometry is close to a desirable shape, ys, is changed into a
linear seventh-order polynomial that, in addition to the previ-
ous conditions, matches the slopes of the curvatures of the
lines ys,, ys,, and ys; at points (XS,,YS,) and (XS;,YS;). The
portion of the suction surface between the origin and point
(XSy, YS,) is a line ys, derived from a thickness distribution
added perpendicularly above the suction-side construction
line. This thickness distribution is of the form

T=tsr - Vx+ay - x+tag - X*tag-x>+ay - x* 3)

where #sr is an input parameter (see Table 1), and the coeffi-
cients ay, a5, a3, and a,, are derived with the conditions that
the absolute value, first and second derivatives, and the slopes
of the curvatures of lines ys, and ys, with respect to the para-
bolic construction line are equal at point (XS,, YS,).

The iterations begin by designing the surfaces between
x=XS, and x=1.00. The first step is to specify the stagger an-
gle N\ and the slopes of the surfaces near the trailing edge and
at x=XS,, then evaluate the required throat diameter o, and
next specify the points around the two surfaces in such a way
as to ensure that the throat has the required value of o. Alter-
natively, the point of tangency of the throat diameter with the
suction line can become an input parameter with small modifi-
cations to the method. To avoid récompression, the area along
the passage should be continuously decreasing. For the sub-
soni¢ cascades studied here, the slope at the suction-side trail-
ing edge should be slightly lower (negative values by 1-2 deg)
than the required outlet flow angle, and that of the pressure
side should be slightly higher (by 2-4 deg) than the required
outlet flow angle. A suggested range of values for the angle be-
tween the suction- and the pressure-surface lines at x=0.90 is
5-10 deg. Another parameter is the amount of turning of the
suction surface in the region of unguided diffusion, which is
the length of the blade on the suction surface from the throat
to the trailing edge. A suggested range of values for this angle
is 10-18 deg.

With this method, the foremost point of the blade may have
4 value that is less than zero, which means that the blade spac-
ing must be recalculated for the new axial blade chord (larger
than 1.00) using Eq. (2). If it appears that even with relatively
flat (low curvature) surfaces the leading edge is below the ori-
gin, then the stagger angle is too low (negative values). The
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Fig. 2 Parameters defining the biade.

Table 1 Parameters specifying the blades

1.00

Parameter 4060c10 3070c08 3070¢10
oy 40 30 30

oy - 60 -70 -70

Cy 1.00 0.80 1.00

A —32.00 —44.00 —46.00
Blcg 35.00 50.00 30.00
XS, 0.1000 0.2000 0.2000
YS. 0.0650 0.1500 0.1155
YS, 0.1476 0.2340 0.2200
Bsi 33.50 32.00 35.74
By —-65.70 —74.00 —72.36
XS, 0.2000 0.2000 0.2000
YS, 0.1965 0.2800 0.2684
XS, 0.4000 0.4000 0.4000
Ys, 0.1956 0.2800 0.2308
XS, 0.6000 0.6000 0.6000
YS, 0.0664 0.1180 0.0059
XS, 0.8000 0.8000 0.8000
YS, —0.2200 -0.3200 —0.4448
tsr 0.1300 0.3000 0.1000
Ble, 35.00 35.00 30.00
XP, 0.1000 0.2000 0.2000
YP. 0.0500 0.0700 0.0700
YP, —0.0350 —0.0200 —0.0120
Bpi 2.00 1.00 0.00
Bpl —-61.00 —68.00 —-67.00
XP, 0.2000 0.2000 0.2000
YP, —-0.0340 —0.0200 -0.0230
XP, 0.4000 0.4000 0.4000
YP, ~0.0635 —0.0650 —-0.1000
XPy 0.6000 0.6000 0.6000
XP, —0.1660 —0.2150 —0.2681
XP, 0.8000 0.8000 0.8000
YP, —0.3400 —-0.5200 —0.6000
tpr 0.3000 0.1500 0.3000

value of the stagger angle dictates the distribution of the turn-
ing of the flow along the passage and the distribution of aero-
dynamic loading dlong the blade. The philosophy of favoring
forward or aft turning and loading of the blades varies from
company to company. If it appears impossible to achieve a
continuous reduction in area from upstream to downstream,
even for relatively thin blades, then the stagger angle is too
high.

When the resulting blade surfaces are smooth to the eye,
finer adjustments should be made [by small changes in the y
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values of the (x,») points] while evaluating the first derivative
of the blade surfaces, which should be smooth. The next step
is to evaluate the curvature of the blade surfaces, which must
be smooth. Since the pressure and corresponding velocity
around the blades are a function of curvature, local maxima
and minima of the curvature will be reproduced on the velo-
city distribution. This may lead to the formation of local sepa-
ration bubbles at regions of deceleration, which are detrimen-
tal to performance. The above specification of the blade
surfaces is such that the curvature along the blade surfaces is
continuous, but local maxima or minima of the curvature (dis-
continuities in the slope of the curvature) affecting the per-
formance may occur at or between x=0.40 and x=0.60 when
ys, is a fifth-order rather than a seventh-order polynomial.
These can be smoothed by small changes in the y locations at
these points and by small changes in the slopes at x= XS, and
x=1.00, and later fine-tuned (by changing the spécification of
line ys, to seventh-order polynomial and by manipulating the
values of tsr and ¢pr). The flow is usually continuously accel-
erating on the pressure surface, and the Mach numbers in this
region are low. Local maxima and minima of the curvature
should be smoothed on the pressure surface but eliminating
them fully is essential only when heat-transfer considerations
are dominant (for example in turbine blades). Contrary to
that, local maxima and minima on the curvature of the suction
surface must be smoothed because they are reproduced on the
velocity distribution of that surface. The velocity and pressure
distributions at this region of the suction surface are very criti-
cal because they occur at the throat, near the throat, or in the
region of unguided diffusion for most designs, where the
Mach numbers are relatively high.

Since the thickness distributions are added perpendicularly
to the construction lines, specifying blc,=blc, will ensure
that the leading edge has a smooth transition between the suc-
tion and pressure sides. The value of this angle should be near
the inlet flow angle (+ 10 deg), but the exact value depends on
the shape of the individual blade. The parameters ¢sr and tpr
can have different values, and the points (XP.,YP,) and
(XS,,YS.) do not need to coincide. This approach is more
flexible than the usual ‘‘leading-edge wedge angle’ and
“leading-edge circle’” because it enables optimization of the
shape in the regions of diffusion that may occur near the lead-
ing edge on both sides of the airfoil. Inverse-design methods
have difficulty dealing with points near the leading edge, and
overspeed regions due to the leading-edge circle are difficult to
correct.

Performance Characteristics

The objective of the airfoil is to generate lift by curving the
flow while minimizing losses. Losses are generated by the im-
balance of pressure at inlet and exit (profile or form drag) and
by shear forces between the fluid and the airfoil (skin-friction
drag). Both forms of drag are generated by the presence of
boundary layers around the blades. Therefore, the perform-
ance characteristics of blades must be examined while estimat-
ing the effects of the flowfield on the boundary layers. Predic-
tions of this sort are difficult because the Reynolds numbers in
turbine blades are in the regions of transition between laminar
and turbulent boundary layers. The nature of the boundary
layer depends on surface roughness and curvature, freestream
turbulence, and the local effects of two-dimensional and
three-dimensional disturbances. The presence of laminar or
turbulent boundary layers affects the shape of the outer layer
of the displacement thickness, the nature of the reattachment,
the length and shape of the separation bubbles, and the heat-
transfer characteristics, which radically change the demands
on cooling flows and, thus, on the shape of the airfoils around
the leading and trailing edges. There are also three-dimen-
sional effects generated by radial redistribution of flow and
three-dimensional effects due to the passage vortex (created by
the turning of vorticity generated by end-wall boundary layers
at the inlet). The above are unsteady effects generated in
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steady flow. In addition, there are unsteady effects due to im-
pingement of wakes and vortices from upstream blade rows
and due to potential interaction effects between neighboring
blade rows.

These phenomena (especially the three-dimensional effects
of secondary flows) are not all very well understood to date,
but treatises on them have been published by Gostelow!? and
Sieverding,'® while supporting experimental results have been
published by Sharma,!* Han,'> Hodson,!® Roberts,!’
Hourmouziadis,'® and others. Blade design is affected in three
major ways by the development of the boundary layer. First,
in the region of unguided diffusion there is an adverse pressure
gradient on the suction side that induces separation near point
A in Fig. 1.1 Second, on both sides of the leading edge there
may be a region of sharp change of curvature where the
leading-edge circle blends with the two surfaces near points B
and C in Fig. 1, which are called overspeed regions and may
induce separation bubbles. !¢ Third, depending on the shape of
the pressure surface, there may be a diffusing region between
points C and D in Fig. 1. The blade-design method presented
here deals in an optimal fashion with the problem at all these
points. At points B and C there is no blending with a leading-
edge circle and the designer can control the curvature by vary-
ing the input until the curvature of the surfaces are smooth.
The five points that control the shape of the pressure surface
provide enough flexibility for the control of the expansion bet-
ter than other methods (for example, the third-order polynom:
ial suggested by Pritchard'®). If after the first direct-method
calculation it is found that there is indeed diffusion near point
D or between points C and D, then the points controlling the
surface must be lowered to eliminate the problem. Finally, the
problem at point A can be minimized by careful control of the
curvature in that region (but the adverse pressure gradient and
the unguided diffusion are characteristics of the passage and
cannot be eliminated entirely). One frequently used parameter
here is the ratio of the maximum flow velocity on the suction
surface divided by the flow velocity at the trailing edge, which
is called the diffusion ratio. For blade rows of low C;(<0.9)
[see Eq. (2)] one should aim for diffusion ratios less than 1.25;
for blade rows of high C; (> 1.0), the diffusion ratio may be a
little higher.

Sample Blades

The sample cases presented here have been designed for rel-
ative exit Mach number of 0.80, and they have been analyzed
with the use of the steady-flow calculation of Giles’ computer
program UNSFLO.?%2! (The blade-design method presented
in this paper can be used to design blades that subsequently
will be analyzed by any direct- or inverse-calculation method.)
Since UNSFLO is currently an inviscid program, pointed trail-
ing edges have been specified. The shapes analyzed are
assumed to be the outside of the boundary-layer surfaces (with
the displacement thickness), and the stagger angles are slightly
higher than those suggested by Kacker.® In the following blade
notation, the first two digits refer to the inlet flow angle in de-
grees, the next two digits refer to the outlet flow angle in de-
grees, and the last two digits (separated by a ‘“c’’ from the first
four) refer to the tangential-lift coefficient given by Eq. (2).
For example, blade 4060c10 refers to a blade with inlet flow
angle of 40 deg, outlet flow angle of 60 deg, and tangential-
loading coefficient of 1.00. Table 1 gives the parameters that
define (and can reproduce according to the method presented
above) the geometry of the blades. The geometry and the per-
formance of 13 blades have been included.in Ref. 1 in this
fashion. Similarly, the geometry and the performance of five
of those blades have also been included in Ref. 22.

Figure 3 shows the curvature of the blade surfaces of the
4060c10 blade and another blade whose parameters are a little
different (from x=0.10 to x=1.00). The differences between
the two blades are so small that they can be seen only on en-
largements of very small sections of the surfaces; they are well



APRIL 1989

4.00 suctlon,shghtly different blade
( suction, blade of table 1

B’J \ \ /' \

Jast / NI

21 N\

= X

2, \

g N

(@] \

o5 Al
A(da{da‘ \ " )\@A\Ms
0.00 pressure surface S—
0.00 AXIAL X 1.00

Fig. 3 Curvature of the surfaces of blade 4060c10.

1.00 : : :
blade of table 1
T i
g1l slightly different blade /%
)
Z
®
<
= 7
0.00

0.00 AXIAL X 1.00

Fig. 4 Surface Mach number distribution of blade 4060c10.

within the order of magnitude of the boundary-layer displace-
ment thickness. The solid lines correspond to the parameters
of the blade shown in Table 1. The surface Mach number dis-
tributions are shown in Fig. 4. There is a direct correspond-
ence between the shape of the curvature and the shape of the
Mach number distribution (which was expected, since the
governing equations are a strong function of the local radius).
The effect is more pronounced on the suction side because the
Mach number is higher. The small discontinuities in Mach
number distribution around x=0.10 can be smoothed by an
inverse-design program, but the performance shown here is
already satisfactory. The corresponding passage Mach
number distribution (for the blade whose parameters are in
Table 1) in increments of 0.05 is shown in Fig. 5.

Figure 6 shows the curvature of the blade surfaces of the
3070c08 blade. The corresponding surface Mach number dis-
tributions are shown in Fig. 7. Again, there is a direct corre-
spondence between the shape of curvature and the shape of
the Mach number distribution. In this blade there is some dif-
fusion on the pressure surface (in the region between points C
and D in Fig. 1). This situation would be improved by low-
ering the y values of the blade surfaces in that region. The cor-
responding passage Mach number distribution in increments
of 0.05 is shown in Fig. 8.

The curvature of the suction surface of blade 3070c¢10 is
similar to the solid line shown in Fig. 3 for blade 4060c10. The
corresponding surface Mach number distribution of blade
3070c10 (solid line) and that of the same blade as modified
after a few inverse-design iterations (broken line) are shown in
Fig. 9. The program ISES, developed by Drela and Giles,® was
used for the inverse-design calculations. The differences be-
tween the two blades are so small that they can be seen only on
enlargements of very small sections of the surfaces. The corre-
sponding passage Mach number distribution (for the blade
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Fig. 5 Passage Mach number distribution of blade 4060c10 (Mach
number increment of 0.05).
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Fig. 6 Curvature of the surfaces of blade 3070c08.
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Fig. 7 Surface Mach number distribution of blade 3070c08.

whose parameters are shown in Table 1) in increments of 0.05
is shown in Fig. 10.

If the blades were designed for a higher exit Mach number,
then the curvature of the suction surfaces near the trailing
edges would be lower (flatter surface) for the same diffusion
ratio. This would change accordingly the other parameters of
the blade. For supersonic Mach numbers some back curva-
ture may be required for acceptable performance.
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Fig. 10 Passage Mach number distribution of blade 3070c10 (Mach
number increment of 0.05).
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Conclusions

A new parametric blade-design method has been intro-
duced. The method can be used to design subsonic or super-
sonic blades for compressors or turbines, or isolated airfoils,
but the discussion in this paper is limited to subsonic-exit tur-
bine blades. The blade shapes are specified by a few points and
other geometric parameters on the blade surfaces. This
method permits the user to specify the leading edge by two
thickness distributions around two independent construction
lines, thus avoiding the overspeed regions near the leading
edge (because it does not employ the usual blending in of the
curvatures near the leading-edge circle). The discontinuities in
curvature occur at higher axial locations where they can be
smoothed by iterations or by inverse design methods without
affecting the performance in the leading-edge region. It is
found that the blade performance, judged by the shape of the
surface Mach number distribution, is very sensitive to changes
in the slope of the curvature of the blades. The performance is
extremely sensitive to small changes of the surface geometry
(changes of smaller order of magnitude than the boundary-
layer thickness or small erosion damage). Diffusion on the
pressure side, if it occurs, can be eliminated by lowering the
pressure side (thickening the blade in that region). The per-
formance curves of three representative blades are used for
discussion.
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