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ABSTRACT
The most recent correlations for turbine profile losses at offdesign incidence include the leading-edge diameter as the only
aspect of the leading-edge geometry which influences the losses.
Cascade measurements are presented for two turbine blades which
differ primarily in their leading-edge geometries. The incidence
was varied over a range of ±20 degrees and the results show
significant discrepancies between the observed profile losses and
those predicted by the available correlations. Using data from the
present experiments, as well as cases from the literature for which
sufficient geometric data are given, a revised correlation has been
developed. The new correlation is a function of both the leadingedge diameter and the wedge angle, and it is significantly more
successful than the existing correlations. It is argued that the offdesign loss behaviour of the blade is influenced by the magnitude
of the discontinuity in curvature at the points where the leadingedge circle meets the rest of the blade profile. The wedge angle
appears to be an approximate and convenient measure of the
discontinuity in curvature at these blend points.

Cx
d
H
i

= blade axial chord
= diameter of leading-edge circle
= blade span
= a, - a,. ,, = incidence

K

= v V
d
= acceleration parameter

119lu1^►[03iy101:14

V2

= Mach number

P
Pb
P°

= static pressure
= base pressure
= total pressure

s
t
V

= blade pitch or spacing
= trailing-edge thickness
= velocity

w

= s cos y = passage width

We

= leading-edge wedge angle (in degrees)

Y

=

P°2 P°I
1=
2
total pressure loss coefficient
-

2pV

AVR

=

Vx 2 dni
= axial velocity ratio

°
f0

S

5

Vx l dth

C

= blade chord

Cp

= 12 = static pressure coefficient

P -P 1

2 pV1
Pb _ j, 20

Cpb=

1= base pressure coefficient

2p

V2_

a
= flow angle, measured from the axial direction
13= blade metal angle, measured from the axial direction
y
= blade stagger angle, specific heat ratio
8
= boundary layer thickness

=

f

0 s ^I

- V dy = boundary layer displacement
thickness
e)

= r a V ( 1 - V ' dy
= boundary layer momentum
J0 V
VI
thickness

Presented at the International Gas Turbine and Aeroengine Congress & Exposition
Houston, Texas - June 5-8, 1995
This paper has been accepted for publication in the Transactions of the ASME
Discussion of it will be accepted at ASME Headquarters until September 30,1995

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1995/78781/V001T01A075/2405894/v001t01a075-95-gt-289.pdf by guest on 02 July 2022

INFLUENCE OF LEADING-EDGE GEOMETRY ON
PROFILE LOSSES IN TURBINES AT OFF-DESIGN INCIDENCE:
EXPERIMENTAL RESULTS AND AN IMPROVED CORRELATION
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EXPERIMENTAL RESULTS
INTRODUCTION
Turbine design is an iterative process involving a trade-off
between the aerodynamic performance at design and off-design
conditions. Furthermore, the design will be influenced by nonaerodynamic factors. For example, durability considerations will
impose certain cross-sectional area and maximum thickness
requirements on the airfoils. These requirements might be met
by using large leading-edge diameters. However, large leadingedge diameters will increase the losses and heat loads at the
design condition, due to the increase in size of the associated
horseshoe vortices. On the other hand, the large diameters will
make the airfoils more tolerant to off-design incidence. Thus, a
careful balance must be struck in the design process in an effort
to satisfy a large number of sometimes conflicting requirements.
Empirical loss correlations and meanline analysis continue to
play an important role in this process, particularly in the early
stages of design. Therefore, there is an on-going need to review
and improve these correlations.
Probably the most widely used empirical loss system for axial
turbines is that due to Ainley & Mathieson (1951). The Ainley
& Mathieson system is a complete system in that it includes
correlations for all the components of the loss and for both design
and off-design conditions. It was subsequently modified by
Dunham & Came (1970) to reflect the improved understanding of
some aspects of the flow, notably the secondary flows. Further
improvements to the design-point correlations were presented by
Kacker & Okapuu (1981). Craig & Cox (1971) and a few other

Cascade Test Section

All measurements presented here were obtained in the linear
cascade test section shown schematically in Figure 1. Two
cascades, designated CC2 and CC3, were examined. The sets of
five blades are mounted on a turntable which allows the incidence
to be varied over a wide range. The side flaps and tailboards are
used to adjust the inlet flow uniformity and the outlet flow
periodicity.
The data for CC2 were obtained primarily during a study of the
effects of axial velocity ratio (AVR) on turbine cascade
measurements (Rodger et al., 1992). The endplates shown in the
figure are adjustable and allow the divergence of the streamtube
through the cascade, and thus the axial velocity ratio, to be varied.
For both cascades in the present study, the AVR was varied at
each incidence to provide data over a range which included
AVR = 1.0. The loss coefficients presented here are the
interpolated values at AVR = 1.0. In addition to adjusting the
AVR values, the spanwise distributions of the losses were
examined at all values of incidence. In all cases there was a
reasonable extent of constant loss about the midspan of the blade.
Thus, the results are as two-dimensional as can be reasonably
achieved in a cascade of fairly low aspect ratio.
All measurements were made at a constant Reynolds number of
3.0±0.1 x 10 5 based on inlet velocity and true chord. The velocity
at the cascade inlet was typically about 30 m/s so that conditions
were essentially incompressible. The normal turbulence intensity
at the cascade inlet is about 0.3% and most measurements were
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researchers have also proposed complete loss systems, but these
are not as widely used as those based on Ainley & Mathieson's
work.
In 1990, Moustapha et al. (1990) reviewed the available
correlations for profile and secondary losses at off-design
conditions and compared them with a range of recent
measurements. The authors concluded that the existing
correlations do not adequately account for recent improvements in
airfoil design and are no longer as reliable as they once were.
Based on the substantial database of measurements which they
had collected, the authors devised new correlations for the profile
and secondary losses. These were significantly more successful
at correlating the data than the Ainley & Mathieson correlations.
Drawing on the work of Mukhtarov & Krichakin (1969), and
unlike Ainley & Mathieson, Moustapha et al. included the
leading-edge diameter as a correlating parameter. The new offdesign correlations were intended for use with the Kacker &
Okapuu design-point correlations to form a complete loss system.
To verify the Moustapha et al. correlations and to investigate
further the influence of the leading-edge geometry on the offdesign behaviour of turbine blades, an experimental study was
initiated in a low-speed cascade wind tunnel. This paper presents
the results obtained for the profile losses. Two blade designs
which differ mainly in their leading-edge geometries have been
investigated. Based on the results an improved correlation for offdesign profile losses is introduced.
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Fig. 1. Schematic of Variable-Incidence Test Section.

obtained under these conditions. The inlet turbulence intensity for
CC3 was also increased to about 3% using a grid (Whitehouse, et
al., 1993), but this was found to have very little effect on the loss
behaviour of this blade: at both design and off-design incidence,
differences in measured losses were close to the uncertainty in the
measurements.

PLANE 2

c
PLANE 1

Blade and Cascade Geometries

The geometries of the two cascades are summarized in Figure
2. Cascade CC2 represents the midspan section of a power
turbine blade. This cascade has been used extensively in the past
primarily for studies of off-design profile losses (eg. Goobie et al.,
(1989), Tremblay et al., (1990), and Rodger et al. (1992)). After
the development of the Moustapha et al. (1990) correlation,
cascade CC3 was fabricated to examine further the influence of
leading-edge geometry on the off-design losses. The two blades
were designed for same inlet and outlet flow conditions using the
same turbine-profile design system.
As shown on Figure 2, CC3 has a leading-edge diameter roughly
twice that of CC2. This would normally be expected to reduce
the sensitivity to off-design incidence. To maintain similar blade
pressure distributions for the two blades, which required that
maximum thickness be essentially the same and at the same
chordwise location, the leading-edge wedge angle for CC3 was
reduced to 43° from the value of 52.4° used for CC2. Figure 3

shows that the pressure distributions measured for the two blades
at the design incidence were in fact very similar.

Cascade Parameters

Blade span, H (mm)
Blade spacing, S (mm)
True chord, C (mm)
Axial chord, Cx (mm)
Stagger angle, y (deg.)
t M„ x!C
Inlet metal angle, R, (deg.)
Outlet metal angle, 3 2 (deg.)
Leading-edge diameter (mm)
Leading-edge wedge angle (deg.)
Trailing-edge thickness (mm)

CC3

CC2

200
110.7
162.3
149.4
21.6
0.196
25.5
57.5
16.7
43.0
4.2

200
110.7
162.8
150.0
23.1
0.182
29.3
57.5
9.43
52.4
4.2

Experimental Procedures

All flowfield measurements were obtained with a three-hole
pressure probe. The probe tip had a width of 2 mm and a
thickness of 0.7 mm. The probe pressures were measured with
capacitive-type pressure transducers and recorded using a
microcomputer-based data acquisition system. The corresponding
flow quantities are estimated to have the following accuracies:
total and dynamic pressures, ±1% of the local dynamic pressure;

Fig. 2. Blade and Cascade Geometries.

flow angles, ±0.5°; and mass-averaged total-pressure loss
coefficients, ±5%. The values of incidence angle are estimated to
be accurate to ±0.5°.
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Fig. 3. Blade Pressure Distributions at Design Incidence.

Fig. 4. Variation of Midspan Loss Coefficients.

One blade from each cascade is also instrumented with 11 rows
of static taps, each row having 43 taps. One of the taps is located
on the trailing edge to give the base pressure. For the present
measurements only the midspan rows of taps were used.
The locations of the upstream and downstream traverse planes
are indicated on Figure 2. The losses quoted later are fully
mixed-out values calculated assuming mixing at constant area
from the downstream plane.

by AVR > 1.0 has the effect of shifting the separation point closer
to the trailing edge. At a given incidence, this leads to lower
profile losses than would be the case for more closely twodimensional flow. As a result, the Tremblay et al. measurements
gave lower losses at large positive incidence and therefore better
agreement with the correlation..
For use in later discussion, some of the blade pressure
measurements are also presented.
Figure 5 shows the variation in the blade pressure distributions
at positive incidence for CC3. As incidence increases, a velocity
overshoot appears on the suction side at the leading edge and,
whereas at design incidence the flow is accelerated up to about
midchord, at higher values of incidence the flow is decelerated
along the full length of the suction surface. Figure 6 shows the
pressure distributions for the two blades at +20 degrees of
incidence. The mismatch in static pressures at the trailing edge
is probably the result of the difference in the axial velocity ratios
for the two sets of measurements. However, the difference in the
suction peaks on the forward part of the blades seems to be too
large to explain in this way. Nor does the uncertainty in the
incidence angle seem adequate to explain the difference. In fact,
the suction peak would have been expected to be milder for CC3
because of its larger leading-edge diameter. Instead, some other
factor is evidently amplifying the suction peak.
As already noted, the agreement between the present
measurements and the Moustapha et al. correlation was somewhat
poor. This prompted a re-examination of the correlation and the
results of this are presented next.

Results for Off-Design Incidence

Figure 4 shows the measured profile loss coefficients for the two
cascades as a function of incidence. The corresponding
predictions using the classical Ainley & Mathieson (AM) and the
Kacker & Okapuu/Moustapha et al. (KOM) loss systems are also
shown. The AM values are essentially the same for the two
blades since the only relevant parameter which varied was the
maximum thickness-to-chord ratio and it changed by only a small
amount. While the KOM system matches the data somewhat
better, the change in losses predicted by the Moustapha et al.
correlation, due to the change in leading-edge diameter, was not
reflected in the data for CC2 and CC3 at positive incidence. This
suggests a need to re-examine the influence of leading-edge
geometry on off-design profile losses.
It should be mentioned that data for CC2 had earlier been
compared with the Moustapha et al. correlation with apparently
better agreement than is shown here, notably at large positive
incidence (Tremblay et al., 1990). However, these earlier
measurements were conducted at rather large values of axial
velocity ratio (estimated at as high as 1.08 for +20 degrees of
incidence). Concern about the effect of this on the measurements
led to the investigation of AVR by Rodger et al. (1992). This
study showed that modest flow convergence (AVR > 1.0) has
only a mild effect on the measured losses, provided there is no
significant trailing-edge separation. However, when separation is
present the imposed favourable pressure gradient which is implied

IMPROVED CORRELATION
Discussion

As will be shown later, the Moustapha et al. correlation for offdesign profile losses has been modified to include the effect of the
leading-edge wedge angle. This resulted in a noticeable
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It is plausible that a pressure disturbance would occur at this point
since there would normally be a discontinuity in curvature there.
In his detailed examination of the boundary layer on a turbine
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rotor blade, Hodson (1985) likewise noted the occurrence of a
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J -1.5
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in a region of overall favourable pressure gradient. In fact, he
concluded that transition was not necessarily completed in the
bubbles and that the subsequent favourable pressure gradient
could in any case cause relaminarization of the boundary layer.
More recently, Walraevens & Cumpsty (1993) specifically
examined the leading-edge flow using a plate mounted in a wind
tunnel. The incidence and the freestream turbulence were varied
and both circular and elliptic leading edges were considered.
Separation occurred at the same point, a short distance upstream
of the blend point, under most conditions. The authors explicitly
link the likelihood of separation to the magnitude of the
discontinuity in curvature at the blend point. Thus, the
appearance of separation was delayed to a higher angle of
incidence for the elliptic leading edge because of its milder
discontinuity in curvature. Raising the level of freestream
turbulence shortened the separation bubble somewhat but, for the
circular leading edge in particular, did not prevent the appearance
of the separation bubble or change the location of the separation.
Boundary-layer measurements made downstream of the bubbles
showed a substantial increase in momentum thickness as the
extent of the bubble increased. This loss of momentum would be
due to the mixing losses occurring in the free shear layer as well
as the fact that the layer reattached turbulent. It should be noted
that for all of the cases considered, the bubbles were reattaching

0.0
0.5
10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

=IC:

Fig. 5. Effect of Positive Incidence on Blade
Pressure Distributions (CC3).

a.0

-3.5
.3.0

-2.5
.2.0
.1.5
-1.0
.0.5

0.0

in a region of adverse pressure gradient.

0.5

1.0
0.0

0.1

0.2

0.3

0.4

0.5
xICx

0.6

0.7

0.8

0.9

The profile losses are taken to include the loss production in the
blade-surface boundary layers as well as at the trailing edge.
With some simplifying assumptions, Denton (1993) relates the
profile losses to the boundary layer parameters at the trailing edge
and the trailing edge conditions as follows:

1.0

Fig. 6. Blade Pressure Distributions at +20 0 Incidence.

y _ 28 + ^

improvement in agreement with the present experimental data as
well as with the data from the literature for which the wedge
angle was available. This section examines the physical
relationship between the leading-edge geometry and the profile
losses, in an attempt to explain why the wedge angle should
appear in the correlation.
The importance of the details of the leading-edge geometry has
been recognized for some time. For example, Stow (1985)
discusses the redesign of the leading edge of a turbine airfoil to
remove a "spike", or local overshoot, in velocity very close to the
leading edge. Stow does not explicitly identify the origin of the
spike, but it appears to be associated with the blend point where
the leading-edge circle meets the rest of the suction-side profile.

S'+t

j Cr,t (1)

W W) W

where t is the trailing-edge thickness and w is the passage width.
The first term accounts for the direct loss production in the
boundary layers. The momentum thickness in this term is
particularly influenced by the location of boundary-layer transition
as well as by the mixing at the edge of any separation bubbles
which may be present. The second term is the sudden-expansion
loss at the trailing edge, where the blockage associated with the
boundary-layer displacement thickness contributes to the effective
change in area. The final term accounts for the retarding force
which would be exerted by a low base pressure. The influence of

the leading-edge geometry on the profiles losses should thus be
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sharp velocity overshoot at the blend point. As Hodson observed,
this overshoot may often be missed in blade loading
measurements since it is of short extent and can easily fall
between static taps. This is almost certainly the case for the
present measurements with CC2 and CC3. Hodson found that the
bubbles quickly reattached since the velocity overshoot occurred
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Fig. 7. Predicted Flow around Leading Edge
at Design Incidence (Potential Flow Calculation).

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

©[.M

Fig. 8. Predicted Flow around Leading Edge Effect of Incidence (Potential Flow Prediction).
influence on the losses: the bubble will tend to be longer, with
greater loss production, and transition will probably be necessary
for its reattachment. In turn, a geometric factor which tends to
make the bubble larger will also tend to increase the losses.
Potential-flow calculations for the flow in the leading-edge region
of both blades are shown in Figure 8 for a small range of positive
incidence angles. It is seen that at a given incidence the velocity
spike continues to be stronger for CC3 than for CC2, whereas one
would have expected the larger diameter of CC3 to moderate the
overshoot. The blade-surface measurements also showed
consistently higher suction peaks for CC3, as indicated in Figure
5. Thus, it appears that the curvature discontinuity continues to
influence the flow by amplifying the normal suction peak at the
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explained mainly through its influence on the boundary-layer
parameters at the trailing edge. This influence would be expected
to make itself felt mainly up to the onset of trailing-edge
separation, at which point the last two terms begin to dominate
the losses. The boundary layers on the suction surface of
turbomachinery blades are normally turbulent by the time they
reach the trailing edge. Thus, although the onset of separation is
influenced by the thickness of the incoming boundary layer, the
angle of incidence at which separation begins should be
determined mainly by the blade pressure distribution. Therefore,
any conclusions about the influence of the leading-edge geometry
on losses are expected to hold mainly for negative incidence and
for positive incidence up to the onset of significant trailing-edge
separation.
In the light of Equation (1) and the earlier experimental studies,
the following picture is proposed for CC2 and CC3.
Considering first the design incidence, both profiles experience
a leading-edge velocity spike, although in the measured results
(Figure 3) this was evident only for CC3. Figure 7 shows the
suction-surface velocity distributions for both profiles as predicted
using a blade-to-blade potential flow code. It is clear that the
spikes are directly related to the two blend points. The blend
point for CC3 is further from the leading edge, consistent with the
smaller wedge angle. As noted earlier, the wedge angle was
chosen to give roughly the same maximum thickness for the two
profiles. However, on geometric grounds the smaller wedge angle
will also tend to give a larger discontinuity in curvature at the
blend point, and this is confirmed by the stronger velocity spike
experienced by CC3. The strong adverse pressure gradient
immediately after the spike may be sufficient to separate the
boundary layer which will be laminar at that point. Normally
transition would occur quickly in a laminar separation bubble,
which then allows it to reattach. However, since the overall
pressure gradient quickly reverts to strongly favourable, a
transitional or even laminar separation bubble should be able to
reattach here. Furthermore, even if transition had commenced it
might well be followed by relaminarization due to the
acceleration. The value of the acceleration parameter K is in fact
higher than the suggested critical value (eg. Mayle, 1991) of about
3 x 10-6 for a short length after the velocity spike. In any event,
surface flow visualization conducted on the suction surface of
both blades strongly suggested that transition occurred naturally
over a distance from about 50 to 70% of the chord length. Thus,
while separation bubbles might have been present, they were
evidently very short and did not trigger transition. For both
reasons, they would have had relatively little effect on the
boundary-layer development and therefore on the losses generated
on the blade surfaces.
The picture changes as the incidence becomes positive. As seen
from Figure 5, at positive incidence a normal overspeed develops
at the leading edge. At the higher values of incidence a short
separation bubble was also apparent from the surface flow
visualization. Furthermore, once the incidence exceeds about 10
degrees the pressure gradient is adverse over essentially the whole
of the suction surface. As a result of the adverse pressure
gradient, the leading-edge separation will begin to have a greater
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Fig. 10. Moustapha et al. (1990) Correlation for
Profile Losses at Off-Design Incidence.

leading edge. For these reasons, one would likewise expect the
curvature discontinuity to continue to influence the profile losses,
at least up to the appearance of significant separation at the
trailing edge.
For negative incidence, the discontinuity in curvature at the
pressure-side blend point comes into play to encourage the
occurrence of a pressure-side separation bubble. This bubble is
expected to reattach under most circumstances, but the mixing at
the edge of this and the likely turbulent state of the subsequent
boundary layer will increase the loss production on the pressure
surface. Again, these losses will be influenced by the severity of
the discontinuity in curvature through its influence on the
appearance and chordwise extent of the separation bubble.
To summarize, it is believed, as has been suggested by a few
other researchers, that the strength of the discontinuity in
curvature at the leading-edge blend points will influence the trend
in losses at off-design values of incidence. Obviously, it would
be very inconvenient to have the curvature discontinuity appear
explicitly in the profile-loss correlation. However, it is suggested
that the value of the leading-edge wedge angle is a reasonable,
approximate measure of the curvature discontinuity: larger values
of wedge angle will tend to produce smaller discontinuities, and
vice versa. Therefore, the use of the wedge angle in the revised
correlation is interpreted as a convenient alternative to using the
curvature discontinuity directly.
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Fig. 11. Evaluation of Moustapha et al. Correlation.
a total of 13 cascades. Data for a very wide range of wedge
angles and ratios of leading-edge diameter-to-spacing are included.
Those sources of data which are in the open literature are
identified in the list of references.
To demonstrate the improvements achieved with successive
correlations, the data are compared with the Ainley & Mathieson,
the Moustapha et al., and, finally, the new correlation.
Figure 9 compares the incremental losses predicted by the
Ainley & Mathieson correlation with the measured values,
expressed as changes to the kinetic-energy coefficient. Predicted
values of IOo 2 I which exceeded 0.12 have been plotted along the
top edge of the figure. Ainley & Mathieson's correlation was
based on cascade data obtained in the 1940's and 50's whereas the

New Correlation

The new correlation is a revised version of the correlation of
Moustapha et al. (1990). The latter correlation was based on data
from 19 cascades. Unfortunately, the values of the leading-edge
wedge angles were not quoted for all of these cascades.
Therefore, the present correlation is based on a subset of 8 of the
cascades from the earlier database together with data for CC2,
CC3 and the three cascades of Perdichizzi & Dossena (1993), for
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Fig. 12. Improved Correlation for Profile Losses
at Off-Design Incidence.
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largest differences between predictions and measurements are seen
to occur at large values of incidence (that is, for large values of
i0o 2 I) Nevertheless, the correlation must be regarded as
excellent. For use in computations, the following polynomials
have been fitted to the data:

2

COSF
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Fig. 13. Evaluation of Improved Correlation.

measured values are mostly from cascades of recent design. As
might be expected, the Ainley & Mathieson correlation does not
reflect the improvements in turbine design and tends to over
predict the off-design losses.
Moustapha et al. correlated the incremental losses with the
incidence, the channel acceleration and the ratio of the leadingedge diameter to the spacing using the incidence parameter

xd 1.6^coso,^

0.02

a l, des '

+a 7X 7+a 6x 6+a 5x 5(2a)

a4x 4+ a3y

3 +

a2 x

2+

a1X

where

The resulting correlation is shown in Figure 10 and the evaluation
of its accuracy is shown in Figure 11. Comparison with Figure
9 shows that it is significantly more successful than the Ainley &
Mathieson correlation, although it still noticeably over or under
predicts the losses for some cascades.
The new correlation is shown in Figure 12 and the
corresponding evaluation in Figure 13. The new incidence
parameter takes the form

a s = +3.711x10

-7

a 7 = - 5.318x10

-6 ,

a 6 = +1.106x10

-s ,

a 5 =+9.017x10

-s ,

a 4 =- 1.542x10

-4 ,

a 3 =-2.506x10

-a ,

a 2 =+1.327x10

-3 ,

a 1 =- 6.149x10

-s ,

for a>_0,and
OAP = 1.358x10-4x2-8.720x10-4X

(2b)

i.a

-o.os
x _ d We
o.z COSQ1
S
COs
^ai

for x<0.
Like the Moustapha et al. correlation, the new one is expressed
in terms of a change to the kinetic-energy coefficient, 0 2 , because
that parameter varies more weakly with Mach number than does,
for example, the more usual total-pressure loss coefficient, Y.
However, conversions between 0 2 and Y are easily made using

a l.

2

As indicated, the influence of the leading-edge diameter is now
much smaller and a significant dependence on wedge angle has
been introduced. The revised correlation is seen to be
considerably more successful in correlating the data. This applies
equally to cascades CC2 and CC3, the data for which are included
on the figures. Even the data at large positive incidence seem to
be quite well correlated. However, the rapid rate of increase in
the losses makes the collapse of the data appear slightly better
than it actually is. This is evident from Figure 13 where the

Y
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- Y21
2
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where M 2 is the Mach number at the outlet of the blade row
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