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DESIGN AND TWO-DIMENSIONAL CASCADE TEST OF TURBINE STATOR

BLADE WITH RATIO OF AXIAL CHORD TO SPACING OF 0. 5

by Roy G. Stabe

Lewis Research Center

SUMMARY

The design of very low-solidity turbine stator blades is described, and the results of
an experimental investigation of the performance of these blades is presented. The
blades were designed for a velocity diagram typical of the first stage of a jet engine
turbine. The blade design criterion was high blade loading effectiveness. The perform-
ance of the blades was investigated experimentally in a simple two-dimensional cascade
of six blades. The results of these tests are summarized as follows;

The flow apparently remained attached to the suction surfaces of the blades up to an
ideal exit velocity ratio (v/vcr). , , of about 0. 7. At higher exit velocity ratios, separa-
tion began to occur. The separation and kinetic energy loss increased gradually up to
an exit velocity ratio of about 0. 77. At this point, separation and loss increased rapidly.
At exit velocity ratios higher than 0.81, separation became severe. The rapid increase
in separation and loss was correlated to the occurrence of supersonic velocities on the
blade suction surfaces. The rapidly increasing separation and loss were probably in-
fluenced by shock interaction with the boundary layer.

A high blade loading effectiveness was achieved. At an exit velocity ratio of 0. 75,
the blade loading effectiveness was 0. 715. However, a velocity peak occurred on the
suction surface of the blade at about 75 percent of the axial chord. A modification of the
suction surface to reduce these peak velocities would increase the blade loading effective-
ness and delay the rapid increase in separation and loss to higher exit velocities.

The wide blade spacing and the high curvature and angles on the suction surface of
the blade caused large variations in flow angle, static pressure, and weight flow across
the channel in the plane of the trailing edge. The highest values of flow angle and static
pressure and the lowest value of weight flow occurred near the suction surface of the
blade.

The variation of velocity and flow angle across the channel in the plane of the trailing
edge and the blade surface velocities was very close to the values predicted by a computer
program similar to the one used in the design of the blades.



INTRODUCTION

The NASA Lewis Research Center is engaged in a program investigating advanced
concepts to increase turbine blade loading. The use of highly loaded blading effects a
reduction in turbine size and weight through the use of fewer stages, a smaller diameter,
or fewer blades. The use of fewer blades in high-temperature applications also re-
duces the blade cooling air requirement.

As the number of blades (the solidity) decreases, the force or loading on each blade
must, of course, increase. The higher loading is evidenced by higher velocity on the
suction surface of the blades and also by larger deceleration or diffusion. This larger
diffusion is associated with higher loss and eventual flow separation. The design of
highly loaded blading thus depends on the minimization of diffusion and its effects.
Stewart and Glassman (ref. 1) showed that, for a given velocity diagram, the product
of solidity (based on axial chord), blade loading effectiveness, and a form of suction
surface diffusion is constant. For a given velocity diagram, then, low solidities can be
obtained by maximizing the product of diffusion and loading effectiveness. Although
both factors are related, the two approaches suggested are directed at obtaining (a) high
suction surface diffusion in conjunction with boundary layer control devices and (b) high
loading effectiveness. In general, boundary layer control devices deal primarily with
increasing the permissible level of diffusion prior to flow separation. References 2
to 4 are representative of studies made oh two such devices, namely, tandem and jet
flap blades. Efforts to reduce the solidity of plain blades, in general, deal with in-
creasing the loading effectiveness. This report is concerned with studying the perform-
ance of a plain blade designed for a very low solidity by utilizing a high loading effective-
ness,

A typical stator blade was arbitrarily selected to approximate design conditions in
terms of an imposed velocity diagram. The-blades selected are described by Whitney
et al. (ref. 5). These blades were designed for a velocity diagram typical of the first-
stage stator of a jet engine turbine and yielded an efficiency of 0. 965. The solidity,
based on axial chord, was 1. 0 at the mean radius. This solidity is less than the optimum
value obtained from such standard references as Zweifel (ref. 6) or Miser, Stewart,
and Whitney (ref. 7). The solidity of the subject blade was reduced to 0. 5, which is
one-half that of the reference blade. For the same velocity diagram, this is equivalent
to doubling the blade loading. The purpose of the program, then, is to design blades
that achieve this very high loading without sacrificing the high efficiency of the refer-
ence blades.

The performance of the blades was investigated experimentally in a simple two-
dimensional cascade of six blades. The principal measurements were blade surface
static pressure and cross-channel surveys of exit total pressure, 'static pressure, and



flow angle. These data were taken at several ideal exit critical velocity ratios between
0. 59 and 0. 81. The results of the experimental investigation presented include the blade
loading in terms of the blade surface pressures and the overall performance in terms of
the loss and blade loading coefficients. Also included is a comparison of the experiment-
ally and analytically obtained blade surface velocity distribution and the cross-channel
variation of velocity and flow angle.

SYMBOLS

a distance along axial chord from blade leading edge, in.; cm

C blade axial chord, in. ; cm

D blade suction surface diffusion factor, (pj - p . )/(p1
t - PQ)s i s , m m / l o

- 2 / 2e kinetic energy loss coefficient, 1 - V ~ / V o -^
2 'p absolute pressure, psi; N/cm

s blade spacing or distance in tangential direction, in.; cm

v velocity, ft/sec; cm/sec

a flow angle, deg from axial
3 3p density, Ib/ft ; kg/cm

i// loading effectiveness parameter

i// Zweifel loading coefficient
/.i

Subscripts:

cr flow conditions at Mach 1

id ideal of isentropic process

max maximum value

min minimum value

s blade suction surface

1 station at blade inlet

2 station at blade exit survey plane

3 station at blade exit where flow conditions are assumed uniform

Superscript:
1 total state condition



BLADE DESIGN

The blade design was based on the stator blades described in reference 5. The
reference blades were designed for velocity diagrams typical of the first-stage stator
for a jet engine turbine. The subject blades were designed for a similar mean section
velocity diagram and for the same axial chord and trailing edge radius as the reference
blades. The solidity, based on axial chord, of the reference blades was 1.0. For the
subject blades, the axial solidity was reduced to 0. 5, which in effect, doubled the load-
ing. The blades were designed for high blade loading effectiveness, which means that
they were designed for high velocities over the length of the suction surface and low
velocities over the length of the pressure surface. This velocity distribution minimizes
as much as possible the amount of diffusion required for the imposed velocity diagram.

The blade geometry and velocity diagram are illustrated in figure 1. The blade co-
ordinates are given in table I. As shown in figure 1, the blades are set at a large angle
to the inlet flow. This high stagger results in low velocities along the pressure surface.
A large, blunt leading edge was used to quickly accelerate the flow to high velocity on the
suction surface. The suction surface was then successively adjusted to maintain this
high velocity over most of its length.

A computer program, developed by Katsanis (ref. 8) was used to determine the blade
surface velocities. This program uses a finite difference solution of the stream function
equation. This method is applicable to low-solidity blading where the guided portion of
the flow channel is very short. At the time the blades were being designed, the program
was for incompressible flow only. The program has since been expanded and refined
and can now be used for compressible flow with transonic velocities (ref. 9). Both pro-
grams are for ideal or isentropic flow.

231

Radius,
0.252
(0.640)

C a = 1.68(4.27)

Radius,
0.035
(0.089)-"

Blade exit survey plane (station 2)

Figure 1. - Stator blade geometry. (Location of blade surface taps is indicated by hash marks
on blades.) All dimensions are in inches (cm).



TABLE I. -STATOR BLADE COORDINATES
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APPARATUS AND PROCEDURE

Cascade

The blades were tested in a simple two-dimensional cascade of six blades. Fig-
ure 2 shows the cascade tunnel with the adjustable inlet guide walls and the survey
prove traversing mechanism,, Another view of the cascade tunnel with one of the end
walls removed is presented in figure 3. This figure also shows the blading and the loca-
tion of the inlet and exit guide walls0 The inlet guide walls were set to the approximate
location of the stagnation streamlines of the end blades. The exit guide walls are about
4 inches (10.15 cm) away from the end blades. In this position, the walls do not con-
tribute substantially to the turning of the flow. The spacing between end walls, or the
blade length, was 4 inches (10.15 cm)0 Boundary layer suction was not used.

Surveys of total pressure at the blade exit and wall static-pressure measurements
at the blade inlet and exit were used to determine the two dimensionality of the flow
through the cascade. The total pressure surveys were made at several distances be-
tween the end wall and the blade midspan. These measurements indicated that the flow

Survey probe actuator-\

Flow

Pressure / '
transducers -*•

C-69-2669

Figure 2. - Stator blade cascade.



_C-69-3878

Figure 3. - Stator blade cascade showing arrangement of blades and end walls.

through the center 2 inches (5. 08 cm) of the blade span was not affected by the end wall
boundary layer and that the flow conditions were about the same in the center three
passages of the cascade. Therefore, measurements taken at the mean section of the
center channel should be representative of the blade performance.

In operation, room air was drawn through the inlet section and blading, through an
exhaust control valve, and into the laboratory altitude exhaust system. The pressure
ratio was maintained by regulation of the exhaust control valve. The blades were tested
over a range of inlet total- to exit static-pressure ratio p{/P3 of about 1. 24 to 1. 50.
The corresponding range of exit ideal critical velocity ratios (v/vcr)., , was 0. 59
to 0.81.

Instrumentation

The two blades that formed the center channel of the cascade were instrumented at
midspan with static-pressure taps. The static tap diameter was 0. 020 inch (0. 05 cm).



The location of these taps is shown in figure 1 along with that of the blade exit survey
plane, station 2. The cascade also had wall static taps in the inlet and exit sections.
These taps were used to determine the uniformity of the flow. The blade surface and
wall static pressures were measured with mercury-filled manometers. The pressure
data were recorded by photographing the manometer board.

The probe used for the surveys of blade exit flow conditions is shown in figure 4.
The probe is equipped to measure total pressure, static pressure, and flow angle.

The total pressure was measured with a simple square-ended probe made from
0. 020-inch- (00 5-mm-) outside-diameter tubing with a wall thickness of 0. 0025 inch
(0. 062 mm). The static pressure was measured with a wedge probe that had an in-
cluded angle of 15 . The angle probe was the two-tube type made from tubing the same
size as that of the total pressure probe. The ends of the tubes are cut at 45° so that the
leveled ends of the tubes face each other and form an included angle of 90°. The probe
measures a differential pressure that is proportional to the flow angle. Strain-gage
transducers were used to measure these pressures. The probe was fixed at the average
exit flow angle with the sensing elements at station 2 (see fig. 1). The probe traversed
5 inches (12. 7 cm), which was more than enough to cover the central channel and the
two boundary wakes. The traverse speed was about 1 inch per minute (20 54 cm/min).
An actuator-driven potentiometer was used to provide a signal proportional to the probe
position.

Static-pressure wedge

Total pressure probe-7

'<* C.

C-69-2668

Figure 4. - Combination exit survey probe.



The output signals of the three pressure transducers were.recorded as a function
of probe position on x,y-recorders. The output signals of the three pressure transducers
and of the probe position potentiometer were also digitalized and recorded on magnetic
tape. The recording rate was 20 words per second.

Data Reduction

Blade surface static pressures were taken from the photographs of the manometer
board. These data were used to calculate the blade loading parameters and blade sur-
face velocities. A computer was used to reduce the blade exit survey data recorded on
magnetic tape. The flow angle, velocity, and flow per unit area were calculated from
these data as a function of probe position. The weight flow, momentum, tangential
component of momentum, and flow-energy-averaged ideal velocity were computed using
a Simpson's rule integration over a distance equal to one blade space. An average static
pressure for station 2 (the survey plane) was calculated from the average ideal velocity.
The continuity and conservation of momentum and energy relations were then used to
calculate the flow angle, velocity, and pressure at a hypothetical location where flow
conditions were assumed uniform. This hypothetical location is designated station 3.
For these calculations, the tangential component of momentum was assumed constant
between stations 2 and 3.

RESULTS AND DISCUSSION

The results of the investigation of blade performance in the two-dimensional cascade
are presented in three sections: the general results from the blade exit surveys and
blade surface static-pressure measurements; the overall performance in terms of the
loss, diffusion, and blade loading; and a comparison of the experimentally determined
blade surface velocities and the blade exit velocities and angles with the values computed
using reference 9.

General

glade exit surveys. - A typical x, y-plotter record of a blade exit survey of total and
static pressure is presented in figure 5. The figure shows the wakes of the two blades
bounding the center channel of the cascade and the variation of static pressure acrosso
the channel. This variation is about 2. 5 psi (1. 72 N/cm ). The peak static pressure
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^Pressure side Suction side-

vTotal pressure

61- .5 1.0 1.5 2.0
Blade-to-blade distance, s, in.
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90r—

S1
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(a) Pressure.

.5 1.0 1.5 2.0
Blade-to-blade distance, s, in.

3.0 3.5

0 1 2 3 4 5 6 7 8
Blade-to-blade distance, s, cm

(bl Flow angle.

Figure 5. - Blade-to-blade variation of total pressure, static pressure, and flow angle at
station 2. Exit survey taken at ideal exit velocity ratio of 0.75.
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occurs opposite the blade trailing edges. The minimum static pressure occurs near the
center of the channel. The static pressure became progressively more uniform farther
downstream. At a distance of one blade chord axially downstream of the blade trailing
edges, the static-pressure variation across the channel was about 0. 25 psi (0.17 N/cm2).

The total pressure trace shows some differences in the two wakes. The reason for
this may be small differences in geometry or in operating characteristics. The losses
were calculated for both blades and were about the same.

The variation in flow angle across the channel is shown in figure 5(b). The angle
data are from the same survey as the pressure data shown in figure 5(a). The flow
angle changed almost linearly from about 76° at the suction side of the wake on the left
to about 56 at the pressure side of the wake on the right. This very large angle varia-
tion was not unexpected and results from the wide blade spacing in conjunction with the
high curvature and large suction surface blade angles. The average flow angle calculated
at station 3 was 69. 2° for this survey.

The changes in the wakes as the exit velocity was increased are shown in figure 6.
The width and depth of the wakes were approximately constant up to an exit velocity
ratio of 0. 70. As the exit velocity increased, the wakes became progressively deeper
and wider on the suction surface side. The flow apparently remained attached up to an

101-

15

14

•-= 13

11

10

Ideal exit
velocity ratio,

K)id,3

0.70
.75
.77
.81

-.85

61— .5 1.0 1.5 2.0 2.5 3.0
Blade-to-blade distance, s, in.

3.5 4.0

1 2 3 4 5 6 7 8
Blade-to-blade distance, s, cm

Figure 6. - Blade-to-blade variation of total pressure with exit velocity.
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exit velocity ratio of about 0. 7. At higher exit velocities, separation began to occur and
increased gradually up to an exit velocity ratio of 0. 77. At this point, the region of
total pressure loss had begun to extend into the free stream. The area of this additional
loss increased rapidly as the exit velocity increased. When an attempt was made to
operate the cascade at exit velocity ratios higher than 0.81, separation became severe.

Weight flow, - The large blade-to-blade variations in pressure and flow angle dis-
cussed in the previous section resulted in a correspondingly large variation in weight
flow across the channel. A typical distribution of flow across the channel is shown in
figure 7, where the flow per unit area of the center channel is plotted against the blade-
to-blade distance. There is substantially less flow in the region extending from the wake
of the left blade to approximately midchannel. The flow angles in this region were very
large and were the principal reason for the lower flow,,

.Ollf-

g.

.010

.009

.008

.007

.006
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.001

.16

.14

c .12
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- £. .06

•s .04

.02

0 1 2 3

Blade-to-blade distance, s, in.

0 2 4 6 8 10
Blade-to-blade distance, s, cm

Figure 7. - Blade-to-blade variation of weight flow per
unit area at station 2. Exit survey taken at ideal
exit velocity ratio of 0.75.
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Blade loading. - The blade loading computed from blade surface static -pressure
measurements for three ideal exit velocity ratios is shown in figure 8. It is convenient
to express blade loading in terms of the parameter used in this figure because the area
enclosed by the curves is equal to the Zweifel loading coefficient \js „ In addition, the
maximum value of the parameter is equal to the suction surface diffusion factor D .s
The Zweifel coefficient is defined as the ratio of the tangential component of the actual
blade pressure force to an ideal force based on the difference between the inlet total
and exit static pressure acting on the axial chord. The blade loading effectiveness
parameter fy is similarly defined except that the ideal force is based on the difference
between the inlet total pressure and the minimum blade suction surface pressure. The
two parameters are related as

D

S .6

.2

.2 ,4 ,6
Fraction of axial chord, a/Ca

Figure 8. - Blade loading computed from blade surface
static pressures.
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The curves in figure 8 are drawn through the data for an ideal exit velocity ratio
of 0. 750 Low values of loading parameter occur over most of the pressure surface. On
the suction surface, the loading parameter increases to high values close to the leading
edge, remains at high values over the middle portion of the suction surface, and then
decreases rapidly over the last 20 percent of axial chord. This decrease, or diffusion,
extends to static pressures that are higher than the exit static pressure. This occurs
because the static pressure at the trailing edge was higher than the exit static pressure
P3 (see fig. 5(a)). The actual diffusion on the suction surface of these blades is thus
higher than indicated by the diffusion parameter, which is based on the exit static pres-
sure.

For the curves shown, the Zweifel loading coefficient is 1.135 and the diffusion is
1. 59, which results in a loading effectiveness of 0. 715. One improvement in the design
of this blade would be to modify the suction surface to eliminate the peak at 75 percent
axial chord. This modification would reduce the peak velocity and decrease the diffusion
to about 1. 4 and would also increase the loading effectiveness to about 0.8. The peak
velocities were supersonic at the higher exit velocity ratios. The modified blades could
then operate at substantially higher exit velocities before supersonic velocities on the
suction surfaces occurred.

Overall Performance

The overall performance of the blades is presented in terms of blade loading, total
pressure loss, and kinetic energy loss for the range of ideal exit velocity ratios investi-
gated.

Blade loading. - The change in the Zweifel blade loading coefficient with exit veloc-
ity is shown in figure 9(a). These values were calculated from the measured blade sur-
face static pressures and are based on the calculated exit static pressure at station 3.
The loading coefficients calculated from the tangential momentum, as determined from
the exit surveys, were in close agreement with values shown in figure 9(a).

The loading coefficient decreases from 1. 20 at the lowest exit velocity to 1.11 at
the highest exit velocity. This trend was expected and was not necessarily the result
of deterioration.of blade performance. The actual blade pressure force increases with
increasing velocity, but the ideal force increases more rapidly. This results in de-
creasing values of the loading coefficient with increasing exit velocity.

The change in the blade loading effectiveness parameter with exit velocity is shown
in figure 9(b). The effectiveness parameter decreases about linearly from 0. 782 at the
lowest exit velocity to 0. 698 at the highest exit velocity. The trend of the effectiveness
parameter nearly parallels the trend of the Zweifel loading coefficient, which indicates

14
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Figure 9. - Overall performance.

that very little change occurred in the diffusion parameter over the range of exit veloc-
ities investigated.

Loss. - The variations of total pressure and kinetic energy loss with exit velocity
are shown in figures 9(c) and (d), respectively. The ratio of exit to inlet total pressure
decreases at an increasing rate as the ideal exit velocity ratio increases. This loss
trend is reflected by the kinetic energy loss coefficient. The kinetic energy loss is al-
most constant up to an exit velocity ratio of 0. 7. Then, there is a gradual increase in
loss between exit velocity ratios of 0. 7 and 0. 77. At exit velocity ratios higher than
0. 77, the loss increases rapidly. The trend of the kinetic energy loss with exit veloc-
ity is about the same as that indicated by the wake traces of figure 6.

The kinetic energy loss coefficient is correlated with the maximum blade suction
surface velocities in figure 10. The rapid increase in loss begins just after the occur-
rence of supersonic velocities on the blade suction surface,, The rapid increase in
kinetic energy loss results from the additional total pressure loss that occurred at the

15



.06.—

2 .05
— |oj
>*,
CT> *-"

= •§ .04

.03

.02
.7 .8 .9 1.0 1.1

Maximum blade suction surface velocity ratio, |v/vr,]
\ L7id,s,max

Figure 10. - Correlation of loss with maximum blade suction surface
velocity.

1.2 i—

O

D Computed

Pressure surface

A Experimental
O Computed

.2 .4 .6 .8
Fraction of axial chord, a/Ca

Figure 11. - Comparison of blade surface velocities
determined from surface static-pressure meas-
urements with computed velocities at ideal exit
velocity ratio of 0.75.

1.0

16



higher exit velocity ratios. These additional losses were discussed in conjunction with
the wake traces of figure 6. The additional pressure losses were probably influenced
by the interaction of weak shocks, resulting from the supersonic velocities on the suc-
tion surface, with the boundary layer.

Comparison of Experimental and Analytical Results

In this section, the experimentally determined blade surface velocities and the
cross-channel variation of velocity and flow angle are compared with the results ob-
tained with the computer program of reference 9, which is for compressible flow with
transonic velocities. The program input included the blade geometry, inlet and exit
flow angles, and weight flow.

Blade surface velocities. - The blade surface velocity ratios from static-pressure
measurements are compared with the computed values in figure 11. The curves are
drawn through the experimental data. In general, there is very good agreement between
the experimental and computed results. The only significant exception occurs on the
suction surface near the trailing edge. Here, the computed velocities do not reflect the
diffusion that occurred in this region.

Cross-channel velocity and angle. - The comparisons of the experimental and com-
puted cross-channel variation of velocity and flow angle are shown in figures 12(a) and
(b), respectively. The solid lines are the results of the blade exit survey at station 2.
The dashed lines are the computed results at the same location. In the region between
the blade wakes, the experimental and computed velocities are in very good agreement.
The computed flow angle follows the trend of the measured flow angle very closely. The
difference between the measured and computed angles in the region between the blade
wakes is only about 2°. This difference between the measured and computed angles is
probably due to the losses on the blade surfaces. These losses are not accounted for in
the computer program.

The effect of the large cross-channel variation in pressures, velocity, and flow
angle resulting from this very low-solidity stator on the performance of a succeeding
blade row is not known. Because the flow conditions become more uniform farther
downstream, one probable influence on performance would be the axial clearance be-
tween blade rows.
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Figure 12. - Comparison of measured and computed blade-
to-blade variation of velocity and flow angle at ideal exit
velocity ratio of 0.75.
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SUMMARY OF RESULTS

Very low-solidity blades were designed for a velocity diagram typical of the first
stage of a jet engine turbine. The blade design criterion was high blade loading effective-
ness. The performance of the blades was investigated experimentally in a simple two-
dimensional cascade of .six blades. The following results were obtained:

1. The flow apparently remained attached to the suction surfaces of the blades up to
an ideal exit velocity ratio (v/vcr). , « of about 0. 7. At higher exit velocity ratios,
separation began to occur. The separation and kinetic energy loss increased gradually
up to an exit velocity ratio of about 00 77. At this point, separation and loss increased
rapidly. At exit velocity ratios higher than 0.81, separation became severe. The
rapid increase in separation and loss was correlated to the occurrence of supersonic
velocities on the blade suction surfaces. The rapidly increasing separation and loss
were probably incluenced by shock interaction with the boundary layer,

2. High blade loading effectiveness was achieved. At an exit velocity ratio of 0. 75,
the blade loading effectiveness was 0. 715. However, a velocity peak occurred on the
suction surface of the blade at about 75 percent of the axial chord, A modification of
the suction surface to reduce these peak velocities would increase the blade loading
effectiveness and delay the rapid increase in separation and loss to higher exit velocities,,

3. The wide blade spacing and the high curvature and angles on the suction surface
of the blade caused large variations in flow angle, static pressure, and weight flow
across the channel in the plane of the trailing edge. The highest values of flow angle and
static pressure and the lowest value of weight flow occurred near the suction surface of
the blade.

4. The variation of velocity and flow angle across the channel in the plane of the
trailing edge and the blade surface velocities was very close to the values predicted by
a computer program similar to the one used in the design of the blades.

Lewis Research Center,
National Aeronautics and Space Administration,

Cleveland, Ohio, January 26, 1970,
720-03.
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