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DESIGN AND TWO-DIMENSIONAL CASCADE TEST OF A JET-FLAP TURBINE
STATOR BLADE WITH RATIO OF AXIAL CHORD TO SPACING OF 0.5
by Roy G. Stabe -

Lewis Research Center ” .

SUMMARY

The design of a very low solidity turbine jet-flap stator blade is described, and the
results of an experimental investigation of this blade are presented. The blade was de-
signed for a velocity diagram typical of thefirst stage of a jet engine turbine, The per-
formance of the blade was investigated experimentally in a-simple two-dimensional cas-
cade of six blades. Two of these blades were instrumented with' static taps to determine
blade surface pressures. Surveys of blade exit total pressure, static pressure, and flow
angle were made to define blade exit flow conditions. The blades were tested over a
range of exit critical velocity ratios and at three jet flow conditions: no jet flow and jet
to inlet total pressure ratios of 1.0 and 1.5. )

With zero jet flow, the flow remained attached to the suction surface of the blades up
to ideal exit critical velocity ratios (V/Vcr id,
ratios the suctlon surface flow (without the Jet) was separated. A jet to inlet total pres-
sure ratio p / p1 of 1.0 effected reattachment and maintained attached flow up to the

3 ‘of about 0.7. At higher exit velocity

highest 1dea1 exit critical velocity ratio investigated, which was 0. 9.

The jet had a large influence on the turning of the flow and on weight flow and blade
loading. Increased jet flow increased the turning and decreased both the weight flow and
the blade loading. However, high blade loadings were obtained at all jet flow conditions.
The thermodynamic loss at design exit critical velocity ratio and a jet pressure ratio of
1.0 was 4. 2 percent of the ideal exit kinetic. energy. The corresponding loss of the con-
ventional solidity stator blade which served as a model for the ]et flap blade was 2. 5 per-
cent at the mean section.

INTRODUCTION

The NASA Lewis Research Center is 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. 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.

Diffusion is minimized by using high effective loading. This approach was used in
thé design of the low solidity stator blade of reference 1. Boundary layer growth and
separation are minimized by using boundary layer control devices. References 2to 5
are representative of studies made on two such devices, namely, tandem and jet -flap
blades.

This report is concerned with the performance of a turbine stator blade designed for
very low solidity by using both a jet-flap and high loading effectiveness. On the jet-flap
blade, a jet of air is injected into the main stream from the pressure surface near the
trailing edge. The jet forms an aerodynamic flap which deflects the flow, thereby chang-
ing the circulation around the blade and increasing the blade loading. The jet also en-
trains the boundary layer and reduces its thickness. A thinner boundary layer inhibits
separation and allows a higher diffusion. The jet-flap blade is also attractive because in
a high temperature application the cooling air may also be used for the jet. In addition,
because the jet deflects the flow, the jet-flap could be used for a variable area device.

As in the case of the low solidity plain stator blade of reference 1, the design of the
jet-flap blade was based on the stator blade described by Whitney (ref. 6). These blades
which were designed for a velocity diagram typical of the first-stage stator of a jet en-
gine turbine, 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. 7) or Miser, Stewart, and Whitney (ref. 8). The
solidity of the jet-flap blade was reduced to 0.5, which is one-half that of Whitney's
blade. For the same velocity diagram, this is equivalent to doubling the blade loading.
The purpose of the program, then, was to design blades that achieve this very high load-
ing without sacrificing the high efficiency of the reference blade.

The performance of the jet-flap blades was investigated experimentally in a simple
two -diinensional 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
approximately 0.6 and 0.9. At each critical velocity ratio data were taken for zero jet
flow and for jet-to-inlet total pressure ratios of 1.0 and 1.5. The results of the exper-
imental investigation include exit survey results, blade loading in terms of blade surface
pressures, and overall performance in terms of exit flow angles, mass flow, loss, and
blade loading coefficients.



SYMBOLS

a distance along axial chord from blade leading edge, cm
Ca blade axial chord, cm
DS blade suction surface diffusion factor, (p'1 - ps,min)/p‘l - p3)
€;p  primary kinetic energy loss coefficient, 1 - [W3V§/WP(Vid, 3)%]
€3T thermodynzamic kinetic eznergy loss coeszicient,
1- {W3V3/ [WP(Vid, 3p + W5(Viq, 3).1]
m mass flow rate per unit area, kg/sec-cm
p absolute pressure, N/cm2
S blade spacing, cm
t tangential distance from blade trailing edge, cm
\' velocity, cm/sec
w flow rate per cm of blade span, kg/sec-cm
o flow angle, deg from axial
gbz Zweifel loading coefficient for compressible flow
Subscripts:
cr flow conditions at Mach 1
id ideal or isentropic process
J jet
min minimum value
p primary
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:

total state condition



BLADE DESIGN

The same procedure and specification were used to design the jet-flap blades as to
design the low solidity plain stator blade of reference 1. The velocity diagrams were
typical of the mean section of a first-stage stator for a jet engine turbine and the solidity
based on axial chord was also 0. 5.

The blade profile was designed to maintain high velocities along the length of the
suction surface and low velocities along the length of the pressure surface. This velocity
distribution minimizes diffusion. A computer program developed by Katsanis (ref. 9)
was used to determine the blade surface velocities. The program solves the stream
function equation by finite difference methods. The output includes surface velocities and
blade-to-blade flow field velocities and angles.

The results obtained from this program are in good agreement with experimental re-
sults (ref. 1). The program input requires the blade geometry, weight flow, and the in-
let and exit free stream flow angles.

When using this program for a jet-flap blade, it is necessary to know the deflection
of the flow due to the jet to establish the blade angles at the trailing edge. At the time
the jet-flap blades were designed, some of the information available on the jet-flap blade
indicated that quite large deflections were possible. Accordingly, the blades were de-
signed for a net deflection of the flow due to both jet and trailing edge blockage of 15. 59,

The jet slot was alined so that the jet would issue from the pressure surface normal
to the downstream flow direction. The slot, which is 1 millimeter wide, was sized to
provide a ratio of jet to primary free stream momentum of approximately 0. 04 with a
critical jet velocity.

During preliminary testing it was found that while the jet was effective in suppressing
separation it was not nearly so effective in deflecting the flow as had been supposed in the
design. The exit flow angles were much less than the design value. With enough jet flow
to suppress separation, the exit flow angle was approximately equal to the mean blade
angle.

The computer program of reference 9 was then used to determine the blade surface
velocity distribution for larger stagger angles. It was found that the blade profile had an
accepta,i)le surface velocity distribution with a stagger angle 15° larger than the original
design. New cascade end walls were made incorporating this larger stagger angle. The
blade spacing was also changed to maintain the axijal solidity at a value of 0.5. The re-
sulting blade geometry and the velocity diagrams are shown in figure 1. The blade coor -
dinates are given in table I.

The blades were fabricated of aluminum. The internal cavity was machined first in
two parts roughly corresponding to the pressure and suction surface halves of the blade.



" TABLE 1. - STATOR BLADE COORDINATES

Upper surface coordinates, | Lower surface coordinates,
cm cm
X Yy X Y
0 0.635 0 0. 635
127 1.016 |  —--ee | a-oee-
.254 1.163 | —--ee | a-e--l
.381 1.257 | e | ooeeeo
.508 1.32¢ | e | eeeeo
.635 1.372 .635 0
.162 1.410 | c-eee | ammea
1.016 1.455 1.016 . 033
1.270 1.481 | e | eeeees
1.524 1.491 1.524 . 081
1.778 1.486 | oo | e-eel
2 032 1.468 2.032 114
2.286 1.435 | oo | c-eon
2.540 1.392 2.540 . 140
2 794 1.338 | aeeem ] eeeee
3.048 1.275 3.048 . 152
3.302 1.201 ) emmee @ emeoe
3.556 1.118 3.556 . 147
3.810 1.0 | —eeee | ol
4.064 . 940 4.064 . 124
4.318 .843 | e | emmme-
4.572 .737 4.572 .084
4.826 .630 | oo | ao-
5.080 .513 5.080 0178
5.334 .274 5.220 0
5.378 . 159 5.378 . 159

-

These two blocks were electron-beam welded together forming the complete internal cav-
ity. The external profile was then machined. Several webs 0.08 centimeter thickby 1.5
centimeter long and spaced 1.9 centimeters apart along the blade span were electron-
beam welded to the suction and pressure surfaces. These webs strengthen the trailing
edge and help aline the jet flow. The jet slot was cut along the active span of the blades
at an angle normal to the downstream flow angle. This angle was not changed when the
stagger angle was increased, so the blades were tested with the jet alined as shown in

figure 1.
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Figure L - Jet-flap stator blade geometry. (Location of blade surface taps is indicated by hash marks on blades. )

APPARATUS AND PROCEDURE
Cascade

The jet-flap blades were tested in a simple two-dimensional cascade of six blades.
The cascade tunnel was essentially the same one used for the plain blade tests of refer-
ence 1. This cascade tunnel is shown installed in the test cell in figure 2.

The inlet guide walls were set to the approximate location of the inlet stagnation
stream lines of the end blades. The exit guide walls were about 10 centimeters away
from the end blades. (In this position it is assumed that the guide walls do not con-
tribute substantially to the turning of the flow.) The spacing of the end walls or the blade
length was 10. 15 centimeters. Boundary layer suction was not used.

Ai,i- for the jet flaps was supplied to both ends of the blades from manifolds on the
blade énd walls. This was done to ensure an adequate supply of air for uniform jet flow
over tfle blade span. An ASME flat plate orifice was used to measure the jet air flow.

In operation, room air was drawn through the cascade tunnel, blading, and exhaust
control valve into the laboratory altitude exhaust system. The pressure ratio across the
blades was maintained by regulation of the exhaust control valve. The blades were tested
over a range of inlet total to exit static pressure ratios corresponding to exit ideal crit-
ical velocity ratios of approximately 0.6 to 0.9. Three jet flow conditions were set at
each velocity ratio. These were the zero jet flow and jet-to-inlet total pressure ratios



Jet-flap
cascade —

Figure 2. - Cascade tunnel installation.

pj'/p'1 of 1.0 and 1.5. The jet total pressure was taken to be equal to the air supply
manifold pressure. This pressure was set using a flow control valve in the jet air supply
line.

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. 05 centimeter. The
location of these taps is shown in figure 1. The cascade also had wall static taps in the
inlet and exit sections. These taps were used to determine the uniformity of the flow and
set exit static pressure. The blade surface and wall static pressures were measured
with mercury filled manometers. The pressure data were recorded by photographing the
manometer board.

The total pressure, static pressure, and flow angle at the exit of the center blade
channel were surveyed simultaneously with a rake like the one shown in figure 3. The
total pressure was measured with a simple square-ended probe made from 0.5-
millimeter outside-diameter tubing with a wall thickness of 0. 062 millimeter. The static
pressure was measured with a wedge probe that had an included angle of 15°. The angle
probe was the two-tube type made from tubing the same size as that of the total pressure
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Figure 3. - Combination exit survey probe.

probe. The ends of the tubes are cut at 45° so that the beveled ends of the tubes face
each other and form an included angle of 90°. The probe measures a differential pres-
sure that is proportional to the flow angle. Strain-gage transducers were used to meas-
ure these pressures.

Two of these rakes were used; one was 10. 15 centimeters long and the other was
6.35 centimeters long. The longer rake was used primarily to get good definition of the
variations in the flow field near the trailing edge. Most of the data presented in the over-
all performance section is based on data taken with the shorter rake. In general, how-
ever, there was good agreement in the results calculated from data taken with either
rake. The exception was in loss. Losses calculated from data taken with the shorter
rake were slightly higher than with the long rake.

The rake was fixed at the design exit flow angle which placed the sensing elements at
the appropriate survey plane shown in figure 1. The probe traversed 12.7 centimeters
which was more than enough to cover the central channel and the two boundary wakes.
The traverse speed was about 2. 54 centimeters per minute. An actuator-driven potenti -
ometer was used to provide a signal proportional to the rake position.

The output signals of the three pressure transducers were recorded as functions of
rake position on x,y-recorders. The output signals of the three pressure transducers



and of the rake position potentiometer were recorded on magnetic tape. The re-
cording 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. 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 functions of rake posi-
tion. The weight flow, axial and tangential component of momentum, and static pressure
were computed using a Simpson's rule integration over a distance equal to one blade
space. 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 comﬁonent of momentum was assumed constant be-
tween the survey plane and station 3.

RESULTS AND DISCUSSION

The results of the investigation of the jet-flap blade performance in the two-
dimensional cascade are presented in the Blade Exit Surveys, Blade Loading, and Over-
all Performance sections.

Blade Exit Surveys

The blade to blade variation of exit total and static pressure, flow angle, and mass
flow for three jet flow rates are shown in figures 4(a), (b), and (c), respectively. These
data were computed from measurements made with the long rake, that is, 1. 27 centi-
meters axially downstream of the trailing edge. The data are for a nominal ideal exit
critical velocity ratio of 0.7. This was the highest exit velocity for which there was no
separation at zero jet flow,

The blade wakes are shown in the total pressure profiles of figure 4(a). Without jet
flow the wake is sharply defined. With jet pressure ratios of 1. 0 and 1.5 the wake be-
comes progressively broader and shallower. The jet does displace the wake tangentially.
Most of the displacement of the wake is on the pressure surface side of the blade though
there is some displacement toward the suction surface.
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The static pressure variation is quite marked and amounts to about 10 percent of in-
let total pressure. There is practically no tangential displacement of the static pressure
profile between zero jet flow and a jet pressure ratio of 1. 0. Some displacement toward
the blade suction surface did occur when the jet pressure ratio was increased to 1. 5.

The blade to blade variation in exit flow angle shown in figure 4(b) is also quite large,
amounting to about 9° for all three jet flows. The effect of the jet on flow angle is not
concentrated near the trailing edge of the blades. The angle of the entire flow field in-
creases with jet flow yet there is comparatively little tangential displacement of either
the static pressure or the angle profiles.

The blade to blade variations of static pressure and flow angle decreased consider-
ably at greater distances downstream. Surveys made with the short rake, 2.74 centi-
meters axially downstream of the trailing edge, indicated that the static pressure varia-
tion was 2.5 percent of inlet total pressure and the angle variation was 3°.

The blade to blade variation in mass flow shown in figure 4(c) is quite similar to that
of the flow angle as would be expected. The highest flow occurred at zero jet flow where
the flow angle was closer to axial. The mass flow decreased throughout the entire flow
field as jet flow was increased. The influence of the relatively well defined wake at zero
jet flow is evident in the mass flow trace. The influence of the wake as evidenced by the
traces decreases with increasing jet flow and vanishes a jet pressure ratio of 1. 5.

The total pressure profiles for a nominal ideal exit critical velocity ratio of 0. 8 are
shown in figure 5. At this velocity with no jet flow the flow on the suction surfaces of the

/- Pressure surface
/ side

1.00

“~Suction
surface

% side

pressure, pylp)

.70
,~No jet flow

.60}

Ratio of total pressure at survey plane to iniet total

5 1 l | |
0 4 1.6 2.0

.8 1.2
Fraction of blade spacing, aC,

Figure 5. - Blade to blade variation of exit total pressure. Nominal

it ideal cri i
exit Ideal critical velocity ratio, (VIVCR)i 0.3 0.8
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blades was separated. And this is evident in figure 5. At a jet pressure ratio of 1.0 the
flow is attached. The difference in the size of the two wakes and the amount of displace-
ment towards the suction surface of the blade is dramatic. An increase in jet pressure
ratio to 1.5 displaced the wake primarily on the pressure surface side of the blade as
was the case at lower velocities.

During testing it was found that a jet pressure ratio of very nearly 1.0 was required
to attach the flow at velocity ratios greater than about 0. 7. And the transition from sep-
arated to attached flow was always abrupt.

Blade Loading

The blade loading distribution computed from blade surface static pressure measure-
ments for three ideal exit critical velocity ratios and the three jet flow conditions inves-
tigated are shown in figure 6. It is convenient o express blade loading in terms of a
blade surface pressure coefficient as in figure 6 because the area enclosed by the curves
is equal to the Zweifel loading coefficient wz. In addition, the maximum value of the
pressure coefficient is equal to the suction surface diffusion factor Ds‘ The Zweifel
coefficient is defined as the ratio of the tangential component of the 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 effect of the jet was to increase the loading on the pressure surface and de-
crease both the loading and diffusion on the suction surface. The net result was a de-
crease in blade loading with jet flow over the range of exit velocity ratios investigated.

For a given jet flow, the pressure coefficient profiles for the pressure surface are
virtually identical for all three exit velocity ratios shown in figure 6. There are differ-
ences, however, in the suction surface profiles.

The highest ideal critical velocity ratio for which there was no separation on the
suction surface at zero jet flow was about 0.7. These curves are shown in figure 6(a).

At zero jet flow there is a large peak near the leading edge. The maximum velocity oc-
curs at about 35 percent axial chord. The velocity ratio here is 1. 27, and the maximum
value of the diffusion factor Ds is about 2. 5. The peak is followed by a rapid diffusion
to about midchord and then by a more gradual diffusion to approximately exit static pres-
sure pg at the trailing edge. With a jet pressure ratio of 1.0 the pattern is similar but
the peak velocity ratio and the diffusion are reduced to 1.1 and 2, 0, respectively. At a
jet pressure ratio of 1.5 the pressures or velocities are more nearly uniform and the en-
tire suction surface flow is subsonic. This type of loading distribution is of the high ef-
fectiveness type because the uniform pressures on the suction surface minimize diffusion.
In this case the maximum diffusion is about 1.5 but this does not all occur on the suction

12
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surface. The suction surface pressures do not diffuse to the exit static pressure. Ap-
parently the jet did support a difference in pressure between the pressure and suction
surfaces at the trailing edge. This effect of the jet reduces the suction surface diffusion
and adds an increment of loading to the after portion of the blade. The size of this added
loading increment correlates with the turning of the flow due to the jet. Larger exit
angles (more turning) corresponded to the larger loading increments.

The loading distributions for a nominal ideal exit critical velocity ratio of 0.8 are
shown in figure 6(b). These loading distributions correspond to the blade wakes shown
in figure 5. At this exit velocity ratio, and higher, the suction surface flow without the
jet was separated.

The loading distribution for a jet pressure ratio of 1.5 is very similar to the one for
an exit velocity ratio of 0.7. However, the suction surface pressures diffuse to a value
closer to the exit static pressure. This reduces the loading increment on the aft portion
of the blade. As a result, the exit angle was about 1° less than it was for an exit velocity
ratio of 0.7.

The loading distribution for a jet pressure ratio of 1.0 is also similar to the one
shown in figure 6(a). The principal difference is a reacceleration of the flow on the suc-
tion surface following the diffusion at midchord. This reacceleration of the flow results
in a larger diffusion on the aft end of the blade. This additional diffusion, however, did
not have a large affect on either the loss or the exit flow angle.

Without the jet, the flow on the suction surface was separated. The separation was
characterized by nearly constant static pressure over much of the suction surface and an
absence of any diffusion at the trailing edge and a loss in loading compared to the unsep-
arated case. Nevertheless, the blade loading was fairly high. The Zweifel loading coef-
ficient was nearly as large for this condition as it was for a jet pressure ratio of 1.5,
However, both flow angle and weight flow were substantially less for this condition than
for attached flow. And the loss was substantially higher - about 20 percent of the ideal
exit kinetic energy.

The mechanism by which the jet effects reattachment of the flow is not clear. At an
exit velocity ratio of 0. 8 and a jet pressure ratio of 1.0, the jet flow was about 1.4 per-
cent of the flow entering the blade row. The tangential momentum of the jet would be a
much smaller percentage of the total because of the angle of the jet slot. Surely it was
too small to entrain a large separated region and pull it back onto the blade surface. The
conclusion seems to be that the jet altered the flow field on both blade surfaces in such a
way that it promoted reattachment.

The blade loading distributions are shown in figure 6(c) for a nominal exit ideal crit-
ical velocity ratio of 0.9. At this exit velocity it was found that the blade performance
was deteriorating and the loss was increasing rapidly. The suction surface profile for
zero jet flow is about the same as the corresponding profile at an exit velocity ratio of

14



0. 8. The suction surface profiles for jet pressure ratios of 1.0 and 1.5, however, dif-
fer significantly from those at lower velocities.

At a jet pressure ratio of 1.0 there is no diffusion at midchord. Instead, the diffu-
sion takes place gradually over most of the suction surface. The loss is more than twice
as high as the loss at an exit velocity ratio of 0.8. The suction surface velocities were
also very high. The maximum critical velocity ratio was 1. 37 compared to 1.24 at an
exit velocity ratio of 0. 8. The increased loss may result from the higher velocities, but
it may also result from the longer surface over which the diffusion occurred.

At a jet pressure ratio of 1.5 there was a reacceleration of the flow which was con-
siderably more pronounced than at lower velocities. This was followed by a rapid diffu-
sion on the aft portion of the suction surface. This diffusion extended to a pressure equal
to the exit static pressure. As a result the exit angle was about 20 less than it was at an
exit velocity ratio of 0. 8.

Overall Performance

The overall performance of the blades is presented in terms of exit flow angle, exit
flow, blade loading, and kinetic energy loss for the range of ideal exit critical velocity
ratios and jet flow conditions investigated. Finally, the blade performance is compared
with the design values.

Exit flow angle. - The variation of exit flow angle with exit velocity and jet flow is
shown in figure 7(a). The angle data for zero jet flow is shown only for the range of exit
velocity ratios for which the flow was attached to the suction surface. Up to the point of
separation, the angle was nearly constant at 63°. With a jet pressure ratio of 1.0, the
angle increased nearly 3°. There was a gradual decrease in the exit angle with exit ve-
locity ratio. This amounted to 1° over the range of exit velocity ratios investigated. An

increase of jet pressure ratio from 1.0 to 1.5 increased the flow angle 4° at the lowest
exit velocity ratio. The flow angle, however, decreased with increasing exit velocity
ratio. At an exit ideal critical velocity ratio of 0.9 the flow angle was only 1. 50 larger
at a jet pressure ratio of 1.5 than it was at a jet pressure ratio of 1.0. This decrease in
flow angle was also reflected in the decreased loading on the aft end of the suction sur-
face. This was discussed in the Blade Loading section.

Weight flow. - The variation of total weight flow with exit velocity and jet flow is
shown in figure 7(b). In this figure, the weight flow is shown as a percentage of the de-
sign equivalent flow in order to illustrate the effect of the jet as a variable geometry
device.

Weight flow data for the zero jet flow case are shown only for the range of velocity
ratios where the flow was attached. For a jet pressure ratio of 1.0 the weight flow curve

15
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is nearly linear up to an exit velocity ratio of 0.8. The curve then levels off abruptly in-
dicating that the blades were choking. The linear weight flow characteristic for a jet
pressure ratio of 1. 5 resulted from the decrease in exit angle at higher velocities which
is shown in figure 7(a).

The jet has a large influence on the weight flow. At an exit velocity ratio of 0.7 the
weight flow decreased an amount equal to 8 percent of the design value between zero jet
flow and a jet pressure ratio of 1.0. The flow decreased an additional 14. 5 percent when
the jet pressure ratio was increased to 1.5. Jet pressure ratios greater than 1.5 were
found to have a proportionately smaller effect. The decrement in flow was smaller at
higher velocity ratios. The flow decrement was 12.5 percent of design between jet pres-
sure ratios of 1.0 and 1.5 at an exit velocity ratio of 0. 8 but decreased rapidly to 5 per-
cent at an exit velocity ratio of 0. 9.

The variation in jet flow is shown in figure 7(c). At a jet pressure ratio of 1. 0 the
jet flow rate was nearly constant at about 1.4 percent of inlet flow over the range of exit
velocity ratios investigated. For a jet pressure ratio of 1.5 the jet flow rate ranged
from 5. 1 percent of inlet flow at an exit velocity ratio of 0.6 to 3 percent at an exit veloc-
ity ratio of 0.9.

Blade loading. - The change in the Zweifel blade loading coefficient with exit velocity
and jet flow is shown in figure 7(d). The Zweifel coefficients were computed by inte-
grating the blade surface loading profiles such as those shown in figure 6.

With zero jet flow the loading coefficients were very high. They ranged from over
1.5 at the lowest exit velocity ratio to 1.4 at the highest exit velocity ratio before sepa-
ration occurred. These very high loading coefficients were obtained at the cost of high
suction surface velocities and diffusion with subsequent separation at comparatively low
exit velocities.

A jet pressure ratio of 1. 0 did reattach the flow. This jet pressure ratio also main-
tained attached flow to fairly high exit velocities before the blade performance began to
deteriorate. The effect of the jet was to increase the exit angle and consequently de-
crease both weight flow and blade loading. The blade loading coefficients at a jet pres-
sure ratio of 1.0, however, were still quite high. The downward trend of the loading co-
efficient occurred because the actual blade force did not increase as rapidly with exit
velocity as did the ideal force.

An increase in jet pressure ratio to 1.5 resulted in a further decrease in the loading
coefficient to a value of 1.1, which is still fairly high. The loading coefficient was con-
stant at this jet pressure ratio; a consequence of the angle and weight flow
characteristics.

Kinetic energy loss. - The variation of kinetic energy loss coefficient 63 with exit
velocity and jet flow is shown in figure 7(e). The data shown in this figure were calcu-
lated from the results of surveys made with the short rake, 2,74 centimeters axially
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downstream of the blade trailing edge. For this figure the loss coefficient is defined as
one minus the ratio of the actual kinetic energy to an ideal kinetic energy at station 3.
The energy of the jet flow is included in the exit ideal kinetic energy for the calculation of
the thermodynamic loss 63T' Only the ideal energy of the primary flow is used for the
calculation of the primary loss €3P' As a consequence, €3T is larger than €3P and
the difference between the two increases with jet pressure ratio. For zero jet flow and
for a jet pressure ratio of 1. 0 where, in this case, the ideal energy of the jet and pri-
mary flow are identical, the value of the thermodynamic loss coefficient §3T is the
same as the loss coefficient for a blade with no second flow stream (e.g., a plain blade).

For zero jet flow and for a jet pressure ratio of 1.0, the thermodynamic loss was al-
most the same up to the point where the flow separated without the jet. In fact, the actual
energy at station 3 was very nearly the same for all three jet flow conditions at low veloc-
ities. For a jet pressure ratio of 1.0, the loss began to increase rapidly at ideal exit
critical velocity ratios greater than 0. 8. With a jet pressure ratio of 1.5 the point of
rapid loss increase was delayed to exit velocity ratios close to 0. 9.

With a jet pressure ratio of 1. 0 the design exit velocity ratio of 0.775 was achieved
at an exit ideal critical velocity ratio of 0.792, At this point the thermodynamic loss was
4.2 percent. This is about the same loss that was obtained with the low solidity plain
stator blades of reference 1. These blades also exhibited a rapid deterioration in per-
formance at exit velocities higher than design.

The measured loss of the conventional solidity stator blades which served as models
for the design of the jet flap blades was 2.5 percent at the mean section. A more serious
consideration than the somewhat higher loss, however, is the rapid performance dete-
rioration of low solidity blades at exit velocities higher than design. In the case of the
jet flap blades, at least, the data shown in figure 7(e) for a jet pressure ratio of 1.5 indi-
cate that the operating range of the blades can be extended to higher velocities by using
higher jet pressure ratios. This may not be practical for a first-stage stator. However,
the static pressure on the pressure surface of the blades near the jet slot were quite high
(fig. 6). This means that the jet velocities must have been quite low. Even at a jet pres-
sure ratio of 1.5 it is doubtful that the jet velocity ever became critical. This suggests
that the effect of the jet could be increased by enlarging the jet slot and using more jet
flow rather than through the use of higher jet pressure ratio. Thus it appears reasonable
that the operating range of the jet flap blades could be extended to higher velocities with a
jet pressure ratio of 1.0. -

Comparison with design. - It is of interest to compare the actual performance of the
blades with the design values. The design actual exit critical velocity ratio 0.775 oc-
curred at an ideal value of 0.792 at a jet pressure ratio of 1.0 and a thermodynamic loss
of 4.2 percent. At this point the exit flow angle was 65. 50 compared to a design value of
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67°. The weight flow was 5 percent greater than design. The Zweifel blade loading coef-
ficient was 1. 275 compared to a design value of 1. 254,

SUMMARY OF RESULTS

The performance of a very low solidity jet-flap blade was investigated experimentally
in a simple two -dimensional cascade of six blades. The following results were obtained:

1. With zero jet flow, the flow remained attached to the suction surface of the blades
up to ideal exit critical velocity ratios (V/Vcr)id, 3 of about 0.7. At higher exit velocity
ratios the suction surface flow without the jet was separated. A jet to inlet total pressure
ratio p:I/p'1 of 1.0 effected reattachment and maintained attached flow up to the highest
ideal exit critical velocity ratio investigated which was 0.9.

2. The effect of the jet in deflecting or turning the flow varied with both jet pressure
ratio and exit velocity. At ideal exit critical velocity ratios between 0. 6 and 0.7 the jet
turned the flow nearly 3° between the zero jet flow case and a jet pressure ratio of 1.0.
An increase in jet pressure ratio to 1.5 resulted in an additional 4° of turning. At an
exit velocity ratio of 0. 8 the turning decreased to 3° petween jet pressure ratios of 1.0
and 1.5 and decreased to 1.5° at an exit velocity ratio of 0. 9.

3. The jet had a large influence on the total weight flow. At an exit velocity ratio of
0.7 the weight flow decreased an amount equal to 8 percent of the design value between
zero jet flow and a jet pressure ratio of 1.0. The flow decreased a further 14.5 percent
when the jet pressure ratio was increased to 1.5. The decrement in flow was smaller at
higher velocity ratios. The flow decrement was 12.5 percent of design between jet pres-
sure ratios of 1.0 and 1.5 at an exit velocity ratio of 0. 8 and decreased rapidly to 5 per-
cent at an exit velocity ratio of 0.9. The jet flow rate was nearly constant at about 1.4
percent of inlet flow at a jet pressure ratio of 1.0 and ranged from 5.1 to 3. 6 percent of
inlet flow at a jet pressure ratio of 1. 5 over the range of exit velocity ratios investigated.

4. Very high blade loading was obtained. The Zweifel blade loading coefficient ylxz
was as high as 1.5 without jet flow. With jet flow, blade loading decreased with jet pres-
sure ratio. The Zweifel blade loading coefficient at a jet pressure ratio of 1. 0 varied be-
tween 1.36 and 1. 23 for the range of exit velocity ratios investigated. With a jet pres-
sure ratio of 1.5 the blade loading coefficient was constant at 1. 1.

5. The thermodynamic loss at design exit critical velocity ratio and a jet pressure
ratio of 1.0 was 4. 2 percent of the ideal exit kinetic energy. The loss of the conventional
solidity stator blades which served as a model for the jet flap blade was 2.5 percent at
the mean section. For a jet pressure ratio of 1.0 the loss of the jet flap blade began to
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increase rapidly at ideal exit critical velocity ratios greater than 0.8. With a jet pres-
sure ratio of 1.5 the point of rapid loss increase was delayed to exit velocity ratios close
to 0.9.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 31, 1971,
164-74.
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