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By Arthur Kantrowitz and John R. Erwin
SUMMARY

A cascade investigation in two-dimensional flow was
carried out in the Langley 5-inch cascade tunnel and the
Langley l-inch turbine-element testing apparatus to
obtain a satisfactory bucket design for use in a modern
aircraft turbosupercharger. This investigation included
tests of the original bucket sections of conventional
design and tests of bucket sections designed by the NACA.

Velocity-distribution and turning-angle data were
obtained in the Langley S5-inch cascade tunnel for the
operating raenge of velocity ratio and are presented in
graphical form for all of the sections tested with the
exception of the original bucket tip section, over which
the flow separated to such an extent that turning-angle
data could not be obtained. Schlieren photographs of
high-speed air flow sbout all the buckets tested are
presented with measurements of the maximum Mach number
attainable ahead of the cascade.

The NACA turbine buckst sections showed promlse of
significant improvements. Rotating-machine tests are
needed to make the improvements measurable directly in
terms of lowered back pressure on the engine or
increased turbosupercharger performance.

INTRODUCTION

One phase of research undertaken by the NACA in an
attempt to improve supercharger performance has been the
cascade investigation of the original turbine buckets of
a modern eircraft turbosupercharger, the development of
buckets by the NACA, and the cascade investigation of
the NACA buckets.
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The investigation comprised tests of models in two=-
dimensional flow at low speeds in the Langley 5-inch cas-~
cade. tunnel and at high speeds in the Langley l-inch
turbine-element testing apparatus, referred to as the
"l~inch jet." The tests in the Langley S-inch cascade
tunnel consisted of a study of the static pressures on
the bucket surfaces, the turning angles, and the separated
regions. The tests in the l-inch Jet consisted of flow
and static-pressure measurements ahead of the buckets and
schlieren photographs of the flow,

APPARATUS AND TESTING METHODS

The low-speesd tests were made in the Langley 5-inch
cascade tunnel, described in reference 1 end schematically
diagrammed in figure 1. In the original turbosuper-
charger, the sections tested are located at the following
gbamesara: root sectlon,~11.0% inches; plteh sec~
tion, 12.28 inches (pitch diam.); tip section, 13.53 inches.
The radial width of the passage is 1.500 inches. The
models of the bucket sections had the following chords
(measured perpendicular to the stagger line):

e Root chord Bl teh chord Tip chord

LIRS (1n.) (in.) (in.)
Original 9Ll 6.2 .31

NACA 9.00 6.6l l..83

In each case, the spacing of the bucket section was
5 inches measured parallel to the stagger line, and all
The cascade consisted of
five blades set relative to the stagger line as shown in
figure 1. A study was made of the pressure distribution
and the air flow about the central blade, which was
equipped with static-pressure orifices.
examined with a tuft to locate regions of separated flow.
When separated regions were found, the extent of separa-

models had a spen of 5 inches.,

tion was determined b3

The flow was

explorations with an impact tubse.

The direction of the flow before entering was assumed
parallel to the tunnel axis and after leaving was deter-

mined with a yaw head.

The airspeed in these tests,



AN

which was measured by static-pressure orifice

3 1 ehord
ahead of the models, was about 110 feet per seco

T

The high-speed tests were made in the Langley l-inch
turbine~element testing apparatus, which is schematically
diagrammed in figure 2. The models of the bucket sections
had the following chords (mesasured perpendicular to the
stagger line): '

_ Root chord Piteh choxrd Tip chord

Siros (in.) (in.) (in.)
Original 2.3l 1,75 L@

NACA 2.3 1.7% Pl ot

The spacing of 2l1 of the sections {measured
parallel to the stagger line) was 1.30 inches, except
that the NACA root section and the original pitch sec-
tion were built to & 1.35-inch spacing. All models
hed a span of 1 inch. Orifices in the guide blocks
1 chord shead of the four-blade cascade were used to
measure the static pressure and hence the Mach number at
the entrance to the buckets. '

RESULTS AND DISCUSSION

Two-dimensional tests at best cennot completely
reproduce operating conditions that exist in turbosuper-
chargers. The tests in the l-inch jet were conducted at
Mach numbers from zero through the choking Mach number,
the range over which the turbine operates. The Reynolds
numbers for the tests in the l-inch jet and the Langley
5-inch cascade tunnel were considerably larger than the
turbine Reynolds number. Three-dimensional flows and
rotational effects were not reproduced. Tor these reasons,
rotating-machine tests are the only means of quantitatively
evaluating bucket designs. :

Conditions relative to the rotating buckets were
simulated in the tests. The relation between the angle
at which air enters the cascade and the corresponding
veloecity ratio in the turbine is

cos (k + B)
THEN[E

&=



where
A ratio of veloclity of turbine to theoretical velocity
of gas leaving nozzles
K angle between tangential direction and direction
at which gas leaves turbLne nozzles, relative
to nozzles; for original turbosupercharger,
0
1
K & 20=
2
g stagger angle,. that is, angle between incoming
alr and a perpendic cular to cascade, relative
to cascade (fig. 1)

-

’

It was reported to NACA that the design pitch velocity
ratio § was 0.450, which corresponds to a stagger
angle of 54,°. By the geometrv of the turbine, if a
uni form VP1001ty and angle at the nozzle exit are assumed,
the design root velocity ratic &, 1s then 0.LOlL, which
corresponds to a stagger angle {8 of 56,5°, and the design
tip velocity ratio &t 18 0. 196, which corresponds to a
stagger angle f of 55 . - The low-speed tests were there-
fore run at stagger angles that would simulate the velocity
ratios over a range centered about the design conditions.

The buckets developed by the NACA w
se

(h ned
have the same ction araao as the original.sections, on
the -assumption that the rotation stresses in. the NACA
bucket would be no ngﬂer than the resses in the original

bucket. The NACA sections were designed to turn the flow
the same amount as corresponding original sections. For
all flow velocities, an attowot is made in the original
designs to maintain the flow lPaVln” the buckets parallel
to the trailing-edge direction by means of guidance, that
is, by having the passage walls parallel to each other

at the trailing edgs.

In the experiments in the l-inch jet, an attempt was
made to evaluate the relative merits of the original and
NACA sections by measuring the Mach number shead of the
blades at which choking occurred in the blade passages
The choking Mach number is defined as the hizhest ;Moh
number attainable shead of the blades. It is evident
that, other things being equal, a higher choking X¥ach ¢
number for the same turning angle indicates a more effi-

cient passage.

i o e e e
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Schlieren photographs were taken of high-speed flow
about each bucket section set at the design velocity
ratio for a series of pressure ratios. These photographs
indicate separated regions quite clearly and show good
correlation with the results of the tuft and impact-tube
explorations in the Langley 5-inch cascade tunnel,
particularly in the case of the original tip section.
Local high-velocity regions, as measured in the low-speed
cascade tests, lower the chaking Mach number. This effect
is demonstrated by comparison of the data presented on
veloecl ty distribution and choking Mach number.

Root Sections

The NACA root section is similar to the original
root section shown in figure % except that the convex
surface has an arc of larger radius preceding the straight
trailing edge (fig. L). A comparison of the velocity
distributions of the original root section (fig, 9) and
the NACA root section (fig. 6) indicates that both sec-
tions are satisfactory. The NACA blade has a more uniform
flow pattern; figure 6 shows no pesks and the high-velocity
region is maintained well back along the convex surface.
Both root sections exhibited thickened boundary layers on
their convex surfaces, but the flow did not separate over
elther section. The turning angle of the NACA section
varies only slightly from that of the original section.

In the l-inch jet, the maximum Mach number of the
flow entering the cascade was equal to 0.67 for both cas-
cades. The two sections thus operate much the same at
high speeds. The schlieren photographs of the original
root section (fig. 7) and the NACA root section (fig. 8)
indicate that the flow over both models simultaneously
becomss supersonic over a large part of the chord.

Piteh Sections

guidance is incorporated in the original pitch
section (fig. 9) but not in the NACA pitch section
(fig. 10). 1In the design of the NACA section, an attempt
was made to prevent separation and to allow operation at
high Mach numbers by using increased radii in the convex
surfaces.
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The velocity distribution over the original piteh
section (fig. 11) shows relatively high velocities over
the leading half of the chord, ‘which suggests that sonic
velocities would be reached in the flow over this bucket
before the entrance Mach number becomes high. Figure 11
also indicates a rapid pressure recovery between 50 and
60 percent chord.  The velocity distribution over the
NACA pitch section (fig. 12) shows lower loczal velocities
with a less steep pressure recovery. Both buckets turn
the air similarly and exhibit thickened boundary layers
with little separation.

Schlieren photographs for the tests in the l-inch
jet give evidence that the separation and turbulence in
the flow through the original pitch section (fig. 13) has
been reduced in the NACA design (fig. 1lL). For the
original blade, choking ccecurred at an entrance ilach
number of 0.58. The NACA bucket did not choke until an
entrance Mach number of 0.72 was reached. The NACA
pltech bucket section ls considered to be a definite
improvement.

Tip Sections

As may be seen from figure 15, the original tip
section does not represent modern aerodynamic design.
The flow over this section was found by impact~tube survey
to be badly separated, The velocity distribution was
typical of separated flow. Because of the limited area
allowed for the tip section to comply with the stress
requirements, the NACA tip section (fig. 16) could not
be designed to eliminate completely the flow separation
found in the originsl tip section (fig. 17). Hollow
buckets might, however, make such design possible. The
compromise section selected (fig. 16) does prevent separa-
tion over the lesading 60 percent of the convex surface
and does keep to a minimum sepsration on the concave sur-
face. This section has no guidance. The veloecity distri-
bution (fig. 18) is fairly good, although a tendency to
peak at 60 percent chord is evident for velocity ratios
greater than 0.57. The flow turning angles approximate
those intended for the original tip section,

The schlieren photographs of the original tip sec-
tion (fig. 19) show separation occurring in the same
manner as was found in the low-speed tests (fig. 17).

The photographs of the NACA tip section (fig. 20) indicate
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that the separation has been greatly diminished over the
convex surface and has become invisible over the concave
surface. The entrance Mach number at which choking

occurred was 0.48 in the original design but was increased

to 0.63 in the NACA design, an important improvement.

CONCLUSTONS

A cascade investigation in two-dimensional flow of the

original buckets and of buckets designed by the NACA for
a modern aircraft turbosupercharger has been carried out
at LMAL. The bucket sections were tested at low speeds
in the Laengley 5-inch cascade tunnel and at high speeds
in the Lengley l-inch turbine-element testing apparatus.
The results of this investigation indicated the following
conclusions:

1. Both the original and NACA root bucket sections
were satisfactory.

2. The NACA pitch section was a definite improvement
over the original pitch section.

3. The NACA tip section was satisfactory, whereas
the original tip section had badly separated flow.

li. Rotating-machine tests are needed to make the
improvements measurable directly in terms of lowered
back pressures on the engine or increased turbosuper-
charger performance.

Langley lemorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
. Langley Field, Va.
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Figure 1.- Langley S5-inch cascade tunnel.
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Figure 2.- Tangley l-inch turbine-element testing apparatus.



NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3.- Original bucket ‘oot section desi
gned for a modern
alrcraft turbosupercharge:. All dimensions are in inches.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure L.~ Bucket root section designed by NACA.
All dimensions are in inches.
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Figure 5.- Velocity distribution and turning angle of original root section.
Atm indicates velocity that would result if air were expanded to atmospheric
pressure; u, local air velocity; Uy, air velocity ahead of cascade.
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Figure 7.- Schlieren photographs of flow through
ofiginal root section. &. = 0.404; B = 56.5%.
Upper numbers indicate chamber pressures in
atmospheres; lower numbers, entrance Mach num-
bers. Choking occurred at an entrance Mach

number of 0.67.
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Figure 8.- Schlieren photographs of flow through

NACA root section. £. = 0.404; B8 = 56.5°.
Upper numbers indicate chamber pressures in
atmospheres; lower numbers, entrance Mach
numbers. Choking.occurred at an entrance Mach
number of 0.67.
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Figure 9.~ Original bucket pitch sectilon.
All dimensions are 1n inches. e ke 10.311;1131;? ‘;i“h Sectionidesigned b MAdK.
ensions are in lInches.
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Figure ll.- Velocity distribution and turning angle of original pitch section.
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Pigure 12.- Velocity distribution and turning angle of NACA pitch section.
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Figure 13.- Schlieren photographs of flow through

original pitch section. £, = 0.450; B = 54°,
Upper numbers indicate chamber pressures in
atmospheres; lower numbers, entrance Mach
numbers. Chokingoccurred at an entrance Mach
number of 0.58.

13



NACA ACR No. L4J25 Fig.

Figure 14.- Schlieren photographs of flow through
NACA pitch section. E. = 0.450; B = 549,
Upper numbers indicate chamber pressures in
atmospheres; lower numbers, entrance Mach num-
bers. Choking occurred at an entrance Mach
number of 0.72.
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Figure 16.- Bucket tip section designed by NACA.

Figure 15.- Original bucket tip section. All a1
All dimensions are in inches. RNk B TR,
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Figure 18.- Velocity distribution and turning angle of NACA tip section.
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Figure 19.- Schlieren photographs of flow through
griginal tip section. £, = 0.496; B = 528,
Upper numbers indicate chamber pressures in
atmospheres; lower numbers, entrance Mach num-
bers. Choking occurred at an entrance Mach
number of 0.48.
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Figure 20.- Schlieren photographs of flow through
NACA tip section. £, = 0.496; B = 52°. [Upper
numbers indicate chamber pressures in atmo-
spheres; lower numbers, entrance Mach numbers.
Choking occurred at an entrance number of 0.63.
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