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Four 900 two-dimensional turning passages designed by t
of characteristics were tested at an inlet Mach number of 1.
meagured losses varied from 5 to 15 percent of the inlet sta

he method
Ty 'The
gnation

pressure. The smallest loss was obtained for a passage in which

geparation on the convex surface was minimized through the i
of a favorable pressure gradient.

INTRODUCTION

ntroduction

Reference 1 presents several schemes of supersonic compressors,

one of which would give high values of compression ratio if
turning and diffusing problems related to the rotor and stat
could be solved. For such a compressor, the stream enters t

supersonic
or design
he rotor

at a relative supersonic velocity and undergoes & large change of

direction in the rotor. Leaving the rotor, the air then ent
gtator at a high supersonic velocity and is diffused in the

subsonic velocity. A more detailed analysis of this type of
igi presented in'reference 2. The analysis- in reference 2 'sh
with a variable-geometry stator, a stage compression ratio o

ers the
gtator o
compressor

ows that

f the

order of 6 to 10 may be obtained with an adiabatic efficiency ranging

from 75 to 80 percent, provided that a turning angle of the
can be accomplished in the rotor without large losses for an

order of 90°
entrance

Mach numbsr of about 1.70.  In view of the interesting possibilities

indicated by the analysis of reference 2, a preliminary inve
was coniucted at the Langley Aeronautical Laboratory in orde

stigation
1628k P o)

determine criterions for the design of an efficient supersonic rotor
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passage employing a 90° turn. It may be noted that the problem of an
efficient turn of this magnitude arises also in the design of turbines F
with relative supersonic entrance velocities.

In the present investigation, four turning-passage designs having
different aerodynamic design criterions were analyzed and tested by
means of the stationary cascade technique. For ths design conditions
of the rotor considered, all of the waves generated by the blades are
contained inside the passage (reference 2), and no interference exists
between different passages; therefore, 1n the cascade tests, only a
single passage was reproduced in order to simulate the conditions of
the rotor. TFor each passage, the velocity distribution and the losses
in stagnation pressure were measured at the exit. Because of the large
curvature, the boundary-layer effects were expected to be large; how-
ever, the nature and magnitude of these effects were not known before-
hand and were taken into consideration as the tests proceeded.

Reference 2 shows that a compression in the rotor rather than an
expansion 18 desirable. For some practical velocity diagrams, in rotor
passages with constant span, the exit velocity is larger than the
entrance velocity; therefore, as stated in reference 2, use of a
converging annulus ig desirable to achieve compression in the rotor.
For this reason, in this preliminary Investigation, tests were also .
made in which the span was decreasing along the passage.

The analysis of reference 2 indicates that the possibility of i
obtaining, at the starting conditions, variation of entrance velocity
and rotational speed of the supersonic compressor considered depends
upon the flow in the vicinity of the sharp leading edge of the rotor
blade when a detached shock 1s present in front of the blade. Addi-
tional tests wers thus made with the blade set at high angles of attack
that may correspond to operating conditions other than the design
condition.

Because of the many variables involved and because no previous
similar experimental results were available, this investigation has
been directed toward understanding the general phenomena related to
the problem rather than toward developing specific blade designs. The
information obtained, however, can be applied directly to blade designs
of practical interest and can be used in different velocity diagrams
and for different valuss of turning angle.
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SYMBOLS
c blade chord (fig. 1)
h distance between blades normal to stream (fig. 1)
m mass flow
P static pressure
8 blade spacing (fig. 1)
t maximum thickness of blade
A area normal to the stream
M Mach number
P stagnation pressure
A% velocity
G4 angle of attack, degrees
o) deviation of flow from stream direction, degrees
i temperature (°F, absolute)

c/s solidity

t/c thickness ratio

Subscripts:

o] absolute inlet stagnation condition
it entrance condition

2 exlt condition

av average condition

A atmospheric condition
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AFRODYNAMIC DESIGN OF THE EXPERIMENTAL TURNING PASSAGES

In the design of a channel to represent a blade passage that can
be used In a supersonic compressor of ths type discussed in the
INTRODUCTION, preliminary considerations indicated that the following
requirements should generally be fulfilled for the design operating
conditions of the compressor: The air that enters the passage at
supersonic speed must change direction very rapidly in order to avoid
high solidity in the rotor blades; the shape of the convex and concave
surfaces of the passage must give a blade shape of practical thickness;
the disturbances in the flow produced by the passage must be confined
inside the passage; the exit velocity must be of the same order of
magnitude as the entrance veloclty, or possibly smaller; and the blade
spacing at the entrance and exit must be equal in order to give sharp-
edge blades.

These requirements impose some limitations on the passage design
and also fix some of the paramsters that must be investigated in a
further analysis. For example, the blade chord relative to the blade
spacing (fig. 1) for a given turning angle is a function of the
difference in stream velocity between the two curved surfaces of the
passage, and the blade solidity decreases as the difference in stream
velocity between the convex and concave surfaces of the passage
increases. The thicknsss ratio of the blade corresponding to the
passage 18 a function of the curvature of the passage, of the velocity
distribution along the passage, and of the stagger angle.

Because the axial velocity is usually subsonic (subsonic flow in
front of the rotor) in all the passages considered the convex surface
was designed parallel to the relative stream direction in the zone of
the leading edge. Only when the entrance velocity component in a
normal direction to the plans of rotation is larger than the speed of
gound can waves be produced at the leading edge of the convex surface.
If, therefore, a wedge of finite physical dimensions is to be obtained
at the leading edge of ths blade, the concave surface at the leading
edge must be inclined to the undisturbed stream direction. If no
digturbances are to be transmitted upstream from the passage (the
disturbances in the flow produced by the passage must be confined
inside the passage), the shock must start at the leading edge of the
concave surface, and, therefore, must be 1nside the passage.

In the design of the turning passage, the characteristics system
wag used to determine the flow field in the passage. When compression
waves were introduced, the flow still was assumed to be potential flow.
This assumption was considered justified because the Mach number
variation in the passage was small in most cases.

CONSTDENTTAL
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The detailed considerations in the design of the four turning
passages and wedge model investigated are discussed in the following
gsections. The coordinates of the blades repressnted by the various
turning-passage models are given in table I and the primary geometrical
parameters of the blades are sumarized in table IT.

Model 1.- Model 1 was considered a preliminary design which could
be tested to give an indication of the basic aerodynamic phenomena that
would aid in the development of succeeding designs. The turn was very
gradual and resulted in a rather thin blade which may be of little
interest for practical considerations.

Figure 2(a) presents the theoretical Mach number distribution at
the convex and concave surfaces as a function of the percent of chord
for model 1. In figure 3(a) the sams Mach number distribution is
glven as a function of the surface angle along the passage.

The characteristics net for model 1 is shown in figure 4. For the
design of this model, the following arbitrary conditions were chosen:
At a design entrance Mach number of 1.71 the leading edge of the concave
surface was designed to produce a 4° shock; the leading edge of the
convex gurface was designed to be parallel to the stream direction;
compression waves were produced at the concave surface and expansion
waves at the convex surface; the initial shock wave and the subsequent
compression waves were reflected at the convex surface as expansion
weves; and the Intenslty of the expansion and compression waves was
fixed in order to obtain a constant difference in velocity bstween the
two surfaces corresponding to an expansion from M = 1.501 "o’ M =" 1.99,

Along ths concave surface the velocity at the 12-percent-chord
station reached a minimum of M = 1.50 and remained constant to the
83-percent-chord station. (See figs. 2(a) and 3(a).) At this station,
expansion waves from the convex surface were neutralized. In this way,

the velocity at the 100-percent-chord station was increased to M = ]

At the convex surface the velocity was increased at first and attained
a value of M = 1.99 at the 23-percent-chord station and remained
constant to the 83-percent-chord station. From the 83-percent to the
100-percent-chord station only the compression waves from the concave
surface were neutralized, and the velocity decreassd to M = 1.71. Tt
may be noted that the cross section of ths channel remained constant
from the 23-percent to the 83-percent-chord station. For the design
conditioas, the Mach number at the exit was wniform and equal to the
entrance Mach number. The area ratio Ag/Al for this design condition
was 1.00.

In order to investigate the effects of small positive and negative

pressure gradients along the passage, tests were made with different
arca ratios ranging from 0.96 to 1.29. The area ratios (and stagger

_CONFIDENTTAL
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angles) were varied by moving the concave surface in a direction
parallel to the undisturbed stream; thus a gradual increase and
decreags was introduced in cross-sectional area along the passage.
Because the convex surface near the leading edge was parallel to
the stream direction, the passage can be used for blade designs of
rotors with different velocity diagrams. In figure 5 some possible
blade designs are shown, and the principal geometric parameters are
ghown in table IT.

Model 2.- The characteristics net for model 2 is presented in
figure 5. TIn order to increass the thickness ratio and decrease the
solidity as compared with those for model 1, the following different
design conditions were chosen: A 10° shock instead of a 4O shock was
introduced at the leading edge of the concave surface and thus more
expansion waves were introduced at the convex surface in front of the
shock in order to facilitate the reflection of the shock; also, the
difference between the velocities at the two surfaces was made larger
than for model 1.

At the concave surface the Mach number behind the shock was 1.36
and increassd to 1.50 at the 15-percent-chord station. (See figs. 2(b)
and 3(b).) From the 15-percent-chord station to the 85-percent-chord
gtation the Mach number remained constant. From the 85-percent to the
100-percent-chord station the expansion waves from the convex surface
were neutralized, and the Mach number at the concave surface increased
to 1.77. At the convex surface, expansion waves were produced up to
the 17-percent-chord station where the Mach number reached a value
of 2.21. The shock from the leading edge of the concave surface met
the convex surface at this station, and the value of the Mach number
dropped to 1.64; however, more expansions were introduced behind ths
17-percent-chord station, and the Mach number increased to a value
of 2.12 at the 38-percent-chord station. From the 38-percent to
the 70-percent-chord station, the Mach number remained constant. From
the TO-psrcent to the 100-percent-chord station, the compression waves
from the concave surface were neutralized, and the Mach number decreased
to a value of 1.77. The design Mach number at the exit was wniform and
was selected to be slightly larger than the entrance Mach numbser to
compensate for the boundary-layer growth along the convex surface as
observed in tests of model 1. It may bs noted that the cross section
of the channel remained constant from the 38-percent to the T70-percent-
chord station. For the design conditions the area ratio Ag/Al was 1.077.

Tests were made for various values of area ratio (ranging from 1.028
to 1.421), obtained in the same mamner as for model 1. Also because the
convex surface was designed parallel to the stream direction in ths
reglon of the leading edge, the passage can be used for blade designs
of rotors with different velocity diagrams. In figure 7 some possible
blade designs are shown, and the principal geometric parameters are
gshown in table II.

CONFIDENTIAL
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Model 3.- For models 1 and 2 the cross section of the channel was
maintained about constant over a large part of the passage. In model 3
a contraction of the channel was introduced. This contraction permitted
the thickness ratio of the blade to be increased and also introduced a
favorable pressure gradient along the convex surface in the region where
the flow tended to separate as observed in teste of models 1 and 2.

This pressure gradient remained favorable wntil 70° turning was
accomplished. (See figs. 2(c) and 3(c).)

The characteristics net for model 3 is presented in figure 8.
A 10° shock was produced at the leading edge of ths concave surface.
This shock was followed by compression waves, and the Mach number
decreased to a value of 1l.14 at the 20-percent-chord station and
remained constant to the 50-percent-chord station. (See figs. 2(c)
and 3(c).) From the 50-percent to the 100-percent-chord station the
Mach number was increased gradually to a value of 1.76 at the
100-percent-chord station. At the leading edge of the convex surface,
a straight section was extended to the 5-percent-chord station, after
which expansions were introduced and the Mach number increased to a
value of 2.13-at the 23-percent-chord station. The shock wave from
the leading edge of the concave surface met the convex surface at
this point, and the Mach number dropped to a value of 1.50. More
expansions were gradually introduced, and the Mach number increased
to a maximum value of 2.04 at the 60-percent-chord station and thesn
gradually decreased to a value of 1.76 at the 100-percent-chord
station. The Mach number at the exit was wniform.

In this design the blade has a much larger thickness ratio than
the preceding blades, and the solidity is smaller. (See table II.)
The concave surface was not moved in tests of model 3. Ths design
area ratio Ag/Al is 1.208. Figure 9 illustrates a possible blade

design represented by model 3.

Model 4.- If the expansion in front of the shock along the convex
surface is very large, the curvature of the blade increases, the
golidity decreases, and the thicknsss ratio of the blade increases.
Model 4 was therefore designed to determine the effect of a large
increass in the initial rate of expansion and total expansion along
the convex surface ahead of the zone in which compression waves
produced by the concave surface meet the concave surface and, therefore,
in thie manner determine the effect of a large curvature on the
separation that was observed to occur in this zone.

The characteristics net for model 4 is shown in figure 10(a). In
model 4 a strong shock of 15° was introduced at the leading edge of the
concave surface that reduced the speed from M =1.71 to M = 1.35,
and further compression reduced the Mach number to 1.07 at the
10-percent-chord station. (See figs. 2(d) and 3(d).) The Mach number

| CONFIDENTTAL
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then gradually increased until, at the 100-percent-chord station, a
value of 1.75 was reached. At the convex surface a strong expansion 4
was introduced, and the maximum theoretical Mach number attained

is 3.70 at the 25-percent-chord station. In the actual flow a local
separation was expected to occur which would reduce ths local
expansion. The expansion was followed by a zone of compression in
which the velocity decreased to a value of 1.70 at the 35-percent-
chord station. From the 35-percent to the 100-percent-chord station
the Mach number was gradually increased to a value of 2.08, which
value is higher than that necessary for the concave surface to
compensate for the expected large separation. In the actual case,
the boundary layer effectively changes the curvature on the convex
surface, and, therefore, the expansion would be expected to be less.

After the tests of the original configuration (fig. 10(a)),
model 4 was slightly modified in order to decrease the zone of
separation obtained in the tests. In figure 10(b) the characteristics
net for the modified configuration tested is presented. In this char-
acteristics net, a zone of local separation at a point ahead of the
shock reflection has been assumed in order to analyze the effects of
the separation on the local expansion in the zons ahead of the shock.
The maximum Mach number ahead of the shock at the convex surface
ig 2.3L4 and decreases to 2.25 behind the shock along the convex o
surface. (See figs. 2(e) ani 3(e).) From the 30-percent to the
80-percent-chord station the Mach numbsr remained constant and then
decreased to a value of 2.15 at the 100-percent-chord station. The
Mach number after the compression (along the concave surface) was 1.0k
and then increased to 1.94 at the 100-percent-chord station. Blade
profiles corresponding to the passage of figures 10(a) and 10(b) are
shown in figure 11.

Variable-span models.- Model 2 was used to investigate the effect
of a contraction of the annulus of the rotor in a spanwise direction.
In the first configuration (shown in fig. 12) the fairing introduced
along one side wall starting at the 30-percent-chord station gave a
gradual spanwise contraction. The fairing was 3o chosen that the area
ratio Ag/Al was equal to 1.00. A second fairing configuration

(fig. 13) was made in order to determins the effect of a spanwise
pressure gradient such as would be expected in the actual rotor. In
this design, the variation of area along the passage was Introduced by
filling one of the corners of the passage between the convex surface

and one side wall. This fi1lling started at the 30-percent-chord station
and gradually increased in size so that at the exit of the passage the

area ratio P 1.016.
Ay

Model used for detached shock.- For some starting conditions of
the compressor schems described In reference 2, variations in entrance

CONETDENTTAL
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velocity and rotational speed may occur and, for a rotor passage ‘such
as that considered herein, a detached shock will be produced in front
of the blade by one of the blade surfaces. For this case of detached
shock, it is of interest to determine whether the velocity at the other
surface of the blade, along which expansion would occur, produces the
same order of Mach number that would exist if the shock wave were
attached at the lower surface. Previous experience has shown this to
be the case for moderate flow deviations beyond that for shock attach-
ment (reference 3); however, no evidence 1s available as to whether
this result would hold for much larger flow deviation resulting in a
very strong detached shock; therefore, tests were made with a wedge

at high angles of attack.

The concave surface block of model 2 was used in the tests of a
wedge with detached shock. The upper surface of this block was
arbitrarily shaped for test convenience. The lower surface was
designed in accordance with the previous explanation for model 2.

APPARATUS AND TEST METHODS

The tests of the turning passages were made in one of the blow-
down Jjets of the Langley Gas Dynamics Section. The apparatus consisted
of a nozzle and a model especially adapted to simulate the passage
between rotor blades. High-pressure air was throttled to the desired
stagnation pressure in the settling chamber and discharged through a
two-dimensional nozzle and a turning passage to the atmosphere. The
test section of this nozzle had a span of 2 inches and a height of
1.5 inches. A pressure survey made at the test section indicated the
measured Mach numbsr to be uniform at a value of 1.71. Figure 1L is
a photograph of model 2 mounted iIn the test setup. Figure 15 is a
more detailed photograph of the same setup. Both photographs were
made with one side wall removed.

The models of the turning passages were constructed of two metal
blocks, each separately supported to the side walls in such a way that
a change in the relative positions of the surfaces could be easily
obtainnd by moving the concave surface. In the test setup, a "bleed-
orf” 1s provided at the entrance of the passage to prevent the
boundary layer at the top and bottom of the nozzle from entering the
passage. (See fig. 15.) The boundary layer along the side walls was
not eliminated and thus entered the passage. In the actual rotor,
boundary layer exists at the surfaces between the roots and between
the tips of the blade sectlons, which correspond to the side walls in
the cascade setup. The surface between the root sections rotates with
the blades, and it follows that the velocity component influencing the
boundary layer at this surface is the same as was indicated by the

CONFIDENTTAT,
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cascade tests. The surface between the tip sections does not rotate
with the rotor, and the velocity component influencing the boundary
layer 1s the axial velocity. In the cascade tests, however, the
velocity component is the relative velocity component, which is larger
than the axial velocity and, therefore, the boundary-layer effects of
the cascade tests are slightly exaggerated compared with those of the
actual rotor.

The variation of Reynolds number of these tesats was small and the
average value based on the chord of the passage was 9.16 X 10°. The
span of each turning passage was 2 inches. The ratio of blade chord
to span was much greater than would be considered in the design of a
rotor, and, therefore, the effect of the boundary layer on the side
walls may again bs somewhat exaggerated In these tests. A large span
was not possible in the experimental apparatus used; however, the
large value of the chord facilitated the test measurements of the
aerodynamic properties of the passage.

Conventional schlieren photographs and shadowgraphs were obtained
of the flow along the passage in addition to the pressure survey at
the exit of each passage. The pressure surveys for models 1, 2, and 3
were taken In a zone where the velocity was expected to be uniform from
the nonvliscous theoretical considerations. The pressure survey for
model 4 was taken in a zone of nonuniform flow. The characteristics
net for model 4 was made without canceling the compression and expansion
waves because of the large expected boundary-layer separation which
would annul any theoretical calculations of the flow.

In model 1 a survey of static and total pressures was made at one
station by using a fixed rake placed at the 50-percent-span station.
It wag found in tests of model 1 that the boundary layer collected in
the center of the span and that a single fixed rake could not be
expected to Indicate a sufficiently accurate average of the flow in
the passage. For tests of model 2, the survey of static and total
pressures was made at two stations by using two fixed rakes, one
placed at the 50-percent-span station, and one placed at the
10.15-percent-span station of the passage. The position of the rakes
and a schematic drawing of the setup for models 1 and 2 are shown in
figure 16.

Because of the uncertalnty of the stream direction at the exit,
the static pressure for model 2 was also determined by placing the
static tubes at a slight inclination to the axis of the passage and
parallel to the surface. No appreciable difference was obtained.
Becauge a large varlation of stagnatlion-pressure recovery and of Mach
number along the span was found in the tests of model 2, the survey
in models 3 and 4 was made at three spanwise stations. In order to
obtaln pressure data close to the surfaces, two types of movable rakes

"CONFIDENTTAL
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having opposite positions of static- and total-pressure tubes were used,
together with the fixed rakes previously used. In this way, a larger
number of points were measured for each station investigated, and a
more accurate measure of the spanwise distribution of pressure was
obtained. The position of the surveys for models 3 and 4 are shown in

figure 17.

In all tests the valus of the static pressure at the entrance of
the passage could be changed by changing the stagnation pressure, and
since the flow of the passage discharges into the atmosphere, compres-
sion or expansion waves can be produced at the exit of the passage by
changing the test stagnation pressure. The exigstence of compression
waves or expansion waves at the exlt of the passage can change somewhat
the phenomena in the boundasry layer upstream in the passage and also
the extent of the separation region. In practical applications for
steady conditions the static pressure outside of each section of the
rotor should prcbably be equal to the average static pressure at the
exit of the section considered (reference 2). In the tests of models 1,
3, and L4, the static pressure was therefore maintained about equal to
the average static pressure at the exit. For model 2, some tests were
made with different values of exit pressure to determine the importance
of this parameter. Because its value was not known before the tests,
the static pressure at the exit of the passage in all the tests of
models 1, 3, and 4 was not exactly equal to the atmospheric pressure.
The exit static pressure 1s a function of the exit Mach number, which,
relative to the theoretical value, 18 influenced by the boundary layer.
Before each test a preliminary estimate was made, and when the
difference between the estimated pressure and average final pressure
measured was large, the inlet pressure was adjusted to give the correct
exilt pressure.

From the measured static pressure and the pressure indicated by a
pitot tube, the local values of Mach number were obtained. The stag-
nation pressure was then determined from the Mach number and pitot-tube
pressures. The Mach number and stagnation pressure were used to
calculate the average Mach number and the average stagnation pressure.
The average stagnation pressure and the average Mach number were
computed in reference to the unit mass flow and are given by the
following expressions:

GONFTDENTTAL
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In the test with two rakes, the average values of Mach number
ratio and pressure ratio were computed with the mass flow, calculated
from measurements at each rake, considered as half of the total mass
flow. In the tests with three rakes the mass flow measured by each
rake, used in the average calculation among the rakes, was considered
as a third of the total mass flow.

The wedge used in the detached-shock test was the concave surface
block of model 2 and was tested in the sams experimental setup by
changing the inclination of the block with respect to the stream
direction. Pressure msasurements and shadowgraph observations of
the flow were made along the upper surface of the block. The relation
between the upper surface, nozzle blocks, and blade shape, as well as
the general test setup, are shown in figure 18.

Model 2 was used for the test setup of the three-dimensional tests.
Two fixed rakes, one at the 50-percent-span station and one at the
10.15-percent-span station were used for pressure measurements. The
planes of survey for these tests were the same as for model 2, shown
in figure 16. '
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RESULTS AND DISCUSSION

Model 1.- Figure 19 shows the exit Mach number distribution along
the 50-percent-span station of the passage of model 1 for three

A
positions of the concave surface corresponding to Kf = L lgires i 105,
and 1.012; figure 20 presents the local stagnation-pressure-recovery
distribution for the same three values.

The Mach number and stagnation-pressure distributions indicate
that, in the zone near the convex surface, a separation occurs with
subsonic flow. Also, from the schlieren observations, waves were
found in the zone in which the pressure survey indicates a separation.
It appears, therefore, that a nonuniform velocity distribution must
also be expected across the span of the passage as a result of the
boundary layer from the side walls; consequently, in tests of the
other turning passages, the survey was conducted in more than one
spanwige plane. The data for models 2, 3, and 4 show that a velocity
gradient along the span doss exist and that the boundary layer tends
to collect at the 50-percent-span station. The midspan station is
thus the station at which the largest losses are expected, and it
follows that measurements made at this station do not represent the
average values for the passage. These results, however, do give a
conservative indication of the performance of this passage.

M2 gy
M1
Mach number to sentrance Mach number) plotted against area ratio

(the ratio of the average exit
Ao
Al’

Figure 21 gives the ratio

P2ay
Po

pressure to the entrance stagnation pressure) against the area ratio K%’

and filgure 22 presents the ratio (the average exit stagnation

2
These figures show that the ratio May increases with increase of area
: 1
ratio a5 whereas the stagnation-pressure recovery showed little vari-
1k

ation, the maximum value of being 0.84.

av
Po

The results from tests of model 1 thus show that a flow at a Mach
number of 1.7l can be turned 90° with moderate losses in pressure
recovery when the exit Mach number i1s of the same order as the entrance
Mach number. :

Model 2.- The exit Mach number distribution at the 50-percent-span
station and at the 10.15-percent-span station of model 2 at the design
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area ratio <§g = 1.07%> is shown in figure 23 for three different
1k

P
entrance static-pressure ratios El and, hence, for three different
A
conditions at the exit of the passage. The ratios of static pressure

1Y
of the stream to the atmospheric pressure 5l are 1.28, 1.0, and 0.85,

for the three conditions. A

Figure 24 presents the static-pregsure distribution and the
stagnation-pressure-recovery distribution at the 50-percent-span

P
gtation for which the variations obtained for the three values of El

A
considered were larger than at the 10.15-percent-span station.
Figures 25 and 26 present the average exit Mach number and the
gtagnation-pressure recovery at the two stations as functions of the
p
area ratio e for the three values of 51 congidered. Thesge figures
1L A

show that the average exit Mach number varies conslderably when the
exit conditions of the passages change. When the entrance static-
pressure ratio decreases or when KI increases, the separation on the
convex surface increases and the Mach number decreases.

Figures 27 and 28 give the average Mach number ratio and average i
stagnation-pressure recovery for the three entrance static-pressure
ratios plotted against the area ratio %g. The values in figures 27

1

and 28 are an average of the two stations. Although the variation of
the entrance static pressure affects the exit Mach number a large amount,
the variation has little effect on the value of the stagnation-pressure
recovery. In figures 27 ﬁnd 28 a dogted line has been drawn that corre-

gsponde to the values of -ﬁfz and P:y for which the atmospheric
|
pressure at the discharge 1s equal to the static pressure at the exit
of the passage. The average maximum value of Pi:v for model 2 shown
in figure 28 1s about 0.90 and occurs at the highest value of gi.

figures 29 and 30. From the shadowgraphs, the flow at the entrance of

the passage appears to be similar to the flow glven by the theoretical

analysis. At the exit, separation occurs on the convex surface that .
changes the velocity distribution in the spanwise plane. From the

shocks on the total-pressure rake tubes (short tubes are at the

Shadowgraphs of the flow in the passage for model 2 are shown in
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10.15-percent-span station and long tubes are at the 50-percent-span
station) it is possible to determine that the separation zone is
thicker at the 50-percent-span station than at the 10.15-percent-span
station of the model (at the 10.15-percen-span station the shocks are
extended nearer to the convex surface than at the 50-percent-span
station). These results are also shown from all the pressure distri-
butions (figs. 23, 25, and 26), which indicate that the flow in the
passage is far from two dimensional.

An explanation of the fact that the separated region tends to
collect at the midspan of the passage can be deduced from the consider-
ation of the centrifugal forces and the boundary-layer effects along
the side walls (reference 4). For every section of the passage a
negative gradient of velocity exists in the normal direction from the
convex surface to the concave surface. (See, for example, fig. 6.)

The negative gradient of velocity corresponds to a positive pressure
gradient, which, outside of the boundary layer, balances the centrifugal
forces. Because of the pressure gradient, the boundary layer on the
side walls and on the concave surface, which has higher pressure, tends
to move in toward the convex surface; therefors, all the boundary layer
tends to collect at the middle of the convex surface. A schematic
distribution of the boundary layer and the secondary flow involved is
ghown in figure 31. A different phenomena occurs in the actual rotor
because centrifugal forces exist in the spanwise direction out toward
the rotor blade tip and probably separation would tend to form near

the root of the blade.

Model 3.- Figures 32, 33, and 34 show the Mach number distribution,
the stagnation-pressure-recovery distribution, and the static-pressure
distribution at the three spanwise stations considered for model 3. At
the 50-percent-span station (fig. 32) the gtream velocity tends to
decrease near the convex surface in a manner similar to that of models 1
and 2; however, for model 3 the stream remains supersonic near the
convex surface. The boundary-layer thickness at this spanwise station
(shown by fig. 33) is approximately 0.30 inch from the convex surface.

A comparison of Mach number distribution and stagnation-pressure distri-
bution at the 50-percent-span station between model 3 (figs. 32 and 33)
and model 2 (figs. 23(a) and 24(b)) shows that model 3 has a much higher
velocity with smaller losses In pressure recovery near the convex surface
than model 2.

The Mach number distribution at the 25-percent-span station
(fig. 32) shows that near the convex surface a Mach number of 2.19 is
attained which is the highest value obtalned for the three gtatlons.
At this station, therefore, no separation is apparent, and the thick-
ness of the boundary layer is very esmall. The Mach number distribution
at the 10.15-percent-span station (fig. 32) shows a value of Mach
number of 1.99 near the convex surface at the point corresponding to

| |CONFIDENTTAL
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the value of 2.19 at the 25-percent-span station. The Mach number
distribution obtalned shows that near the convex surface the velocity
is still supersonic and, therefore, no strong separation effects exist.

The stagnation-pressure-recovery distribution (fig. 33) at the
three spanwise stations follows that indicated by the Mach number
distribution. The largest losses exist at the 50-percent-span station
near the convex surface. The logses are somewhat less at the other
two stations (fig. 33).

Figure 34 presents the static-pressure distribution at the three
spanwige statlons, and the static-pressure distribution appears to
follow the indications of Mach number and stagnation-pressure-recovery
distribution.

The stagnation-pressure recovery obtalned from the average of the
three stations for model 3 is 0.95, and the corresponding average exit
M2gy

My
able gain In pressure recovery has been obtained with the Introduction
of a contraction in the passage and indicate that the introduction of
a favorable pressure gradient in the zone of large curvature (fig. 3)
has a large and favorable effect on the boundary layer at the convex’
surface and causes a large reduction of separation. A shadowgraph for
model 3 is presented in figure 35.

i 1.06. These results show that an appreci-

Mach number ratio

Model L4.- Figures 36, 37, and 38 present Mach number distribution,
stagnation-pressure-recovery distribution, and static-pressure distri-
bution, respectively, at three spanwlise stations for the original design
of model 4 corresponding to the passage considered in figure 10(a).
Figure 39(a) presents a shadowgraph of the flow. The results show that
a large zone of separation occurs at the three stations. The height of
separated flow is a maximm at the 50-percent-span station where large
losses exist up to 0.80 inch from the convex surface (f1g. 37).  The
zone of separation corresponds to large losses 1n stagnation pressure;
however, the velocity in this zone 1s low and, therefore, the effect on
the average pressure recovery for unit mass flow is not too large. An
average stagnation-pressure recovery of 0.88 was obtained with this

M2gy
M is 0.96.

model, and the corresponding average Mach number ratio

Because of the large curvature of the convex surface, separation
starts somewhat upstream of the zone in which the shock from the concave
gurface meets the convex surface (fig. 39(a)). The separation tends to
contract the passage and reduces the local Mach number to values less
then 1.0. In order to gvoid this condition, a small change in stagger
angle and curvature was introduced in the model and the tests were
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repeated. The modified passage tested corresponds to the design shown
in figure 10(b). The shadowgraph of flow in the modified passage
(fig. 39(b)) indicates that an increase of local Mach number was
obtained in the zone of separation. The average exit Mach number

was 1.04 of the entrance Mach number. The separation was reduced;
however, no gain in pressure recovery was obtained, and an average
value of 0.88 was measured also for this configuration.

Variable-span modelsg.- The fairing previously discussed and shown
in figure 12 reduced the area ratio of model 2 from 1.24 to 1.00. The
test results for model 2 with the fairing gave an average stagnation-
pressure recovery of 0.84 and a corresponding average Mach number ratio
of 0.80. These results arc close to those obtained from the two-
dimenslonal tests of model 2 for the same area ratio (figs. 27 and 28),
and show that two-dimensional resulte can be used as a first-order
indication of results to be expected for three-dimensional passages.

In an effort to simulate the large pressure gradient along the
span Iin the same direction as the pressure gradient obtalned in the
passage of a rotor, the variation of passage cross section for the
second three-dimensional test was obtalned by filling one corner of
the passage (fig. 13). The spanwise pressure gradient in the rotor
depends primarily on the rotational velocity; therefore, the intensity
of the pressure gradient in these tests (0.563 atmosphere per inch)
may be smaller than that for an actual rotor (1.0 atmosphere per inch)
but 18 an appreciable fraction of that for an actual rotor. Because
the effect is important only in the boundary layer and because it was
not possible for the experimental system to produce the dissymmetry
all along the passage, the filling of the corner was gradual (fig. 13).
The area ratio AQ/Al for this model was 1.016. For this condition an

average stagnation-pressure recovery of 0.85 with an average Mach
number equal to 0.90 of the entrance Mach number was obtained. These
results are also in good agreement with the results obtained in the

Ap
two-dimensional tests at += = 1.016.
i
Wedge with detached shock.~ A photograph of the setup for study of
the phenomena with detached shock is shown without flow in figure L4O.
The lower surface has a large inclination to the stream direction, and

the deviation of the stream is larger than the maximum deviation for
shock attachment for the stream Mach number (at M = 1.71, Byax = 17.16).

At the upper surface an expansion would be expected if no
detached shock were produced by the lower surface. The shadowgraphs
(figs. 41, 42, and 43) show the flow field for three angles of attack
equal to 29.83°, 35°, and 40.08° at the lower surface of the wedge,
and table IIT shows a comparison of the Mach number that would
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be obtained without the presence of detached shock and the Mach number
measured from the total-pressure and the static-pressure distribution A
along the upper surface. The shadowgraphs show that separation similar
to the subsonic separation found for wedges in a subsonic stream exists
with a vortex localized at the leading edge behind the detached shock.
The separation is localized and the stream reattaches at the surface,

an expansion is produced, and the local speed again becomes supersonic.
The results of reference 3 indicate that, with normal shock close to

the leading edge, the flow is still attached. The values of theoretical
and measured Mach numbers in table IIT show that the presence of strong
detached shock does not change appreciably the flow along the upper
surface for the range of angles of attack tested.

CONCLUDING REMARKS

In order to turn a supersonic stream through a large angle in a
pagsage of practical dimensions, the speed along the convex surface of
the passage must be increased considerably with respect to the speed
along the concave surface of the passage. If the static pressure at
the exit is equal to the static pressure at the entrance, a compression
of the flow must occur at the convex surface ahead of the passage exit -
and an expansion at the concave surface. The conditions for separation
of the boundary layer depend to a large extent on the magnitude of the
pogitive pressure gradient and the curvature of the convex surface.
The possibility of separation increases if the exit static pressure
is larger than the entrance static pressure and decreases for the
opposite condition. The prevention of separation of the boundary
layer at the convex surface is made more difficult by the necessity
of having a shock at the leading edge of the concave surface because
this shock meets the convex surface in the region of large curvature.
The boundary-layer separation can be minimized by introducing a
favorable pressure gradient along the convex surface in the zone of
large curvature behind the shock. ’

Of the four 90° turning passages tested, the highest pressure
recovery was obtained with a passage in which a favorable pressure
gradient along the convex surface was introduced behind the point of
shock reflection. A large contraction of the passage was used in
order to permit the introduction of the favorable pressure gradient.
The pressure loss for this design was 5 percent of the inlet stagnation
pressure for a ratio of entrance to exit Mach number of 1.06. The
passage contour corresponds to a practical compressor rotor blade
having a thickness ratio of 0.12 and a solidity of 3.1.

Tegsts which were made to investigate the flow behind a detached
shock at the leading edge of the concave surface of a turning passage
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indicate that the flow at the surface on which expansion occurs is not
changed appreciably by the presence of detached shock. (For an angle
of attack of 40.1° the theoretical Mach number is 2.47 and the measured
Mach number is 2.62.)

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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TABLE T

ORDINATES OF BLADES TESTED

Model L4
Model 1 Model 2 Model 3
Station |(percent chord)|(percent chord)|(percent chord) Original Modified
(percent (percent chord)|(percent chord)
chord) Upper | Lower | Upper | Lower | Upper | Lower
gurface | surface | surface| surface| surface|surface | Upper | Lower | Upper | Lower
gurface | surface | surface| surface
0 0 0 0 0 0 0 0 0 0 0
5 4.95 4.5k 4.62 3,32 5 .50 Sl 6.81 B 2P 6.55 I
10 9.78 8.74 8.70 6.46 | 10.45 708 | 32.6) g8 1220 T.62
20 17.79 | 15.83 | 15.55 | 12.09 | 20.65 | 12.7k 121.30 |1k.k9 [20.05 |12.80
30 23.06 | 19.83 | 19.66 | 15.63 | 27.04 | 16.66 |25.65 |17.39 |25.84 |15.85
Lo o6.21 | 22.23 | 22.0% | 17.99 | 30.50 | 19.13 |27.5% |18.70 |28.20 [17.38
50 o7.14 | 23.30 | 23.04 | 18.82 | 30.9% | 19.81 |27.54 |18.70 |28.66 |17.68
60 26.55 | 22.33 | 22.48 | 18.28 | 28.77 | 19.20 |25.07 |17.10 |26.52 |16.46
70 23.62 | 19.90 | 20.22 | 16.36 | 24.?”9 | 16.98 [21.10 |14.4k9 |21.80 *[13.87
80 18.45 | 15.87 | 15.92 | 12.70 | 18.02 | 13.05 |14.78 |10.58 |15.24 |10.52
90 10.44 8.98 9.14 o 9.79 Tazl 7.94 5.70 TeT7 5.79
100 0 0 0 0 0 0 0 0 0 0

0¢
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TABLE TII

| VARTOUS BLADE CHARACTERISTICS

| Stagger angle | Chord | Thickness | go11414y
Model (deg) (in.) ratio c/s
t/c

¢ 45 6.56 0.0488 6.626

55 6 .56 .0488 5.248

60 6 .56 .0488 4 .620

§ 2 45 6.28 .0509 5.925
55 6.28 .0509 4 .906

4 60 6.28 .0509 4.132
3 54 5.30 1226 3.118

L L7 6 .90 .0898 3.520

L9 6 .56 .1089 3.094
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TABLE ITI
COMPARISON OF THEORETICAL, AND MEASURED MACH NUMBER

FOR THREE ANGLES OF ATTACK

a o} M M
(deg) | (deg) | (theoretical) (measured)

29.83 | 10.33 2.075 1.927
35 .00 1550 2,96 2,073
L0 .08 | 20.58 aclr3 2.264
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Figure 1.- Symbols defining blade géometry.
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Figure 2.- The variation of local Mach number along the convex and
concave surfaces with percent chord for the different models.
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Figure 4.- Characteristics net for model 1.
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(a) Stagger angle, 45°.

Figure 5.- Possible blade shapes for model 1.
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(b) Stagger angle, 55°.

Figure 5.- Continued.
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(c) Stagger angle, 60°.

Figure 5.- Concluded.
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Figure 6.- Characteristics net for model 2.
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(a) Stagger angle, 45°,

Figure 7.- Possible blade shapes for model 2.
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(b) Stagger angle, 55°.

Figure 7.- Continued.
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(c) Stagger angle, 60°.

Figure 7.- Concluded.
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Figure 8.- Characteristics net for model 3.
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Figure 10.- Characteristics net for model 4.
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(b) Boundary-layer separation taken into consideration.

Figure 10.- Concluded.
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Blade corresponding to figure 10(a). Stagger angle, 47°.

Figure 11.- Possible blade shapes for model 4.
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(b) Blade corresponding to figure 10(b). Stagger angle, 59°.

Figure 11.- Concluded.
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Figure 1k .— Model mounted in test setup with one side wall removed.
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Figure 15.— Model mounted in test setup with one side wall removed.
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Figure 19.- The variation of local exit Mach number with distance from
convex surface for three area ratios for model 1.
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Figure 26.- The variation of the average stagnation-pressure recovery with area ratio

for three static-pressure ratios for model 2.
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Figure 26.- Concluded,




NACA RM L9GO7T

LGONFIDENTIAL p
o i = 1,28
D
a p—l = 1.00
/.4 B
D
el
Pa
A28
/0/4 > \
=6k B
/.O = pz
- /04/0/3 < p, — 1.00
o= ) 553 5 e i . i
; ‘&\ \ Xperimenta.
S B -84 —1
« r
~
&
: alle
o o)
&
=
b
§ 4
<
=
s CONFIDENTIAL
L v A e ] Vo 7T
Area ratio, A_z
Aq

Figure 27.- The variation of the average Mach number ratio with area ratio at three

static-pressure ratios for model 2,
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Figure 28.- The variation of the average stagnation-pressure recovery with area ratio
at three static-pressure ratios for model 2.
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Figure 29.— A shadowgraph of the flow in the passage at an area ratio of 1.273 for model 2.
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Figure 30.— A shadowgraph of the flow in the passage at an area ratio of 1,175 for
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model 2.
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Figure 31.- .A schematic diagram of the boundary layer and the secondary flow,
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Figure 32.- The variation of the average exit Mach number with distance from convex
surface for model 3.
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Figure 33.- The variation of the stagnation-pressure recovery with distance from
convex surface for mode] 3,
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Figure 34.- The variation of the local static-pressure ratio with distance from convex
surface for model 3,
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Figure 35.— A shadowgraph of the flow in the passage at an area ratio of 1,208 for model 3.
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Figure 36.- The variation of the average exit Mach number with distance from
convex surface for model 4,
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Figure 37.- The variation of the stagnation-pressure recovery with distance from
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Figure 38.- The variation of the local static—preésure ratio with distance from
convex surface for model 4.
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(a) Passage corresponding to characteristics net shown in figure 10(a).

Ficure 39.— A shadowgraph of the flow in the passage for model L.
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(b) Passage corresponding to characteristics net shown in figure 10(b).

Figure. 39,.—.Concluded.
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Figure 40.— A photograph of the angle of attack setup without flow.
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Figure 41.— A shadowgraph of the flow at an angle of attack of 29.83°.
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Figure 42.— A shadowgraph of the flow at an angle of attack of 350.
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Figure 43.— A shadowgraph of the flow at an angle of attack of 40,08°, \O
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