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HIGH-SPEED CASCADE TESTS OF A BILADE SECTION DESIGNED
FOR TYPICAL HUB CONDITIONS OF HIGH-FLOW
TRANSONIC ROTORS

By Melvyn Savage, A. Richsrd Felix, and James C. Emery

SUMMARY

High-speed cascade tests were made of a blade section designed spe-
cifically for conditions typical of the hub section of high-flow tran-
sonic rotors. This blade section has a camber of 1.8, a maximum thick-
ness of 8 percent, an AgIkp mean line, and a thickness distribution

which hes its meximum thickness at the 65-percent-chord point and is some-
what similar to the NACA 65-series thickness distribution reversed. Since
an appraisal of the relative merits of the Ajg (constant loading chordwise)

and the AgI), mean lines indiceated no obvious advantage of one over the
other for transonic hub conditions, the selection of the AgI),, mean line

was quite arbitrary. The testing of either mean-line type will provide
information on the effects of local surface Mach numbers on blade per-
formance.

The tests were made at four combinations of inlet angle and angle
of attack at a solidity of 1.5. The inlet angles ranged from 26.9°
to 34.1°. Measurements of surface pressure distribution, profile momentum
loss, and turning angle, as well as schlieren photographs, were made for
inlet Mach numbers ranging from 0.30 to the blade choke condition.

The results of these tests show that turning angles of the order
of 40° can be accomplished without severe momentum loss for inlet Mach
numbers up to 0.70 at an inlet angle of 26. 9 and up to 0.75 at an inlet
angle of 30.0°. At inlet angles from 30.0° to 34%.1° momentum-loss coef-
ficients of approximately 0.03 were obtained at an inlet Mach number
of 0.80. A surface Mach number of spproximately 1.26 near the leading
edge of the blade appeared ©to be clcse to the separation limit for the
curvature conditions which existed near the leading edge. The high-
speed turning angle for a typical test was effectively estimsted from
low-speed cascade data. The variation in turning angle with inlet Mach
number for momentum-loss coefficients up to approximately 0.03% is small
(at most, about +0.5°).
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INTRODUCTION

In nigh-flow transonic compressors with low hub-tip ratios lerge
aerodynanmic differences exist between flow conditions at the hub and tip
sections. At the tip the inlet angles and inlet Mach numbers are rela-
tively high, and low solidities and thin, low~-camber blade sections are
generalily used. Hence, the minimum passage area between blades at the
tip is almost invariably greater than the inlet-stream-tube arez and there
is no choking problem. At the hub, inlet angles are low, and lower inlet
Mach numbers are encountered. High solidities and relatively thick, high-
camber blede sections are used to meet pressure-ratio and stress require-
ments. This combination of high blade thickness and high solidlty results
in g blade passage ares which can be less than the inlet-stream~tube area.
Hence, choking can present a real problem in the hub region.

The purpose of this investigation was to study the flow phenomensa
associated with conditions typical of a high-flow transonic rotor hub.
This study was made by analyzing the results of low-inlet-angle, high-
solidity, high-speed cascade tests of compressor blading specifically
devised for such hub conditions. The blade section tested had a lift
coefficient Czo of 1.8 and an Agl)y mean line (some rearward loading).

The blade section was 8 percent thick with maximum thickness located at
65 percent chord. This thickness distribution is very similar to a
reversed NACA 65-series thickness dilstribution.

The experimental data were obtained in the T-inch high-speed cascade
tunnel at the Langley Laboratory at a solidity of 1.5 for four conmbina-
tions of air-inlet angles and angles of attack. The inlet angles ranged
from 26.9° to 34.1°. Blade-surface pressure distributions, profile momen-
tumn losses, and turning angles were measured and schlieren observations
were made at inlet Mach numbers from 0.3 to choking.

SYMBOLS
A area, sq It
Am minimum area in blade passage, sq ft
CWl momentum-loss coefficient
CZO camber expressed as isolated-girfoll 1ift coefficient
c chord length, ft
F, ratio of momentum-loss coefficient to integrated tbtal-

pressure-loss coefficient

ACONTEDENT T vy,
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M Mach number

P total pressure, 1b/sq ft

P static pressure, 1b/sq ft

q dynemic pressure, 1lb/sq ft

RLE leading-edge radius, percent chord

Rog trailing-edge radius, percent chord

S surface pressure coefficient, E—&fgl

Scr surface pressure coefficient corresponding to local sonic
velocity

t maximum blade thickness, ft

T total temperature, SR

SWF specific weight flow, lb/sec/sq ft of frontal area

W wake width, Tt

b4 blade-section ebscissa, percent chord

¥ blade-section ordinate, percent chord

o angle of attack, deg

B air inlet angle, deg

e turning angle, deg

g solidity

Subscripts:

d design

h hub

1 loecal

m maximum

R relative to rotor, rotor coordinates

AL
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t tip

w blade wake

1 upstream station

2 downstream station

DESIGN CONSIDERATIONS FOR HUB BLADE SECTIONS

General Discussion

In the calculation of velocity diagrams for an inlet stage of a
multistage compressor of high specific-weight-flow capacity, a Jjudiclious
choice must be made of (1) rotational speed and (2) hub-tip ratioc. An
increase in rotational speed results in an Increase in hub inlet angle
which tends to alleviate hub choking, but tip relative Mach number also
increases making the deslign of the tip increasingly difficult. A decrease
in hub-tip ratio reduces the inlet axial velocity and tip Mach number but
also tends to reduce the hub inlet angle, thereby increasing the possi-
bility of hub section choking. Other problems which arise include the
selection of the average value of total-pressure ratio to be produced and
its radial distribution as well as the selection of the optimum combina-
tion of camber and solidity, mean-line shape, and blade-section thickness
distribution.

Figure 1 shows the variation of rotor-tip relative inlet Mach number
with specific weight flow for varicus hub inlet angles for an inlet hub-
tip ratio of 0.35 for high-flow transonic rotors with no inlet guide vanes.
It may be seen that high specific weight flow requires a compromise between
high inlet Mach number at the tip and low inlet angle at the hub. For tip
inlet Mach numbers of the order of 1.2, the hub section must operate at
inlet angles of 30° and less. Inlet Mach numbers for the hub sections
will range from 0.65 to over 0.80.

Solidities of the order of 1.5 and higher are necessary at the hub
to assure a reasonably high tip solidity; otherwise, an increase in tip
chord would be necessary which would be undesirgble from structural con-
slderations. A moderately thick blade is reguired to meet strength and
vibration requirements.

It is shown in reference 1 that the combination of low inlet angle,
high solidity, and moderately thick blade results in contraction ratios
less than unity; that is, the minimum flow area in the blade passage is
less than the stream-tube area entering the blade passage. For moderate
subsonic inlet Mach numbers, contraction ratlos much below wmity could
result in a choked condition. Even if choking does not occur for
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contraction ratios less than unity, the average Mach number of the flow
in the minimum passage area must be greater than the inlet Mach number.
Since blade-surface Mach numbers are primarily determined by passage area
and surface curvature, the increase in average Mach number is reflected
in increased surface Mach numbers. By manipulation of blade thickness
distribution, mean-line shape, inlet angle, solidity, and angle of attack,
some control over this situation can be maintained.

Operating Conditions and Camber Selection

The selection of the type of blading for transonic high-flow rotor-
hub sections requires specific kmowledge of the cascade conditions (inlet
angles, solidities, and cambers) typical of the hub region. For the case
at hand, typical conditions were selected from a preliminary design calling
for a specific weight flow of 37.5 pounds per second per square foot of
frontal area, an inlet hub-tip ratio of 0.35, and a tip relative inlet
Mach number of 1.1. In this design the hub conditions were approximately
as follows: inlet angle 30°, solidity 1.5, turning angle 40°, and inlet
Mach number 0.75. These conditions are somewhat similsxr to those of the
high-fiow transonlc rotor of reference 2.

The amount of camber required for an inlet angle of 30°, a solidity
of 1.5, and a turning angle of 40° was investigated using the low-speed
cascade data of references 1 and 3. These data show that a design 1ift
coefficient of 1.8 produces turning angles of 37.6° and 40.0° at design
angle of attack for blade sections having A;qg and A,Ig, mean lines,
respectively. (See ref. 4 for mean-line notation system.) Hence, a
clo of 1.8 was selected as being representative of typical hub cambers.

Thickness Distribution

Since flow separation in compressor cascades results when the bound-
ary layer is unable to negotiate the pressure-rise conditions which occur
chordwise along the blades, it is desirable to keep this pressure rise
and, hence, surface Mach number to a minimum. Therefore, a main objective
in the selection of a thickness distribution was to keep surface Mach num-
bers low by maintaining low surface curvature over the forward portion of
the blade. To accomplish this end a thickmess distribution was derived
which was considerably thimmer in the forward portion of the blade than
the types of thickness distribution commonly used for subsonic blading.

Figure 2 shows a comparison of the derived thickness distribution
used in this investigation (hereinafter referred to as the T1 thickness
distribution), the conventional subsonic NACA 65-series thickness dis-
tribution (ref. 5), and the thickness distribution of an inboard section
of the transonic rotor of reference 6 (section DD of ref. T). All are
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scaled up to l0-percent meaximum thickness. The T1 distribution is some-
what flatter over the forward 60 percent of the blade chord than that of
the DD section of reference 7 and represents a considerable change from
the NACA 65-series thickness distribution. It should be noted that the
point of maximum thickness for the Tl distribution is rearward at approx-
imately the 65-percent blade-chord station. The Tl distribution is some-
what similar to the NACA 65-series thickness distribution reversed.

The coordinates for the Tl thickness distribution are presented in
table I for the 8-percent-thick section. Direct scaling may be used for
other thicknesses. The suggested variation of leading- and trailing-edge
radii with maximum thickness is shown in figure 3. This thickness dis-
tribution was used in the high-flow transonic rotor of reference 2.

Mean-Line Shape

The influence of contraction ratios of less than 1.00 on surface
Mach numbers is clearly indicated in the extrapolated pressure distribu-
tions for bladings having different mean lines in reference 1. It was
shown that high surface Mach numbers do occur near the minimum passage
area. Hence, in the selection of a mean line to be used with the Tl
thickness distribution, it was necessary to examine the blade passage
areas.

For low-~inlet-angle high-solidity conditions, the AéIhb or A;g mean

line was shown in reference 1 to have greater contraction ratios than
the AjIg, mean line. For example, at B = 30°, o = 1.5, and ag, Ap/Ay
for the 65-(12A218b)10 blade was 0.897 compared with 0.918 for the
65-(12A6I1yb) 10 blade and 0.930 for the 65- (12A10)10 blade. Since this
comparison was made for blades having a C3, = 1.2 and using the NACA

65-series thickness distribution, a similar comparison has been made for
blades having a Czo = 1.8 and the Tl thickness distribution.

There is a design turning-angle variation of 2.4° between a 1.8
cambered blade with an Alo mean line and one with an A218b mean line.

To make the turning angles equal would require an increase in Czo

of 0.14 for the Ao mean line. Although any comparison of mean-line

shapes should be based on the same turning angle, it has been shown in
reference 1 that, at low-inlet-angle conditlons, the effect of a camber
variation -of 0.1k on contraction ratio is very slight. Hence, the blade-
section comparisons were all made for a camber of 1.8.
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Two-dimensional cascade passages were drawn for blades wiilizing the
Tl thickness distribution in conjunction with the Ajp, A6Iyy, and AxIgy,

mean lines at B = 26.90, ¢ = 1.5, and design angle of attack, as
obtained from low-speed cascade tests, as well as for 2.5° above design
angle of attack. The passage areas were measured along an approximation
of the stream equipotential lines in the same manner as described in
reference 4. These two-dimensional cascade passages are presented in
figure 4 with the dashed portion of the figure representing the condi-
tion 2.5° above design angle of attack. The location of the minimm
passage area and the AT/Al values are indicated. At design angle of

attack the value of Ap/A, for the AsIg, blade was 0.948 compared with
0.976 for both AgIyy, end the Ay blades. At ag + 2.50, the ArIg, blade
bad a value of Ap/A; of 0.96Lk compared with approximately 0.988 for the

other two blades. Hence, from choke-flow considerations, regardless of
whether the NACA 65-series or the T1 thickness distribution is used, both
the Aglyy and the Ay mean lines should be more desirable then the AoIg,

mean line for the conditioms of low inlet angle, high solidity, and the
moderate thicknesses requlred for transonic rotor-hub sections.

The variation in the ratio of Az/Al through the blade passages for
the blades having the A6IMb and the Alo mean .lines was determined for
both a3 and ag + 2.5° and is presented in figure 5. At design angle
of attack (fig. 5(a)) the AgI)y blade has an extensive region of minimum-
area ratio. Hence, on a passage-area basis alone, the Ajy appears to be
a more desirable mean line for high-fiow, transonic rotor-hub conditions.

Unpublished high-speed cascade resulis indicated that, for blades
which have contraction ratios less than 1.00, as the inlet Mach number
increases the minimum-loss point shifts to higher inecidence angles or
higher angles of attack than the low-speed design angles (those obtained
from an inspection of low-speed cascade pressure distributions to determine
the angle of attack where there were no velocliiy pesks on either surface,
ref. 3). Hence, the comparison between area ratios at a = ag + 2.5° was

considered to be more important than that at o3 in the selection of the
mean line for testing. At ag + 2.5° (fig. 5(b)) the Agl}, blade has a

gradually decreasing passage area from the iniet to the minimum-passege-
area location, whereas the A)g exhibits two minimums of approximately the

same value. On the basis of passage area alone at oy + 2.59, it is 4dif-
ficult to determine which of these two blades would be more nearly optimum.

Blade performance is determined by blade-surface velocities which

are affected by both surface curvature and the passage-area effects.
The l1imits of surface curvature and the resulting local blade-surface
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Mach numbers that may be tolerated with reasonable efficiency for the
particular boundary-layer thickness which exists ahead of the region
under consideration have not been established. The Aglyy blade will

have higher curvature in the rearward portion where its minimum passage
area occurs. This condition is, of course, undesirable. However, the
Ajg blade will have the undesirable condition of higher curvature in the

forward portion, where one of its minimum passage areas occurs, as well
as a reoccurrence of a second minimum passage area at the rear of the
blade. Which of these conditions is worse is not obvious without test
results. Therefore, the selection of which of the two blades to test
was rather arbitrary, with either selection capable of providing infor-
mation on the effects of local surface Mach number on blade performance.
The mean-line type chosen for testing was the Agl);, mean line.

TEST APPARATUS, FLOW MEASUREMENTS, AND TEST PROCEDURE

A schematic diagram of the T-inch high-speed cascade tunnel at
the Langley Laboratory is presented in figure 6. The tunnel span is
T inches, and for these tests 6 blades were used. Slot suction was pro-
vided upstream of the cascade on both floors and side walls. All blade-
performance data were cbtained using porous side walls with the exception
of the schliieren photographs which required the use of glass side walls.
The blade section tested was the T1-(18A4ILp)08 blade having a chord
length of 4.2 inches. One of the center blades had 22 orifices located
at midspan, from which pressure distributions were obtained.

The conditions tested were as follows:

(1) B = 26.9°, a = 21.5°
(2) B = 30.0°, a = 24.6°
(3) B = 34.1°, o =25.0°
(4) B = 34.1°, o = 26.5°

The solidity for all tests was 1.5.

Wake measurements were made by means of a 2-inch 26-tube total-
pressure rake located at midspan gbout 1 chord downstiream of one of the
center blades. These wake measurements were used to compute momentum-
loss coefficients Cwl' The approximate method of reference 8 was used
for this computation since, for isolated airfolls, drag coefficlents as
determined by this method and momentum-loss coefficients are synonymous.
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Additional assumptions required in order to apply this method to a cascade
were that the downstream conditions be free-stream conditions and that

the static pressure at the rake be equal to the static pressure far down-
stream. Momentum-loss coefficients calculated by this method were then
based on the inlet dynamic pressure. Hence,

W
P, -P
= W&
Cy = ch; e aw

where Pg 1is the discharge free-stream total pressure and F, 1is the

ratio of the momentum-~loss coefficient to the total-pressure-loss
coefficient.

It is the opinion of the authors that the conversion of total-
pressure loss to momentum loss may be unnecessery. Since the spacing
between blade rows in compressors does not vary appreclably, any varia-
tion in total-pressure loss with downstream station due to mixing is
probably smell. Hence, directly presenting pressure-loss coefficients
appears to be Jjustifiable. Also, if the loss coefficient is presented
in terms of total-pressure loss, the use of the cascade date for loss
estimation for compressor design and off-design calculations is
facilitated.

The turning angles presented are the average of four downstream
flow-angle measurements msde outside the blade wakes in several blade
gaps at midspan. For the first two of the aeforementioned test conditions,
schlieren photographs were taken in addition to the other measurements.

At each condition, tests were made for a range of Mach rnumber up to

choking. Reynolds numbers varied from about 6 X lO5 at M = 0.30 to
above 1.5 x 10” at the highest Mach nurbers.

PRESENTATION OF DATA

The pressure distributions, expressed in terms of the pressure coef-
ficient 8, are presented in figures T to 10 for each of the four test
configurations over the test Mach number range. The maximum surface Mach
numbers and Sgp values are indicated. The variations in turning

=

angle 6, momentum-loss coefficient Cwl’ and pressure-rise coefficient

Po - Pj . o ~ .

= with Mach number for the tests are presented in
1

figures 11 to 1l4. Since there is some blockage caused by the insertion

(expressed as

CONTEEENT AL
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of the rake for momentur-loss-coefficient measurements, the pressure-rise
coefficients with and without the rake in place are presented. No large
differences between the two were noted. The dashed curves correspond to
the pressure rise that would occur in the two-dimensional condition if
the effect of blade-wake blockage is approximated. The schlieren pho-
tographs taken for B = 26.9° and o = 21.5° and for B = 30.0° and

a = 24.6° are presented in figures 15 and 16.

Since the schlieren photographs had to be taken using glass side
walls, the tests were effectively solid-wall cascade tests. Since the
blade pressure-tap leads would tend to obscure part of the flow field,
no pressure distributions were taken for the tests with the glass side
walls. To indicate to what extent the schiieren photographs are appli-
cable to the measured pressure dlstributions taken using porous side

Po = P71
a1

inlet Mach number for both porous-wall and solid-wall tests is presented
in figure 17. The solld-wall turning angles were generally from 0.4° to
siightly over 1° greater then the porous-wall data. The Cw1 agreement

walls, a comparison of the variation in 9, ch’ and with

was excellent. The side-~wall boundary-layer growth for the solid-wall

tests invariably resulted in lower pressure rises than occurred in the

porous~wall tests, with the greatest differences nsturally occurring at

the higher Mach numbers. Although the difference in pressure rise for

the solid- and porous-wall data presented herein has not appreciably

affected turning angle and drag coefficient, it could influence surface

Mach nmumbers in the rearward portion of the blade where many of the tests

show a second velocity peak. Hence, in discussing the schlieren photo-

graphs in conjunction with the porous-wall pressure distributions, it

should be realized that the local Mach numbers which actually exist in

the solid-wall tests near the rear of the blade may be somewhat higher

than those presented for the porous-wall pressure distributions. The

order of megnitude of this difference in surface Mach number is shown

in figure 18 for pressure distributions corresponding to p = 26.9° and

@ =21.5° at M; =~ 0.66. The variation in pressure rise was accomplished

by altering the amount of porous-wall suction. Peak rearward surface Mach

Py - Py
9

to 0.115. The momentum-loss coefficient increased slightly with increasing

pressure rise.

numnbers increased from 0.93 to 1L.00 as was decreased from 0.185

A comparison between a low-speed pressure distribution estimsted by
the method of Erwin and Yecobl (ref. 4) and the measured suction-surface
pressure distribution for B = 26.9° and o = 21.5° is presented in
figure 19 and discussed in the appendix. A comparison between measured
high-speed pressure distributions and those obtained from an extrapola-
tion cf nmeasured low-speed pressure distributions for all four cascade
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test conditions is presented in figure 20 and is also discussed in the
appendix. The effect of pressure rise across the cascade on turning
angle and momentum-loss coefficient is indicated in figure 21 for

B =34.1° and « =25.0° at M} = 0.65 and B = 34.1° and « = 26.5°

at M; = 0.63. The variation in momentum-loss coefficient with surface

pressure-rise coefficient (termed the C-factor in ref. 9) is presented
in figure 22.

DISCUSSION
Test Results at B = 26.9°, Corresponding to Hub Section

of Transonic Rotor of Reference 2

The low-speed design angle of attack is 19.4° if the design angle-
of-attack conditions for the Alo and A2I8b conditions in references 1

and 3 are interpolated. At B = 26.9, the higher angle-of-attack condi-
tion, namely a = 21.5°, was tested because, as mentioned previously,
high-speed cascade tests have indicated that, for cascades which have
contraction ratios less than 1.00, the angle of attack for minimm drag
increases with inlet Mach number. Based on an interpolation of the dsta

in references 1 and 3, 64 = 39°. For %% = 1.0 the turning angle at

a = 21.5° should then be 41.1°. The turning angles obtained in the
high-speed cascade tunnel agreed guite well with this value over the low
loss range of operation where 6 varied from 40.0° to 40.9°. (See

fig. 11.) A rapid rise in momentum-loss coefficient occurred for inlet
Mach numbers above 0.70. At M; = 0.750 (fig. 7(f}) the maximum measured
surface Mach number was 1.24 at the TO-percent-chord station and the peak
surface Mach number in the nose region was 1.05. An examination of the
corresponding schlieren photographs (fig. 15) should indicate which of

the two pressure rises along the suction surface is primarily responsible
for the increase in loss. There gppeared to be no substantial increase

in boundary-layer thickness along the Tirst TO percent of the blade for
the entire test Mach number range. Herce, the local small shocks which
are visible at the higher inlet Mach numbers are not detrimental to the
blade performsnce. Therefore, the high drag at inlet Mach numbers above
0.70 must result from shock-induced boundary-layer separation behind the
shock which ocecurs atil aporoximately the TO-percent point. The appreciable
curvature just behind the shock is conducive to flow separation. Also,
there is more likelihood of flow separation because this shock occurred

in the rearward portion of the blade where the boundary layer is thicker.

SUCONBER RN
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It should be pointed out that, even at the lower subsonic Mach num-
bers, the schlieren photographs indicated that the flow did not follow
the suction-surface curvature in the last 10 percent of the blade. The
low Cwl values, however, indicate that the degree of separation is no
worse than for any cther highly cembered section.

The development of a more nearly optimum blade section for the hub-
type cornditions under investigation in order to Increase the level of
inlet Mach number for efficient operation sbove M; = 0.70 will require
the reduction and possibly the elimination of the second velocity peek
which occurred in the suction-surface pressure distributions shown in
figure 7. This result can be achieved through a reduction of the curva-
ture in the rearward portion of the blade by moving some of the rearward
mean-line loasdlng to the middle and more forward portion of the blade.
Thne loading shift could be attalned by using the AlO or & circular-arc

mean line in conjunction with the T1 thickness distribution. If the
rearward curvature is still not reduced sufficiently, a further reduction
may be effected by using a thickness distribution in which the maximum
thickness is not as far back as that of the Tl thickness distribution
and/or possibly by using a thicker trailing-edge radius. The double
circuwiar-arc blade section might prove to be quite desirable for such

hub conditions. However, some care rust be taken to avold raising the
Mach numbers and surface curvature in the forward portion to such a

level that strong shocks form, resulting in shock-induced flow separa-
tion in the forward positiomn.

For the hub-type conditions of inlet angle, turning angle, and
solidity herein investigated, it appears that, for a maximumm thickness
of 8 percent and Mach numbers above 0.70, supersonic surface velocities
are inevitable. The only way that efficient performance can be obtained
for such conditions is to keep surface curvature to a minimum in the
reglon where a surface shock will occur while, of course, attempting to
minimize surface Mach numbers. Unfortunately, the limits for varilous
combinations of shock strength, blade-surface curvature, and boundary-
layer thickness Jjust ahead of the shock have not as yet been established.
The establishment of such limits will permit a determination of the type
of blading that is most effective for transonic compressor hub sections.
A considerable amount of fundamental research on this problem is needed.

In summary, these tests indicated that high-speed turning angles
can be effectively estimated from low-speed cascade test results. They
indicate that turning angles of approximetely 40° at an inlet angle
ot 26.90 can be accomplished without severe loss for inlet Mach numbers
up to M; = 0.70 by using the type of blade mean line and thickness dis-
tribution herein described. TFor efficient operation at inlet Mach num-
bers much above 0.70 for an 8-percent-thick blade at this cascade con-
dition, some alteration of the distribution of surface curvature is

e
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necessary elither by suitably altering the thickness distribution or by
using a mean line which shifts some of the rearward loading toward the
middle of the blade.

Effect of More Porward Location of Peak Surface Velocitilies

In order to obtain informetion regarding the effect of raising
surface Mach numbers in the forward portion of the blade where surface
curvature is less, while reducing surface Mach numbers in the highly
curved rearward region where the strong shock had produced flow separa-
tion, the blades were tested at a higher inlet angle and a higher angle
of attack, nemely, B = 30° and a = 24.6°.

The minimum momentum-loss coefficient was slightly higher than that
obtained at the lower angle of attack. (See figs. 11 and 12.) The
inlet Mach number for rapid drag rise increased from 0.70 for the lower
inlet-angle condition to over 0.75 for this test condition. A compari-
gson of the pressure distributions at B = 26.9° and B = 30.0° at
M = 0.708 and M = 0.751, respectively (figs. T(e) and 8(d)), indicated
no increase in momentum-loss coefficient for the higher angle-of-attack
condition even though the maximum local pressure coefficient indicated
that a peak local Mach number of 1.18 existed in the forward portion of
the blade at the higher angle of attack. Hence, shocks of this strength
in the forward portion of the blade where the curvature is low and the
boundary layer is thin will not adversely affect blade performance,.

The schlieren photographs corresponding to this inlet-angle condi-
tion are presented in figure 16. WNo appreciable increase in boundary-
leyer thickness after the forward-region shock waves was noted for inlet
Mach numbers up to 0.80 for the middle blade shown in the schlieren pho-
tographs (figs. 16(a) to 16(g)). The middie blade is stipulated because
at M; = 0.80 (fig. 16(g))}, the shocks are not uniform from blade to
blade. Since the pressure distribution corresponding to this inlet Mach
number of 0.799 (fig. 8(e)) indicated a maximum local Mach number near
the nose of approximately 1.26, it appears that Mach numbers this high
can be tolerated in the forward portion of the blade.

At M; = 0.80, most of the flow separation occurs after the second
gseries of shocks which occur at approximately the TO-percent-chord point.
The pressure distribution indicates a maximum local Mach number of approx-
imately 1.25 at the TO-percent-chord point. Separation occurred here for
the same Mach number level for which no apprecigble separation was noted
ip the forward portion of the blade because (1) the approach boundary
layer was thicker in the rearward portion of the blade, (2) the blade-
surface curvature was more severe there, and (3) the amount of surface-
pressure recovery was greater in this rearward region.

o
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The schlieren photograph for M = 0.82 (fig. 16(h)) indicated a
significant increase in boundary-layer thickness behind the first shock
pattern, which is, of course, characteristic of impending flow separa-
tion. Hence, the surface Mach number of 1.26 near the leading edge for
the My = 0.80 test is quite close to the separation limit for the

curvature conditions which existed in the forward portion of the blade.

Effect of Increase in Pressure-Rise Coefficient

To investigate this blading under higher pressure-rise conditions,
tests were conducted at an inlet angle of 34.1° at angles of attack
of 250 and 26.5°. Some increase in momentum loss even at low Mach num-
bers was evident for these higher pressure~rise tests. For example,
at Mj = 0.5 and B = 34.10, Cy, Wwas 0.022 and 0.024 for o = 25°

and o = 26.5°, respectively, (figs. 13 and 1k), whereas at the lower
pressure-rise conditions (figs. 11 and 12), C values at M; = 0.5

W
1
ranged from 0.015 to 0.01T7.

For B = 34.1° and a = 250, Cw1 began to rise gradually above
w1 with

Mach number was similar to that indicated by the data for B = 300
and a = 24.6° in figure 12. Both conditions showed Cwy to be

M; = 0.50 and increased rapidly above 0.84k. The trend of C

approximately 0.05 at M; = 0.80 with the higher inlet-angle condition

Pr - P
having a pressure-rise coefficient —gq——;L of 0.38 compared with 0.27
1

for the B = 300 condition.

At My = 0.805, B =34.1°, and « = 25°, the blading exhibited a

maximum local Mach number near the nose of 1.27 (fig. 9(d)). A compari-
son of this pressure distribution with that at M; = 0.799, B = 30°,

and o = 24.6° (fig. 8(e)) indicated that both conditions had approxi-
mately the same peak local Mach numbers and the same moderately high
momentum-loss coefficients. The higher inlet-angle condition, however,
has a much lower local Mach number at the TO-percent~chord point as well
as a lower pressure recovery from the TO-percent-chord point to the
trailing edge. The major difference between the two conditions in the
forward region is that the test at the higher inlet angle actually
experienced a more severe pressure recovery from the lO-percent to the
Z0-percent point. Evidently, at the higher inlet angle the flow separa-
tion which must occur behind the shock pattern for GW1 to be as high

as 0.03 was caused by the increased pressure recovery which occurred
near the leading edge for that test. Hence, as expected, for the same

GONRERRNLLLL
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surface curvature the limiting value of local Mach number to avoid separ-
ation in the leading-edge region is dependent on the pressure-rise condi-
tion which the flow field imposes.

At surface Mach numbers of about 1.27, the test data at B = 34.1°
indicated a somewhat different result at o = 26.5° (fig. 10) from that
which was observed at o = 25° (fig. 9). The higher angle-of-attack
condition had & Cy; of 0.026 when My = 1.26 (fig. 10{(c)) compared

to a Cwl of 0.031 at Mh = 1.27 for the lower angle-of-attack condi-

tion (fig. 9(d)). Evidently, low Cw; values are cbtainable for peak

local Mach numbers as high as 1.26 providing that this peak Mach number
oceurs very close to the leading edge (near the 2.5-percent-chord point).

The major differences between these two conditions are: (1) the
lower loss condition at the higher angle of attack has its shock closer
to the leading edge and, hence, its approach boundary layer will be thin-
ner; and (2) both the pressure-recovery gradient %g and the amount of the
pressure recovery are greater at the higher o condition wvhereas the
surface Mach numbers over the rear 60 percent of the blade are lower.
Apparently, having the pressure recovery occur nearer the leading edge
where boundary-layer thickness is less may be the main reason for the
lower loss associated with the higher angle-of-attack test.

There was a considerable increase in CWl of from 0.026 to 0.032

when the peak local Mach number near the leading edge was increased from
1.26 to 1.28. (See figs. 10(d) and 10(e).) Hence, it appears that
My = 1.26 is close to the separation limit for the curvature conditions

which existed near the leading edge.

Effect of Mach Number and Pressure Rise on Turning Angle

The data of figures 11 to 1% show only a slight variastion in turning
angle (at most, about +0.5°) with Mach number for momentum-loss coeffi-
cients up to approximately 0.03. To determine the effect of variation in
back pressure produced by varying the amount of porous-wall suction, typi-
cal conditions were examined at the same inlet Mach number with varying
amounts of porous-wall suction. Figure 21 shows the variastion in turning

angle and Cy, Wwith _I_’_a_q_'__l’; for B = 34.1° and a = 25.0° at M; = 0.65
1
Po - P
and for B = 34.1° and o = 26.5° at M; = 0.63. An increase in —ga——#k
1
of spproximately 28 percent resulted in a decresse in turning angle of 0..4°

. Pa-Pl .
for o = 26.5°. An increase in -—-=——= of approximately 33 percent cor-

9
responded to a decrease in turning angle of 1.5° for a = 25.0°. TFor both
angles of attack, Gwl increased somewhat with increasing EE%f;EiL
1

SRRt
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Comparison of Verietion in Momentum-Loss Coefficient -
With Surface Pressure-Rlse Coefficient

The measured pressure-distribution data were used to compute the
surface pressure-rise coefficient. It is defined as the ratio of the
maximum pressure rise on the blade suction surface to the diiference
between the total and static pressure at the point of maximum surface
velocity and is called the C-factor. The variation in G with C-factor

for the four cascade configurations tested is presented in figure 22. The
limit value of the C-factor for low momentum loss ranged from 0.61 to 0.68
for three of the four conditions and was 0.54 for the other. These values
were considerably below the 0.75 to 0.80 values obtained from low-speed
cascade data in reference 9.

The boundary-layer development along the blade for these tests has
been complicated by shock boundary-layer interaction effects which, of
course, did not occur in the low-speed tests. Also, there will generally
be some boundary-layer thickening behind surface shock waves. These
boundary layers cannot toleraste as severe a pressure recovery as could a
thinner boundary layer, and, hence, separation occurs at lower C-factors
than in the low-speed tests.

One possible explanation that the test with B = 26.9° end o = 21.5°
showed a lower level of limiting C-factor than the other three test condi-
tions is that this was the only condition at which flow separation was
almost entirely governed by the second pressure recovery. It represented
the most confined passage condition and even at the high momentum-loss
condition, M; = 0.750 (fig. 7(f)), it had only very slightly super-
sonic velocities in the nose (M = 1.03) compared with M; = 1.24 at
the TO-percent chordwlse station. It is reasonable to presume that, as
the location of a given pressure recovery shifts rearward, the amount
of pressure recovery possible without separation will decrease since

both the adverse pressure gradient and the thickness of the initial
boundary layer will increese.

It appears that, in the use of any simple loading-limit parameter,
such as the C-factor, it is necessary to make certaln that the surface
pressure distributions are not far different from those used to establish
such limits. The successful use of such a lcading-limit parameter will
require analysis of sufficient data to establish limiting values for
typlcal examples of differently shaped pressure distributions since it
has been shown that C-factor limits will vary with significant changes
in surface-pressure-distribution shape which can influence the boundary-
layer development. -

CONTRIR——.]
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CONCLUSIONS

The high-speed cascade tests of a Tl-(18A6Ihb)08 blade sectiom at
a solidity of 1.5 at several inlet angles ranging from 26.9° to 3&.19
have indicated the following conclusions:

1. Turning angles of the order of LoP can be accomplished without
severe loss for inlet Mach numbers up to 0.70 at an inlet angle of 26.9°
and up to 0.75 at an inlet angle of 30.0°. At inlet angles from 30.0°
to 34.1° momentum-ioss coefficients of approximately 0.03 were cbtained
at an inlet Mach number of 0.80.

2. A surface Mach number near the nose of the blade of approxi-
mately 1.26 appeared to be close to the separation limit for the curva-
ture conditions which existed near the leading edge.

3. High-speed turning angle can be effectively estimated from low-
speed cascade test results since the variation in turning angle with
inlet Mach number for momentum-loss coefficients up to approximately 0.03
is small (at most, about +0.5).

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
lLangley Field, Va., June 8, 1955.



18 T R— NACA RM L55FOT
~AiRREgrr—

ESTIMATION OF BLADE~-SURFACE PRESSURE DISTRIBUTIONS

Estimation of Tl-(l8A6I4b)O8 Blade Incompressible Suction-Surface

Pressure Distribution at B = 26.9°, o = 21.4°, and o = 1.5

The method of estimating low-speed pressure distributions presented
in reference 4 was used to compute the suction-surface pressure distri-
bution for the *1'1-(1_81;61%) 08 blade at B = 26.9°, ag = 19.4°, and

o = 1.5. The surface pressure coefficients at « = 21.4°, which is 2.1°
above design, were obtained by adding the incremental surface velocities
due to angle of attack to the surface velocities for design angle of
attack. The surface velocities due to angle of attack vhich were used
were the empirical results obtained for the 65—(12A10)10 blade at B = 300

which were presented in figure 15 of reference 10.

To approximate the incremental surface velocities due to thickness
for the 10-percent-thick Tl thickness distribution, the surface veloc-
ities for the following thickmness distributions as obtained from refer-
ence 11 were used for various portions of the blade:

Thickness distribution from which incre-

Percent chord rental velocities due to thickness were
obtained
0 to 25 A T-percent-thick 65-series thickness
distribution
25 to 55 Incremental velocities obtained from faired

curve between incremental velocities due
to thickness for O to 25 percent
and 55 to 100 percent

55 to 100 NACA 63-010 reversed

The surface velocities due to thickness for the 8-percent-thick blade
were obtained by multiplying the velocities for the l0-percent-thick
blade by 0.8. It should be pointed out that the incremental velocities
due to thickness are considerably less than those due to camber, for
canbers of the order of 1.8. Hence, the rather approximate method of
obtaining the effects of thlckness on surface velocity was considered
adequate.
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The incremental surface velocities due to caxber for CIO =1.8

with an A614b mean line were also obtained from reference 11. The incre-

mental velocities of the a = 1.0 mean line were added to those of the

reversed a = 0.2 in the proportions of 60 percent and 4O percent,

respectively, for C; = 1.8 for each of the component types of mean
(o}

line.

The cascade interference factors were obtained for the AB and
CF regions as indicated in reference 4, and those for the BC region
were obtained from a faired curve between the factors for the AB and
CF regions. The resulting varietion in interference factor F with
chordwise position is as follows:

Station, Interference Station, Interference
percent chord factor, T percent chord factor, F
0] 0.683 20 0.510
5 .680 25 432
10 .666 30 o2
15 .625 35 to 100 .391

A comparison of estimated incompressible and measured suction-
surface pressure distribution at M; = 0.305 is presented in figure 19.

It may be seen that fairly good agreement was obtained in the forward
portion of the blade (the first 60 percent of the blade). In the 60- to
90-percent region, measured surface velocities were higher than estimated.
These higher surface velocities may result because the curvature of this
blade in this region is considerably greater than that of the blading
considered in reference 4 and, hence, the velocity which typifies the
free-stream flow field for this region may be higher than the average
velocity obtained from one-dimensional area considerations.

Extrapolation of Pressure Distributions From Low to High Speed

The low-speed pressure distributions at M3 = 0.30 were used with

the extrapolation procedure described in reference 1 to obtain predicted
high-speed pressure distributions at approximstely M; = 0.70. The com-

parisons between measured and estimated suction-surface pressure coeffi-
cients are presented in figure 20. In general, good agreement was
obtained between estimated and measured values. The largest discrepancy
occurred at the lowest inlet-angle condition (fig. 20(a)). The extra-
volation procedure was considered to be fairly effective in estimating
high-speed pressure coefficients from low-speed pressure distributions
for conditions of low inlet angle, high solidity, and high camber.

SN
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TABLE I

COORDINATES FOR T1 THICKNESS DISTRIBUTION

HAVING 8-PERCENT MAXIMUM THICKNESS

[Stations and ordinates in percent chord]

¥
X
Upper surface Lower surface

0] o o]
.500 bl — Ll
. 750 537 =537
1.250 671 -.671
2.500 .80k -.80ok
5.000 1.224 -1.224
7.500 1.464 -1.464
10.000 1.66L -1.66L
15.000 2.000 -2.000
20.000 2.30L -2.304
25.000 2.584 -2.58L
30.000 2.824 -2.82k
35.000 3.048 -3.048
%40.000 3.240 -3.240
L15.000 3424 -3.42)4
50.000 3.608 -3.608
55.000 3.784 -3.784
60.000 3.952 ~35.952
65.000 4.000 -4.000
70.000 3.896 -3.896
75.000 3.656 -3.656
80.000 3.296 -3.296
85.000 2.776 -2.776
90.000 2.168 -2.168
95.000 1.k6Y -1.k6%

100.000 0 0

Rig = 0.220
Rpg = 0.800

21
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Figure 1.- Effect of specific weight flow on rotor-tip inlet Mach number
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and no gulde vanes at standerd sea-level conditions. P = 2,116 lb/sq £%
and T = 518.6° R.
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Figure 1h.- Blade performence at B = 34.1°,
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Tl-(l8A614b)08 blade section.
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Figure 15.- Schlieren photogrsphs for Tl'(18A6Ihb)08 blade at B = 26.99,
a = 21.5%, and o = 1.5.
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Figure 15.~ Concluded.
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Figure 16.- Schlieren photographs for ‘I‘l-(18A6Ih_-D)08 blade at B = 30.0°,
a = 24.6%, and o = 1.5.
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Figure 16.- Concluded.
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Figure 17.- Comparison of tlade performence in cascade tunnels with both
solid and porous side walls for Tl—(18A6Inb)08 blade section.
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Figure 18.- Effect of pressure-rise coefficient on blade pressure distri-
bution and local surface Mach number. B = 26.9°9, a = 21.5°,
and M; = 0.66.
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Figure 19.~ Low-speed comparison between estimated and measured suction-
surface pressure coefficients for Tl-(18A6Ihb)08 blade st B = 26.9°,

a = 21.5°, and o = 1.5.
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Figure 20.- Comparison between high-speed suction-surface pressure coef-
ficlents, measured at an inlet Mach number of approximstely 0.7, and
those obtained from an extrapolation of pressure cosfficients, meas-
ured in low-speed tests at Ml = 0.30, for all combinations of inlet

angle and angle of attack tested for Tl-(18A6I}+b)08 blade at o = 1.5.
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Figure 21.- Varistion in turning angle and wake coefficient with change

in back pressure induced by varying side-wall suction.
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Figure 22.- Verlation in momentum-loss coefficient with C-factor, where
C-factor is equal to ratio of maximum static-pressure rise along blade

surface to difference between stagnation and static pressures at peak
surface-velocity point.
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