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RESEARCH MEMORANDUM

PERFORMANCE OF A CASCADE IN AN ANNULAR VORTEX-GENERATING
TUNNEL OVER RANGE OF REYNOLDS NUMBERS

By Sidney Thurston and Ralph #. Brunk

SUMMARY

As part of an investlgation of the nature and distribution of
losses in a compressor, the Reynolds number effect on the performance
of & cascade of compressor blades was exsmined in an annulsr vortez-
generating tumnmel over a range of Reynolds number from 50,000 to
250,000 and at angles of attack of 15° and 25°, Tho mean radius
section of the cascade showed a total-pressure deficlency, which could
be expected from two-dimensional boundary-leyer consideretions, while
the hub and tlp sections showed no evidence of a critical Reynolds
number within the range investigated.

The turning angle showed no appreciasble variation with change in
Reynolds number for either of the angles of attack regardless of the
spanwise position of the measuring station.

INTRODUCTION

The low pressures attained at high altltudes ere known to have &
detrimental effect on engine operstion and to decresse the efficiency
of the exiasl-flow compresscor by & few percent (reference 1). This
effect has been attributed chiefly to the fact that at high altitudes
the initlal compressor stages operate &t very low Reynolds numbers.
Although some Investigations of the effect of Reynolds number on
compressor performance have been carried out, they sre limited elther
to the two-dimensional type (reference 2} or to the investigation of
the compressor as a whole (reference 1). Recent invesiigations of
secondary flow (references 3 to 5), however, have shown that this type
of flow may heve considerable influence in blade pessages. The vlscous
origin of the secondary flow msekes it important to investigate the
effects of Reynolds number Iin a three-dimensionsl conflguration in a
somevhat more detailed mammer than has hitherto been done.

‘mesme | NCLASSIFIED
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In order to determine the effect of Reynolds number in reglons
where secondary flows are likely to occur, an investigation was con-
ducted at the RACA Lewls laboratory to determined the distribution of
losses downstream of a cascade of 65-(12)}10 compressor blades
(reference 6) over a range of Reynolds numbers. The tests were made at
two angles of attack in an ammular vortex-generating tunnel. In order
to isolate the Reynolds number effects, Mach number limits were
malntained between 0.2 and 0.35.

The blade inlet and outlet conditlons are presented as plots of
air angle distribution, total-pressure deficlency, and axilal velocity .
ratio., In addition; the weke profiles and pressure distributions for
three stations along the blade span are shown. The data are supple-
mented by visual flow sgtudies of the boundaryhlayer flow path on the
blads surface.

Although the blading twist in the smmmlar cascade wes such as to
similate the flow in a statlonary compressor row, the date reported
herein do not give a completely accurste plcture of flow in a
compressor stator because the hib rotates in an actual compressor while
it is stationary in the vortex tunnel. Another difference between the
test tunnel and an actual compressor is that the clesrances between the
blades and the bounding walls in & compressor stator row are located
nesar the hub while In the vortez tunnel they are near the casing.

Since these differences may greatly lufluence the nmature of the
secondary flow, caution should be taken In any interpretation of the
results obtained as applying to an sctual compressor. However, because
the investigation was carried out in a vortex-generating tumnel, where
the flow more nearly corresponds to that in an actual compressor than
does a two-dlmenslonal cascade, the results obteined, although only
qualitative, may be expected to lndicate the general trends of
compresgor performance.

APPARATUS AND PROCEDURE
Tunnel

The inlet system for the annulsr tunnel used in this investigation
consisted of an atmospheric air inlet, a flat plate orifice, a plenum
tank, and throttle valves. After passing through the throtitle valves,
the air is deflected radially outward (see fig. 1) in the collector to
turn 180° and pass radially inward into the nozzle section., After
pessing through the stralghtening venes at the entrance to the nozzle
section the air 1s glven a constant prerotation by a set of ailrfoil-
shaped guide venes designed according to data of reference 7. The

angular orientation of these guide vanes 1s adjusted by a series of
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linkages asllowing ell the blades to be set with one control arm. The
air then progresses in a spiral pattern around the 90° bend in the
nozzle section past the suction slots, where boundary layer built up in
the nozzle is removed at both.the inmner and ocuter walls. After passing
through the test section the air enters a collector from which it is
drawn into the laboratory exheust system through two throttle valves.

The blade wheel, the rim of which comprises part of the inner
ennulus well at the test section, is mounted on bearings and arranged
so that 1t can be positioned circumferentislly with respect to the
stationary instruments mounted in the casing. The test-section radial
passaege height 1s 3.5 inches, with an inner dismeter of 20 inches and
and outer diameter of 27 inches. The blade clearance, whilch 1s the
distence between the blads tip and the outer annulus wall, was
0.015 inch, .

Test Grid

The test grid consisted of fifty 65-{12)10 compressor blades each
having an l%—inch chord and a 3.5-inch spen with soliditles varying

from 0.885 at the tip to 1.192 at the hub. The blades were designed to
subtract a vortex from the entering vortex condltions at s stagger
angle of 45° and an angle of attack of 15° at the mean radius. The
deslgn was based on the two-dimensional cascade data of reference 6.

Instrumentation

The total weight flow of the air passing into the tunnel was
measured by means of a flat plate orifice according to specifications
of reference 8. The amount of ailr removed through the suction slots
was measured by meens of a submerged flat plate orifice.

The instrumentation to determine the tunmnel performasnce and inlet
conditions to the cascade was located one-half chord upstream of the
blade row &8 iIndicated in figure 1. Two pltot-static tubes and two
claw-type yaw tubes were mounted on the ocuter casing in radially
traversing mounts, The Instruments wesre all mounted on the upper hsalf
of the casing. In addition, static-pressure orifices were located
at thlis station on both the immer and outer anmilus walls and total-
temperature measurements were made by means of a thermocouple.

At the outlet measuring station located one-half chord length
downstream of the blades (see fig. 1), two claw-type yaw tubes with
integral total-pressure tubes and two C type static wedge probes were
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mounted on the outer casing in radially traversing mounts. In additiom,
three total-pressure rakes consisting of fifteen tubes each spaced 1/8
inch apart curved to their respective radii were fixed on the outer
casing at locetions corresponding to mean radius, 1/2 inch from the hub
and 1/2 inch from the tip. The C type static pressure probes and total-
pressure rakes were epimilar in constructlion tao those described in
reference 9. The orientation of the pitol-static tubes and the claw-
tyre yaw tubes was egtablished by the null method. The plane of
measurement of the orifices of the rakes was one-half chord downstream
of the bhlades. The angle of esach tube of the rake was sdjusted to meet
the air when the angle of attack of the blades was changed.

Static-pressure orifices were installed along the blade surface in
four of the test blades at three radial locations corresponding to 1/2
inch from the tip, mean radius, and 1/2 inch from the hub. Fifteen
orifices were installed at each blade section &s shown in figure 2.
The pressure and suction surface measurements were made in the same
passage. Chordwise locations of the staticipressire orifices were
leading edge, 5, 10, 20, 40, 60, 80, and 90 percent chord for both the
suction and the pressure surfaces of the bladse.

Test Procedure

Tests were made over a rg of Reynolds numbers at angles of
attack at the mean radius of 15- and 25 within Mach nmumber limits of
from 0.20 to 0.35. Redial static pressure, total-pressure, and air-
engle surveys were made at the inlet station. These inlet survey
measurements were made at 17 radiel positions across the 5%—inch
passage.

At the outlet station,both radial and clrcumferential surveys were
made. The circumferential surveys were made by rotating the blades
past the measuring instruments through the 7.2° angular displacement
between blades and teking readings every 1/2°. This procedure was
repeeted at nine radiasl locations acrosgs the anmulus.

At the outlet radial positions, 1/2 inch from the hub, mean
radius, and 1/2 inch from the tip, more complete total-pressure
measurements were made by means of three rskes, one at each position.
Simultanecus readings of the wake data were taken by photogrephing a
menometer boasrd. In order to obtain readings at points between the
reke tubes spaced 1/8 inch apart, the blades were roctated past the
tubes in increments of 1/4o end photographs teken of the manometer
board at each position.

&
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Because the flow was fairly uniform through the passage, the
outlet air angles were determined by avereging arithmetically the
angles determined by the clrcumferential surveys. The angle variation
across the blade wakes was not consldered in thils aversags.

In order to discern clrcumferential varlatioms, duplicate sets of
Instruments were provided at each axisl station. However, preliminary
measurements made at different circumferential positions showed that
such variations were small. Some meassurements were made to compare the
rake date with the point-to-point survey measurements. These measurs-
ments were also found to be in close agreement except at very low
Reynolds numbers. At these low Reynolds mumbers, small varlations in
test conditions which occurred while the meassurements were being made
caused an sppreclable change in the pressures. Therefors, the rake
readings are accepted as more nearly representative of the true values,
since the time element involved is very smsll as compared with the time
involved in meking point-to-point measurements.

Visual Flow Tegts

Visual flow tests were made to determine the direction of boundary-
layer flow along the blade surface. The technique used was based on ths
chemical reactlon of hydrogen sulfide gas with white lead to produce &
dark brown stain. Hydrogen sulfide was selected over other reagents
because it has substantially the same molecular weight as air (34) and
thus mixes with gir rather slowly. The test blades were coated with a
thin layer of white lead and the gas was inJected through the static
pressure orifice at the 10-percent-chord polint of the blade at each
radial station. Traces were obtained for both the pressure and suction
gsurfaces at each of the three radisl locations for blade Reynolds
numbers of 50,000 and 125,000 at an angle of attack of 25° at the
mean radius.

Turbulence Measurements

Measurements of the intensity of turbulence wers made in the
tunnel upstream of the blade rows by use of & hot-wire anemometer
gystem designed st the Lewls laboratory. The measurements indicated
that the intemnsity, which varlied with the noise level in the tunnel and
surrounding areas, was nsver lower than 1 percent. -

- Accuracy of Measurement

The pltot-static tube used for upstream surveys, the C type static
tube used for downstream surveys, and the claw-type yaw tubes were
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calibrated in a steady flow tumnel. On the basis of this calibration, _ -
the accuracy of measurement for these tests 1ls estimated as follows
(all symbols are defined in appendix A):

PB L) . L] L] . L] . - L] . . L] - . L) . - L] . L L 4 . L] L] L] - io . 1 inch wa‘ter
PT o o « o o o o o o o o o s s s s s o o s o o s s o+« 0.1 Inch water
Angle - . L] - L] . . L] * . . L] L] L] . L] L ] L - . L] . . . L] . L] L] - L] . *l L] Oo
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PERFORMANCE AND RESULTS
General Performance

The performance of the enmuler vortex-generating tumnel is shown
in figures 3 and 4. These date were teken at the cascade inlet =
measuring station located one-half chord length upstream of the stator
blade row, over the range of Reynolds mumbers from approximately 40,000
to 290,000 for &an inlet alr angle at mean radius of 45°,

The radial distribution of air angle acrosgs the passage is shown
in figure 3. The dashed curve shows the alr angle distribution that
would be required for design conditions of free vortex based on an air . -
angle of 45° at the mesn radius, The experimental results show a -
deviation of 0.7° to 2.5° below design at the hub measuring station, K
1/2 inch from the hub, and 0.6° to 1.2° sbove design at the tip
measuring station, located 1/2 inch from the casing. As the angle of
attack of the test blades was set on the basis of the inlet ailr angle
distribution which is shown by the dashed line, the angle of attack of
the test blades was 0.7° to 1.2° higher at the tip messuring station
and 0.6° to 2.5° lower at_the hub measuring station. This result would
be expected to give a turning engle which ls greater than design at the
tip station and less than design at the. hub station. However, since
these angles of attack were reagonably close to the design angles the
blades could not be expected tc stall becsuse of these small
differences. Figure 3 also shows that the varlation of Reynolds number
has no espprecisble effect on the dlstribution of inlet air angle. In
figure 4(a) the ratio of moment of momentum to 1ts maximum value
measured across the passage is plotted against the ‘radial passage
distence. The ratlo of axisl veloclty to i1ts maximum wvalue measured
across the passage ls plotted against the radial passage distence as
shown in figure 4(b). A total-pressure loss parsmeter APT 1 is
shown in figure 4(0) Thess plots can be used as a measure’ of the
deviations from free. vortex conditions. For a free vortex,
rvw,l/rvw,] and Vé,lfva,] should be unity and APT,l should

be zero. - - - - : - L e
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The performance of the tunnel, although deviating from true free
vortex conditions, is typical of what mey be expected in a three-
dimensional configuration. The largest deviations occur mear the
bounding walls. Outside these regions the flow approaches very nearly
the true free vortex condition. As Iin figure 3, the parsmeters plotted
in figure 4 remained nearly the same for all Reynolds numbers
investigated.

Cascadg Performance

In figures 5 and 6, the performance of the cascade is shown at the
outlet measuring statlon, one-half-chord downstream, with angles of
attack at the mean radius of 15° and 25°, respectively. The measured
turning angle and the design turning angle adjusted so as to colncide
with the measured turning at the mean radius are shown in figure 5.

The deviations from the angle distribution required for deslgn
conditions Indicate that there is a definite underturmning of the sir at
the hub measuring statlon and that two-dimensional cascade data camnot
be directly applied to & three-dimensional configuration without con-
slderation of the regions adjacent to the bounding walls. The slightly
greater-than-design angle of attack at the tip position should tend to
cause a slight overturning while the less-than-design angle of attack
at the hub station should cause a slight underturning. Although the
underturning at the hub is actually indicated in figure 5, the magnitude
of this underturning 1s much greater than can be explained by the
slightly decressed angle of attack. This phenomenon of underturning
in the vicinity of confining walls has been accounted for in the
literature as secondary flow (see, for instance, reference 3).

The performance peramsters Va,Z/Va,z and APT,Z at the
outlet station are shown in flgure 6. The measurements plotted in this
figure were made along & radial line at half the clrcumferential
spacing between the blades., Thils figure indicates that a total-
pressure and axial velocity deficiency (when compared with the maximum
values at thils measuring station) occurs near the bub and casing. This
deficiency is particularly large near the hub for both 15° and 25°
angles of attack at the mean radlus. Figure 6 also indicates that at
this position in the center of the blade passage (on the nearly radial
lins midway between two blades) the effect of Reynolds mumber on the
axiel velocity retio and APT,Z is not appreciable.

Effect of Reynolds Rumber on Turning

In figure 7 the turning angles at the three measuring stations
across the blade are plotted against Reynolds nunber for design angles
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of atteck of 15° and 25° at the mean radlus. With decreasing Reynolds
number, no spperent change in turning is indicated beyond the scatter
of the date at the hub measuring station. At the mean radius and tip
measuring stations a very sllght decrease of turning angle with a
decrease 1n Reynolds number msy take place; however, because of the
large scatter of the data, this varistlion cannot be considsred
conclusive.

Pressure Distributions

Some typlcal pressure distributions obtained are shown in figures
8(a) to 8(f). TFigures 8(a) to 8(c) show the pressure distribution for
the hub, mean radiug, and tip stations respectively for an angle of
attack of 15° at Reynolds mumbers of approximstely 50,000 and 150,000,
Figures 8(d) to 8(f) show the pressure distributions for an angle of
attack of 25° presented in the same order. The variations in the form
of the pressure distribution diagrams with Reynolds number is similar
in trend to the varlations shown in reference 10. Separation of the
flow from the surface of the blade would be expected to be indicated on
the pressure distribution dilagrams by reglons of spproximately constant
pressure as stated in this reference. In the results of this investi-
gation, these reglons of constant pressure mey be obscured because of
insufficlent pressure orifices on the blade surface; some reglons of
constant pressure can, however, be noted for the diagrams obtalned at
the low Reynolds numbers.

Wake Profiles

Wake profiles obtained ong-half-chord length downstream of the
cascade are shown in figure 9. Figures 9(a) to 9(c) show the profiles
for the hub, meah radius, and tip positlion for an angle of attack of 15°
et Reynolds numbers of epproximately 55,000 and 150,000, Profiles for
an angle of attack of 25° are shown in figures 9(d) to 9(f) presented
in the same order at Reynolds numbers of approximstely 52,000 and
193,000. Flgure 9 shows that both at the hub and at the mean radius,
the wakes behind the blades were well defined, while mear the tip, the
shape of the wake profiles i1s irregular and some total-pressure loss
is 1ndicated over the whole blade spacling. This irregularity may have
been due to the presence of tip clearance through which flow from the
pressure surface onto the suction surface of the blades must have taken
place. Attention is called to the fact that the parsemeter APT 2 is
not necessarily indicetive of total-pressure loss across the caécade
(from inlet to outlet), inasmuch as the total pressure at the inlet was
not necessarily equal to the maximmm total pressure at the outlet. The

parameter APT - is used only to show the changes In the wake
', 2
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characteristics in terms of the conditions prevailing at any given
measuring position. Similarly, the area under the curves of figure 9 is
indicative of total-pressure deficiency of one spacing at any given
measuring position, but not across the cascade. The area under the curve
of figure 9 for the low Reynolds mmber is larger than the area for the
high Reynolds number at the tip and mean radius. At the hub measuring
station, however, the two areas are approximately the same. This
condition 1s true for both angles of attack.

In order to present the varistion of thils area with Reynolds
number, a total-pressure deficlency coefficlent is used. This

coefficlient is defined as 5
1 !

and it represents a total-pressure loss for one spacing. The variation
of the total-pressure deficiency coefficlent with Reynolds number is
shown in figure 10 for the hub, mean radius, and tip measuring stations
at angles of attack of 15° and 25°

The varietion of total-pressure deficlency coefficient with
Reynolds number for an angle of attack of 15° igs considered first
(fig. 10(a)). At the mean radius, a sudden increase in total-pressure
deficiency coefficient is obtained at & Reynolds number of spproximately
120,000 as the Reynolds mnumber 1s decreased. Thls behavior 1s as
expected from two-dimenslonal boundsry-layer considerations. With a
decrease in Reynolds number, more and more of the boundery layer on the
blade surface becomes laminsr and this laminar boundary layer is unable
to sustain the pressure gradient imposed on 1t., The Reynolds mmber,
at which the sudden Increase in total-pressure defliciency coefficient
is obtained at the mean radius, can be defined as the critical Reynolds
number of the blads section.

No such marked distinction in the behasvior of the total-pressure
deficiency coefficient with variation of Reynolds rnumber i1s obtained at
elther the hub or the tip mesasuring stations. At the hub measuring
station, the total-pressure deficiency coefficlent remeins essentially
constent (the slight maximum indicated is questionsble because of the
scatter of the deta) iIn the Reynolds number range investigated.

At the tip measuring station the curve of total-pressure deficlency
coefficient against Reynolds mumber shows & slight increase with
Reynolds number up to epproximately 80,000, and beyond this point the
value of the deficlency coefflcient drops with further increase of
Reynolds number. The highest velues of total-pressure deficlency
coefficient are obtained at the hub measuring statlon and the lowest at
the mean radlus.
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The effects of changing the angle of attack from 15° to 25° is -
shown in figure 10(b). The curves obtained exhibit trends similar to
those obtelined at an angle of attack of 15°. A critical wvalue of
Reynolds number of approximately 145,000 is obtalned at the mean radius
station. Above thils value the totel-pressure deficiency coeffliclemnt is
constent whilile below this value it increases.

9622

The velue of the coefficlent at the hub station 1s again approxi-
mately constant. At the tip measuring statlion, however, for an angle of
attack of 25° no maximum velue of the total-pressure deficlency
coefficient was noted (in the range investigated). The total-pressure
coeffliclent at this measuring station lncreases continually with a
decrease of Reynolds mumber. The sllight tendency of the total-pressure
deficiency coefficient to level off at s constant value at high Reynclds
numbers cannot be consldered conclusive becasuse of the large scatter of
the datsa.

A comparison of the relative megnitudes of total-pressure
deficlency coefficient for angles of attack of 15° and 25° (fig. 10)
shows that the values of the coefficient at the angle of attack of 25°
are consistently higher for each of the measuring stations.

Visual Flow Studies

An sdditional illustration of the flow processes ls cbtained by ~
the visual flow studies., A typlcal set of results is shown in figure 11
for Reynolds numbers of approximately 125,000 and 50,000 st an angle of
attack of 25°, The directional characteristics of the traces is upward
on the blade suction surface at the hub and mean redius statlons and
downward st the tip station. These traces essentlally show the
direction of the boundary-layer flow path along the blade surface.
Application of these results to the discussion of total-pressure
deflciency coefficient indlcates that there may be an effect caused by
the upward deflected low-momentum air in the boundary layer at the
central portion of the blade and the downward deflected low-momentum
gir at the tip region which would menifest itself at the polnt of
measurement one~half chord downstream. As the mean radius boundary-
layer deflectlon is seen to progress upward with a decrease in Reynolds
number while the tip station deflection remains the same, thils effect,
which would manifest itself by increased totel-pressure deflclences at
the tip measuring station, 1s anticipsted to increase with decreasing
Reynolds numbers. This upward deflection of low momentum &ilr may be the
reason why total-pressure deficlency coefficlent at the tip station =
continues to increase with decreasing Reynolds mumber for angles of
attack of both 15° and 25°.
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SUMMARY OF RESULTS

The following resulis were obtalned from sn investigstion to
determine the effects of Reynolds mimber on & cascade of 65-(12)10
blades in an annular vortex-genserating tumnel, at angles of attack of
150 and 25° and Reynolds mumber veristion from approximately 50,000
to 250,000:

1. No apprecisble veriation in turning angle with change in
Reynolds number was noted at the hub, tip, or mean sections of the
blads. : '

2. No critical Reynolds number was apparent within the ranges
investigated at the hub and tip of the blade. At the mean radius, the
behavior of the total-pressure deficlency coefficient is sgimilar to
what conld be expected from two-dimemnsional boundary-layer
considerations. ’

Lewls Flight Propulsion Laboratory
Nationsl Advisory Committee for Aeroneutics
Clevelsnd, Ohio
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APPENDIX -~ SYMBOLS

The following symbols are used in thls report:

c total-pressure deficiency coefficlent, 1 AP, ds
PD g T,2
c chord 0
M Mach number 2
(p1+p v +V v, + V
q average dynamic heed, 12 2) 8,1 8,2 +{ W1 w,2
2 2 2 2
P pressure
P + P
Py meen stetic pressure, _5557?_523.
P -P,
APy, local pressure loss coefficlent, §ELEEE;_FE
Pcvi T,max 8
Re Reynolds number
Ho/m
r redius
S circumferential distance between two blades, é%ﬁ
v velocity
o angle of attack, angle between emtering air and chord line of
blade
g alr angle, angle between air direction and axial direction of
tunnel .
a turning angls, Bl - Bz
H absolute viscosity
o) denslity
Subscripts:
a axial
L local
m mean radius

max maximum for line survey considered

9522
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8 static

T total

W tangential

1 iniet station °
2 ocutlet station
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Pressure distribution, (PL - Pp)/a
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Pressure loss coefficient, APp 2
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