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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS -

RESEARCH MEMORANDUM

EXPERIMENTAT. INVESTIGATION OF A TRANSONIC AXIAL-FLOW-COMPRESSOR
ROTOR WITH DOUBLE-CIRCULAR-ARC ATRFOIL BLADE SECTIONS
III - COMPARISON OF BLADE-ELEMENT PERFORMANCE WITH
THREE LEVELS OF SOLIDITY

By Francis C. Schwenk and George W. Lewis, Jr.

SUMMARY

Two low-sclidity transonic axial-flow-compressor rotors were tested
over a range of speeds up to a corrected tip speed of 1000 feet per sec-
ond to determine the performance of such rotors and to provide experimen-
tal rotor blade-element data for low solidity levels. The two rotors
were 16- and 12-blade versions of a 19-blade rotor previously tested and
reported. Tip solidities of the 19-, 16-, and 12-blede rotors are 1.0,
0.84, and 0.63, respectively. The rotor blade sections are double-
circular-arc airfoils.

Comparisons of the hub and mean blade-element losses for the three
rotors showed that the losses tended to decrease with a decrease in so-
lidity. Eub- and mean-sectlon losses were low for all three rotors, and .
measured diffusion factors were below the limiting value. Losses near
the rotor tip were sbout the same level for the three solidities at 60
and 80 percent of design speed but incresased significaently with a decrease
in solidity at 90 and 100 percent of design speed.

Hub- and mean-section deviation angles for minimum-loss incldence
angles were nearly constant over the speed range tested for all three
rotors, and the general level of the measured deviation angles agreed
wilth values computed from Carter's rule. However, no distinet variation
of deviation angle with solidity was observed. Near the rotor tip, the
deviation angles at design speed increased with decreasing solidity at a
grester rate than is anticipated from Carter's rule.

Stall characteristies appeared to change with solidity, as indicated
by studies made with hot-wire anemometers at 60-percent design speed.
Periodic rotating stalls were observed in tests of the 19-blade rotor.
However, only nonperiodic flow fluctuations were sensed in the tests of
the 16- and 1l2-blade rotors.

LINCL ASSIFIFD
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INTRODUCTION

The results of testing transonic axial-flow-compressor rotors (refs.
1 to 6) have shown that compressor rotors can operate efficlently with
tip-region relative inlet Mach numbers greater than 1.Q0. The high Mach
number levels permit the deslign of rotors that produce high stage total-
pressure ratios and pass large welght flows. These fealures are neces-
sary for the design of light-weight multistage compressors for alrcraft
turbojet englnes. _ -

Design information for transonic compressors 1s, as yet, incomplete.
For example, most of the reported test data deal with rotors having tip
solidities (chord-spacing ratlos) around 1.0 aad greater (refs. 1L and 3
to 5). Some data have been reported for rotors with tip solidities around
0.75 (refs. 2 and 8). However, the effects of solidity have not been sys-
tematically investigated and reported.

Information an transonlc rotors hsving tip solidities less than 1.0
1s particularly desirsble, since there sre reasons that may dictate the
use of low solidities. Among these reasons are blade mounting and hub
choking problems that could prevent the design of a high-tip-solidity
compressor rotor if the hub-tip radius ratic is low. Therefore, three
related transonic rotors were tested at the NACA Iewis laboratory to in~
vestigate solidity effects at solidity levels below 1.0.

These tests were conducted on an available set of transonic rotor
blades wlth double-circular-arc cross sectlons. References 5 and 7 de-
scribe these blades aund present the design &nd over-all and blade-element
performance of a 19-blade transonic rotor (tlp solidity of 1.0). For the
study of solldity effects, these blades were tested in 16- and 12-blade
. rotore that provide tip solidities of 0.84 and 0.63, At the hub, the
solidities are 1.67, 1.41, and 1.05 for the 19-, 16-, and 12-blade rotors,
respectively. Blade settlng angles (angles of the blade mounting slots
in the rotor disk) were identical for all three rotdrs; end, therefore,
the mean camber line directions are identical. In such an investigatlon
the velocity dlagrams change with solidity, because deviation angles tend
to increase with decreasing solidity. Because of these changes in the
velocity dlagrams, the effect of solidity will not be completely isolated.
The results, however, can be used to predict sclidity effects and, at the
same time, to supplement existing transonic-rotor data. o

The characteristics of all three rotors were determined by means of
deteailed radisl survey tests. Complete blade-element and over-all
performance characteristics of the 16- and 12-blade rotors are glven in
this report. References 5 and 7 give simllar results for the 19-blade’

rotor. In addition, the present report utilizes some of the 19-blade-
rotor data of references 5 and 7 for direct comparisons of the blade-
element and over-sll performance ‘chatactersitics for the three solldity
levels. o .
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SYMBOLS
The following symbols are used in thi's report:

compressor frontal area based on rotor tip diameter, sq ft
specific heat of air at constant pressure, Btu/(1b) (°R)

diffusion factor (ref. 8)
acceleration due to gravity, 32.17 ft/sec?

total enthalpy, c,gJT, sq £t/sec?

incidence angle, angle between inlet relative sir-velocity vector
and a tangent to blade mean camber line at leading edge, deg

Joule's constant, 778.26 £t-1b/Btu

Mach number

total pressure, Ib/sq ft

radius measured from axis of rotation, in.

total temperature, ©R

blade speed, ft/sec

air velocity, ft/sec

air weight flow, 1b/sec

alr-flow angle measured from sxis of rotation, deg

blade angle, direction of tangeht to blade mean camber line at lesd-
ing or trailing edge measured from axis of rotation, deg

ratio of inlet total pressure to NACA standard sea-level total pres-
sure of 2116.22 1b/sq ft

deviation angle, angle between outlet relative air-velocity vector
and tangent to blade mean camber line at trailing edge, deg

adisbatic temperature-rise efficiency

ratio of inlet total temperature to NACA standard sea-level tempera-
ture of 518.688° R
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o solidity, ratio of blade chord measured along streamliine to average
blade spacing

w relative total-pressure-loss coefficient

Subscripts:

b blade surface

m mean radius

t tip of rotor

2z axial direction

1 depression tank

2 upstreem of rotor, location of inlet static-pressure rske

3 rotor inlet = - - — o - e e . -

4 rotor-outlet survey station

Superscxrlpt: oo o T S

! denotes conditions relative to blade row

APPARATUS AND PROCEDURE

The solidity tests were conducted on 16- and l2-blede versions of
the 19-blade transonic compressor rotor descrlbed in references 5 and 7.
The double-clrcular-arc blades of the 19-blade rétor were installed in
two new rotor disks at the same blade setting angles. Therefore, the
blade angles (given in table I) are simlilar for all three rotors.

References 5 and 7 describe the compressor test rig in which the _
rotors were tested. These references also discuss the instruments, test
procedure, and calculations. Figure 1 is a dlagram of the compressor
test sectlion showling the location of the measuring planes upstream and
downstream of the rotor.

The rotors were tested over a range of welght flows st four corrected
rotor speeds: 60, 80, 90, and 100 percent of design speed {design cor-
rected tip speed is 1000 ft/sec)

ot
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DATA ANAT.YSTS ASSUMPTIONS

The rotor performance is analyzed by means of the blade-element ap-
proach described in reference 1. TIn this method, the complex compressor
flow field is replaced by the flow across a series of blade elements. In
applying the blade-element approach, the following assumptions are made:

(1) The state of the alr Is asxially symmetric upstream and downstream
of the compressor blade row.

(2) The flow is divided into two regions, the boundary layer near the
inner and outer walls and the free-stream region outside the wall boundary
layer.

(3)_In the free-stream portion the flow is assumed to occur along
counical stream surfaces of revolution, and the action of the blade row
is the sum of the performances of the blade sectlions or elements that lie
on the stream surfaces. :

(4) The flow across each blade element is considered a function only
of the section geometry, the incidence angle, the ratio of outlet to in-
let axial veloclties, and inlet relstive Mach number. The action of the
rotor can then be replaced by a radial distribution of turning angle and
losses (characteristics of the blade elements).

(5) The stream surfaces were assumed the same for the three rotors
discussed in this report; therefore, except for solidity, the blade-
element geometry is the same for sll three rotors.

The last assumption may give a fictlitious pleture of scolidity ef-
fects on rotor blade-element performance, since i1t says that the flow
always follows the same paths through the rotor regardless of solidity
and operating condition. The successful gpplication of this assumption
depends on the radial flow of &ir through the rotor, which may vary with
solidity level and operating condition. The use of similar blade ele-
ments for the three rotors seems justified, because, at flow rates corre-
sponding to efficient operation at each speed, the measured radisl dis-
tributions of weight flow at the rotor-inlet and -outlet stetions change
only slightly with changes in solidity.

BLADE-ELEMENT PERFOEMANCE OF 16- AND 12-BLADE ROTORS

The blade-element characteristics for the two low-solidity (16- and
12-blade) rotors are shown in figures 2 and 3 for four blade elements
and corrected rotor tip speeds of 60, 80, 90, and 100 percent of design.
The four blade elements are located at 12.7, 17.7, 49.0, and 84.4 percent
of the passage helght away from the outer wall. The blade-element char-
acteristics for the high-solidity rotor (19 blades) are reported in ref-
erence 7.
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The chasracteristics shown in figures 2 and 3 are the variations wilth
incidence angle of relative total-pressure-loss coefficient o, deviation
angle ‘8%, inlet relative Mach number M%, axial veloclty ratio

V, o/V, 3, dlffusion factor D (ref. 8), work coefficient AH/UE (non-
2 b4

dimensional temperature rise), and blade-element adiabatic temperature-
rise efficlency mn. Incidence angles were computed from the measured
blade angles and the relative inlet-alr angles, which were determined
according to the procedure outlined in reference 7. The large number of
variables given provide complete information on the performance of thése
rotors and allow the construction of the velocity diagrems.

The blade-element characteristics of the 18- and 1l2-blade rotors are
very similer to those of the 19-blade rotor (ref. 7) and other transonic-
rotor data (refs. 1, 2, and 4). Therefore, the results in figures 2 and
3 will not be discussed in detail, and the dats are largely used for
gsolidity comparisons in this report. -

For both the 16- and 12-blade rotors (figs. 2 and 3), the variations
of relative total-pressure-ioss coefflclent with incldence angle and
speed are similar to previously reported compressor test results (e.g.,
refs. 1, 2, 4, and 7). Except for the hub section of the 1l6-blade rotor
(fig. z(d)s there is the usual shift in the value of winimum-lose inci-
dence angle to high values as the Mach number (speed) 1s increased. At
the hub and mean sections (figs. 2(c) and (4) and 3(c) and (d)), the mini-
mum losses are low and do not vary wilith rotationsl speeds. As observed
in references 1, 2, 4, and 7, there is an incresse in the minimum-loss
level with speed 355001ated with the sections near the rotor tip (figs.
2(a) and (b) and 3(a) and (b)). These resulis also show that the losses
for the tip section at design speed are greater for the lower solldity.
More is said about this gbservation in a later gection.

COMPARISON OF BLADE-ETEMENT PERFORMANCE FOR TEREE SOLIDITY LEVELS
Blade-Element Losses

The effects of solidity on blade-element losses are discussed in
two sectlions. Hub and mean losses are consldered first, becsuse the
performance of these elements generally compares with cascade results, and
then losses at the tip elements are considered.

Hub and mean sectlons. - The losses for the hub and wmean blade ele-
ments of the 19-, 16-, and l2-blade rotors are given in flgures 4(a) and
(b), where relative total-pressure-loss coefficlent o 1s plotted against
incidence angle. Data are shown for 60, 80, 90, and 100 percent of de-
slgn corrected tip speed. The hub section 1s located at 15.6 percent of
the passage height from the inner wall. Generally, very little effect

3530
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of so0lidity on losses is noticed for the range of conditions tested.
Incidence-angle range seems to be the same for all solidities, and values
of minimum-loss incidence angle change only slightly in the range of so-
lidities tested.

Losses at the hub element (fig. 4(a)) increase with en increase in
solidity. The loss-level change is most pronounced at design speed and
is not as well defined at the lower speeds. An incresse in loss level gt
the mean blade section with an increase in solidity can be seen in figure
4(v), although not as clearly as for the hub section. Low-speed two-
dimensional cascade data (ref. 9) also show an increase in loss level
wlith increasing solidity, as indlcated by the analysis of cascade dste
given in reference 8.

Since the flow field probably follows two-dimensional cascade flow
and the secondary-flow effects are probably small, the measured losses
for the hub (15 6 percent away from the inner wall) and mean sections
are primarily centered in the blade wekes. Therefore, the losses as shown
in figures 4(a) and (b) depend on the size and shape of the wake leaving
each blade and the number of blades present.

In order to rate the losses on a per-blade basis, the measured losses
for each rotor were reduced to a loss-solidity ratio, w/o. The variation
of the loss-solidity ratio with incidence angle (for hub and mean sectious)
is shown in figures 5(a) and (b) for 80 and 100 percent of design speed.
On a per-blade basis, the losses for each solidity are about the same in
the minimum-loss range of operation. To the extent of experimentsl ac-
curacy, this is an indication that the size and shape of the blade weke
are much the same for the three rotor solidities. In retrospect, little
effect of solidity on the loss per blade should have beén observed in
these tests for two reasons: (1) The solidity at the hub and mean was
not reduced enough to cause excessive blade loading and flow separation
to occur, and (2) below limiting loading, the variation of loss-solidity
ratio with loading is smell and probably within measurement accuracy.

The first reason is illustrated in figures 6(a) end (b). These fig-
ures present the loss-solldity ratio plotted against diffusion factor
(blede-loading persmeter, ref. 8) for the hub and mean sections. Only
data near minimum-loss operation are given in figure 6, since the diffusion
factor applies only in the low-loss range of lncidence angle. Reference
8 states a value of 0.6 for limiting loading (&iffusion factor) for cas-
cades, and figure 6 shows that for all solidities the measured diffusion
factors were less than 0.6 for the hub and mean sectlons. Figure 6 shows
no gppreciable change in loss- solidity ratlo with diffusion factor below
limiting loading.

Tip section. - The losses for the tip blade elements of the 19-, 16-,
and 12-blade rotors are glven in figure 4(c). The blade-element is lo-
cated at 12.7 percent of the passage height from the outer wall, and datsa
are given for 60, 80, 90, and 100 percent of design speed. The value for
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the minisum-loss incidence angle decreases slightly with decreasing so-
Jidity. At high speeds, the change in the minimm-loss incidence angle

o
is about 1° to l% over the range of solidities tested.

One fact stands out on these curves. At the low speeds, the minimum-
loes level is nearly the same for each golidity; whereas, at 90 and 100
percent of deslgn speed, the minimum-loss level increases with the de-
crease in solidity. This trend is most noticesble at design speed and 1s
opposite that of the hub and mé&n sections. The test résults indicate
that the increase in loss level with a decrease in solidity occurs only
in the tip regiom. Ehat is, this reversal in solidity effect was not
observed for a blade element located 33 percent of the passage helght
away from the outer wall. Instead, for this 33-percent blade element,
the loss veriation with solidity was similar to the trends observed at
the hub and mean elements and from cascade data.

These tests results introduce the following questions:

(1) Why do tip-section losses increase with decreasing solldity in
opposltion to the trends observed at the hub and mean?

(2) Why does this reversed solidity effect appear only at high
speeds? _ .

As an attempt to answer these questions, 1t is filrst desirable to
look at some of the conventional flow parameters on which losses may de-
rend and to determine their varistion with solidity in these tests.
Among the conventlonasl flow parameters are inlet relative Mach number
and blade loading as expressed by diffusion factor D (ref. 8). It is
alse suspected that axial velocity ratio (outlet to inlet) may also af-
fect the loss level.

Inlet relative Mach number, of course, does not change with
solidity in this investigation. As shown in figure 7, the measured
axial wvelocity ratios Vz,é/vz’3 do not vary with solidity; and fig-

ure 8 shows that measured diffusion factors are about the same for the
three rotors.

The measured tip-section losses are compared with some previously
published results in figure 9, where the relative total-pressure-loss
coefficient for operatlion near minimum-loss 1ncldence angle is plotted
against diffusion factor D. The dashed lines in figure 9 represent the
band of data.observed for tip sections in reference 8. The 19-blade-
rotor data fall withlin the band for all speeds. Up to 90 percent of de-
sign speed, the 16- and l2-blade-rotor date also correlate with earlier
test results. However, at deslgn speed, the losses for the lower-solidity
rotors fall ahove the band, the 1l2-blade data being farther out of line
than the 16-blade data.

3550 P
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Therefore, the increase in tip-section losses assoclated with a de-
creasge in solidity is not accounted for by changes in diffusion factor,
axlal velocity ratio, and inlet Mach number levels. Solidity changes,
then, must have caused differences in the tip-region flow field at design
speed that cannot be measured by these gross flow parameters. Exactly
what changes in the flow field occur with solidity changes is unknown;
therefore, concrete reasons for the occurrence of high losses at low so-
lidity levels in these tests cannot he given.

Some factors that could conceivably cause the increase in tip losses
wlth a decrease in solidity are as follows:

(1) Adverse changes in blade-surface velocity distributions that may
cause flow separation

(2) Changes in secondary flows in the wall and blade surface boundary
layers

(3) Changes in the secondary flows of the free-stream portion of the
air flow

(4) Changes in rotor tip-clearance effects.

To 1llustrate the manner in which an adverse suction-surface velocity
distribution could arise at low solidity, consider the two-dimensional
supersonic flow about a cascade of airfolls shown in a very simplified
form in figure 10. This flgure shows an approximate picture of the shock-
wave configurations for the tip-section (ré = 6.62 in.) airfolls in a two-

dimensional cascade at two solildity levels (1.04 and 0.66). A design-
speed. (supersonic inlet relative velocity) operating condition with a back
pressure on the cascade is used for the comparison; thus, a detached bow
wave is shown.

Blade surface Mach numbers computed by means of a two-dimensional
Prendtl-Meyer expension (assuming no losses) are also shown in figure 10.
The Mach numbers indicate the relative strength of the normal shock waves
at the suction surfece for the two solidity levels. As shown in figure
10, conditions that cause suction-surface separation are likely to be
worse for the low solidity levels, because

(a) The pressure rise across the shock wave is grester at low so-
lidity because of the higher blade-surface Mach number, and

(b) The shock waves hit closer to the trailing edge where the bound-
ary layer may be somewhat thicker.

The preceding discussion presents only a possible source of the high
losses at low solidities, and it 1s based on a simplified picture of the
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flow in the tip region, neglecting changes in stream-tube height through
the rotor. Actually, local changes in the three-dimensional effects
(items (2), (3), and (4)) could also contribute to adverse velocity dis-
tributions at low solidity levels. Changes in the tip-region flow field
due largely to secondary-flow and tip-clearance effects cannot be over-
locked. Tor example, decreasing the solidity could alter the blade scrap-
ing action near the casing so that larger losses could accur.

In general, the increase in losses with a decrease 1in scolidity proba-
bly results from several causes, no one cause being completely independent
of the others.

Deviation Angles

The verietions of deviation angle with incldence angle are compared
for the three rotors in figure 11. Data for the hub, mean, and tip sec-
tione at 60, 80, 90, and 100 percent of design speed are given.

The deviation angles for the minimum-loss incidence angles are plot-
ted in figure 12 agalnst percent of design speed for the 18-, 16-, and
l2-blade rotors. The values of deviation angle plotted in fligure 12 were
taken from the faired curves of figure 11. The minimum-loss incldence
angles were estimated from figure 4, a plot of loss coefficient against
incidence angle.

Some remarks regarding the selection of rotor speeds for the abscissa
of figure 12 are necessary. Rotor speed is not a fundamental independent
varliable; it is merely a means to catalog the data. Changes in rotor
speeds imply variatlons in the flow characteristics, which In turn affect
the deviation angles. Furthermore, even for fixed speeds, the flow char-
acteristics will vary with solidity.

The study of measured rotor devietlon angles can be simplified by
comparing the results wilth deviatlon angles measured in two-dimensiounal
cascades. Such a comparison is given in figure 12, and Carter's rule
for alrfoils having clrcular-src mesn camber lines is the source of the
cascade data. Previous rotor data have shown that Carter's rule spplies
to the selection of design deviation angles. Carter's rule (ref. lO) ls

o _ L
3 = md Nﬂ;

where m depends on chord angle and is a constant for one blade element,
and the camber angle ® i1is also fixed for a given blade element. There-
fore, the deviatlion angles computed from Carter's rule as shown in fig-
ure 12 reflect the. geometric effect of a change 1n sollidity. For the
ranges of solldity covered in these tests, the changes in deviation angle
with solidity according to Carter's rule are sbout 1.5° at the hub and 1°
at the tip.

3530
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At the hub and mean radii (figs. 12(a) and (b)), the measured rotor
devistion angles at minimum-loss incidence angles are roughly the same
level as the Carter’'s rule values; however, no distinct variations with
solidity are present in the messured results. Generally, the deviation
angles for the hub and mean sre nearly constant over the speed range
tested.

For the tip section (fig. 12(c)), the 19- and 16-blade measured de-
viation angles are neesrly constant over the speed range tested. These
data are lower than the Carter's rule value. For the tip section, the
deviation angle increases with decreasing solldity, as expected from cas-
cade results. However, at design speed the change in deviation angle
with solidity is much greater than the variation observed at low speeds
and from Carter's rule. The larger deviation-angle changes at design
speed are caused by the increase in tip-section losses with decreasing
solidity (fig. 4(c)) and indicate a possible flow separation on the blade
suction surface.

RADTAL. VARTATION OF ROTOR-INLET AND -OUTLET CONDITLONS
AND OVER-ALL. PERFORMANCE
Rotor-Inlet Conditions

Rotor-inlet conditions are presented to show the measured inlet ve-
locity profiles used 1n the blade-element performance calculsetions. Data
for the three rotors are given to indicate possible effects of changes in
so0lidity and rotor performance on the inlet velociiy profile. The rotor-
inlet conditions shown in figure 13 are the radial variations of inlet
absolute Mach number plotted as the ratio of Mach number to mean-radius
Mach number. The figure gives the variations for 80 and 100 percent of
design speed and for a range of welight flows at each speed. The inlet
velocity direction was assumed as axial (no inlet guide vanes), and the
radial static-pressure varlation for rotor-inlet calculations was falred
between outer- and inner-waell static-tap readings at station 3 (1/8 in.
upstream of rotor hub). In fairing, a radial trend similar to that re-
corded from the inlet static rake and wall taps at station 2 (1 in.
upstream from station 3) was used. This procedure seemed reasonsbly
correct, since there were only & esmell area change and small static-
pressure differences between statlions 2 and 3.

In the analysis of the 19-blade rotor performence (ref. 7), a radial
variation of inlet Mach number was observed. A s milar profile existed
at the high-weight-flow operating points for all speeds. At the low
weight flows, changes in the inlet Mach number profile were associated
with high tip losses and stalling of the blades.
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The inlet Mach nmmber profiles for all three rotors are similexr at
the high welght flows (fig. 13). However, st design speed (fig. 13(a)),
a change in the inlet Mach number variation 1s observed for the 1l2-blade
rotor at wq/—76AF of 27.4. For the same weight flow, the change in the

profile was not observed for the 19— and 16-blade rotors. Similer trends
are observed at 80 percent of design speed; the inlet Mach number varia-
tions are simllar at high weight flows, and a change in the varilation is
noted at low-weight-flow operation of each rotor. B

It is dinteresting to note that, at the low welght flows for which a
change in the lnlet Mgch number profile occurred, the outer-wall statlc
Pressures at station 3 were slightly higher than outer-wall pressures at
station 2.. This observation is not conslstent with the decrease in area
from station 2 to 3 and i1s opposite to the wall static-pressure varlation
observed at the high welght flows.

Rotor-Outlet Conditions -

The radisl variations of blade-element temperature-rise efficiency
n, total-pressure ratio P4/Pl’ and work coefficlent AB/UE for the 19-,

16-, and l2-blade rotars are plotted in figure 14. These results are
given for design and 80 percent of design speed and one corrected weight
flow for each rotor. All rotors were operating close to peak efficlency
for the conditions shown in figure 14. Alsoc, nearly equal weight flows
were chosen for the three rotors. These rotor-cutlet conditions are shown
largely to indicate the manner in which the blade-element performance
should be faired to reconstruct the characteristics of the complete rotor
T'ow.

The difference in total-pressure ratlo at 80 percent of design speed
can be traced to changes in work coefficlent with solidity (fig. 14(b)).
Since the losses and work coefficient tend to decrease with decreasing
solidity, the efficiencles do not vary from one rotor to the next.

At design speed, there is a large increase in the tip-region total-
pressure ratlio with increasing solidity (fig. 14(a)). This change stems
partly from work-coefficient variations and partly from the decrease in
losses with an increase in solidity. Near the tip, the loss-solidity
varlation causes a decrease ln efficiency with a decrease in solidity.
However, the efficiency near the hub is highest for the lowest solidity,
because, in this region, the observed losses tended to decrease with
decreasing solidity.

Over-All Performance

The mass-averaged rotor performance data are plotted in figure 15°
against the corrected weight flow per unit frountal area (specific weight

- 3530
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flow) as computed from the orifice data. Given in the plot are the mass-
aversged total-pressure ratio and the mass-averaged temperature-rise ef-
ficiency for the three rotor solidities. Dats are presented for 60, 80,
90, and 100 percent of design speed for a weight-flow range at each speed.

The average total-pressure-ratio level increases with increasing
solidity for all speeds similarly to the work-coefficient variation shown
in figure 14. Small differences in total-pressure level are shown at low
speeds and lerge differences at design speed. At the low speeds, where
the loss levels do not vary greatly with solidity, the increase in total-
pressure ratio stems largely from the increase in the work-coefficient
level. However, at design speed, the large variations in tip-section
logses along with the work-coefficient variation cause large increases
in total-pressure level with increasing solidity.

The peak efficlencles at design speed are about the same for the 19-
and 16-blade rotors. Therefore, the higher losses observed in the tip
region of the 16-blade rotor must be counterbalanced by the cbserved lower
losses near the rotor hub. The l2-blade-rotor pesk-efficlency velues at
90 and 100 percent of design speed are at & lower level than for the 19-
and 16-blade rotors. Excessive tip lossés for this rotor along with =a
decrease 1n work coefficient with decreasing solidity cause this effi-

cilency change.

At 80 percent of deslign speed, the peak-efficiency values tend to in-
crease with decreasing solidity, and the opposite trend appears at 60-
percent speed. These variations of efficiency level, particularly at 60-
percent speed, msy not be significant, because of measurement errors.

Stall Characteristics

Hot-wlre anemometers were placed downstream of the rotors to detect
the stall characteristics of the 16- and 12-blade rotors at 60-percent de-
slign speed. Reference 5 describes the stall characteristics of the 19-
blade rotor, which operated with periodic rotating stalls at low welght
flows at 60-percent design speed. However, periodic stalls were not ob-
served in the tests of the 16- and 1l2-blade rotors at the low welght
flows. : - -

The observations made with the hot-wire anemometers on the 16- and
12-blade rotors at 60-percent design speed can be summarized as follows:

(1) At high welght flows, the hot-wire snemometers detected only
blade wakes.

(2) After the weight flow was reduced to a value below that for the

peak pressure ratlo, the blade wekes were obscured by large flow fluctua-
tions in the tip region. These flow fluctuations can best be described
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as & random or nonperiodlic stall. At 60-percent design speed, the non-
periodic type of stall persisted for corrected specific weight flows as
low as 10 pounds per second per square foot of frontel area. This welght
flow is below the values for which rotating stalls were observed in the
19-blade rotor.

SUMMARY OF RESULTS

Two low-solidity versions of a prevliously reported transonic axial-
flow-compressor rotor were tested to provide some dats on the performance
of low-solidity compressor rotqrs that operate st high levels of rotor-
inlet relative Mach numbers (up to 1.l). The original rotor contained
19 blades and had a tip solidity of 1.0. Rotors having tip solidities
of 0.84 and 0.83 were constructed by placing first 16 and then 12 of the
original blades 1n new rotar disks. Blade-element characteristics of’
*the 16- and l2-hlade rotors were computed from detailed survey test data
for a range of corrected tip speeds up to the design value of 1000 feet
per second and are plotted against incidence angle in this report. The
blade-element loss chearacteristics of the two low-sclidity rotors were
generally similar to previously reported rotor test results. '

Comparison of the losses for the 19-, 16-, and l2-blade rotors in
the hub and mean regions of the blade showed that . -

1. The relative total-pressure-loss coefficlent tende to Ilncrease
with increasing solidity; however, on & per-blade basis, the hub- and
mean-section losses were about the same for all three rotors.

2. Hub- and mean-sectlon minimm-loss levels were generally low,
and blade loadings (diffusion factors) were below the limiting value.

Comparison of the blade-element losses in the tip region for the
19-, 16-, and 12-blade rotors showed that

1. At the low rotor speeds (60 and 80 percent of design speed), the
minimum-loss levels near the tip were about the same for the three so-
lidity levels.

2. At design and 90 percent of deslgn speed, losses lncreased with
decreasing solidity. A larger increase in loss occurred at design speed.,

3. Up to 90 percent of design speed, the tip-section losses of all
three rotors sgreed with previous rotor test resulis on the basls of the
loss - diffusion-factor correlation., At design speed, only the 19-blade-
rotor loss data correlated with previocusly reported data.

1:3630
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Comparison of the measured deviation angles at minimum-loss Iincidence
angles for the 19-, 16-, and 12-blade rotors showed that

1. The hub- and mean-section deviation angles were about constant
over the speed range tested, and the general level of the measured devia-
tion angles agreed with deviation angles computed from Carter's rule.
However, no distinct varietions of measured deviation angle with solidity
were observed.

2. Tip-sectlon deviation angles of the 16- and 19-blade rotors were
nearly constant over the speeds tested and slightly below the value com-
puted. from Carter's rule. Tip-section deviation angles at design speed
lncreased with decreasing solidity, e greater amount than was calculated
from Carter's rule.

Hot-wire-anemometer tests at 60-percent design speed showed changing
stall patterns with solidity. The anemometer sensed periodic stall pab-
terns with the 19-blade rotor and only large nonperiodic flow fluctuations
at the rotor tip with the 16- and 12-blade rotors.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Clevelend, Chio, June 2, 1955
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TABLE I. - ROTOR BLADE-ELEMENT GEOMETRY

CF-3

Radius, Solidity, Measured blade |Measured blade
in. a inlet angle, outlet angle,
Tg: TZ:
Inlet,| Outlet,|l2-Blade |16-Blade |19-Blade dog deg

rz Ty

7.00| 7.00 0.63 0.84 1.00 52.7 41.5
6.55 | 6.62 .66 .88 1.04 51.0 37.2
6.38 | 6.47 .87 .89 1.06 50.2 35.6
5.80 | 5.97 7L .95 1.13 47.6 30.0
5.22 | 5.47 .78 1.04 1.23 44,7 23.7
4.63 4.97 .85 1.14 1.35 41.5 16.7
4,05 | 4.47 .95 1.27 1.51 37.8 8.3
3.50 | 4.00 1.05 1.41 1.67 #33.5 &.1.0

a‘Angles are extrapolated values.
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Figure 1. - Schematic dlagram of transonic-compressor test rig.
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