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—

ROTOR OVER A RANGE OF BLADE ANGLES

By Wallace M. Schulze, John R. Erwin, and Willard R. Westphal
SUMMARY

An investigation was made to study the performance charsacteristics
of an impulse axial-flow compressor rotor over a wide range of opersating
conditions. The high~turning-angle low-static-pressure-rise rotor
reported in NACA RM L9JO5a was tested with constant annulus area at
geveral values of blade-angle settings in addition to the one for which
it was designed. A large range of quentlty rates of flow was used in
testing, and speclal attention was glven to stall conditions.

A meximim total-pressure-rise coefficient of 3.00 at 93 percent
efficlency was obtained with a static-pressure-rise coefficient of -0.%9
by operating at a blade-angle setting 18° above the design velue. A
maximm static-pressure coefficient of 0.53 at 90 percent efficiency was
obtained with a total-pressure coefficient of 1.64 using a blade angle
9° below design. At the blade-angle setting and quantity-flow coeffi-
cient of the original design, a total-pressure coefficlent of 2.10 and
a static-pressure coefficient of 0.39 were obtained wilth an efficiency
of 93 percent. This investigation also produced new information on the
gtall characteristics of impulse blading and on the conditions under
which the rotor would induce steady flow.

INTRODUCTION

The investigation of reference 1 was made to determine the possi-
bilities of obtaining high total-pressure coefficients by applylng a
constant-pressure, high-turning princlple to the design of an impulse
axial-flow compressor rotor. The rotor was designed to operate with
en inlet air angle relative to the rotor B, of 45° and a turning

angle 8 of 750. The static pressure across the rotor was maintained
congtent by a 20-percent decrease in annulser area through the blades, so
that at these low test speeds, the axlal velocity increased about 20 per-
cent through the rotor. A total-pressure coefficient of 2.3 was obtained
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with a rotor efficiency of 98.3 percent. This rotor was also tested with
stator blades. installed downstream. In this investigation, the perform-
ence .of the test compressor was measured over a renge of quantity-flow )
coefficients at a constant speed of 1200 rpm with the rotor blades set

at the deslgn angle. .

The deslgn of an efficient axial-flow compressor stage in which = .
considerable increase in axial velocity across the rotor cccurs is diffi-
cult because the velocity entering the stators 1s high and the entire
static-pressure rise must be produced by the stator. Such stages do not
lend themselves readily to multistaging since the relative velocities
reach prohibitive values in a few stages. The present 1nvestigation was
intended to determine whether high turning angles and high total-pressure
coefficlents could be obiained when the rotor.produces a significant
static-pressure rise. The rotor used was the seme as that tested in the
investigation reported in reference. 1, except that the anniulus area
through this rotor was maintained comstant. , In these low-speed tests,
therefore, a virtually constant axial velocity and an increasing static
pressure were obtalned. In additiom, further informstion was desired as
to the ability of lmpulse rotors tc induce g flow in the deslred direction.

To obtaln this information,  the impulse rotar owes tested over a wlde

range of blade-angle settings, from 9° below to 2h above the originel =

deslgn settlng. Performance measurementS'were made faor each of these
conditions at a comstant quantity-flow coefficient. At three blade-angle
settings, corresponding to the design condition and to the upper and lower
limits of useful operating range, the performance of this rotor was defér-
mined over a range of quantity-flow ccefficilents. The stalling phenomena
were Investigated in some detail for 11 blade-sngle settings.

SYMBOLS
D diameter, feet - o s
h blade height, feet
m mass rate of flow, slugse per second
n rotor speed, revolutions per second
Py total pressure, pounds per square oot
Pg - static pressure, pounds per square foot
Q quantity rate of flow, cubic feet per second



NACA RM L50F2Ta " GRNSEUR 3

L < o =

S}

s

dynamic pressure, pounds per sguare foot

radius, feet

velocity of rotor blades, feet per second

velocity of air (relative to casing), feet per second

velocity of air (relative to rotor), feet per second

. angle of attack, degrees

design angle of attack, 43° at inboard section, 25 percent of
blade helght from hub

stagger angle, degrees (see fig. 1)
adiabatic efficiency

turning angle, degrees

air density, slugs per cubic foot
blade-angle setting, degrees

design blade-angle setting, (see fig. 1)

quantity-flow coefrficient .
nD. 3
t
quentity-flow coefficient at which oy is obtained
angle of air flow wilth reference to the rotor axis 1n stationary
coordinates, degrees '

Ap
gtatic-pressure-rise coefficient 82
2t
Apy
total-pressure-rise coefficient 5
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Subscripts:

a axisl direction

i inboard section

o outboard section

t tip

tan tangential

1 station upstream of rotor blades (see fig. 2)

2 station downstream of rotor blades (see fig. 2)

APPARATUS AND TESTS

The 75-horsepower low-gpeed test compressor used in the previous
investigation ag modified for these tests 1s indicated in figure 2. The
initial rotor tip clearance was approximately 0.012 inch, or less than
one-hslf percent of the blade helght. A teat run was made with the
original blade setting at design qpantity flow ¢4 = O. 80. Without dis-

agsembling the rotor, the 3-inch-long blades were trimmed to give a tip
clearsnce constant from léeading edge to trailing edge at §d of approxi-
mately 0.090 inch (3 percent  h), and the same test was repeated. This
large cleerance was needed for later tests to keep the blade-tip corners
from striking the outer casing at high blade angles. Comparison of these
two runs 1ndicated the effect of greater clearsasnce. Flow surveys wére
mede at stations 1 and 2, one-helf chord fore and aft of the rotor, using
instruments of type If(reference_l) . Performance tests, as described in

reference 1, were run at 1000 rpm. Those investigating starting and
stalling phenomens were run at various speeds.

Flow-inducing tests.- A number of tests were made to determine the
range of blade-angle settings § for which the rotor would induce flow
in the desired direction. In addition, information concerning the usable
operating range of { was obtained. The starting, running, and stalling
characteristics of the rotor were observed at 3° increments of t, from

9° below the design value, {3 - 9°, to 24° above design, tg + 24°. The
performance of the rotor was meagured at an approximately constant quantity—

flow coefficlent, & ¥ 0.80 for all of these '§ values, except £ + 24°
for which steady flow could not be obtained. ’

.
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Performance tests over a range of flow coefficients for three blade
settings.- Performance tests were made over a range of quantity-flow
coefficients @ for the design blade setting angle gd end for the
upper and lower limits of the practical operating range, Eq + 18° and

§d - 9 5 respectlvely (fig. 3) At Cd’ seven runs were made covering

the range of ¢ from near stall to well abcve the design condition
(0 = 0.54 to 1.01). The tests at {4 + 18° were similar, but at this

condition the maximum ¢ obtainable with the existing test equipment
was 0.90 which was considerably below the 1.56 value needed to give the
deslgn angle of attack. The design angle of attack was defined as 43°
at the inboard section for all values of. ¢&.

At £4 - 90, tests were made with relatively large values of ¢

up to 1.12 in addition ta the usual range.  This was done so that opera-
tion under conditiong of negative stall, a flow separation that occurs
on the concave surface of the blade at very 1ow angles of attack, might
be observed.

Stall tests.- For the stall investigation, flow directions relative
to the rotor were indicated by small nylon tufts glued to the rotor and
blade surfaces and to threads stretched between blades. Approximately
60 tufts were used. Three threads with five tufts on each were stretched
between adjacent lesding edges at three radial positions. Three similar
threads were stretched between adjacent trailing edges. Two threads
were suspended between blades at about the 50-percent-chord point at one-
third and two-thirds of the blade helght frdm the blade root section.

Ten or twelve tufts were glued to both convex and concave blade surfaces.
The tufts were spread over many blades so that no tuft was in the wake
of another tuft or thread. Flow directionsg in stationary coordinates
were indicated by tufts glued to the immer case upstream and downstream
of the rotor. The tufis were illuminsted wlth intense stroboscopic
lights placed far upetream snd far downstream of the rotor and triggered
by a contactor on the rotor shaft. The tufts were ohserved through
transparent ports in the test blower outer case.

As isg discussed hereinafter, under certain conditions the flow
fluctuations had periodic characteristics and for such cases the fre-
quency was measured by 1lluminating the tufts on the inner cese with a
Strobotac. The quentity-flow coefficient ¢ was determined by com-
parison of gy values teken upstream of the rotor at the mean dlsmeter

with a curve of q; versus ¢ obtained from complete surveys. The

¢ values computed by this method mey be In error as much as 10 percent
or more durlng surging operdation, but are considered to be sufficiently
accurate to provide a qualitative picture of stall phenomena.
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RESULTS AND DISCUSSION

All performance values presented were calculated from flow survey
data by the methods described in reference 1. As in that investigetion,
the static-pressure readings of the instruments were calibrated to an
accuracy of 10,2 percent of the dyhamic pressure, and the direction
readings were accurate to il/h The efficiency was corrected for 4dif-
ferencee 1n the mass flows measured at statlions 1 and 2, es described
in reference 1. The resulte presented asre believed to be rellable to
within 1 or 2 percent. Figures 4 and 5 present the differences in mass
flow meagured at the two stations to show their magnitude and give an
indication of the accuracy of this work.

Genersal Operating Characteristics -

Starting and running.- In refererice 1, the assumption was made that
the rotor 'could not induce a flow in the deslred dlrection unless the
entrance elr direction By had a larger Ilnclination from the axis than

the exit alr direction Bs. A second assumption was that the leading

edge of the rotor blades should précede the tralling edge in the direc-
tion of rotaetion. This second assumption is hesed upon the supposition
that—the flow will pass through the blades from the slde at which the
blade mesn line mskes the larger angle from the axis. Therefore, wlth
circular-arc mean-line blades, as used in this inveatigetion, the direc-
tion of flow would depend upon which edge preceded in the path of rota-
tion. An advencement of the blade angle more than 2° above §d would
cause the tralling edge to precede at—the Inboard section (located

1°
2
do the same for the outboard section (25 percent h from the tip). If
this second assumption is valid, the angle above which flow would not
be. induced in the deslred direction would be within this approximate
range. '

25 percéht h from the hub) or an angle increase more than'1llz would

The rotor was tested with a large range of blade-angle settings,
Qd - 9% to § + 2& to determine the starting and running behavior.

At the lowest blade angle tested, §d - 99, the total- eand statlc-pressure-

rise conditions through the test section were similer to conditions in
the usual axial-flow compressor. The starting and running characteristics
were also found to bhe similar.

Hysteresls in starting was observed; that is, larger throttle
settings were necessary to start with unstalled flow than the settings
that were used to reduce the flow to the stall point after smooth flow
had been established. The flow started similtanecusly with the rotor
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and continued smoothly over a wlde range of ¢. At blade-angle settings
several degrees higher, the test compressor showed very little change in
general behavior, .. o

At Cd + 129, some changes in the starting characterilstics occurred.
At this blade angle and all higher ones to Cd + 210, no hysteresis of

the flow was observed, snd the test compressor would start with steady
flow if the throttle pogition was set at or above the minimuim point for
unstelled operastion, spproximstely 1/2 @d or above. Thus, when starting

the throttle d1d not have to be opened beyond the minimim point as is
necessary in the case of conventional axial-flow compressors. However,
the starting of the alr flow was observed to lag behind that of the
rotor and at the next blade setting, {5 + 15°, this tendency was more

pronounced. Under usual operating procedure, in which the rotor was
brought up to speed in 10 to 15 seconds, the flow began several seconds
after the rotor begen rotating and did not reach a steady state until
several seconds after the rotor reached.test apeed., This delayed-starting
tendency was even more evident at 18° above gd; taking- approximately

10 seconds at 1000 rpm, or 20 seconds at 500 rpm to stert flowing. Once
started, the flow increased repidly to a steady-state condition. After
the flow reached steady-state conditions, the operation of the compressor
was guite normasl, a change of flow rate occurring similtanecusly with a
changé in rotor speed. The 18° above tg condition was the lowest

setting tested at which all points of the traillng edge preceded any
point of the leading edge in the direction of rotation.

At 21° above tqg (fig. 6), vhen the rotor speed was brought up to
500 rpm, there appeared to be no axlal air flow present. However, smoke
introduced at the exit Indlcated a slow drift of air in the reverse
direction. When the rotor speed was increased to 1000 rpm, the reverse
flow became unsteady and started surging. At each surge, some alr was
observed going In the desired direction for a short time. After ome of
these surges, a small flow 1n the desired direction persisted, snd then
repidly increased to the usual rate. After the flow wes established, it
remained smooth and stable throughout e range of quantity flows and
rotor speeds.

At g + 24°, & steady flow in the desired direction could not be

established. During operstion at 1000 rpm, the alr flowed slowly in

the reverse direction with an occasionsal surge that caused a momentary
flow in the desired direction. Doubling the rotor speed lncreased the
viclence of the surges, but the flow would not continue In the desired
direction. It is believed that, if flow had been established by external
means, the flow probebly would have continued, but facilities were not
avelilable to try this.
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It was desired to determine the validity of the first deesign
assumption of reference 1, that, to induce the flow In the desired
direction, the enterlng stagger angle should be gréater than the exit
stagger angle, To do this, a determinstion was made of the entrance
and. exit air direction relative to the rotor at the mean dlameter of
the annulus for all tests. It was found that the entrance air direction
had a larger inclination from the rotor exis than the exit alr direction -
(Bl > Bg)_for all tests except the one with a blade-angle metting at

21° above design. Even then; nearly half the blade was operating with
By >PBp. Tt is apparent that the main deslgn assumption comncerning

flow-inducing criterie was satlsfied.

Applying the second design assumption of reference 1 concerning the
effect of the relative position of the leading and -tralling edges on

the flow-1nducing ability of the rotor, blade-angle settings above 11-32:-O

would not be expected to induce flow .in the desired direction. However,
the rotor was sable to induce such flows dt-blade settings well above

this value; consequently, it appeers that the alirfoll shape and the inlet-
and ocutlet-passage configuration had a favorable effect on the ability '
of the rotor to induce the desired flow.

Pressure-rige stalling at low blade angles.~ At low blade-angle
settings, §d - 99 to gd + 30, there was a static-pressure rise across

the rotor at all dlameters as in the conventional axlal-flow compressor
and the stall phenomena were simildr to those previcusly observed 1n a
conventional compressor in an unreported investigation. In both cases,
the unsteady flow that occurred during stalled operation was due to
reversed flow through a region occupying approximately 15 to 40 percent
of the annulug circumference and ares, .and extending from the entrance
cone through the rotor and into the diffuser. This region of reversed
flow rotated sbout the annulus with the angular velocity of the air
downstream of the rotor and the rotor blades pagsed through the region
of reversed flow. In the impulse blower, the reglon rotatéd faster
than .the rotor blades. Ih the conventionsl compressor, the opposite
wag true. This flow pattern was observed In the Impulse compressor at
the @ and £ values Indicated in figure 7. The quantity coefficient
at which smooth flow changes to surging flow variles from about T5 per-
cent &5 at (4 - 9° “to 140 percent ¢35 at {4 + 15°.

The reversed flow is believed to be started and maintained in the
followlng menner: As the compressor is throttled to the stall point,
the flow separates from the convex surface of one blade or & group of
blades because of the large adverse pressure gradient on this surfsce.
Ideally, this separstion should occur om all blades simultaneously, but
a slight difference in blade shape, blade-angle setting, or entrance

o
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alr direction causes one or a group of blades to separete first. Sepa-
ration reduces the effective passage area at the exlit of the stalled
passages, increasing the velocity and thereby decreasing the static
pressure behind the stalled blades to a value below that existing behind
the adjacent unstalled blades. The higher-pressure alr behind the
unstalled pagsages is accelerated towards the low-pressure region and
moves upstream into the separated layer of alr which almost instently
thickens the layer until it constricts the entire blade-passsge exit.
Similtaneocugly, the alr stream entering the blade passage 1s diverted,
and reverse flow occurs through the entire blade passage and extends
forward into the entrance cone. The reversed flow increases the axial
veloclity required throughout the remalnder of the annulus for the same
net flow out the throttle, and so reduces the angle of attack and static-
pressure rise, A stable condition of flow exists. As the throttle is .
closed further, a larger portion of the annulus 1s occupied by the
reversed flow. This permits the axial veloclty over the unstall=d blades
and, therefore, also the angle of attack to remein more or less constant
even though the flow passing through the throttle is diminished.

Pressure-drop stalling at high angles.- The flow pattern described
above cannot occur unless there is e static-pressure rise across the
rotor. Unlike the conventional compressor, the impulse compressor has
a static-pressure drop across the rotor at root and mean diameter sec-
tions when operating at high blade-asngle settings. Figure 8 shows the
pressure-rise coefficients measured at the mean diameter at the smellest
quantity flow that could be obtalned without stalling. The stall
phenomena were found to be quite different at the high blade-angle set-
tings from those observed at the low blade-angle settings. At blade
angles of more than gd + 180, the flow was free of pulsations or surging

over a much wider ¢ range than at lower angles. As the flow was reduced
to small quantities by throttling, the separation point moved forward on
the convex surface until the flow over the entire blade surface was
separated. The total-pressure rise decreased rapidly, but there was no
surging even though the angle of attack at the inboard section increased
about 60° above ag. At a blade-angle settiing 21° above design, the flow
was separated from the convex surface at the highest quantity flow that
could be obtained with the existing test appasratus, ¢ = 0.77. Surging
with reverse flow did not begin until ¢ was reduced to 3 percent of ¢d

(fig. 7). Although the static pressure decreaged through the rotor at
root and mean dlameter, reversed flow was possible because of the static-
pressure rise at the tip section due to centrifugal force.

Stalling at intermediete blade angles.-~ At the Intermedlate blade
angles, fram {5 + 6° to Cg + 18°, regions of both pressure-rise and

pressure-drop stall were observed as indicated in figure 7. Reducing
the quantity-flow rate by throttling to ¢ of about 0.6 resulted in a
static-pressure-rise stall with surging slimilar to that observed at the
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low values of ¢{.. . This surging decreased in severity, however, when ¢
was further reduced to about 1/4 ®g; et thls point surging stopped and

steady flow, pressure-drop stalling, similar to that described for high
values of ' {, was establigshed. The pressure-drop stglling .continued
until the quantity-~flow rate was reduced to very small values, 3 to 8 per-
cent ¢4, depending upon { (fig. 7). Then surging stall begen again
and continued to ¢ = 0. Pressure-drop gtalling was flrst observed over
a small range of ¢ at gd + 6 and occurred over an Incressing range

of ¢ .as { Increased.

Further remerks.- The information obtained in the present investlge-
tion suggests that a. possible flow pattern of pressure-rise stall in con-
ventional (reaction) compressors 1s not a separated reglon retaining its
position with reletlion to a particular blade, but ls a reverse flow which
rotates with the tangential velocity downsiream of the rotor. This flow
pattern was clearly evident in the impulse compressor (this investigation
used only a rotor) when operating with a static-pressure rise, and in a
conventlional compressor rotor having & guide vane row upstream. In both
cases, when reverse flow first occurred through the test section, the
flow discharging from the throttle was only slightly unsteady, indicating
that, initlally, this was a stable flow condition. The flow remalned
steble as the rate of flow was reduced until a large percentage of the
annulus contained reversed flow. Separation in all blade passsges prob-
ably did not occur until the mean static-pressure rise across the rotor
became so small thet the reverse flow could no longer be sustalned. If
a compressor caen be designed to permit reversed flow without prohibitive
turbulent mixing losses, a significant gain in operating range at full
speed might be achleved. An obvious possibility is to recirculate some
of the flow externally. )

The smooth operation of the impulse rotor In the pressure-drop-stall
regime provides information ms to the probable behavior of the rear stages
of a conventional compressor at low rotational speed or at high mass flow
at design speed. In these cases, the rear blading recelves the flow st
negative angles of attack snd a drop in pressure occurs. At high nega~
tive angles, blade stall similar to that observed in the impulse com~
pressor occurs, but the flow continues to pass through the blades with-
out surging. If means to permlt recirculetion of some of the flow were
provided, a higher pressure ratlo could be cbtained at low speeds, a8
the angle of attack of the blades in the rear stages would be increased
and that of the forwerd stages decreased. A gain in the torque avail-
able for the acceleration of turbojet or turbo-propeller engines might
be realized by this external recirculation system for increased operating
range st full speed.
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Rotor Performance at Constant Quantity Coefficient

Effect . of blade-tip clearance.-~ Two tests were made at the design
blade-angle setting as an indication of the effect of blade~tip clearance
on rotor performance, At the low tip clearance of approximately 1/2 per-
cent blade height, an efficlency of 95.3 percent, a total-pressure-rise
coefficlent of 2.10, and a static-pressure-rise coefficient of 0.49 were
obtained (figs. 9 and 10). The results of the test with a blade-tip
clearance of 3 percent h showed no change in the total-pressure-rise
coefficient, but the measured efficiency was 93.1 percent and the static-.
pressure~rise coefficient was 0.39. Although these results indicate g
higher efficlency with low blade-tlp clearances, the difference in the
two measured values has about the same order ¢f magnitude as the scatter
present In the results of efficlency plotted agalnst blade-angle setting
in figure 9, ahd so are not conclusive. The decrease 1n static-pressure-
rige coefficlent with increased clearance sppears more definite as shown
by figure 10.

Reference 2 reports an investigation of tip-clearsnce effects for
an exial-flow system having & rotor and gstator. The results of that
work Indicaste a drop in efficlency with increesed tip clearance having
the same order of magnltude as 1s presented in the preceding paragraph.
Reference 2 also indicated a decrease in total-pressure rise with
increased tip clearance, but in the present investigation the expected
change was not measured, prob&bly due to lngccuracies of messurementes or
calculations.

Effect of blade angle.- A constant quantity-flow coefficlent ¢ of
0.80 was intended for all flow-inducing tests, but because of practical
difficulties the actual test values varied from 0,77 to 0.84. This
variation was not believed gserious. The efflciencies measured for the
various values of §{ are presented in figure 9. The faired curve indi-
cates that the peak efficiency was 94 percent at g + 4°, @iminishing
slowly with incressing { and more rapidly with decreasing . Although
the blades were operating at off-design conditions both above and below
gd, g high efficiency resulted at all the positive angles tested except

Qd + 210, because ﬁé diminishes and becomes negative with increasing §
(fig. 10). The flow at Qd + 21° was pertislly separated and therefore
contained additional losses.

_ A constant ¢, as used in this groyp of tests, causes a higher
angle of attack a and consequently & higher turning angle 6 with
each increase in . Figure 11 presents a .and 6 values plotted
sgaingt ¢ mesasured at the inboard and cutboard design blade sections.
The higher 6 results in a risping total-pressure coefficient ¥y with
increasing blade angle (fig. 10). The static-pressure coefficient Vg

however, shows the opposite effect, decreasing with increasing {. This
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result 1s due to the incressed exit stagger angle and decreased exit
flow area (higher exit velocity). Although a high® Vi 18 desirable, an
aggaclated Ws drop increases the difficulty pf the stator problem,

Thus, a high positife;ratiq_of__vs to ¥ 1s generally desirable for
most applications ueing both rotors and stators. . . . .= g _ S

Rotor Performarice with Varylng Quantity-Flow Coefficlent

The performance of the lmpulse rotor at various values of quantity-
flcw coefficient ¢ was measured for the design,’ 18° sbove design end
9 below desigh blade-angle gsettings. These tests were made at the
upper and lower limits of useful opérating { range and the design blade-
angle setting, permitting comparison with reference 1. Flgure 12 shows
the range in angles of attack o and turning angles & covered in these
tests. In the tests, at £4 - 9° a minimum a of 19.3° with a corre-

sponding 6 of k9, 1° wag meagured at the outboard section. The results
of the tests at £qg + 18 gave a maximm o of 75.2° with a 6 of . e

117. 0° at the inboard section. These results, for a single blade design,
indicate that impulse compressors having proper blade camber can be
designed to operate satisfactorily wilth turning angles from 50° to 120°,

High blade-angle setting.- The tests at {4 + 18° show a significant
incresse in total-pressure-rige coefficilents- ¥y over those presented
in reference 1. At a quantlty-flow coefficient ¢ of 0.90, a ¥ of
3.0 (fig. 13) with an efficiency n of 93.2 perceut (fig. 1k4) was
measured. This ¢ was far below the value needed to establish the
design angle of attack of the blades @3 = 1.56 (fig. T), but was the

largest that could be obtained. ' The rapid drop in n below & of 0.8 .
is attributed to flow separation from the blades at that very high angle
of attack, about lT above age The favoraeble static-pressure gradient

{(fig. 13) probably reduced the extent of the separation.

Design setting.- The tests made at {3 are compared in figures 13 T

to 15 with those in reference 1 to show the effect of removing the area
change in the hlade passages and Iincreasing the tip clearance. The
average turning angleg and the veloclty of the alr lesving the rotor

wvere decreased by increasing the passage exlt area, and consequently the
total-pressure rise was reduced (fig. 13). The larger exlt ares resulted
in more diffusion in the passages and 1ncreased the static-pressure-rise
coefficient from 0.20 to 0.38 at the design quantity-flow rate of 0.80,
The efficiency curve was flat as before, but the flow losses from
increased rate of diffusion and the larger blade-tlp clearance lowered
the design point efficiency from 98.3 to 92.7 percent (fig. 1h).
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Low blade-angle setting.- The test results at {4 - 9° were similar
to those of more conventional axial-~flow rotors, even though the turning
sngles measured, 50° to 80° (fig. 12), were comparatively high. If the
optinmum angle of attack for this setting is assumed to he the game as
that for Qd, ag = 43° at the inboard station, the ¢g would be 0.58.

At thls flow rate, the measured static-pressure-rise coefficient g

was 0.53, an increase of about 40 percent over the value measured at
pesk efficiency for ¢tg. The maximum ratio of V4 /¥; measured, 0.32,

identifies this rotor configuration as o2 reaction type. In figure 16,
the ¥/l ratlos measured at Cd - 9° are compared with values obtained

for §d and Qd + 18° gettings. Although the ¥g/Vy ratios sre largest

for the low-angle tests, the values of Vg for 9° below Qd are nearly
the same as those at {4 (fig. 13). The explanation was evident after a
study of the flow geometry.

In all tests, including various values of ¢{ and ¢, the air left
the blade passages at a stagger angle approximately 10° lower than the
mean-line angle of the blade tralling edge. Consequently, reducing the
blade angle to {3 - 9° decreased the exit stagger angle fram 30° to
210 at the inboard section end from 17.5° to 8. 5C at the outboard section.
In this constant-annulus-area, lOWbSpeed rotor, ¥y depended almost
wholly upon the ratio of the (cosines) of the entrance and exit stagger
angles. At similar quantity-flow rates, the entrance stagger angles
were the same, so that the exit stagger angles and boundary-layer thick-
ness determined V¥g. Since the cosines of small asngles are near 1, the-
coslnes for the low exit stagger angles given previocusly show little
varistion (at the mean diameter, cos 23.75° = 0.91L5, cos 14.75° = 0.967);
furthermore, the effect of the boundary lsyer tended to nullify the area
increase.

Therefore, ¥; for the low and design { tests was nearly the same

and the two curves on figure 13 closely correspond. By this same expla-
nation, lower £ +tests were regerded as unnecessary because significantly
larger ¥, would probably not have been realized. Further, the stagger

angle at which ag would result at the outboard station for this setting
was 57.4° , & fairly high value. Larger Y /¥; ratios would be obtained
largely by virtue of a decrease in ¥, as indicated by the trends of

these low-angle tests. The reglon of negative slope in the *t curve
for the gd - 9° configuration (fig. 13) shows a characteristic of the

test compressor at this low value of { +that is common to more conven-
tional axial-flow compressors.
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The peak efficiency of the . §d - 9O .tests had a value of 90.6 per-

cent at approximately 0.65 quantity-flow coefficlent (fig. 14). At this
®, the angle of attack of the blades was 2. 7° less than age The reduced
efflciency at higher flow rates was probably due to a flow separation on
the concave blade sutrface, that is, a negative stall. The effect of the . .
consequent large wekes was a reduction of the measguring accuracy. This _ .
is illustrated in figure 5 by the large difference between m2 and my

for the high ¢ wvalues. _ _ _ R

General summation.- The gbllity of the lmpulse rotor to turn flow

efficiently 750 from an entering stegger angle of 450 while operating _ }
with constent axial veloclity and a static-pressure rise, indicates an
increased utility for this type of compressor. The annulus of an impulse
compressor does not necesgsarlly have to contract through the rotor blades.
This mekes the design and comstruction of a multistage impulse compressor
more llke conventional axisl-flow machines. Mealntaining the axial
velocity constant increases the statlic-pressure rise through the rotor,
removing some of the burden from the stator blades. The design of an
efflclent stator is mede less difficult becsuse the veloclty entering

the stationary rows 1s reduced. Some penalty in reduced total-pressure
coefficient—1s incurred by the use of constant axial veloclty as is &
slight reduction in rotor efficiency. The rotor efficiency loes may

be offget by reduced stator losses, however.

An extrepolation of the data from the low-speed tests to high-speed .
operation usling the same method and entrance conditions as those used
in reference 1 (Mach number relative ta rator, 0.60; no guide vanes; tip
speed 540 fps) indicates that the stator Mach number using constant axisl
velocity would be 0.718. Assuming the same stage efficiency reported in
reference 1, 89.6 percent, a stage total-pressure ratio of 1.36 is pre- ©
dicted. The use of constant sxial veloclty rather than constant static
pressure at the inboard station results in a 10-percent decrease in the
Mach number entering the stator and alsc a lO-percent decrease in the
stage total-pressure rise. :

CONCLUSIONS

As a result of the serles of tests made.on the impulse axial-flow
rotor having s 3-percent blade-tip clearance with varicus blade setting
angles and quentlity-flow retes, and wlth constant axial velocity through
the rotor, the following specific conclusions were reached:

1. The design of an impulse axlal-flow compressor 18 not nearly so

exacting as originally supposed. The impulse rotor will operate through- ]
out a wide range of conditions wilth behavior similar to that of a more .
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conventional axial-flow compressor. A wlder range of gpplication for
impulse compressors appears possible than might have been concluded fraom
NACA RM L9J05=.

. 2. The impulse rotor will operate efficiently with reasonable static-
pressure rise. The highest static-pressure-rlse coefficlent g obtained

was 0.53 at a quantity-flow coefficient ¢ of 0.56, total-pressure-rise
coefficient ¢ of 1.6k, and an efficliency 1 of 90 percent at the blade-

angle setting 9o below the original design value, §d - 99,

3. The impulse rotor will efficiently produce very high total-pressure-
. rise coefficients. The highest total-pressure-rise coefficient of 3.00

end the meximum turning angle of 117° at the inboard section Sccurred at

a @ of 0.90, ¥; of -0.49, n of 93 percent at the {5 + 18" blade-

angle setting.

4. At the blade-asngle setting and quantity-flow coefficient of the
original design a total-pressure coefficlent of 2.10, and & static-
pressure coefficient of 0.39 were obtained with an efficiency of 93 percent.

5. The impulse rotor will operate without surging at flow rates as
low as TH5 percent '‘of the design quantity—flcw rate 93, at the 9 below

design blade-angle setting Cd - 99, and to about 40 percent of oy st

tg + 15°. Between 6° and 18° above Lgq» the surging in the stall range

1s very mild and the rotor is able to operate at a stable flow rate as
low a8 8 to 4 percent of 94, depending upon the blade-angle setting.

6. The impulse rotor wlll induce its own flow at any condition for
which, when operating, the alr entering the rotor has a larger aversage
inclination from the rotor axis than the air leaving it (B, > 82).

7. Increasing the tip clearance of the impulge rotor blades from
0.50 percent to 3.0 percent had a negligihle effect on the total-
pressure-rise coefficlent, little effect on the efficiency, but reduced
the static-pressure-rise coefficient from 0.49 to 0.39.

Lengiey Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Alr Force Base, Va.
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Figure 1.- Blade-angle and design-veloclty diagrams for the inboard and
outboard sections at the design blade-angle setting ¢ a- Ut = 1.000.
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Figure 3.- Model segment of the impulse, blades and rotor showlng the
three settings used in performance tests wlth varying ¢®. The lines
on the blade indicaete the positions of the inboard and cutboard
design blade sections, 25 percent height from hub and tip, respectively.
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Flgure k.- Differences in measured weight flow of survey stations
expressed a3 a percentage of staetion 2 welght flow at various
blade-angle settings for the flow-inducing tests. ¢ = 0.80.
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Figure 5.- Differences in measured welght flow of survey stations
expressed in percentage of station 2 welight flow for the performance
tests at three values of (.

17

18

BLZI0CT WH VOV




23

NACA RM L50F2T7a

Figure 6.- Rotor assembly with the blade-angle setting 21° above Ea-
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Pressure-rise coefficients, ¥, and ¥
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Figure 8:- Variation of totel- and static-pressure-rise coefficients
at mean diameter with blade-angle setting, just before stall
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Figure 9.- Varlation of efficiency with blade-angle setting for the flow-
inducing tests. ¢ = 0.80.

BLSIOCT WY VOVN




28 - SONRERENEN NACA RM L50F27Ta

Pressure~rise cosfficients, ¥, and ¥
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Figure 10.- Variation of total- and static-pressure-rise coefficients and
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from the flow-inducing tests. ¢ = 0.80. '
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Figure 11.- Varlation of turning angle € and angle of attack a« with
blade-angle setting from the flow-inducing tests. ¢ =~ 0.80.
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Figure 13.- Variation of total- and static-pressure-rise coefficients,
and WB, with quantity-flow coefficient from the performance tests
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Figure 15.- Variation of turning angle & with angle of attack a at
the two design sections for the design blade-angle setting compared
with the results from reference 1 with area reduction.
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