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EXPERIMENTAL INVESTIGATION OF A 0.4 HUB-TIP DIAMETER RATIO AXIAL-FLOW
COMPRESSOR INLET STAGE AT TRAWNSONIC INLET RELATIVE MACH NUMBERS
II - STAGE AND BLADE-ELEMENT PERFORMANCE

By John C. Montgomery and Frederick W. Glaser

_ SUMMARY

An investigation was conducted to determine the fessibllity of in-
creasing the specific weight:flow of a transonic axial-flow compressor
inlet stage by decreasing the hub-tip ratio. A transonic axial-flow
inlet stage with a hub-tip ratio of 0.4 was designed to produce a total-
pressure ratio of 1.35 at a corrected specific weight flow of 34.9 pounds
per second per square foot of rotor frontal area. The design and over-
all performance of the rotor for the stage were reported previcusly in
the first phase of this investigation. The current phase of the inves-
tigation was conducted to determine the blede-element and the over-all

performance of the complete stage.

At design corrected tip speed of 1000 feet per second, the design
stage total-pressure ratio of 1.35 was obtained at & corrected specific
weight flow of 34.0 pounds per second per square foot of frontal sreas at
an adiabatic efficiency of 0.86. Peak efficiencies of 0.88, 0.91, and
0.94 were obtained at 100, 80, and 60 percent design speed, respectively.
Simplified design procedures which neglect entropy and curvabure terms
in the equations of motion are not sufficiently accurete for the deter-
mination of velocity distributions and flow angles in the design of tran-
sonic axial-flow compressor stages with low hub- tip ratlos and high pres-

sure ratios.

The increased loss at the rotor tip section for a low hub-tip ratio
rotor may be attributed to increased loading for relative inlet Mach
numbers up to 1.05. For the given rotor design, significant total-
pressure losses attributable to mixing losses and probe errors existed.

The large losses experienced at the stator hub section were attri-
buted to the radiel inward shift of the outer-casing boundary layer and
to the high inlet absolute Mach number.
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INTRODUCTION

Turbojet engines with low ratios of engine weight to thrust must bé
developed for aircraft propulsion at high flight speeds. One method of ~
increasing the engine thrust without appreciably increasing the engine
weight is to increase the weight flow per tnit frontel area through the’
engine. .This can be accomplished by utilizing & transonic Inlet stage
in & multistage axial-flow compressor. Axlal-flow compressor stages
operating in the tramsonic region of-relative inlet Mach number (refs.

1 and 2) produce high pressure ratio, high efficiency, and. high weight
flow per unit frontal area. In reference 2, & transonic inlet stage with
a 0.5 hub-tip diameter ratio was designed to produce high pressure ratio,
high efficiency, and high weight flow per unit frontal area. Further
increases in weight flow per unit frontal area through a transonic inlet
stege can be-accomplished by either increasing the inlet axial Mach num-
ber or by decreasing the hub-tip- diameter ratio The transonic axial-
flow compressor stage used in this investigation (ref. 3) was designed
primerily to determine the feasibility of increasing the welght flow per
unit frontal area by reducing the hub-tip diameter ratio to 0.4. The
over-all performance of the rotor without the stator blades is presented
in reference 3. The blade-element performance of the rotor, the-blsde-
element performance of the stators, and the over-all performance of the
stage based on detailed instrument surveys are presented herein. The
rotor-blade-element data are presented for corrected tip speeds of 600,
800, 1000, and 1050 feet per second. The stator blade—element data and
the over—all stage performance dats are presented for rotor carrected tip
speeds of 600, 800, and 1000 feet per second.’

APPARATUS AND PROCEDURE
Rotor Design

The rotor design is presented in detsil in reference 3. Simple ra-~
dial equilibrium conditions which neglect entropy and curvature terms in
the equations of motion were assumed for velocity-distribution calcula-’
tions. The rotor was designed to produce a pressure ratio of 1.35 at a
specific weight flow of 34.8 pounds per second per square foot frontal
area and a tip speed of 1000 feet per second. The diameter of the rotor
was 14 inches, and the inlet hub-tip diameter ratio was 0.4. The design
inlet relative Mach number varlied from 0.70 at the hub to 1.10 at the
tip. The rotor was designed for constant energy addition at all radii
(vortex type) and. employed double-circular-arc blade profile sections.

At the time the rotor was designed, very limited data were availeble om
the performance of the high-~speed circular-arc blades. As a comsequence,
assumptions for the blade performance had to be made. One of these as-
sumptions, which the blade-element performence data will show was not
adequate, was that the optimum incidence angle at all radil wes 30. A
summary of the rotor-blade design values and geometry 1s given in table I.
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Stator Design

The stators for this inlet-stage investigastion were designed to re-
turn the rotor-outlet air back to the axial direction so that high rels-
tive inlet Mach numbers could be obtained for succeeding stage designs.
The stator design air inlet angle (measured from the axial direction)
varied from 25.7° at the tip to 42.0° at the hub. The design inlet eb-
solute Mach number varled from 0.638 at the tip to 0.784 at the hub.

NACA 65-series blade profiles were used for the stators, and standard
procedures as outlined in reference 4 were followed in selecting the
blade section for each radius. A constant blade chord of 2 inches and

& constant blade thickness-to-chord ratio of 0.06 were used. The stator-
blade -design values and geometry are presented in table II. In the table
are Included values of equivelent circular-arc cember and incidence angle
which were obtained by approximating the NACA blade by & circular-arc
blade of equal mean-line camber height and chord. The design stator-
outlet annulus area was adjusted to maintaln the design ratlo of axial
veloclity to tlp speed of 0.647 throughout the stage. The design outlet
ennulus was then arbitrarily increased 6 percent to allow for the as-
sumed growth of the wall boundary layer.

Compressor Installation

The compressor installation is the same as that described in ref-
erence 3 except that stator blades were added to obtaln the over-all
stage and stetor-blade~-element performance.

Instrumentation

The axilal measuring stations used to observe the stage performance
conditions rare shown in figure 1. Stations 1 (located 1/2 in. upstream
of the rotor-blade hub leading edges} and 2 (located 1/2 In. downstream
of the rotor-blade hub tralling edges) were used to observe the rotor-
inlet and -outlet conditions, respectively. Station 3 (located 1 in.
downstream of the stator-blade hub trailing edges) was used to observe
the stator-outlet conditions.

Measurements at the three axial statlons were made at five maJor
radiasl stations located at 10, 30, 50, 70, and 90 percent of the blade
passage height from the outer wall. Additionsl radial survey stations
at each axial station were located from 2 to 7 percent of the blade pas-
sage height or within the boundary layer at both the hub and tip sec-
tions. Stetic-pressure taps were located on the outer and inner passage
walls &t each of the axial measuring stations.
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At the rotor inlet (station 1), total pressure and alr angle were
measured at all radial survey statlons including the stations in the
boundery layer, whereas static pressure was measured at the five major
radial stations and at the walls. At the rotor outlet (station 2), to-
tal temperature, total pressure, and angle were measured at all radial
survey stations. Static pressure was measured at the five major radial.
stations and at the walls. 1In the Investigation of the rotor alone,
the total temperature after the rotor was measured at three clrcumferen-
tial positions, whereas in the complete stage investigation the total
temperature after the rotor was measured at two clrcumferentisl positions.

Downstream of the stators (station 3) total temperature, total pres-
sure, and angle were measured and recorded continually by an automatlc
recorder as each Instrument was traversed circumferentislly across one
blade passage. Cilrcumferential surveys were made at the five major ra-
dial positions; and at a few weight-flow polntsé, measurements of total
pressure and total temperature in the end regions were included. Static
pressure was found to be constant circumferentislly across the stator-
blade-outlet passage and was therefore measured along & radisl line at
the five major statlons. Static pressure was also observed at the walls.

Weight-flow and efficiency checks of the data indicated good relia-
bility. The integrated weight flows measured at the three axial stations
agreed within approximately 3 percent of the weight flow measured by the
thin-plate orifice. The integrated mass-averaged asdisbatic efficiencies
agreed within approximately 3 percent of the integrated mass-aversged,
momentum efficienciles.

Procedure

The investigation was divided into two phases: (1) investigation
of-the rotor alone in which the rotor-blade-element performance was ob-
tained and (2) the complete-stage investigation in which the stator-
blede-element and over-all stage performances were obtained. The data
for the rotor alone were taken at corrected speeds of 60, 80, 100, and
105 percent. of design speed; whereas the complete-stage and stator data
were teken at corrected speeds of 60, 80, and 100 percent of design
speed. Rotor and stage over-all performances ‘were obtalned by mass
averaging the radial performances at a given axial station. For the
glven rotor and stage, the arithmetically everaged over-all performances
were found to be equivalent to the more rigorous mass-averaged over-all
performances and are presented to be consistent with the data presented

in reference 3.

3436
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Computations and Symbols

The symbols and equations used in computing the blade-element and
stage performances are included in appendixes A and B, respectively. An
illustration of the air and blade angles used in the symbols and egua-
tions 1s shown 1n figure 2.

OVER-ALIL PERFORMANCE
Over-all Performance of Rotor and Stage

The over-all performance of the rotor with and without stator blades
is presented in figure 3 for corrected tip speeds of 600, 800, and 1000
feet per second. For the blade-element investigation of the rotor alone,
an overspeed run of 5 percent was made.

At the design corrected tip speed of 1000 feet per second, for the
rotor alone, the rotor design total-pressure ratio of 1.35 was obtained
at a corrected specific weight flow of 34.4 pounds per second per square
foot of frontal area and at an adisbatic efficiency of 0.87. Allowing
for the inlet boundary-layer blockage factor of 0.98 (ref. 3), which was
not considered. in the rotor design, the specific weight flow compared
favorably with the design specific weight flow of 34.9 pounds per second
per square foot of frontal ares. Although e rotor peak adilabatic effi-
clency of 0.93 was obtained at design speed, an efficiency of only 0.87
wes obtained at design speed and pressure ratio. Peak rotor efficiencies
of 0.98 and 0.96 were obtained for the 80 and 60 percent design speeds,
respectively. At 5 percent overdesign speed, the rotor had a pesk effi-
clency of 0.91 at a total-pressure ratlio of 1l.44.

For the complete-stage investigatlon, the pressure ratio of 1.35 was
obtained at a specific weight flow of 34.0 pounds per second per square
foot of frontal area and at an adisbatic efficiency of 0.86. Peak stage
efficiency at design speed was approximgtely 0.88 and occurred at a spe-
cific weight flow of 33.3 pounds per esecond per square foot of frontal
area. Peak stage efficiencies of 0.91 and 0.94 were obtained for the
80 and 60 percent design speeds, respectlvely.

The stators, in general, only slightly decreased the efficient op-
erating range of the rotor. The stage peak efficiency was approximately
1, 7, and 5 percent less than the rotor peak efficiencies for 60 80,
snd 100 percent design speeds, respectively.

Stage and rotor ‘performances at each tip speed were limited to weight
flows gbove those at which blade vibrations were Indicated. Although the
magnitude of the vibrations encountered was small, performances at the
lower welght flows were not investigated because of possible blade

fallure.

S
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The over-all total-pressure ratio determined for the investigation
of the-rotor elone in reference 3 was found. to be less than the over-all
total-pressure ratio determined from the present blade-element perform-
ance investigation (fig. 4). The only variation between the two inves-
tigations is that in reference 3 the rotor-cgutlet conditions were meas-
ured at station 3, whereas in the present blade-element investigation the
rotor-~outlet conditlons were measured at statlion 2. Thils loss in total
pressure may be sttributed to (l) losses asgoclated with boundary-layer
growth on the outer casing, (2) mixing losses associated with the non-
uniform flow leaving the rotor, and (3) probe errors due to the nonsteady
flow. :

Bvaluation of Total-Pressure Loss

Calculations indicated that the boundary-layer growth on the outer
caging would not cause the magnitude of pressure losses obtalned. The
magnitude of the mixing losses associated with the nonuniform flow leav-
ing the rotor is unknown. However, the mixing losses can be qualitative-
1y evalusted by the method of reference 5, 4n which the two-dimensional
mixing losses assoclated with the flow leaving a blade row are ana-
lyzed. Reference 5 points out that for the two-dimensional compressible
case (in the region of Mach number encountered) mixing losses represent
an lncresse of approximately 20 to 40 percent over the blade pressure
losses measured immediately downstream of a blade row. In the blade end
region where-the two-dimensional anslysis of reference 5 breaks down,
the mixing losses are probebly greater.’ ’

The megnitude of the probe errors invglved in measuring the total
pressure downstream of a rotating blade row is also unknown. However,
celculations show (under certain assumptions) that the magnitude of the
probe errors may be in the same order of mdgnitude as the mixing losses.
The magnitude of both the mixing loss and probe error is a function of

the wake profile leaving the blade row. ‘

For a given speed the measured total-pressure loss between statlons
2 and 3 increased with rsdius as shown for design speed in figure 5.
Since the rotor efficiency decreases toward the rotor tip sectiom, it is
possible that the flow at the tip section is nonuniform and therefore
caused greater mixing losses and probe errors. It will be shown in the
blade-element performance analysis that the rotor tip-section pesk effi-
ciency was indicated as 0.8l. This tip-section efficlency is approxi-
mately 10 points lower than the rotor tip-section peak efficiency of
other transonic rotors (e.g., ref. 6) and therefore may cause pressure
losses which under better flow conditions would not exlst.

A total-pressure-loss coefficient (eq. (9)) similar to the total-
pressure~loss coefficlent used for stator blades was determined for the

3436
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measured loss between stations 2 and 3. The loss coefficient was taken

as the ratio of the total-pressure loss to the difference of the total
and static pressures at the rotor outlet. The total-pressure-loss co-
efficient thus described was obtalned from the data of figure 5 and is
shown in figure 6. In the tlp region the measured total-pressure-loss
coefficient reaches a value of 0.18. The magnitude of the total-pressure-
loss coefficlent for the given rotor is high, and i1t points out the ne-
cessity of a more accurate knowledge of associated mixing losses and probe
errors behind the rotor-blade row.

BLADE-ELEMENT PERFQRMANCE
Rotor-BladeaElgment Performance

The over-all performance of the rotor indicated that rotor design
welght. flow and pressure ratio were obtained, but that deslgn efficiency
was not. In order to further analyze the performance of the rotor, an
investigation of the rotor-blade-element performance is required.

The rotor-blade-element performance characteristics are presented
for corrected tip speeds of 600, 800, 1000, and 1050 feet per second in
figures 7 to 13. The data were determined from the investigation of the
rotor alone from measurements at axial stations 1 and 2.

Inlet Condltions

In the design of the rotor, conditions of isentropic flow with no
curvature in the flow passage were assumed at the rotor inlet and, there-
fore, radial constant axial velocity was predicted. The actual axial
velocity at the rotor inlet was not constant radially and is presented _
in figure 7 a8 a plot of the ratio of axial veloclty to mean-radius axial
velocity for the specific weight flows near peak efficlency at each tip
gpeed. The variation between the actual and the design constant axial-
velocity distribution can be attributed to the effect of streamline

curvature.

The variation of the relative Inlet air angle against radius is pre-
sented in figure 8. The curves are presented for varilous welght-flow
points at each tip speed. The design relative inlet alr angles and the
design inlet blade angles are included on thé curves for the design speed.
The difference between the experimental relatlive inlet ailr angles and the
design relative inlet air angle is a result of the off-design exial-
velocity distribution. At design speed the incidence angle (relative
inlet air angle minus the blade Inlet angle) varied Prom 1° to 5° higher
than the design valde of 3° at all radii. ' '
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Rotor-Blade-Element Characteristics

The rotor-blade-element performance characteristics (deviation an-
gle, total-pressure-loss coefficient, relative inlet Mach number, dif-
fusion factor, axisl-velocity ratio, efficiency, and work coefficient)
are presented in figure 9 as a function of incidence angle. The data
are presented for the five major radial stations from bub to tip. Ex-
tensive data are presented to describe in deteil the performance of the
rotor and to further supplement the limited: published data on transonic-
rotor-blade performance.

5436

There is no apparent trénd to the variation of the deviation angle
with tip speed within the range investigated. At minimum-loss incldence
angle at all radgi, the deviation angles for all tip speeds sgreed within
approximately_L% of the values predicted by Carter's Rule (A = me
(ref. 7). At the lower incidence angles, the deviation angles tend to
increase; and this increase coincided with the sharp increase of the
axlial-velocity ratio across the blade sectlon.

The low-loss region of the relative total-pressure-loss coefficient .
(eq. (3)) contracts and shifte to higher values of:incidence angle as :
the speed (relative inlet Mach number) is increased. At design speed
(fig. 9), the-incidence angle corresponding to minimum loss Iincreased
from gspproximately 4% at the rotor tip to 8° at the rotor hub section.
As shown in figure 8, the rotor Incidence angle at design speed and at
near peakrefficiency weight flow also varied from approximately 4° at
the rotor tip section to 8° at—the hub section. Thus it appears that
the rotor blade was actually operating near the minimum-loss incidence
angle at all radli, although the assumed design incidence angle at all
radii was 3°. As shown by figure 9, the minimm-total-pressure-loss co-
efficient at design speed was epproximately 0.025 for all radil except
for the tip section, where it increased to approximately 0.14. Exclud-
ing the-tip section, the value of the minimum-totel-pressure-loss coef-
ficient obtained is of the same magnitude experienced in other transonic

rotor designs (ref. 8).

The marked increase of the total-pressure-loss coefficient at the
t1p section can be attributed to either increased blade loading or shock
losses resulting from the high inlet relstive Mach numbér. The effect
of Mach number and blade loading can be qualitatively evaluated by means
of the diffusion factor of reference 9. For rotor tip sections (approxi-
mately 10 percent of the blade height from the outer wall) reference 9
presents a range .or band of total-pressure-loss coefficient against dif- .
fusion factor data for rotors operating below the inlet relative Mach
number at which large shock losses occur. At design speed the rotor-tip-
gsection total-pressure-loss coefficients corresponding to the low-loss -
incidence-angle range of figure 9 were compared with the data of
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reference 9. By neglecting the low-incidence-angle point (maximum-
weight-flow point), three of the four points fall within the prescribed
range; the fourth point fell Just outside the band. The corresponding
maximum relative inlet Mach number was approximately 1.05. In reference
8 the total-pressure-loss ¢oefficlents for the rotor tip section fell
within the prescribed band of reference 9 for relative inlet Mach numbers
up to 1.15. It is therefore believed that the increased losses at the
rotor tip section can still be attributed to the Increase in blade lcad-
ing or diffusion factor and the associsted end losses and not to the in-
creased level of the relastive inlet Mach number. The increased diffusion
factor at the tip-section low-loss incidence-angle range can be attributed
to the decrease In the axial veloclity across the blade at that section.
From the equetion for the diffusion factor (eq. (6)), the magnitude of
the diffusion factor for a given value of turning (Aﬂb) incresses as the

ratio of the axial velocity across the blade and therefore Vé/Vi are

decreased.

The variation of inlet relative Mach number with Incidence angle is
included in figure 9. At design speed the relative inlet Mach number
corresponding to the minimum-loss incidence angle varled from approxi-
mately 0.65 at the bhub to 1.05 at the tip.

The diffusion factor, In general, increased slightly with speed in
the low-loss region of incidence angle. Since the diffusion factor
(ref. 9) and the associated values of the total-pressure-loss coefficlent
only pertain to the low-loss incidence-angle range, the magnitudes of. the
diffusion factor outside this range are relatively unimportant.

The variation of rotor work input with incidence angle is presented
in figure 9 as a dimensionless work coefficient (eq. (5)). At incidence
angles corresponding to the minimum-loss region, the work-input coeffi-
cient varied little with speed.

The blade-element efficiency at optimum incidence angle varied pri-
marily with the megnitude of the total-pressure-loss coefficlent. Blade-
element efficiency at optimum incidence angle (eq. (6)}, which is a func-
tion of work input, inlet relative Mach number, and total-pressure-loss
coefficient, approached 100 percent over the grester portion of the blade
but decreased to 80 percent at the tip sectlon for the higher speeds.

Rotor-Blade-0Qutlet Condltilocons

Absolute Mach number, absolute air angle, and axlsl-veloclty distri-
bution at the rotor outlet are presented in figures 10 to 12 as a function
of radius. In figures 10 and 11 the data are presented for several
welght-flow points for each tip speed. In figure 12 the data are pre-
sented for two weight-flow points at design speed only. On the curves

A—
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of absolute outlet air angle for design speed (fig. 10), the design
stator-inlet air angles and the design stator-blade-inlet sir angles are
included. At the specific weight flow corresponding to peak efficiency
(approximately 33.72 1b/(sec)(sq ft) of frontal area), the absolute
rotor-outlet air angle (end therefore the stator-inlet air angle) varied
from 1° to 10° higher than the design values shown 1n figure 10 or in
table II. "This variation can be attributed to the nonuniform axial-
veloclty distribution at the rotor ocutlet. Absolute rotor-ocutlet Mach
number (fig. 11) at design speed and near-peak-efficlency weight flow
increased from approximately 0.61 at the tip section to 0.80 at the hub
section. The variation of absolute Mach pumber with radius at other tip
speeds and weight flows waes similar, but the level of the Mach number
gradient varied. N - : :

The redlal distribution of the outlet axisl veloclity at design speed
and near-peak-efficiency weight flows is presented in figure 12 as a ratio
of the axial velocity to the mean-radius axial velocity. The difference
between the actuasl and the design constent exliasl-velocity distributions
can be attributed to the effect of streamline curvature and entropy gra-
dlents which were assumed negligible in the simplified design procedure
(simple radial equilibrium conditions). In order to evaluate the effects
of streamline curvature on the axjal-velocity distribution, the procedure
outlined in reference 10 was followed. Included in figure 12 is the
axlial-velocity distribution predicted by the simple radlsl equilibrium
equation with entropy gradients (ref. 10) as applied to the measured
rotor-outlet conditions. The difference between the radial equilibrium
solution with entropy gradients and the actual velocity distribution can
be attributed to the effect of streamline curvature which is neglected in

the solution.

In order to verify the effect of hub curvature on the axial-velocity
distribution at the rotor outlet, the axial-velocity dilstribution was
determined experimentally by replacing the rotor with a dummy hub section
(blades removed) and drawing air through the unit. The ‘axial-velocity
distribution thus obtained is presented in figure 13. The difference be-
tween the experimental radial velocity distribution obtained with the
dummy rotor hub section and the constant axial veloclty, figure 13, cen
be attributed to the effect of hub curvature at the rotor outlet. In
comparing figures 12 and 13 1t can be seen that the magnitude of the ef-
fect of curvature on radial axial-veloclty distribution as determined by
simple radial equilibrium with entropy gredients (with rotor) and experi-
mental results with the rotor removed are comparable. The Mach number
at the rotor outlet in both cases was equlvalent. For the given rotor,
hub curvature caused aspproximately 8 percent meximum varistion in radisl
axial-veloclty distribution. In the design of low hub-tip ratio rotors
with high pressure ratio, radial exisl-velocity distributions of this
magnitude should be taken into account. '

3436
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The blockage factor for the rotor outlet at design speed varied
little with weight flow and at rotor over-all peak efficiency was &p-
proximately 0.97.

STATOR-BLADE-ELEMENT PERFORMANCE

The stator-blade-element performance characteristics are presented
for corrected tip speeds of 600, 800, and 1000 feet per second. The data
were obtained from the investigation of the complete stage from measure-
ments 1/2 inch upstream and 1 inch downstream of the stator blades.

Inlet Conditions

The stator-inlet conditions or the rotor-outlet conditions for the
investigation of the complete stage varied little from the rotor-outlet
conditions obtained from the investigation of the rotor alone for a given
speed and flow. The rotor-outlet conditioms (figs. 10 to 12) can there-
fore be taken as the stator-blade-inlet conditions.

Blade-Element Characteristics

The blade-element characteristics of the stator blades are presented
in figure 14. The datas are presented at three tip speeds for the five
major radial stations from hub to tip. '

The stator total-pressure-loss coefficient (eq. (7)) is defined as
the ratio of the difference between the outlet free-stream total pres-
sure and the averaged total pressure to the difference between the inlet
total and static pressures. As 1n the case of reference 8, the free-
stream total pressure was taken as the average of the free-stream pres-
sure outside of the wake region. In the case of the hub reglion where a
clear distinction of wake regions could not be made, the free-stream
pressure was taken as the maximm free-stream pressure. Hub-sectlion
losses may therefore appear somewhat large. A typical varilation of the
measured total pressure at the stator outlet from hub to tip is presented
in Pigure 15. The total-pressure distributions presented in the figure
gre for the near-peak-efficiency welght flow at design speed. As demon-
strated by the hub-section total-pressure distribution, no clear distinc-
tion can be made between the wake region and the free-stream pressure.

For 8ll sections except the hub region, Increasing the Mach number
to approximastely 0.7 had little effect on the magnitude of the minimum
value of the stator loss coefficient. The increase of Mach number did,
however, tend to reduce the low-loss incldence-angle range.

R
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The optimum incidence angle for all blade sections excluding the hub
sectlon corresponded to the design incidence angles (table II) used in
the stator design. chever, the stator tip section (fig. 10) operated
at off-design inlet air angles (and therefore off- design incidence-angles)
in the range of specific weight flows corresponding to over-all peak stage
efficiency. 8Since the total-pressure-loss coefficient remained relatively
constant over a large range of incidence angles at the stator tip section
(fig. 15), the stator tip sections 8t11l operated in a region of rela-
tively.low loss at the off-design incidence angles.

The magnitude of the minimm total-pressure-loss coefficient in-
creased sharply at the stator hub section. At the equivalent tip speed
of 600 feet per second, the minimum loss at the hub section was approxi-
metely twice the minimum loss at design speed for the other blade sec-
tions. The magnitude of the. total-pressure-loss coefficient at the hub
sectlon also increased gharply with tip speed and at design speed reached
e value of 0,175. From figure 14, the stator diffusion factor [eq. (8))
at optlmum Incidence angle increaged from a meximum value of approxi-
mately 0.35 abt the tip section to 0.6 at the hub section. Reference 9,
however, shows that for stator blades an incnease of the diffusion or
blade-~-loading Pactor up to 0.6 ‘does not cause increased values of the
total-pressure-loss coefficient, It appears, therefore, that the in-
creased logs at the stator hub section 1s rot an effect of diffusion fac-
tor. The increased loss at the stator-blade hub section must therefore
be attributable to (1) separation of the boundary layer at the hub,

(2) Mach number, and (3) the radial inward shift of the outer- casing
boundary layer caused by the static-pressure distribution within the
blade passages.

Separation of the boundary layer seems feasible because of the sharp
change in the slope of the hub (fig. 1) at the stator inlet. However, a
subsequent investigation of the stator-blade perfortiance with a redesigned
hub section {gradual change—in hub curvature) did not appreciably reduce
the loss at the stator-blade hub sectiom. '

The stator-blade critjcal inlet Mach number was calculated for the
hub section at desigh-conditions. For the given blade configuration the
minimum throat area occurred upstream of the blade passage and the
corresponding critical inlet Mach number at which a Mach number of 1.0
was resched at the minimum throat ares was, calculated to be approximately
0.75. The asctual inlet Mach number for the stator hub section at design
conditions (design. incidence angle) was 0.82 at 100 percent design speed
and 0.715 at 80 percent design speed (fig. 14) Since large losses were
experienced at both 80 and 100 percent design’ speeds ‘and Bince the criti-
cal inlet Mach number was based on the minimum throat area upstream of
the blade passage, it is not definite whether or. not a choking condition
existed. .
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It is. also possible that the increased.losses at the stator hub sec-
tion were caused by the radial inward shift of the casing boundary-layer
air. As the casing boundary layer enters the tip section of the stator-
blade passages, it 1s unable to support the static-pressure gradient
dp/dn imposed vpon it by the curved path (tangential direction) of the
free-stream veloclty within the stator passages. C(Consequently, since

2
%E =p g;y the redius of curvature must decrease when the veloclty at
the outer wall decreases. The decrease in the radius of curvature causes
the casing boundery-layer air to collect on the suction surface of the
stator-blade tip sectlons. When the boundary lsyer on the blade suction
gurface at all other radii is sufficlently large, the radial static-
pressure distribution (imposed by the upstream absolute whirl velocity)
forces the air radially inward toward the stator-blade hub section.

The stator deviatlion angle varied little with incidence angle or tip
speed in the region of low-loss total-pressure coefficlent. At optimm
incidence angle the deviation angle at all blade sections except the hub
were within 1° of the design value (table IT).

The sharp decrease in the axlal-wvelocity ratio across the stator
blades at the hub section can be attributed to decrease in flow through
that region of the blades. The decrease in flow is caused by the In-
creased total-pressure losses.

Outlet Condition

The variation of the stator-outlet absolute Mach number, the abso-
lute. turning angle, and the total-pressure-loss coefficient are plotted
ageinst radius in figures 16 to 18. The date are presented for three
corrected specific weight flows at each tip speed. As shown by figure
16, approximately axial air flow as indicated by the outlet sair angles
of zero were obtained at all radii for all tip speeds and specific weight

flows. . .

The total-pressure-loss coefficient (fig. 18) increased sharply at
the blade hub section for all tip speeds. As previously pointed out, the
increased loss at the hub section may be attributed to the radisl Inward
shift of the outer-casing boundary layer or to Mach number. The in- .o
creased loss at the stator tip sectlon principally at design speed was
caugsed by operation of the blade section at off-design Incldence angles.
The increased loss at the tip sectlon within 0.25 inch from the wall for
the lower speeds can be attributed to boundary-layer losses.

The outlet blocksge factor at design speed for the stators varied
slightly with weight flow and was spproximately 0.94 for over-all stage
peak-efficiency welght flow.
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SUMMARY OF RESULTS

The followlng results were obtained from the blade-element—dinves-
tigation of the performance of a 0.4 hub- tlp ratic transonic axial- flow
stage.

1. At design corrected tip speed of 1000 feet per second, the design
stage total-pressure ratio of 1.35 was cobbtalned at a corrected. specific
weight flow of 34.0 pounds per ‘second per square foot of frontal area and
an adigbatic efficiency of 0.86. Peak efficienciés of 0.88, 0.91, and
0.94 vere obtained at 100, 80, and 60 percent design speeds, respectively.

2. Simplified design procedures for the rotor which neglect entropy
gradients and curvature terms in the equations of motion were not suf-
ficiently accurate for the determination of: velocity distribution and
flow angles in the design of transonic axilal-flow stages with low hub-
tip ratics end high pressure ratios.

3. The increased loss at the tip section for low hub-tip ratio rotors
may still be attributed to increased blade loading or diffusion Tactor
for relative inlet Mach numbers up to 1.05.°

4. At design-speed over-all peak efficiency, the rotor-blade sec-
tions operated at optimum but off-design incidence angles.

5. For the given rotor design in which the rotor tip-section peak
efficiency was 0.8l1, significant measured total-pressure loss attributa-
ble to mixing losses and probe errors were found to exist.

6. The rotor-blade-element devlation angles at minimum loss were

(o]
within 13 ofthe values predicted by Carter's Rule

7. The large losses experienced at the stator hub were attributed
to the radial inwerd shift of outer-~casing boundary layer and to Mach
number. The increased losses experienced at the stator Tlp section were
caused by mismatching of stator incidence angles at that section.

Lewis Flight Propulsion Laboratory :
National Advisory Committee for Aeronautics

Cleveland, Ohio, September 29, 1954
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

gjg’c’ blade radial measuring stations

Af compreséor frontal ares, sq ft-

¢y, coefficient of 1ift

<p specific heat of air at constant pressure, Btu/(1b)(°R)

D diffusion factor

g acceleration due to gravity, 32.17 ft/sec2

H total enthalpy, £t-Ib/1lb

i angle of incidence, angle between tangent to blade mean camber
line at leading edge and inlet air direction, deg

J mechanical equivalent of heat, 778 ft—lb/Btu

M Mach number

m variasble in Carter's rule

n directlon normal to streamline

P total pressure, 1lb/sq £t

jo! static pressure, lb/sq £t

r radius, in.

r. radiué of curvature of streamline, in.

T total temperature, °R

t static temperature, °R

u blade speéd}’ft/sec

v velocity of air, ft/sec

W weilght flow, lb/sec -
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A radius ratio, r/rt

a angle of attack, sngle between blade chord and inlet air, deg
B angle between velocity vector and rotor axis, deg

Y ratio of specific heats

s ratio of inlet pressure to standard NACA sea-level pressure,

P/2116.2 e

8° deviation angle, angle between tangent to mean camber line at blade
trailing edge and alr direction, deg

1 adiabatic efficlency

e ratio of inlet total temperature to standard NACA sea-level tem-
perature, T/518.6

p static air density, slugs/bu Tt
a solidity ratlo, ratio of blade chord to blade spacing
¢ blade camber angle, deg

1 blade inlet angle, anglie between tangent to blade mean line and
rotor axis at blade leading edge, deg

w total-pressure-loss parameter
Subscripts:

av  average

b blade element _
bid free stream

M mixing loss and probe error

m mean
R rotor
S stator
t tip
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axial direction

- e tangential direction
0] compressor depression tank
1 rotor inlet

\d 2 rotor outlet (stator inlet)

*

0 3 stator outlet
Superscript:
! reletive to rotor

3

o

17
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APPENDIX B

EQUATIONS

The equations used for the blade element end over-all performance
are included below. ' I .

Complete stage. - The over-all arithmetical-averaged adiabatic ef- .
ficiency for the complete stage is '

T x-1
T\ L.
2 4\
n=T = —— (1)
1 <~ n T3 - Tl
5 i

The over-all arithmetical-averaged total-pressure ratio is

hs

Pz 1P 2)

BT (
1 =7

Rotor-blade element. - The eguation for the rotor-blade-element
relative total-pressure coefficlent (ref. 9) is

s >"‘

.

X
T r]_ 2 -1
where (Té) {1+ X2 M;Z 1- <T;) » 1 for given rotor
P! 2 r
1/ideal 2
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design and M. is the wheel rotational Mach number (outlet wheel tan-
gential velocity divided by inlet relative stagnation velocity of sound).

The blade-element adlabatic efficiency is
¥-1

P T
2
T —_— -1
1
(?;>

Tl'b =
T2 - Tl

(4)

In terms of ¢, Mi,
1

(ref. 8} is for <§é> = 1.0
1/ 1deal

and T,/T,, the blade-element adisbatic efficiency

-1
T
T
I

'TI<1'°'“R 1.0-[1o+ (Ml)]-?:I - 1.0

My = '
b T,
7 - 1.0
1

The following is the equation for the dimensionless work coeffl-
cient (ref. 6):
Tz
J&cpTstandard T
= (s)
U 2
£
A8
The diffusion factor (ref. 9) is

V’l
B ( ) eémez (6)

Stator-blade element. - The totsl-pressure-loss coefficient for the
stator-blade element is

«HlB

= (P3,¢ - P3,av)/(Pz - P2) (7)
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The .equation for the diffusion factor (ref. 9) is

Vs Vg.2 - Vg3
D = - + —— 22 (8)
S
( v2> 2,05

Rotor-alone performance. - The mixing-lcss and probe-error total-
preasure-loss coefficient for the investigation of the rotor alone is

Py Py
o  Fp-Fs BB (8)
= - =
) P2 p2 EE ) EE
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TARLE I. - ROTCR-BLADE DESIGN VALUES AND GECMETRY

Paspage | Rotor- [Rotor- [Rotor- Rotor- Deviation | e Solidity [Angle of
height, | inlst joutlet |inlet outlet, angle, ximm  |ratio, |incidence,
percent | redius |radius [relative [relative 8%, thicknesa o 1,
ratio, |ratio, |air angle,|alr angle, deg '&atio, deg
z , B!, BL, . t/c
1 2 1 2 _
deg deg
100(tip)| 1.000| 1.000 57.1 45.8 2.1 0.0500 0.8910 3.0
75 .85 .8B4 52.7 33.4 4.4 .0875 1.050 3.0
50 .70 767 47.3 28.9 7.1 - 0650 1.243 3.0
25 .95 .651 40.4 15.1 8.4 L0725 L.527 3.0
O(hub)| .40 53¢ 31.7 -4.2 9.2 .0800 1.990 3.0
TABLE II, - STATOR-BLADE IRSIGN VALUES AND GEOMETRY
Passage |Stator- |Btator- |Btator- |Stator- |Lift Angle |Deviation|Hlade [Elade Sclldity |Angle of
height, |inlet |outlet |[inlet [outlet |coefficlenmt,|of camber ratlo, lincidence,
parcent |radius |radive |air air CI. attack, angle, |thickness g i,
ratio, |ratio, |angle, |angle, @, g, jetlo, deg
Zq Zg B, B deg deg t/c
100(tip)| 1.000 | 1,000 25.7 0 1.54 14.6 38.6 0.060 0.855 -4.7
15 .084 .893 28.5 0 i.80 16.0 40.0 .060 1.076 -4.0
50 .767 .785 33.0 0 1.70 18.0 42.4 .Q60 1.231 ~3.2
25 .65l -678 38.4 0 l.82 20.6 45.4 -08Q 1.440 -2.1
o(bub)| .534 .570 | 42.0 0 1.97 24.3 49.0 . 060 1.135 -.2

15,54 4
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Axial measuring station
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Filgure 1. - Schematic view of compressor stage passage.
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Total-pressure-loss parameter, “’R,m

NACA RM E54I29

T

(a) Radial station A.

_—T

(o]
_ (b) Radial station B.
.1
.\
N
0
(c¢) Redial station C.
1 '
0
(d) Redial station D.
.1
q52 34 36

Corrected specific weight
flow, Wn/6/0Ap,
1b/(sec)(sq £t)
(o) Redisl station E.
Figure 6. - Mixing-loss and. probe-error
total-pressure-ioss coefficient for

rotor. Design corrected tip speed
Ut//\/g, 1000 feet per second.
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Rotor-blade-element data.

Angle of lncidence, 1, deg
(e) Radial station E (r = 3.98 in.).

Figure 9. - Concluded.
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