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AWD ROTOR~BLATE ROW
By John J. Mshoney, Paul D. Dugan

Raymond E. Budinger, and H. Fred Goelzer

SUMMARY

A 30-inch tip-diemeter axial-flow compressor stage was
designed and operated to investigate individusl blade-row perform-
ance and interblads-row effects. The stage consisted of 40 sheet-
metal inlet guide vanes, and 29 rotor blades with a constant RACA
65-(12)10 airfoil section. This stage had a hub-to-tip dismeter
ratio of 0.8 at the rotor inlet. Instrumentation was provided to
study the flow leaving the guide vanes without the rotor. The
rotor was installed and instrumentation was added to investigate
over-all rotor performance, the effect of a rotating blade row on
the flow leaving the guide vanes, the rotor-blade-element perform-
ance, and the flow conditions in the outer-wall boundary layer.

Over-all rotor-performance resulis at the design speed of
840 feet per second gave a pesk adlgbatic efficiency of 0.800 with
a rotor total-pressure ratio of 1.287 at a corrected weight flow of
epproximately 52.40 pounds per second. For design angle of attack at
the meen radius, corresponding to 56.20 pounds per second, the effi-
ciency was 0.880 and the pressure ratio was 1.240, A maximum total-
pressure ratio of 1.330 with an efficiency of 0.750 was reached at
approximately 40.00 pounds per second.

Flow conditions at the guide-vane outlet without the rotor
agreed closely with the design assumptions, except that the angles
of flow near the hub and the tip were lower than design. With the
rotor operating downstream of the guide vanes, the increase 1n
engles leaving the gulde vanes wes explained on the basis of the
difference in guide-vane-inlet Mach number between the investigations
with end without the rotor. This explanation was limited to the mean
region of the annulus in the high- and medium-flow ranges of rotor
operation. Near the hub and the tip, however, the flow angles were
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increased approximately 1.3° by the presence of the rotor. In the
low-flow reglion sbove a value of 0.36 for the nondimensional rotor-
blede-element loading parameter, the angles at which air left the
gulde vanes at the meen radius lncreased at the three speeds in com-
parison with angles calculated for the gulde-vane runs without the
rotor.

The design assumptlon of simple radial equilibrium at the gulide-
vene outlet was satisfied when the measured leaving angles were
congidered; but this assumption was invalid if the rotor was in
opergtion. ‘

In compearison with two-dimensional cescade date, the curves of
rotor-blade turning angle plotted against angle of attack over the
outer helf of the anpulus, in general, 1lndicated higher turning and
were parallel to the two-dimensional curves, although Blade stall
near the tilp was evidenced at an angle of attack of 11, which was
lower than that obtained in the two-dimensionsl investigation. Near
the hub, the measured turning-angle curves had a steeper slope than
the two-dimensional curves with less turning at low angles of attack
end more turning at the high-angle-of-attack end of the two-
dimensional-cascade curve.

The condition of simple radlsl equilibrium based on the assump-
tions of constant energy additlion and no radlal entropy gradient was
-not satlsfled at the rotor outlet for a weight flow corresponding to
design angle of attack at the mean radius; the maximum discrepancy in
axial veloclty was 2 percent near the hub.

Boundary-leyer studles showed that the outer-wgll boundary-layer
displacement thickness was less than 1.0 percent of the passage
height at the gulde-vene outlet under all conditions, and less than
1.5 percent of the passage height downstream of the rotor, before the
rotor blade stalled at the tip., The displacement thickness at the
rotor outlet rapidly increased after the rotor blade stalled.

INTRODUCTION

In order to predict accurately the performance of axial-flow
compressors and to improve design procedures, experimental studies of
the flow processes in individual blade rows and investigations of
interblade-row effects are essential, Three-dimensionel and second-
ary effects, such &s boundary-layer development, radial and induced
flows, end compressibility, result in discrepancies between the
actual blade~row flow distributlons and the optimum values prescribed
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by present two-dimensional design procedures. These flow discrep--
ancies produce losses in individual blade-row performance and lead o
mismatching of succeeding blade rows.

The complete experimental evaluation of the flow through axial-
flow compressors requires detailed measurements of radial- and axial-
flow distributions across each blade row. This evaluation is an
extremely complex problem because of size, space, and instrumentation
requirements of such a program.

An aspproach to the problem was made at the NACA Lewis laboratory
by investigating a 30-inch tip-dismeter axial-flow-compressor stage,
which provided sufficient space for the Instrumentation regquired to
pernit a detailed enalysis of blade-row flow distributions. This
compressor was geometrically similar to the typicel middle stage of
a conventionsl multistage compressor and had a hub-to-tip diemeter
ratio of 0.8 at the rotor-blade inlet. The compressor stage con-
sisted of a set of 40 circular-arc constent-thickness guide vanes,
which imposed a wheel or solid-body-type rotation on the entering
air, and 29 constant-chord NACA 65-(12)10 rotor blades, which added
a vortex rotation to the air,.

The interference effect of an adjacent blade row on the angle
end velocity distributlons at the gulde-vene outlet was studled by
investigating the flow leaving the guide vanes with and without the
rotor installed. The compressor rotor was operated at corrected
rotor-tip speeds of 504, 672, and 840 feet per second, which repre-
sented 60 percent, 80 percent, and design speed (840 ft/sec), respec-
tively. The range of Reynolds number, based on blade chord, was
490,000 to 820,000 and the Mach number of the flow relative to the
rotor blades varied from 0.36 to 0.70.

The over-all performance of the rotor is presented as plots of
total-pressure ratio and adisbatic temperature-rise efficiency
egainst corrected welght flow. The rotor-blade-element performance
is compared with two-dimensional cascade resulis, and this snalysis
of blade-row performance is complemented by measurements of outer-
wall boundary layer upstream and downstream of the rotor-blade row.

APPARATUS

Aerodynsmic compressor design. - The radisl distribution of flow
for this design was based on a wheel-type rotation leaving the guidse
venes and a vortex-type rotation added by the rotor with a symmet-
rical velocity diagram at the rotor hudb (50-percent reaction). In
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establishing the veloclty-vector disgrams at all radii, the fol-
lowing design criterions were used:

(1) Constent tip diemeter

(2) Bub-to-tip diemeter ratio at rotor-blade inlet equal to
0.8 :

(3) Ratio of axial velocity at hub to tip speed at rotor inlet
equal to 0.6 (epproximate condition for maximum power
input)

(4) Value of change in tangentisal component of velocity at hub
through the rotor blades set by OC, limitation of 0.99
(A1l symbols are defined in appendi% A.) .

(5) Relative inlet Mach number at rotor-blade tip egual to 0.7

(8) Constant total enthalpy from hub to tip and simple radial
equilibrium of stetic pressures downeiream of each blade

Irow

(7) Absolute Mach number at hub at rotor-blade ocutlet equel to
relative Mach number at hub entering rotor blades

(8) Hub taper determined by radial equlilibrium and continuity
requirements with an assumed adiabatic compression effi-
ciency of 0.89.

Inlet guide vanes were fabricated from 1/8-inch thick sheet
metal and had e circular-arc mean camber line with a constant radiusg
of curvature from hub to tip (fig. 1(a)). The cember was varied to
give the required prerotation to the air at each radius by adjusting
the chord length. The gulde vanes were designed for a wheel-type
rotation with the axial-velocity distribution computed on the basis
of simple redial equilibrium of static pressure. An NACA constant
chord 65-(12)10 airfoil section was used for the rotor blades at
all radii (fig. 1(b)). The blade-angle settings necessary to produce
the design turning angles were determined from the following relation
between turning angle end angle of attack (reference 1):

AR =K (m-—cco) (1)

vhere X 1is a function of the inlet-air angle and cascade solidity.
The calculated radiael variation of blade-angle setting wes corrected
by an approximate method to account for the change in axial velocity

0oLgT
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across the blade caused by hub taper and to satisfy radial-
equilibrium requirements. Pertinent design values at the measuring
stations are presented in the following taeble (station locations

and symbols refer to figs. 2 and 3): .

Radiel |[Radius |Rotor |[Air Rela- |Turn- |Angle |Blads|Ratio of axlal velocity|Radius
posi- |ratlo at|solid-|engle tive ing of engle| +to rotor-tip speed ratio at
tion |sta- ity, |at alr engle, | attack,| set- Station Station |sta-
tion 1 o gulde- |angle,| ap N [+ ting 1 2 tion 2
vane Bty (deg) (deg) | o
ou'glet 2| (aeg) (deg)
1
(deg)

Tip 1.0000 |0.8902| 26.64 |S52.64 112.60 | 4.84 |[47.80 0.5521 0.5210 1.0000
a .9817 .8067| 26.01 [51.88 {13.55 | 5.94 |45.94 .5571 .5312 .9827
b .9442 .8428| 24.76 [50.29 |15.41 | 8.36 [41.93 .5670 5512 .9480
c .8051 | .9835| 23.49 {48.62 |17.39 [10.85 |[37.77 5767 5713 .9120
d .8642 (1.0301| 22,21 [46.83 |19.46 [13.43 |[33.40 .5862 5914 8747
e .8213 [1.0838| 20.80 [44.92 [21.66 [16.09 {28.83 .5956 .6118 .8360

Hub L8000 [1.1127| 20.27 [43.92 [22.54 [17.32 |26.80 . 6000 .6212 .8176

Mechenical compressor design. - A cross-sectional view of the
compressor and the inlet bellmouth is shown in figure 2. The com-
pressor had a constant tip diameter of 30.00 inches, and the sta-
tionary clearance between the rotor-blade tips and the compressor
casing was 0,019 inch. There was a minimm axisl distance of
approximately 0.85 inch between the trailing edge of the gulde vanes
at the tip and the leading edge of the rotor blades at the same
radial position. The inner wall of the bellmouth was smoothly
tapered from e 50-inch diameter to & 30-inch diasmeter in an axial
distance of 20 inches.

Compressor installation. -~ A schematic drawing of the compressor
installation is presented in figure 4. Alr was drawn in from the
test cell through & valve, the principal function of which was to
control the total pressure at the compressor inlet.. The air then
flowed through a submerged orifice located in a length of straight
pipe, as recommended in reference 2. A depression tank, 90 inches
in dismeter and 178 inches long, was used to maintain the inlet
dynemic pressure within the limits recommended in reference 3. In
order to minimize flow deviations from the axlal direction and to
provide uniform alr flow into the compressor, two 60-mesh
0.008 screens were placed in the depression tank. Angle and pres-
sure surveys iIn the radial direction at several circumferential
positions at the compressor inlet indicated that the flow distribu-
tion was uniform within the limits recommended in reference 3. The
compressor-outlét collector was connected to the laboratory altitude
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exhaust system by means of two ducts. Alr-weight flow was controlled
primarily by an outlet valve located in the exhaust system.

INSTRUMENTATION

In this investigetion, the weight flow through the compressor
was measured by a submerged thin-plate orifice with a 0.55-diameter
ratio. This orifice was installed and instrumented according to the
specifications glven in reference 2., The compressor speed was
measured with a chronometric-type techometer. For the evaluatlion of
over-all performance and individual blade-row flow detalls, extensive
instrumentation was located at stations 0, 1, and 2, as shown in
figures 2 and 4.

Station O was used to determine the compressor-inlet conditions
and was instrumented in accordsnce with the recommendations of
reference 3,

Station 1 was located approximately 1/6-rotor—b1ade chord
length upstream of the leading edge of the rotor blades at the tip;
the data taken at this station were used to evaluate both the gulde~
vane-outlet flow conditions and the rotor—inlet flow conditions.
Three circumferential slots, each covering 12° and representing
4/3 of a passage between two adjacent guide vanes, were used to
obtain circumferentisl surveys. The centers, or 0° positions, of
these instrument slots were located 45°“apart on the upper half of
the casing with the middie slot straddling the vertical center line
of the compressor.

Total pressures were obtalned with e survey probe of the type
‘shown in figure 5(a). A claw-type yaw tube (fig. 5(b)) was used for
measuring flow angle, and a wedge-type static pressure survey probe
(fig. 5(c)) completed the survey instrumentation. The total tempera-
ture was assumed to remain constent across the gulde vanes., An
average of the pressure measured by five wall static taps, equally
speced eround the periphery of the compressor, was used to obtain the
static pressure at the outer wall.

The survey instruments at station 2 (approximstely l/4-chord
length downstream of the rotor) were similar to those at station 1
and were used to evaluete the rotor-ocutlet conditions, as well as
the over-all rotor performence. These instruments were used for
radial surveys only and were located around the periphery so that
the measurements would be unaffected by the wakes of upsiream instru-
ments., Total-temperature measurements were taken with five rakes
each conteining five thermocouple probes (fig. 5(d)). These rakes

1370
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were equally spaced around the periphery, and the individual probes
on each rske were radially located at the centers of five equal areas
across the annulus, All five probes at the same radial position were
so connected in series with five probes in the depression tank that a
circumferential sum of five tempereture rises across the rotor at
each of the five radial positions could be recorded. The thermo-
couple rekes were set at 45° to the compressor axis, so that the
flow angle at most operating conditions fell within the permissible
yaw angle of the instrument, as determined by calibration. In addi-
tion to this instrumentation, four wall static teps were provided in
the casing.

ACCURACY (OF MEASUREMENT

All instruments used in thils investigation were calibrated in a
steady-flow tunnel over the same range of Mach numbers and Reynolds
numbers encountered in the compressor investigation. Thermocouple
calibrations Indicated that the temperature-recovery coefflcient
increased in magnitude with increasing Mach number and wes unaffected
by yaw angles up to i;So. Over most of the operating range for the
rotor blades, the flow angle at station 2 was within the permissible
yaw-angle range. Wedge-type static-pressure probes are subject to
wall and stem effects in addition to Mach number effects. The cor-
rection curves for the wedge-static probes-used in this investigation
are illustrated by figure 6, where correction factor is plotted
against Mach number for the various radial positions in the compres-
sor. All instruments were frequently checked for oil and dirt accumu-
lations, and check points periodically taken indicated consistent
results. The effects of radial and unsteady flows were not evaluated
in the instrument calibrations.

As an indication of the accuracy of the compressor instrumen-
tation, the integrated weight flows upstream and downstream of the
rotor were compared with the orifice-measured weight flow. At
station 1, weight flows representing the high-, medium-, and low-
flow ranges at each speed, were both radially and circumferentially
integrated; they checked the orifice-measured weight flow within
+£1.0 percent under all conditions.

At station 2, the discrepancy between Integrated and orifice-
measured welght flows varied from -2.0 to 7.0 percent for the range
of operating conditions investigated. Although this discrepancy was
not definitely related to any variation in weight flow, in genersl,
the integrated weight flow was higher than the orifice-measured
weight flow. For the high- and medium-flow ranges at all speeds,
the discrepancy did not exceed +£2.0 percent. In the low-flow
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range at all speeds, however, the dlscrepancy repidly increased
with decreasing weight flow. The increase 1n discrepency in the
low-welght~-flow reglon is probebly caused by an increase in the
effect on the instrumentation of the fluctuating pressure field
caused by the enlarged rotating blade weakes.

Some of the discrepancy between the integrated weight flows
at stations 1 and 2, and the weight flow measured by the orifice
may be charged to radial components of flow because the velocities -
calé¢ulated from the pressure and temperature measurements were
assumed to have no radial component. The error introduced by this
flow component is small over most of the flow range, however,
because & flow angularity of 10°. in the radial direction causes an
approximate error of only 1.5 percent in the axlal 'velocity com-
ponent. Two other effects, which mey contribute to the discrepancy
between integrated and orifice-measured welght flow, are clrcumferential-
flow variations and unsteady flow. No attempt was made. to evaluate
the effect of unsteady-flow.conditions, but flow variations around
the compressor clrcumference were measured by interchanging the
ingtruments in the various circumferential positions and were found
to be negliglble.

Because of the calibration techniques employed and the cor-
relation observed between the Integrated and orifice-measured welght
flows, except in the low-flow region at station 2, it is estimated
that the accuracy of measurement over most of the flow range covered
in this investigation is as follows:

Static pressure, percent of dynamic head ...ecceecesrcccenaes £2.0
Total pressure, percent of dynamic head .vevesevsvscvsocaaaas £1.0
Alr angle, OE cceesoresssscracscesssrsasscescssnssssscnseanee £0.5
Inlet temperature, og eetescsecssnsesssssssesnssescnsvsssencss 0S5
Outlet temperatur®, F cu.ceeceocerassccssccscnscssccssssconnse £L.0
Compressor speed, percent of TP sceeeesesceassccacccosaasess £0.25

PROCEDURE
Operational

Initial guide-vane-performence measurementis were taken at s
corrected welght filow of 47.1 pounds per second with the guide vanes
installed in the test rig without the rotor. In order to determine
the flow distribution leeving the guide vanes, measurements in the
circumferentisl direction were teken at every degree within the
12%-range of the instrument slots for each of the 10 radial positions

1370
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(fig. 2). These measurements indicated that the (-4) circumferential
position represented very closely the circumferential asverage of the
Flow conditions leaving the guide vanes at all radii. The survey
instruments were interchanged in the three slots, in order to detect
any large-scale flow variations around the compressor periphery as
differentiated from circumferential-flow variations within a blade
passage.

For final guide-vane, rotor-blade element, and over-all rotor-
performence measurements, the compressor stage was investigated. The
rotor was operated at corrected tip speeds of 504, 672, and 840 feet
per second, corresponding to 60 percent, 80 percent, and design speed,
respectively. At each speed a range of weight flow was investigated
from & flow at which & pressure rise was no longer obtained at the
rotor-blaede tip to a flow at which stall occurred across most of the
blade from the tip to the meen redius. The upper limit of weight
flow could not be obtained at design speed because of high pressure
losses in the exhaust system. Absolute pressure in the inlet depres-
sion tenk was maintained at 25 inches of mercury for all speeds and
weight flows.

The range of Reynolds number, based on blade chord, was 490,000
to 820,000 and the Mach number of the flow relative to the rotor
blades varied from 0.38 to 0.70.

Over the entire weight-flow renge for each speed investigated,
Ingtrument surveys were teken at station 1 at five radial positioms,
designated &, b, ¢, 4, and e (fig. 2), with the instruments installed
in one circumferential position (-4) (fig. 2). These five radial
positions were the centers of five equal areas across the annulus.
At three weilght flows, representing the high-, medium-, and low
welght-flow ranges, five additional radial positions; a*, b', ct, 4t,
e' (fig. 2), across the annulus, and ten radial positions, spaced
0.050 inch apart beginning at the outer wall, were surveyed. Six
additional circumferential positions (-8), (-2), (0), (2), (4), (6)
(fig. 2) were surveyed at the same three representative weight flows
st radial positions e, b, ¢, &, and e.

The procedure for the determinstion of the radial distribution
of flow at station 2 was similer to that used &t station 1.
Calculations

Rotor total-pressure ratio. - The total-pressure ratio across
the rotor is taker as a mass-weighted average based on the isentropic
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power. input as integrated across the flow passage, and is obtained
from mechanical Integration of the following equation: \

(
. 2-1 2
t,2 P\ 7 7-1
2
P;> = 1 PV, oTp O
P2) . {Th,2 s
Py Jav ' ! +1
Tt,2
Dzvz’zrz dr
hy

N

Adlabatic efficiency. - The adisbatic temperature-rise effi-
clency is defined by the equation

_ Tea
Mg = E&

The adiabatic work input per pound of air H a is calculeted from
v aa

the equation:

z-1

Y
), -
2

hi = Je TO
P 1/ av

ad

The actuel work input per pound of air, E&

the mass-welghted average total~temperature rise across the com-
pressor, and is evaluated by & mechanical integration of the fol-

lowing relations

Ty,2

T -T r
Je, ‘ ( 2 O) péVz,zrz ar

h,2
ry,2

> ar
Po¥z,272

Th,2

is determined from.
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Lift and drag, - Coefficients of 11ft and drag used in this
investigation are based on the work input to the air and the equiv-
alent velocity diagram (fig. 3).

2gde_(T, - T.)
- p 2 e’ _ '
CL A CD tan B m
m

2 cos B'm
Cp = —E_v'—z_ chp (TZ - TO) - TT
m

The derivation of these equatiéns 1s presented in appendix B.

RESULTS AND DISCUSSION
Over-al% Rotor Performance

The over-all performance of the rotor is presented in figure 7
as plots of total-pressure ratio and adlsbatic efficiency against
corrected weight flow. The weight flow corresponding to deslgn
angle of attack at the mean radius (10.85°) of the rotor blades is
represented by the bar on sach curve. Although an upper weight flow
corresponding to no pressure-rise at the tip could not be oblained
at deslgn speed because of prohibitive losses in the exhaust systiem,
the attelmment of a range of weight flows up to 60.16 pounds per sec-
ond was adedueste for evaluation of performance at thls speed. The
design-flow conditions at design speed (840 ft/sec) indicate a rotor
total-pressure ratio of 1.240 with an asdiabatic efficiency of 0.880
at & corrected welght flow of 56.20 pounds per second. A meximm
total-pressure ratio of 1.330 was obtained at a corrected welght
flow of 40.00 pounds per second with an adiabatic efficiency of 0.750.
For the peask efficiency of 0.900, the pressure ratio was 1.287, and
the corrected welght flow was approximately 52.40 pounds per second.
The peak efficiency increased to epproximately 0.940 at 80 percent
of design speed and 0.945 at 60 percent of design speed.

Guide-Vane Performance

Flow distribution at guide-vane outlet wilthout rotor. - Flow
angles leaving the guide vanes at flve radisl positions are plotted
against circumferential position in figure 8. The blade-wake region,
which wes determined on the basis of total-pressure defect, is shown.
Flow-angle megsurements in the region of this blade wake are shown
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as deshed lines because the prezsure-balancing yew tubes are inac-
curate in thig region where large total-pressure gradients exist.
The circumferential verlastion in flow angle, exclusive of meesure-
ments in the region of the blade weke, decresses with decreasing
radius from approximately 5. 0° at radiel position a to 1. 4° at
radial position e. This trend in flow-angle variation may be
charged to the different rates of blade boundary-layer build-up
on the pressure and suction surfaces and to the effect of the circu-
lation gradient imposed by & solid-body-type rotation, in which the
c¢irculation at the blade tip 1s much greater than that at the blade
hub. The magnitude of the circumferentiel variation, however, is
probebly affected by the location of %the instrument meesuring plane
with respect to the gulde-vane trailing edge. As shown in figure 2,
station 1 is relatively close to the gulde-vane tralling edge near
the tip, where the circulation and the blade boundary-layer build-
up are greatest. In comparison, near the hub sufficlent axial
distance exists between the guide-vane trailing edge and the meas-
uring plane to permit some dissipation of the blade weke. Flow
variations of the spproximete magnitude shown on figure 8 are evi-
dence of the necesslty for surveying in the circumferentisl direction
and determining an average value of flow conditions leaving the gulde
vanes et each radisl position.

0LeT

Inasmuch as angle measurements at ¢lrcumferential position (-4)
showed good agreement with the arithmetic circumferentisl average
for most radial positions, the radisl distribution of flow angle at
position (-4) is compared with the design distribution on figure 9.
Over most of the pessage, the measured asngles correlate the design
values within the asccuracy of instrument measurement. Near the hub
and the tip, however, the angles decrease below the design value
with a maximum discrepancy of 1.2° occurring near the tip. These
discrepancies probably result from secondary flows associated with
the wall boundary layers and the design clrculation gradient.

The redial distribution of circumferentially averaged axial-
velocity components at the gulde-vane outlet is shown in figure 10
as axlal-velocity ratio, that 1s, the ratio of the axial velocity
. &t any radius to the axlal velocity at the mean radius. In com-
parison with the design distribution, which is also shown on
Pigure 10, the measured values are higher over most of the passage
with & maximum discrepancy of 2 percent at radial position a. This
dlscrepancy may be partly caused by the deviation from design of
the measured leaving-angle distribution, which affects the simple
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raedial-equilibrium condition. In order to determine the distribu-
tion of axial velocity required for simple radial equilibrium with
the measured flow-angle distribution, axial-velocity components

were obtalned by meens of the radial equilibrium relation presented
in reference 4:

BHM os v, a(rv) avz ovr
> S Tw YT 5 * V257 V2 5z

For simple-radisl-equilibrium calculations, the redial-velocity

term 'Vz §%_ and the entropy-loss terms T 57 are neglected All
radial-equilibrium calculations reported herein are based on the

" resulting simplified equation

3 V., o(zV,) v,

At station 1, BBﬁ/Br = 0 and the tangential-velocity component

Vu is expressed in terms of the measured leaving angle and axial

velocity. This calculated distribution is also plotted in figure 10.
The measured values are generally lower than the calculated values
over the inner half of the annulus and higher than the calculsted
values over the outer half of the annulus with a maximum discrepancy
of approximastely 0.7 percent at radial position e. The slight
discrepancy between the measured and calculated values masy be

due to radlel-flow components. These results indicate that the
design assumption of simple radial equilibrium is valid and can

be used to predict the radial gradient of veloeity at the out-

let of the guide vanes if the actual leaving-angle gredient over

the entire passsge can be more sccurately prescribed by design
procedures.

Flow distribution at gulde-vane outlet with rotor installed. -
When a rotor-blade row is operated a short distance downstream of
the .guide vanes, definite effects on the flow distribution at the
guide-vane outlet are noted. A comparison of the circumferentially
averaged outlet angles plotted agasinst radius ratio for the
investigation of the guide vanes without the rotor and for the
investigation with the rotor-blade row in operation is presented
in figure 11. The three curves for runs with the rotor represent
welght flows near the design angle of attack at the rotor mean radius
for each of the three rotor-tip speeds investigated. Inasmuch as the
weight flows and, consequently, the inlet Mach numbers are different
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for the four experimental conditions, and flow engles leaving the
gulde vanes increase slightly with increasing inlet Mach number, as
indicated by reference 5; all data in this figure were corrected to
the inlet Mach number corresponding to that for the investigation of
the gulde vanes without the rotor according to reference 5. At the
mean radius, where three-dimensional effects are minimized, good
egreement is obtained between the date with and without the rotor.
Near the blade tip, however, the angles leaving the guide vanes

are incressed spproximately 1.3 by the presence of the rotor,
whereas from a redius ratio of spproximestely 0.86 to 0.90 the guide-
vene leaving angles are decreased slightly by the rotor. Below a
radius ratio of 0.86, the leaving angles are agein increased above
the value for the investigation of the guide venes without the rotor

7
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with a meximum discrepancy of 1.3° occurring near the hub. In general,
over most of the annulus, the Mech number correction is adequate, with-
in the limits of accuracy of angle measurement, to account for the dis-

crepancies between the curves., The large varistions near the hub and
the tip, however, probebly result from a combination of rotor-blade
effeects, including viscous drag associated with the rotor, the change
in the guide-vane circulation due to unknown induced effects of the
rotor, and the change in exial-velocity ratilo across the guide vanes
with rotor speed.

Flow angles leaving the gulde vanes at the mean radius for the
three corrected tip speeds are plotted against corrected weight flow
in figure 12. Because the investigation of the guide vanes without
the rotor was conducted at only one weight flow (47.1 lb/sec), the
variation of flow angle with weight flow and, consequently inlet Mach
number for this investigation was calculated by means of results pre-
sented 1n reference 5. ‘This calculated curve is also shown in fig-
ure 12. Over the medium and high-flow regions of the welght-flow
range for each speed, the Mach number effect seems adequate within
the limits of experimental accuracy of measurement to explain the
trend of the curves; but this effect is insufficlent to account for
the deviation between the lesving angles. at each speed snd the cal-~
culated guide-vane leaving angles over the low-flow range of the
three curves. Although the reasons for this dlscrepancy in the low-
flow reglon were not fully understood, an insight into the variation
was obtained by plotting gulde-vane leaving angles against s rotor-
blede-element loading parameter. Flow angles leaving the gulde vanes
at the mean radius for the three corrected tip speeds are plotted in
figure 13 against a nondimensional rotor-blade-elememt-loading para-

meter B/U£2 where H is defined as the total-enthalpy addition at
the mean radius and equals gJ‘cp(T2 - Ty). In order to eliminate
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the Mach number effects, these curves have been corrected to a guide-
vane-inlet Mach number corresponding to that for the investigation of
the guide vanes without the.rotor. Inasmuch as the three curves

begin to increase at approximstely the same value (H/U = 0. Sé

it seems indicative that the rotor-blade-element loading is the prin-
cipal factor causing deviation at low welght flows. Similar trends
were observed at radisl positions near the hub and the tip.

The redial distribution of average axial velocity et station 1.
for a weight flow approximeting the mean-radius design angle of
attack at design speed is plotted on figure 14 as axial-velocity
ratios determined from meesurements. Axial-velocilty ratios calcu-
lated from the simple equilibrium relation (equation (2)), in which
the tangential velocity was expressed in terms of the axial velocity
and the guide-vane leaving engles measured at design rotor speed, are
also shown. In comperison, the measured values asre higher than the
calculated values over the inmer half of the passage and lower thsn
the calculated values over the outer half. The trend is the reverse
of that observed in figure 10, and indicates that the streamlines at
station 1 have been radially displaced inward toward the hub by the
rotating rotor. The magnitude of this radial displacement is too
great, however, to obtain simple radial equilibrium; consequently,
the design assumption of simple radial equilibrium at the guide-vane
outlet is invalid when the rotor is operating a short distance down-
stream of the guide vanes. This failure to satisfy the design
assumption mey be explained on the basis of results -presented in

reference 4, which shows that the radial-velocity term v, é%%

should be incorporated in equation (2) to account for the presence of
redial motion in blade rows with finite asspect ratios. -

Rotor-Blade-Element Performance

An enalysis of the rotor-blade-element performance requires a
detailed knowledge of the relative angles end flow velocities at the
rotor-blade-row inlet and of the variation of rotor-blade loading
with these relative entering flow conditions.

Flow distribution entering rotar. - The aversge flow conditions
entering the rotor (station 1) for four weight flows at design speed
are presented in figure 15 as plots of relative air-inlet angle and
relative inlet Mach number against radius ratio. Design values from
hub to tip are also presented for comparison. The experimental air-
inlet angles at all weight flows have a greater slope than the design
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curve, At the weight flow for design angle of attack at the mean
radius, the gir-inlet angles are O. 7° lower than design near the hub
and 2.0° higher than design at radial position e, which is near the
blade tip. These deviations in alr-inlet angle represent equal dis-
crepancies in blade angle of attack and result from the induced-
velocity effects on the flow distribution leaving the guide vanes and
from the failure to achleve simple radial equilibrium of static pres-
sure, as assumed in the design procedure. In the tip region, the
experimental angles at all welght flows indicate a sharp rise due to
the decrease in axlal velocity in the outer-wall boundary layer. The
Mach number curves exhibit the seme general profile for the four -
weight flows. At the weight flow for design engle of attack at the
mean radius, the experimental Mach number curve correlates the design
curve near the hub, but is slightly lower than design over the outer
half of the annulus with a maximum discrepancy of approximately 3 per-
cent. , .

Varigtion of turning angle with argle of attack. - Rotor-blade
performance is presented in figure 16 as plots of the relative turning
engle across the rotor agalnst angle of attack for the five radlal
positions at design speed. A range of angles of attack was obtained
by varying the weight flow, which also varies the air-inlet angles,
inssmuch as the rotor-blede-angle settings are fixed, The effect of
air~-inlet angle on turning angle is therefore included in this figure.
. Bffects of axial-velocity variations across the blade chord are
present in the curve based on the true velocity diagram (fig. 3).

In order to compensate for this variable axial velocity, an equivalent
constant axisl-velocity diagram (fig. 3) wes used, and these results
are also presented on figure 16, This equivalent-diagram method 1s
recommended in reference § to obtain a more exact basis of comparison
between rotating-cascede results and constant axlal-veloclty two-
dimensional cascade data.

The two-dimensional cascade curves on figure 16 were obtalned by
interpolation of the 65~(12)10 blede-section two-dimensional results
(references 6, 7, and unpublished data) for solidities end air-inlet
engles as determined in the comprsssor investigation. These curves
were then empiricelly adjusted according to unpublished data to com-
pensate for the difference in Mach number between stationary cascade
end rotor-blade-row data., Inasmich as two-dimensionsl-cascade resultse
are only available for air-inlet angles below 60° and for small ranges
of angle of attack, the curves are limited to a comparatively narrow
rengs of engle of attack. The design values of turning angle obtained
from equation (1) are shown in figure 16 for comparison. This egua-~
tion and the interpolated cascade dsta glve comparable values of
turning angle in the reglon of the rotor-blade tip; but the equation
glves values approximately 1.5° 1ow at the hub section.

-
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Comparison of the two experimental curves, based on the true-
and equivalent-velocity disgram, shows correlation within 1° over
the range of angle of attack corresponding to the range of values
available from interpolated two-dimensional data for radiasl posi-
tions from b to e. This correlation is obtained because of small
axial-velocity increases (maximum 10 percent) across the rotor
blades. At radial position a, however, a decided discrepancy
occurs between the twg experimental curves as the angle of attack
is Increased above 11 . In the range of angle of attack above 11° 3
as much as a 50-percent reduction in axigl wvelocity occurs across
the rotor blades. The decresse 1n turning angle above an angle of
attack of 11° on radial posltion a for the true-veloclty-diasgram
curve indlcates that blade stall occurs at a lower angle of attack
for the rotating cascade than for the two-dimensional cascade.
Within the range of interpolated two-dimensionsl-cascade results,
the experimentel rotor-blade-turning-angle curves are, in general,
very nearly parallel to the two-dimensional-cascade curves except
in the region of the hub. For the three radial positions from the
tip to the mean radius, the experimental curves, in general, indi-
cate greater turning of the air over the entire range of angle of
attack than that predicted by the interpolated cascade data with a
maximum discrepancy of epproximately 1. 6° at radisl position a.

At redial positions d end e, the rotating-cascade curves have a
steeper slope than the interpolated two-dimensional curves, indi-
cating less turning of the alr at low angles of attack on the rotor
and more turning of the alr in the high-angle-of-attack region of
the two-dimensional curve.

This general trend of high turning near the tip and low turn-
ing near the hub may be accounted for by unknown induced effects
agsociated with the outer-wall boundary layer and the radial gradient
of rotor-blade circulation. Another factor that influences the trend
of the experimentsl turning-angle curves is radial flow or centri-
fuging of the blade boundery layers from hub to tip, as explained in
reference 8, This radisl motion of the blade boundary layers in a
rotating cascede induces blade stall near the tip at a lower angle
of attack than that obtalned by stationary-cascade results; whereas,
near the hub, this radial flow of the blade boundary-layer delays
separation. Viscous drag assoclated with the rotating rotor hub
will act to increass the turning angles near the hub, but the magnl-
tude of this effect on the experimental turning angles at radial
position e may be negligible.

Blade-element lift and drag forces. - Two useful parsmeters of
rotor-blade loading and performance are presented in figure 17 as
plots of nondimensional 1lift and drag coefficients for radial posi-
tion a, ¢, and e against corrected weight flow at design speed. The
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lift-coefficlent curves for the three blade sections increase with
decreasing weight flow and have & similer slope over the weight-
flow range from 60.2 pounds per second to approximately 52.4 pounds
per second. Below a welght flow of 52.4 pounds per second, the lift
curve for radial position & indicates a stall condition, which was
previously noted in the turning-angle plots of figure 16. The stall
condition is accompanied by sn increase in drag coefficient below a
corrected weight flow of 52.4 pounds per second, whlch correaponds to
an angle of attack of 11° for radial position a.. Inasmuch as the
dreag curve for radial position c begins to increase repidly below a
corrected weight flow of approximately 48 pounds per second and the
1ift curve for this blade section indicates stall below 45 pounds
per second, whereas the drag curve for radisl position e remains
relatively constant over most of the weight-flow range investigated,
the stall condlition has evidently progressed from the tip only es
far as the mean region of the blade. Above a corrected weight flow
of 48.0 pounds per second, the drag coefficient at the mean radius
is less than that at the other two sections beceuse the effects of
wall boundary layers, blade-tip clearance, and hub taper are & mini-
mum in this reglon of the blade.

This minimim-drag condlition at thé mean radius is reflected by
the plot of lift-drag ratio against corrected welght flow and equiva-
lent angle of attack in figure 18, where the highest lift-drag ratio,
or blede-element efficlency, for the tip, mean, and hub radii occurs
at radial position c. Values for this figure were determined from
the feired curves of 1ift and drag coefficient shown in figure 17.
In comparision with the hub section, however, the most efficient, or
optimum, operating range of the mean section and of the tip section
is restricted to a narrow weight-flow range. The stall condition,
which progresses from tip to mean radius with decreasing weight flow,
reduces the most efficient operating range of the blade sections
affected. Maximum 1lift-drag ratios for radisl positions a and c are
obtalned near the peak-efficlency weight flow of 52.4 pounds per
second; but, at this weight flow, the maximum lift-drag ratio for
radial position e was not reeached.

These results indicate that the blade sections are not matched
with regard to the most efficient operating range for all sections;
however, although radial flows will affect the magnitude of the lift
and drag coefficients, the fundamentel concept of two-dimensionsal
lift and drag seems appliceble to single-stage-compressor design

procedures for obtaining an indication of the most efficlient operating

point for a blade casceade.
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Blade camber and pesk efficiency. - At the welight flow of 56.2
pounds per second corresponding to deslgn angle of attack at the
nean radius, the three blade sections investigated were operating
below their maximum values of lift-drag ratio (fig. 18). The blede
sections were all operating at angles of attack lower than those
required for peak blade-element efficiency. The reason for the
deviation between the design point and the points of pesk lift-drag
ratlio 1s explained on the basls of the results given in references 6
and 7, which indicate that the blade camber used was somewhat higher
than that required to obtain the design turning angles at peak blade-
element efficiency. Regerdless of camber, however, some discrepancy
will exist betwsen the design angle of attack based on references 6
and 7 and the angle of attack for peak lift-drag ratlo, because by
the method used in references 6 and 7 the optimum angle of attack is
selected on the basis of the flattest pressure distribution asround
the blade, which occurs at a lower angle of attack than that for
peak lift-drag ratio over the range of Mach numbers covered 1n this
investigation. The unequal deviations of the angle of attack for
maximm lift-drag ratio from the design angle of attack at the three
blade sections 1s principaslly attributed to the use of a constant
camber section along the entire blade length. A variable camber
blade might permit a more efficient matching of 81l blade sections
and sn increase in the maximum over-all efficiency.

Flow distribution at rotor outlet. ~ Flow angles leaving the
rotor at four corrected weight flows at design speed are plotited
against radius ratio in figure 19. The design radial distribution
of flow angle is slso presented in figure 1S. TFor the weight flow
representing design angle of attack at the mesn radius, the experl-
mental angles correlete the design velues within the accuracy of
engle measurement, except mear the hub and the tip. The measured
angles at radial position a and e are 1.3° and 1.5° higher than the
design values, respectively. From radial position a to the outer
casing, the actual flow angles rapidly increase in comparison to the
design distribution. This sharp rise in flow engle is primarily
caused by the decrease in axisl velocity in the outer-well boundary
layer with the added effect of the high whirl velocity of the
centrifuged-blade boundary layer. Flow-angle curves for the other
three weight flows In figure 19 exhibit a trend similar to that
observed for the design flow condition.

The redial distribution of measured axial-velocity components
at the rotor outlet for a corrected welght flow approximating design
engle of attack at design speed is shown in figure 20 as the ratio
of the axlal velocity at any radius to the axial velocity at the
mean radius. Axigsl-velocity components, calculated by means of
the simple radisl-equilibrium equation (equation (2)) in which
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' BBQ/Br was assumed equal to zero and the tangential-veloclty com-
ponent Vﬁ was expressed in terms of the axial velocity and the

ebsolute angle measured at design speed, are also plotted as
velocity ratios on figure 20. The measured values of the axial-
velocity ratio are, in general, higher over the inner half of the
annulug and lower over the outer half with a maximum discrepancy of
approximstely 2 percent near the hub. These results, in comparison
with radisl-equilibrium calculations at station 1 (fig. 14), indi-
cate that the streamlines are displaced radially inward through the
rotor; the design assumption of simple radial equilibrium at the
outlet of the rotor blade is invalid. Invalidation of the design
assumption may result from oscillatory radial motion, entropy
losses, and radial-energy variations.

The radial variastion of emnergy addition across the rotor is
plotted in figure 21 for four weight flows at design speed, and the
design veriation is shown for the purpose of comparison. Across
most of the annulus, the energy esddition is essentially constant for
all welght flows. At the weight flow representing deslgn angle of
attack at the mean radius, the experimentel velues of energy addition
correlate the design values within 4 percent in the radius-ratio
renge from 0.84 to 0.96. From a redius ratio of 0.96 to the tip,
however, the curve of measured energy addition continuously increases
from 4 percent to approximately 19 percent above the design distri-
bution. This rise in energy addition near the tip 1s indicated in
all the experimentel curves and reflects the influence of the high
blade loading in the casing boundary layer in conjunction with the
high whirl component of the centrifuged-blade boundary layer. The
most nearly constant radial-energy addition is obtainkd at a weight
flow of 52.40 pounds per second, which represents peak over-all
efficiency. In general, these curves indicate that a reasonably
constent energy addition can be anticipated over a wide range of
welght flows with this type of design; the design assumption of
constant total enthalpy at the exit of the rotor (BHZ?gr) is
epproximetely correct across most of the passage.

Boundary Layer

Outer-well boundary-layer investigations were conducted in
order that some of the effects of boundary layer could be accounted
for in axiasl-flow-compressor design procedures. From the outer-wall
boundary-leyer radial surveys at stations 1 and 2, the displacement
thickness t¥ was determined by & mechanical integration of the fol-
lowing general equation of the boundary-layer weight flow in an
annular passage:
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Iy Ty Ty
f Onvz,nr dr - f pvzr dr = f pnvz,nr dr
*
r.-t rt-t rt-t

t

' where 1n refers to extrapolated main-channel or free-stream con-
ditions. The actuasl boundary-leyer thickness t was determined
from plots of the measured weight-flow term pvzr dr es the dis-

tance from the outer wall to e point where the curve of weight-

flow distribution ecross the passage began to change slope rapildly.
The slope of the weight-flow-distribution curve in the main channel
was then extended from this point to the outer wall to depict the
weight-flow distribution that would probebly be expected with a
nonviscous fluid. A weilght-flow loss , which is chargeable to the
boundary layer, is represented by the areas between the extrapolated
weight-flow distribution curve for & nonviscous fluld flow PV, ¥ dr

and the measured welght-flow-distribution curve in the 'boundary ia.yer
DV r dr. By definition, if this welght-flow loss were present in a

nonviscous fluid flow, the effect would. be similar to a reduction in
the physical chemmel height by ‘b the displacement thickness.

Inesmuch as no measurements were taken in the boundary layer
upstream of the gulde vanes, the change in boundary-layer thickness
and free-streem Reynolds number across the guide vanes could not be
evaulated; but the effect of changes in the main stream flow on the
boundary layer at one station downstiream of the gulde vanes was
determined. Displacement thickness at station 1 is plotted against
corrected weight flow for the three corrected tip speeds in fig-
ure 22. The value of t*¥ increases with decreasing weight f£low
from a minimum of 0.6 percent of the 0.250-foot passage height to
& maximm of 1.0 percent of the passage height. The values of t
downstream of the rotor are plotted against corrected weight flow
for the three corrected tip speeds on figure 23. These curves are
partly dashed because the sbsolute magnitude of the wvalues in this
region ere unknown. Reynolds number effects may partly account for
the trend of the curves in the solid region, but other factors
including Mach number effects, changes in velocity across the blade rows,
and rotor-blade loading probably contribute to the general trend of the
displacement-thickness curves at both measuring stations. The influence
of rotor-blade loading on the displacement thickness downstream of the
rotor is also illustrated in figure 23 where ¥ for the three corrected
tip speeds is plotted against a2 nondimensional rotor-blaede loading

parameter SEI./ , Which represents an average of the total enthalpy
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. addltion from hub to tip rather then a blade-element enthalpy addi-
tion, as previously used. The displacement thickness inocreases
slightly with inoreasing blade~loeding parameter for values from
approximately 0.205 to 0.360. Above & value of 0.360, the displace-
ment thickness repidly increases with small changes in the blade-
loading parameter. Thls sharp change in the slope of the displace-
ment curve at 0.360 corresponds to en angle of attack of 11° on the
tip radiel position & section of the rotor blede. As shown on fig-
ure 16, this angle of attack of 11° indicates the inception of stall near
the blade tip. After tip staell has occurred, the centrifuged-blade
boundary layer, which has separated from the blade, combines with
the casing boundery leyer to produce a rapldly increasing displace-
ment thickness. Before tip stall, however, less then 1.5 percent of
the 0.229-foot passage height at the rotor outlet, which has &
stationary tip clearance of 0,015 inch, is subjected to the outer-
well boundary-layer displacement thickness.

SUMMARY OF RESULTS

The following results were obtained from the investigation of a
30-inch axlal-flow compressor stage, consisting of gulde vanes and
constant-camber rotor blades, which was designed to permit a detailed
study of the complex flow processes in individual blade rows and of
interblade row effects:

1. At design speed, a peak adiabatic efficiency across the rotor
of 0.900 was obtalned at a corrected weight flow of approximetely
52,40 pounds per sscond and an over-all rotor total-pressure retio of
1.287. For a corrected weight flow of 56.20 pounds per second, which
represents design angle of attack at the mean radiug, the adiabatic
temperature-rise efficliency was 0.880 with a total-pressure ratio of
1.240. The maximum total-pressure ratio of 1.330 was obtalned at a
corrected welght flow of approximately 40.00 pounds per second with an
efficiency of 0.750.

2. The flow angles at the gulde-vane outlet without the rotor
closely agreed with the design values across most of the annulus, but
in the reglon of the hub and the tlp the measured angles were lower
than design with a meximum discrepancy of 1.2° near the tip. Further-
more, the design essumption of simple radiasl equilibrium was essen-
tially satisfied at the outlet of the guide vanes without the rotor,
vhen the measured variation of angles leaving the gulde vanes wes
taken into account. .

3. Over the medium and high welght-flow ranges investigated at
each rotor-tip speed, the observed lncreese in guide-vane leaving
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angle over the values obtained without the rotor at the mean radius
was explained on the basis of the difference in the guide-vane inlet
Mach number at which the runs with and without the rotor were con-
ducted, Near the blade hub and tip, the inlet Mach number correction
was inadequate to account for the approximate 1.3° increase in guide-
vane leaving angle in the presence of the rotating blade row. In the
low-weight-flow range ebove a velue of 0.36 for a nondimensional
rotor-blade-element loading parameter at the three rotor tip speeds,
the guide-vane leaving angles at the mean radius increesed in com-
parison with the values calculated for the guide vanes without the
rotor. With the rotor operating a short distance downstream of the
guide vanes, the design assumption of simple radiel equilibrium in
conjunction with the meesured angles at the gulde~vane outlet was
invalid.

4, Within the renge of interpolated two-dimensional cascade dats,
the measured variations of turning angle with angle of attack at the
three outer radial positions across the rotor blades were, in general,
parallel to the two-dimensional curves and indiceted higher turning
angles than those predicted by the two-dimensional data with a maxi-
mum discrepancy of 1.6° at the radial position neer the tip. On the
basis of the true-veloclty dlagrem, the measured turning-angle curve
at this redial position indicated that the blade stalled near the tip
at an angle of attack of 11°, which was lower than thet obtained in
the two-dimensional investigatlion. This tip-stall condition at an
angle of attack of 11° corresponded to s nondimensionsl rotor-bleade
loading parameter of 0.36. The rotating-cascade curves at the two
redisl positions near the hub hed a steeper slope than the two-
dimensionsl curves and showed less turning of the air at low angles
of attack and more turning in the high angle of attack reglon of the
interpolated two-dimensional curves.

5. Calculations of bladse lift-drag ratio indicated that at the
weight flow for peak over-all efficiency the blade sections near the
tip and the mean, but not the hub, were operating close to their
values for maximum lift-drag ratio. At the weight flow for design
angle of attack gt the meen radius, all three blade sections were
operating below the maximum lift-drag ratio. The deviation of angle
of attack for pesk lift-drag retioc from the design angle of attack
was not equal for the three blade sectiouns.

6. The design assumption of simple radial equilibrium with con-
stant energy addition end no radisl entropy gradient in conjunction
with measured angles at the ocutlet of the rotor was invelid at a
weight flow near the design-angle-of-attack condition for the meen
radius. The maximum discrepancy in axial velocity amounted to
2 percent near the hub.
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7. Investigation of the outer-wall boundary layer revealed that
the displacement thickness was less than 1.0 percent of the passage
height at the guide-vane outlet over the entire range of operating
conditions and less than l.5 percent of the passage height at the
rotor outlet, except in the high rotor-blade-loading renge where tip
stall occurred. After tip stdall occurred, the outer-wall boundary-
layer displacement thickness et the rotor exlt increased very
rapidly.

Lewls Flight Propulslon Laboratory,
Netional Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APFENDIX A

Symbols

The followlng symbols are used in this report:

|

mIIIIIIOQ

a

SRl

2 HOR 4y

Ml

drag coefficient

1lift coefficient

lift-drag ratio

blade chord

spepific heat &t constant pressure, 0.243 Btu/lb-QF
specific heat at constant volume, 0.174 Btu/1b-CF
blade-element drag force, 1b/ft

resultant force on blade element, 1b/ft

standard acceleration due to gravity, 32.174 ft/secz
actual wofk input per slug at mean radius, ft-lb/slug
adisbetic work input per pound of air, ft-1b/1b
total enthalpy per slug of air, ft-1b/slug

actual work input per pound calculsted from total-
temperature rise, f£t-1b/1lb

mechenical equivalent of heat, 778.26 ft-1b/Btu
¢éonstant in turning-angle relstion
blade-element 1ift force, 1b/ft

ebsolute Mach number of air

relative inlet Mach number, ratio of relative inlet
velocity to local velocity of sound

absolute total pressure, lb/sq £t

25
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gbsolute static pressure, 1b/sq ft .

indicated static pressure, 1lb/sq ft

1370

radlius to blade element, ft
blade spacing, Tt
total temperature, °r - oo e
caesing boundary-leyer thickness, ft
casing boundary-layer displacement thickness, ft
velocity of blade at any redius r, £t/sec
sbsolute air velocity, ft/sec
alr velocity relative to rotor, f£t/sec
extrapolated free-stresm velocity, fit/sec .-
weight flow, 1b/sec S . -
welght flow corrected to NACA standard sea-level

condigig?s, 1b/sec
(P,/?,) EZ
axial distance, ft -
angle of attack, deg . Z
angle of attack at zero 1lift, deg

flow angle or absolute air angle, angle between compressor
exis and absolute alr velocity, deg

relative flow angle or relative air angle (stagger), angle .
between compressor axis and alr velocity relative to ’ -
rotor, deg : . =

ratio of specific heats, cP/cv, 1.3947 for normal air
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AB? turning angle, angle between inlet and outlet relative
alr velocities, deg :

aAv! change in relative velocity across rotor

8 ratio of inlet total pressure to standard sea-level
pressure

nad adlasbgtic efficiency of compressor

é ratio of inlet totel temperature to standerd sea-level
temperature

P density, slugs/cu £t

c blade-element solidity, ratio of chord length to
circumferential distance between adjacent bledes, c/s

@ blade-sngle setting, angle between compressor axis and
blgde chord, deg

Subscripts:

0] inlet depression tank

1l downstream of guide wvanes

2 downsfream of rotor

av average

e equivalent velocity vectors based on constent axial-
velocity diagram

h hub

m mean of inlet and outlet conditions

T radial

T mean radius

t tip

z axial

u tangentiai
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APPENDIX B
LERIVATION OF EQUATIONS

Lift and drag forces on the rotor blades at all radisl posi-
tions were assumed to act normal and parallel, respectively, to
the vector meen of the inlet and outlet velocitlies, as shown in
figure 3. These forces are expressed in the following form con-
sigtent with isolated airfoil practice:s

2
L=35Crp V', c (A1)

[av] o

D =% Cpoy v'mzc (a2)

o4 ] ol

The tengential force Fu applied to the blades by virtue of

their rotation in the air 1is composed of components of the 1ift and
drag forces

F, =Ly + D, (a3)

vhere I, =L cos B' , and D, = Dsin By (fig. 3).
Substitution of equations (Al) and (42) in (A3) ylelds

1 2 1 2
Fy =5 CPy Vim'© cos B! + = Cpey Vipc sin By (ae)
The tangentlel force Fu is evaluated from the rate of change of
momentum in the tengentisl direction. Thus "

F, = P, V', cos Bfys aV'y (a5)

and by combining equations (A4) and (AS)
26V,

ov',

C

1 - CDtanB ' - (as)

Inasmuch as the work input per unit mass of alr may be expressed in
terms of the chenge in moment of momentum across the rotor, UAV‘u

or in terms of the total-temperature rise chp(Tz'To) the change in

LY
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relative tangential velocity AV'u may be equated to the temperature
rise as follows, when radial deflections are neglected:

o ngp(Tz-To)

u U (Aj)

This substitution was made because the determination of temperature
rise was considered more accurate than the calculation of EV'
By substituting equation (A7) in equation (A8)

2gdc_{(T,-T.) :
p"2 "0 .
CL=—ovig - Ot fy (48)

The determinatlion of the drag coefficient CD is based on the

assumptlion that the frictional energy expended can be represented by
the product of drag force multiplied by mean velocity. From a power
consideration, the total-energy additlion must equal the useful energy
input plus the energy expendsd to overcome friction, or mathematically

ng (T TO) m €08 Bl s =

1 ' 1 y 3
ngpTOYpﬁY n ©OS B mS * E-CDpﬁY m C

Therefore

2 cos B'm
CD = —— ngP E&z-TO) - TO %] (a9)
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