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DESIGN AND PERFORMANCE OF EXPERIMENTAL AXTAL-DISCEARGE
' MIXED-FIOW COMPRESSOR
II - PERFORMARCE OF IMPRLIER

By Ward W. Wilcox

SUMMARY

An axisl-dlacherge mixed-flow compressor was designed to
combine the compactness, reliability, and wide operating range of a
mixed-flow compressor with the high flow capacity per unit of
frontal srea that characterlizes the axlal-flow compressor. The
primary objective was to maximize the flow capacity for a pre-
determined pressure ratio. The impeller was cperated over the
obtalnable range of equlvalent weight flows at equivalent impeller
tip speeds varying from 1000 to 1480 feet per second.

At the design tip speed of 1480 feet per second, a maximum
flow capaclity of 18.7 pounds per second, a peak total-pressure
reatio of 3.7, end a peak adiabatic efficliency of 0.78 were cbtained.
The flow capacity per unit of frontel area for this axial-discharge
inpeller is much greater than that of comwercial mixed-flow com-
preasors for which data are now available but is somewhat less than
that for the commercial axial-flow compressors having the highest
flow capacity per unit of frontal area. The maximm weight-flow
valus reported herein is considered conservative hecause the lim-
itation of flow occurs in the experimental setup rather than in
the impeller itgelf.

INTRODUCTION

Turbojet and turbine-propeller alrcraft englnes requlire compact,

dependable compressors of high mass flow capacity. In the deslgn

of the axial-discharge mixed-flow impeller (reference 1), an effort
was made to combine the compactness, simplicity, and rellability of
a centrifugal compressor with the high flow capacity per unit of
frontal area of the axlal-flow compressor. In this impeller, the
compresgion was accomplished in & rotor of high dlade solidity and
work output; the air entering and leaving the rotor had no radial
component of motion. A limiting outside dlameter of 14 inches was
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arblitrarily selected and an ]nlet tip dlameter of 11.25 inches was
determined from maximum flow considerations. At the design tip

speed of 1480 feet per second, the over-all total-pressure ratio

wag calculated to be 3.51 and the equivalent weight flow, 19.7 pounds
per second. :

A cascade of alrfoll sections was used to establish the desired
prerotation at the impeller inlet. Separate flow tests were made to
detoermine the turming angle and veloclty distribution of the alr
behind these vanes. Both the impeller and the cascade of vanes
were fabricated and tested at the NACA Cleveland laboratory.

In order to determine the impeller performance characteristics
without diffuser limitations, the impeller and the prerotation vanes
wore lnstalled in a special setup. The investigation covered the
obtainable range of welght flows at equivalent tip speeds from
1000 to 1480 feet per second. Over-all performance was evaluated
from extensive surveys of the flow oconditions at the impeller
discharge.

APPARATUS AND PROCEDURE

Axial-discharge impeller. - A photograph of the impeller,
partly installed in the test rig is shown in figure 1. An axial
cross section of the impeller passage, as well as the angular vari-
ation of the blade tip along the flow path through the impeller, is
shown in figure 2. The accompanying table shows that the outer
radius increases from 5.585 inches to 6§.960 inches and the inner
radius increases from 2.750 inches at the inlet to 5.900 inches at
the outlet. This radial increase and the change in angle ¢ along
the axis of rotation indicate that the mean flow path has a contin-
uous increase in both radius of rotation and angular velocity from
entrance to exit of the impeller. A radial clearance of 0.040 inch
was maintained between the blade tip and the ocuter casing at all
axial stations. Because the blade section was asymmetrical about a
radial line through the tip, the root and tip dimensions are given
with figure 2.

The impeller blank was constructed in two sections from
SAR 4340 steel with a cut-out between sections to reduce weight and
thus decrease hub stresses. After the two sections were bolted
together, the 18 thin, highly cambered blades were machined from
the composite plece.

The prerotation vanes are sections of the NACA 65-1210 airfoll
cast in brass by the lost-wax process. The chord was held constant
at 1.75 inches and the air was turned by varying the angle of attack
from hub to tip. The trailing edges of these blades were about
1/4 inch upstream of the impeller face.
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Experimental setup. - In order to determine the performance
characteristics of the axiel-discharge impeller without the limita-
tions imposed by a diffuser, the impeller was Instelled in & special
rig (fig. 3). The inlet section of the rig was directly comnected
to the laboratory refrigerated-air supply by 12 diameters of 13-inch
pilpe. The impeller discharged the air into & straight annulus
24 inches long, from which the air passed into a baffled collector.
Two collector outlet pipes led directly to the laboratory altitude-
exhaust system. In order to minimize heat transfer, the inlet pipe
was lagged with 4 inches of Fiberglaes insulation and then covered
with heavy paper, tar, and asbestos cement. The impeller housing
and the discharge annulus were covered with 3 inches of megnesia
Insulation.

The impeller was mounted with one apherically-seated front
Journal bearing and thiree spherlcally-seated rear Journal bearings.
A balance piston was used to reduce the load on the two opposing
thrust bearings In front of the impeller. One side of the balance-
piston chamber was vented to the impeller outlet and the other to
the inlet pipe and thus the balance was automatlically maintained
for all changes 1n over-all presesure ratio.

The impeller was driven by a 2500-horsepower induction motor
through & variable-slip magnetic coupling and speed increasers
with an over-all speed ratio of 17.96:1. Constant speed was
wmeintalned within #1/2 percent by means of an electronic control
that regulated the slip of the magnetic coupling.

Prerotation-vene rig. - A wooden mock-up of the inlet section
with an inner and outer dliameter corresponding to those at the
impeller inlet was used to check the turning angles through the
prerotation venes, Ambient alr was drawn through a bellmouth,
turned by the vanes, and then discharged to the laboratory altitude-
exhauet system. Radial and circumferential surveys of the turning
angle downstream of the vanes were mede with a standerd claw-type
yaw tube in & plane corresponding to the impeller inlet.

Tnstrumentation. - Air weight flow was measured by a submerged
variable-area orifice meter In the inlet pipe. Inlet conditions
were measured in the inlet pipe at a plane 4 diameters upstream of
the impeller. Total pressure was measured by two pitot tubes and
static pressure, by two wall orifices. Inlet temperature was
meesured by two calibrated iron-constantan thermocouples connected
to a2 self-balancing potentiometer. All inlet Instruments were
installed as specified in reference 2. Duplicate instruments were
installed downstream of the balence-piston vent in the inlet pipe
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and obgervatioms from these instruments, in conjunction with
velocity measurements In the vent line, proved that the air leaksge
past the balance-piston seal was insignificant.

Impeller-ocutlet flow measurements were taken in a plane
1/4 inch downstream of the impeller discharge (fig. 3). Because of
the supersonic velocities at this location, speclal instrument
techniques were required. Radial surveys of flow angle, total pres-
sure, and total temperature were made at the peripheral positions
shown In figure 4; wall static-pressure taps were located omn both
the inner and outer annulus walls; and a linear radial variation of
static pressure was assumed., The dlscharge survey lnstruments were
1/4 inch in dismeter and could be completely withdrawn from the
flow passage during statioc-pressure observatlions. Because the
discharge flow was supersonic at all conditions investigated, the
gtatlc pressure downstream of the instruments was always affected
by thelr presence in the airastream. In addition, many other
static-pressure taps were placed along the impeller outer shroud
and along both the inslde and outside walls of the annular passage.

Total pressure and flow angle were measured with a three-hole
cylindrical yaw tube. In general, the angular sensltivity of the
Instrument was greater than the acocuracy of lts alinement with the
axis of rotation. Over-all accuracy of the angle determination was
within 1°, At supersonic velocity, a normal shock was assumed to
exist 1lmmediately in front of the total-preassure tube. For one-
dimensional flow, the relation between the free~stream Mach number
and the ratio of total pressure behind a normal shock to the total
pressure in the free stream 1s glven by

o o 3.5 3.5
2GR
Po 6 M2 - 1 + 0.2My2

P; total pressure behind normal shock

where

Py total pressure in free stream

Mg Mach number in free stream

By successive approximations, the true total pressure Py may be
found from this eguation when the observed total pressure Py; and
the static pressure (hence Mach number) are known. Calibration of

L
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this instrument showed that the angle sensitivity and corrected total
pressure were satisfactory for Mach numbers up to 2.0. Discharge-
Pressure measurements are estimated to be accurate within *1 per-
cent and digcharge Mach numbers, within %2 percent.

The temperature-survey probe was a semishielded iron-constentan
thermocouple of the type described in reference 3. This thermocouple
was callbrated for Mach numbers up to 2.0 and was found to have &
very high recovery factor at all values. A self-balancing poten-
tiometer was calibrated for use with this thermocouple.

Experimental procedure. - Compressor performance data were
obtained over the range of cbtalnable equivalent weight flows W IJE/S
(where W 1s weight flow in lb/sec, 6 is the ratio of inlet’ tem~
perature to NACA standard sea-level temperature, and 8 is the
ratio of inlet pressure to NACA standard sea-level pressure) at
constant values of equivalent tip speed U/ ld? (where U is the
impeller tip speed in ft/sec) in a reange from 1000 to 1480 feet per
second. TInlet-air conditions were maintained at a pressure of
15 inches of mercury absolute and s temperature of sbout 0° F. The
low pressure was necessltated by power and refrigerated-air
limitations. Because of the low temperature, the necessary equiva-
lent tip speeds were possible at lower actual speeds, which helped
to keep the besaring-tempereture and stress condlitions within
reagonable limits.

For a given weight flow and speed, the static preasures along

the Impeller casing and the inlet static pressures were photographically

roecorded with the discharge-survey instruments completely wilthdrawn
from the stream. The surveys of temperature and pressure at the
impeller discharge were then made, with the Instruments remctely
controlled by means of motorlzed actuators.

RESULTS AND DISCUSSION

Flow distribution at impeller inlet. - A comparison of the
turning angles  at the outlet of the prerotation vanes and the
design flow angle at the impeller lnlet is shown in figure S. The
turning angles were, In general, 1° nigher than the design values.

A large decrease in turning angle near the hub was principally due
t0 clearance between the vane tips and the hub. With the exception
of the boundary layers on the inner and outer walls, however, the
distribution of turning angles is very close to that for design.
Design angles between the impeller blades and the relative entering-
air velocities will therefore be obtained at a flow slightly lower

than the design wvalue.
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Flow distribution at Impeller outlet. - Complete flow-distribution
patterns at the impeller outlet were required to evaluate the impeller
performance and to form a basis for a supersonic-diffuser design.
Although meny surveys were made for a wide range of flow conditioms,
the principal trends can be shown by survey results for the maximm-
flow, minimum-flow, and flow for peak-efficlency conditions at the
design equivalent tip speed of 1480 feet per second. The radial
variation of flow angle B (angle between flow direction and the
axial direction) is given in figure 6(a). A complete change in the
general trend is evident between maximum and minimum flow. At the
minimum flow condition, the discharge air a.ngle decreased quite
uniformly from 86° near the imner wall to 69° near the outer wall.
However, at maximum flow, the trend is reversed with an increage from
55° to 64° for the same variation in radius. At the peak-efficiency
flow condition, the total variation in flow angle from wall to wall

is only 3°.

The variation of Mach number with radius is presented Iin fig-
ure 6(b) for the same representative flows. The Mach number
decreases with Inoreasing redlus at maximum flow, reverses the trend
at minimum flow, and is nearly constant across the passage for the
peak-efficiency condition. In general, the boundary layer appears
to be thicker at the outer wall than on the inner wall, which is
probably cansed by an impeller-tlp-clearance effect and a greater
axiel distance from lmpeller tip to measuring statilon at the outer
wall. The nearly constant profiles of both flow angle and Mach
number at the peak-efficlency flow comsiderably simplify the design
of a supersonic diffuser.

For all flows, the tangential veloclty increases with increasing
radius and exhiblts a thick boundary layer near the outer wall, as
shown in figure 6(c). The tangential-velocity distribution ie
approximetely a wheel-type rotation, as would be expected from the
impeller geometry. The variation of axial velocity with radius is
presented in Pfigure 6(d). At maximum flow, the axial velocity is
high near the inner wall and low near the outer wall of the annulus.
For minimum flow, this varlation is reversed; that le, the axial
velocity 1s very low near the inner wall and increases rapidly with
increasing radius. The flow distribution across the passage is guite
uniform at peak efficlency.

The flow-distridbution characterlstics of this impeller may be
pummarized as follows: At high flows the flow concentrates near the
inner well, at low flows near the outer wall, and for peak efficiemcy
the flow distribution is uniform across the passage.

186
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Jmpeller performance. - In order to evaluate the performance of
this Impeller in terms of commonly used parameters, the total-~
temperature and total-pressure dlstributions at the impeller discharge
must be determined and analyzed. Figure 7(a) presents the variation
with radlus of the temperature rise through the impeller for the
three representative flows at design speed. Temperature rise is a
measurs of the energy addition by the Iimpeller and, as was indicated
by the tangential-velocity pattern (fig. 6(c)), the emergy addition
increases with increasing radius. The existence of & clearance
effect near the outer wall is also indicated by the temperature-rise
curves.

The variation of total-pressure ratlo with radius is shown in
figure 7(b). The trend of these curves very closely follows that for
the temperature rise. At maximum flow, the total-pressure-ratio
curve levels off near the inner annulus well. This phenomenon 1s
also indiceted by the configuration of the temperature-rise curve
and the tangentilal-velocity curve (fig. 6(c)). At the rear inmer
shroud of the lmpeller, the blades turn slightly past the straight
axlal directlon to give a slight forward sweep; and for this
particular high~-flow condition, the tendencles toward flow separatiom
and incresasgse in boundary layer in the impeller passages are suffi-
ciently diminished to obtain full advantage of thlis blade charac-
teristic.

By combining the survey data for totel-pressure ratio and tem-
perature rise, a point-to-point variation of adlabatic efficlency is
obtained (fig. 7(c)). For the two higher flows, the efficiency
decreases wlth Increasing radius but, for the low-flow condition,
the efficiency 18 low over the inmer thlrd of the passage and then
essentially constant with radiua. In general, however, the efficlency
is highest over that part of the annulus handling most of the flow..

The over-all impeller performence is given in figure 8. The
efficiency and pressure ratio are mass-welghied averages and, as
such, do not penalize the impeller performance for any mixing losses
incurred by nonuniform total-pressure or veloclty distributions.

This impeller has a comparatively large operating range at relatively
constant total-pressure ratio, particularly at the lower tip speeds.
Difficulty was experienced in accurately determining the surge polnt
or low-flow limitation at all tip speeds because this impeller, in

. the installation used, had no discernible perilodlc pulsation even

at extremely low flows. Flow conditions, however, did become suf-
ficiently unsteady at these low flows to preclude the possibility
of obtaining reliable data. The maximum equivalent flow at the
design speed of 1480 feet per second was 18.7 pounds per second and



8 oI NACA RM No. ESFO7

-»

a peak pressure ratio of 3.7 was obtained. This performance was in
close agreement with that predicted by theoretical design. The over-
all mess-weighted efficiency of the impeller decreasses with increasing
tip speed. In gemerel, the peak efficiency of 0.78 for this com=~
pressor at design speed 1s lower than that for good conventional
impellers. Inasmuch as this impellexr is the first model of a radical
deslgn, conslderable improvement in efficiency might be obtained by
deslgn modifications.

There 1s strong evidence that the limitation of the meximum
flow was due to the external ducting of the 1installation rather than
to the impeller itself. From an Investligation of the flow in the
anmuler outlet section, 1t was found that thickening of the boundary
layer and the reduction in alr density asccompanying flow losses
caused the exlal-velocity compconent to reach the gonic limitation
at the exlt of the anmulug at a lower flow than that required to
. produce choking in the impeller. Absence of choking in the impeller
is Indicated in figure 9, I1n which the ratio of static pressure at
the outer wall to inlet static pressure 1s plotted egainst axial
distance along the flow path. At all flows, the rise In static
pressure from the ilmpeller inlet to outlet 1s uniform. The mag-
nitude of the static-pressurs rise is greetly affected by the
static-pressure drop acroes the prerotation vanes. If choking
conditions existed, a large drop in static-pressure ratioc would be
expected. Even at maximum flow, however, the curves of figure 9
do not show this cheracteristic of choking flow. Because of the
extremely high resultant discherge velccities, the static-pressure
retio is mach lower than the impeller total-pressure ratio.

The flow capacity per unit frontal area for this axilal-discharge
impeller is exceptionally high when compared with existing mixed-flow
compresgore. On the basls of equivalent impeller tip diameters, the
axlel-discharge lmpeller has a 36-percent larger flow capaclty than
the highest-capacity mixed-flow impeller reported to date (refer-
ence 4). On the basis of over-all compressor diameter, the axial-
discherge impeller has an even greater flow capacity because the
diffuser will be limited to the same over-all diameter as the
impeller; whereas for the ilmpeller reported on 1in reference 4, the
diffuser diameter i1s considerably lerger than the impeller diametexr
because of the radial cocmponsnt of velocity at the Iimpeller dlacharge.

A comperison with unpublished dete showed that the axiel-
discharge impeller, with its advantages of slmplicity, rellabllity,
and compactness, had only 25 percent less flow capacity per unit of
frontal area then the best commercial axial-flow compressor.
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SUMMARY OF RESULTS

From an initial investigation of the flow and performmnce
characteristics of an experimental axial-discharge impellexr, the
following results were obtained:

l. By handling an equivalent weight flow of 18.7 pounds per
gecond at a design tip speed of 1480 feet per second wilth an over-
all dlemeter of 14 inches, the axial-discharge impeller demonstrated
e flow capaclty per unit of frontal area greater than that of
oexisting mixed-flow compressors. Because the limitation of flow
occurred in the extermal flow system for this Investigation, the
flow capacity reported was conservative.

2. At the design t1p speed of 1480 feet per second, a maxi-
mum total-pressure retio of 3.7 and & peak adlabatic efficilency of
0.78 were obtained. The impeller exhiblted a wide cperating range
at all tip speeds.

3. Because the axial-discharge impeller has only 18 long,
highly cambered rotating blades, 1t was shown to be more relismble,
simpler, and more compect than axial-flow compressors, but the flow
capacity 1s less than that of axial-flow compressors of the same
dlameter.

4. The performance obtzined was in close agreement with that
predicted by the theoretical design.

Flight Propulsion Research Laboratory,
National Advisory Comilttee for Aeronautics,
Cleveland, Ohloc.
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Figure 8, — Over-all performance of axial-discharge mixed—flow impeller.
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Figure 9. - Variation of static pressure along flow path at equivalent tip speed of 1480 feet N
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