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By John R. Erwin, Linwood C. Wright,
end Arthur Kantrowltz

SUMMARY
‘“&’\ N vl
gAs a par'b of an inves'biga‘bion tha'b is being conducted %o
explore the possibilities of axial-Plow campressors operating
with supersonic velocities relative to the bdlading, a preliminary
experimental investigation has been made of a supersonlc compressor
designed to produce a high pressure ratio in a single stags.

The compressor was designed for a pressure ratio of 2.9 on the
basis of the theory of a supersonic flow entering a cascade and the
diffusion efficiencies cobtained experimentally in l-inch-jet tests
of static models. No significant departures from the theory of
the entrance flow into a supersonic cascade were found, but the
efficiency of diffusion in the rotor was found to be considerably
lower than that obtained in the l-inch=-Jet experiments. A complete
explanation of this discrepancy has not yet been obtained, but the
numerous structural inaccuracles of this rotor combributed signifi-~
cantly to thile effect, as was shown by a few preliminary tests of
an accurately constructed rotor.

Freon~12 was used as the testing medium to reduce structural
problems. The mass flow measured Pfor the 16~inch-diameter rotor,

. about 28.5 pounds per second when converted to sea-level alr, agreed

with theoretical expectations. Flow conditions leaving the rotor
were obtained by surveys.. A pressure ratlo of about 1.8 with

83 percent rotor efficiency was measured. If a Q0=percent dynamic-
Pressure recovery in the stators were assumed, this efficiency
would be reduced about 3 percent.

The supersonic campressor shows. promise of being more compach
by a factor of about 4 than any comparsble machines performing the
pame operation. Inasmuch as the experimental machine must be
regarded as very primitive and many opportunities for imporitant
improvements exlst, supersonie compressors are considersed to have
great promise, especlally for the design of high-performance
turbojets.
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INTRODUCTION

An investigation is in progress at the Langley Laboratory of
the NACA to explore the possibilities of axial-flow compressors
operating with supersonic velocities relative.td the blade rows,
The first phase of this investigation, & study of supersonic
diffusers, has been reported in reference 1. The second phase,
an analysis of supersonic compressorsg; has been reported in
reference 2, Freliminary calculations have shown that very high
pressure ratios across a stage, ‘together with somewhat increased
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through the speed of sound in their rotor bladlng. These performance
characteristics are desirable in compressors for aircraft Jet-
propulsion units, gas turbines, or superchargers, The third phase,
presented herein, is a preliminary experimental investigation

of a supersonlc compressor desicned to produce a hlgh pressure

ratio in a single stage._ A - . S Z ]

It is commonly supposed that flow at speeds hwgher than the
speed of sound necessarily involves large energy losses. The
first two phases of this investigation, which have been reported
in references 1 and 2, were primarily concerned with the magnitude
of these losses, It has been demonstrated theoretically (reference 2)
that the waves which are primarily responsible.for the high drag of
isolated bodies at supersonic speeds ¢an be entirely eliminated in
the case of a cascade. It is important that any normal shock exlsting
be everywhere confined by the blading, Theoretical results indicated
that, in cases where the normal shock ls not confined, large losses
due to a wave system extending far from the cascade can result. The
other source of large lecsses -is that accompanying the tanfined normal
shock which decelerates air through the speed of sound. In order
to study the magnitude of these losses, the upreliminary investigation
of supersonic diffusers was undertaken, It was found possible to
design supersonic diffusers to decelerate air from Math numbers up
to 2 through the speed of sound with efficiencies comparable with
those obtained with good subsonic diffusers. . These two preliminary
investigations have indicated no cause for the efficiency of super-
sonic compressors to be necessarily low. Because of these encouraging
results, tests were made of an experlmental supersonlc compressor at
the Langley Laboratory of the NACA.

The general object of this investigation was to verify the
performence indicated for such compressors by simplified theory.
In particular, it was desired to determine several indicated
characteristics of operation: (1) whether reasonable efficiencies
could be obtained with a compressor operating with a normal shock
conflned within the rotor passages, (2) whother the very high
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pressure rises predicted could be obtained, and (3) whether the
simplified theory of the supersonlc entrance region was valild.

Of the meny possibilitles for supersonic compressors, three
elementary single-stage desigms, all having subsonlc axial velocities,
were discussed 1n reference 2. For preliminary experlments, a
single-stage compressor similar to design 2 of reference 2 and
heving an entering Mach number of 1.6 relative to the blades and
decelsration of the flow velocities through the speed of sound in
the rotor blades was selected. This type of compressor offered,
with a minimum of development, a signiflicant increase in the pressure
rise avallable from a single stage.

In order to develop dlade proflles, two- and three-dimensional
models of a single passage were studled in a l-inch Jet, Pressure-
dlstribution methods and schlieren methods were omployed. The
Performence of these atatlic models was used as a basis for alteration
of the compressor tested.

In order %o reduce structural and power requirements, the
compressor was tested in Freon-12 at low pressure. Performance

measurements were taken at seversl tip speeds renging from 70 to
160 percent of the initisl speed of sound.

SYMBOLS |

a velocity of sound, feet per second
A area, square foeet

Agigx 8rem of rotor dlsk, square feet

By expansion ratic (Ay/A;) (fig. &)
Cx contraction ratio (A5/A3) (fig. 6)

f G
c mass-flow coefficlent :
G Porerfaisk
c:p specific heat at constant pressure, foot pounds per slug
per op
g acceleration due to gravity, 32,2 feet per second®

Mach number, ratio &f flow veloclty to the velocity of
sownd. (V/a)

o compressor Mach number (Us/a,)
CONFIDENTIAL
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G mass flow (j O/n .pV cos. 9 by dr" o

ae - dlfferentlal mass flow (2an c0s. '8 r ar)
N rotational speed of rotor, revolutions per minuﬁe
P.. total pressure, atmosphéres L
P static pressure, atmospheres
r radius, feet
R gas constant, foot pounds per slug per °F..
R gas constant for mixture of Freon-12 and alr, foot pounds-
per slug per °F : . :
T temperature, OF absolute
AT thermocouple stagnation temperature rise
AT! adiabatic stagnation temperature rise
Pg °p
To\zo - Ts
o
r
t AT ag5
T
PN Y ¢
wt =
Gg
1) rotational velocity of blade element at any radius, feet
per second (fig. 2) .
Vv velocity of fluid, stationary coordlnates, feet per second
(fig.2> ' - -
W velocity of fluid relative to rotor, feet'péf second (fig. 2)
p angle between axial direction and entering-flow direction
in rotor coordinates, degrees (fig. 2).
8 turning angle, rotor coordinates, degrees - (fig. 2)
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My rotor efficiency, evaluated from survey over rotor blade
annulus

[0 cp ot ac
y cp AT' 4Gs

_ h -
s v 4G, " U,V
T. U5 5easi H5 Tl M1 en “%1
h
¥ ratio of specific hesats
e angle between flow direction and axial direction in
stationary coordiriates, degrees (fig. 2)
o  density, slugs per cuvbic foot
a solidity Blade chord
Blade spacing
Subscripts:
a axial direction’
av = average _
cr _oritical condition (velocity of sound when M = 1)
h foot dismeter . - : .o
P pitch dlamoter
t tip dianeter - -

tan tangential direction

/1]

stagnation

initlel stagnation conditions .

rotor entrance, stationary coordinét_es -

-

rotor antrapcé ,__ rotor' 'c'oordina'bes, or l-_inch'-,je'b-model entrance
blade minimum area, rotor coordinates
rotor exi}, rotor coordinates, or l-inch-Jjet-model-exit

U & w o OH o

rotor exi%, stationary coordinates .
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wt average velue welghted cn basis of mass flow
GENERAL AFRODYNAMIC IESIGN

Although the compressor used for the present study was
intended primarily for experimental purposes, 1t was thought
desireble In selecting the design conditions to choose- values
that would permit the development of & machine having practical
applications with & minimum of effort in the event that the resultis
warrant such a development. A small high-performence compressor
was therefore designed from the followlng specificatlions:

(1) The highest rotational welocity currently being used for
aircraft gas turbines, 1600 feet per second at the tip dlsmeter,
was ‘adopted for aerodynamic design purposes ( compressor Mach number

M, = 1.43).

(2) An axial Mach number of about 0.80 entering the rotor at
the pltch dlameter was selected. This value permitted the use of
guide vanes without local supersonic velocities., The mass flow at

= 0.80 18 only about 3.7 percent below the maximm that would
occur with sonic velocity. .

(3) Guide vanes were used to sid in the establishment of
equilibrium conditione as mentioned subsequently; the turning
angles selected were only a few degrees from the axial direction.
This arrangement reduced the mass flow only slightly about
1 percent below that which would de obtalned wilth axial flow.

(4) The deceleration and turning in the rotor blading were
limited by the subsonic stator criticel-speed considerations.
These limiting values were accepted as the basis of the rotor
blede design,

(5) A valus of m,/ry of 0.75 was selected.

The firet three conditions determined the Mach number, M = 1.6,
relative to the rotating blades at the plich dismeter, and the
stagger angle, B = 60°, The fifth condition largély determined
the design mass flow of about 30 pounds per second for the 16-inch-
dlameter rotor, with statlonary sea-level atmospheric entry.

During the period of the design of this compressor, the
establishment of certaln flow conditions was held to be conducive
to the best efficlency.. Some of these considergations are now
viewed as refinementes that might be applied to highly developed
supersonic compressors &nd were ebandoned in the present machine
in the efforts to reduce separation. Entrance flow into the rotor

CONFIDENTTAL



NACA RM No. L6JO1b CONFIDENTTAT, 7

vas so regulated that the pressure rise expesrienced through:the
normal shock would be equal to that required for equilibriwm after
& theoretical normal shock at all diemeters. This condition
resulted in almost counstant values of Mach number and total pressure
entering the rotor at all diemeters. Becsuse of the thin blading
used in this design, it was decided for structural reasons to make
the spenwlse blade elements radial. This consideration determined
the twist of ths blading. e

In reference 2, it was shown that for & two-dimensional
supersonic cascade the flow enters parallel to the entrance
reglon of the cescade. For a three-dimensional cascade, however,

it 1s poseible to have compression waves originating at the tip
neutralized by expansion waves from the root, or vice versa. It
was decided to avoid these three-dimensional extended wave
patterns In these preliminary experiments by producing flow
parallel to the entrance region of the blades at the root, pitch,
and tip. The design of the guide veanes and the curved entrance
passage, as shown in figure 1, were determined by these considera-
tlons. An attempt was made to regulate the flow from the rotor so
that the total pressures entering the stator root, pitch, and +tip

. would not vary too widely. This requirement necessitated an outward
curvature of the rotor passages. (See fig. 1.)

Preliminery velocity diagrams (fig. 2(a)) were developed on
the basis of these considerations. These velocity diagrams were
chosen from an analysis of possible designs on the basis of the
performence of compressor blade models Iin rough preliminary l-inch-~
Jet tests. (Velocity diagrams obtained from a second series of
l-inch-Jet tests and from tests of the compressor are shown in
figs. 2(b), 2(c), and 2(d) for comperison.)

EXPERIMENTAT, ROTOR -BLATE DEVELOPMENT

General Consideraticns

The comppessQr was desigmed on tho pasis of rough preliminar
tests in the l-inch Jet and was First tested with tﬁgboﬁtward _ y'
curvature of the rotor shroud. The prelimindry tests in the l-inch
Jet were later found to be invalid and, thefefore, the results are
not presented. A very low pressure rise and efficiency wers obtained
in the first campressor tests. due to a region of separation covering
the outer half of the discharge annulus. It beceme cbvious thet
improvementa in the shape of the rotor-blade passeges would be
necessary to obtain acceptable performancs. A sescond group of tests
of & series of models was made in an attémpt to develop satisfactory
bassages for the supersonic compressor rotor.

CONFIDENTTAL
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- A8 in subsonic cqmpressor 1nvestigations, it 1s convenlent to
study supergonic. compressor blading with static models which can be
made and tested easily. Models to provide pressure- -distribution data.
and models to study flow conditions by the schlieren method. were
tested in the l-inch Jet (fig. 3). These tests were intended as e,
study of the supersonic operating condition only. 'An extended
cascade would be reguired. to set up the complex wave patterns which
would occur in the transonic region. (See fig. 4 of reference 2.) .,
For this reason, all l-inch-Jet tests were made at the design Mach.
number relative to the blades of about 60.

In order that valid results be obtained from stationary model
studles, teat.conditions must be similar to condlitions of compressor
operation.  In reference 2, 1t was shown that for the case of the
straight entrance region apd subscnlc exial velocity, no waves
move upstream of the roteting castade in the steady state. For this
condition, then, adjacent passages between the blades have no
influence on each other 'smd in order tc simulate the flow  in the
blading of a supersonic compressor, it is necessary to simulate
only & single passage. However, difficulties in the determination
of the "spill" point (see following section) may lead to the use of
several passages in this type of testing. ' .

According to the theory of reference 2, for a straight entrance
region, the flow enters the cascade parallel to the rearward side
of the blade at the leading edge. It would be expected that the
pressure at this polnt would be the ‘same as the.pressure upstream
from the cascadea. In the tests described subsequently, the angle
of the model was adjusted to produce this condition.

It is, of course, imposasible In a stationary experiment to
simulate the boundary-layer conditions entering the blading of a
rotating machine. It would be expected that, in a compressor of
the type considered in the present study, the boundary layer on
the inner and outer casings at the entrance to the rotor would be
very thin. Tor these first tests, therefore, an attempt was made
to meke the boundary layer entering the passage as thin as poséible
The pressure-distribution models were made to start without any
initial boundary layer and the schlieren modsls were made to have
as little boundary layer as possible on the ‘glass sldes and no
initial boundary layer on the blade surfaces.

'Pféssurelﬁistriﬁﬁtibn'ﬂests
‘Methods and parameters.- A second series of three-dimensional

models were studied in the 1-inch jJet to develop blading to be
used as a basis for altering the blades of the campressor being

CONFIDENTIAL
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. investigatéd. The operation of the rotor blades, as mequired by the
- cofipressor -design, was to diffuse the -£Xéwofrom. the, entering Mach
pumbeyr, 'M ="1.6; end stdgger' ‘gngle; ‘B 60°,. to an exit Mach
nupper’ of about M = 0.60 whilé" turning: the flow about 8.8°, The

I,models represehted the. profile of the rotor blades at. the pitch
diamster. A typical model is showﬁ' 1h Tiguve yo 7

a-’- - . . ’E
i

) N . e - -
An A 'n'lnﬁnﬂ vt anwr vf +}1 'l nrht ‘¥A+—+n=+ +1 aharwn 4n

e o when o Nyt Nl ,'-I- \B‘U b -I-&L\IM UUU VW W DUU -I- Pdd/ WLl Ldd ¢
figure 3. The pressure at the exit"of the model was controlled
by the gate.valve. A total-pressurs survey. was méade of the model
exiT. by use of & rake of three tubes. The survey apparatus was
crude-as it w&s intended- only to glve rough comparisons. Both
. 8ldes and the top and bottom of the models were equinped with .
. static-pressure tﬁbes. )
. ",‘ [T . e ke :
gy e Sinne the flow»entering the model 1s supersonic no ef £5d%
dve to throttling would be obsérved cutside the modsl until the
Lol back pressure had been increaged sufficliently to force the shock
,qutside the model passege. This condition of back: orsssure,
.a ‘termed the "spill" point, wag assimed to ¥e the eguivelent of
S stell in the rotating mechine in the supersonic operatirg’ range.
““ o mhisdspill point was Indicated by & 'change in ‘the -pressure measured
by a total-pressure tube located outside the passage, as shown in
ffgure Y typical plot of the difference between the settling-
e chamber’ total pressure and’ the spill-tube total pressure against
7 "“throttle“setting is shown in figure .5:.. The location of the spill
- ‘point is- shown in this figure Pressure distributions .and surveys
were taken ag near as possible to - the, spill point without actually
~reaching 1%, -as.this point would be expected to be the condition
“of minimum shock losses and most efficient operation. The super-
sonic deslgn condition is regched Just: ‘before throttling produces
“gpill in the_model or stall in the compressor.

:"'

. e

* The total pressure recovered and the exit Mach number were
" used to evaluate the performsnce of the model. The phessure
recovery was found by actual total-pressure meesureients’ and was also
calculated from the expansion'ratio Ey, the statio-pressure

measurements, p2 and Ph: the entering pressure retio Pe/Po’
and the original stagnation conditions, by the formula

v .“;.-' P
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totel pressures sre correct only when the total pressure 1s uniform
over the entire exit aree. If there is variation, the calculated
value would always be low. On the other hend, it is believed that
the totel-pressure surveys with the three-tube rake give too high
an average since no total-pressure tubes were situated deep in the
boundary leyer. Thus, the actual totel pressure lles béetween the
upper value given by the measured total pressure and the lower valus
glven by the calculated total pressure .

The pressure model for which results are presented was tested

witth dern valuas AP +tha Aacndmandkdsan wmaddia AP +ha annarasntias Plavr
W Wi UWW SQRLUS0 Vi WiV VULLWOL VLUIL Qv UL WD DUpTLPULEALY 4 LUW

region CRr and several values of the expansion ratio of the

subsonic reglon ER Moet of the expaneion occurred ee e result

of the turning of the blades, which was constent at 8. 8° ror this
geries of tests. The expeneion was veried by building up or reducing
the upper surfece of the model. (See fig. 4.) The expension in the
compressor blading was varied similarly, as will be discussed
subsequently. A wedge was attached to the rearward side of the blade
to incredso the comtraction ratio (fig. 6). The meximum thickness

of this wedge wae 0.016 inch tapered to zoro at the trailing edge.
K typicel survey obtained in a test iof a model having a contraction

' rétio -Og = 1.042 end en expemsion retio Fp = 1.12 is presented in

'f,:figure 7(a). From the contours of total ~pressure reoovery ‘(exit total’
.. pressure divided by chember pressure), it is.evident that some
: separation occurred. With an 1ncreaee in expansien ratio ﬁe‘ Ep = 1.385

f(fzg. 7(b)), the separated region increaaed Ain aree &nd severity.

g
K3
]
]
» 7]
.
4
-
ct

. fo - Thé ‘measured - ‘velues of total*pressure recovery and
, exit ‘Mach- number ére presented in figure 8. Because the separated
region became Ierger as the expansion ratio wag increased, s lower
totel pressurs was recovered.. Similerly, - the. effective expaneion ratio
wes reduced by the sepavation. when the ectuel: expansion ratld wag
increased beyond a value of-about 1.15, and & higher exit Mach number
‘was obtained.  With blades of the solidity used, o.= 2. 3, a minimum
oxit Mach number of O. 60 wag ebtained‘ : _,_; . .
"'As in the case of three-dimeneional supersoniq diffusere an

- in¢redse in contraction ratio increases the shock efflciency and
consequently the total-pressure recovery. The use of coéntraction ratios
close to the maximum possible for the design Mach number appears

also to Ve degirable structurally since it would lead to thicker
bleades.'' A possible disadvantage of this method of-increasing
efficiency, however, would be: in en intérease: in starting Mach number
(lowest Mach number at which superschic flow will enter the passage)

and in discontinuities of performence. in the transonic range.
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The l-inch-jet tests indicated the following tentative criterions
for design of supersonic-compressor blades: (1) the expansion ratio
for a solidity of 2.3 could not be greater than sbout 1.12 without
separation - this rate of expansion is approximately eguivalent to
that of a 4© conical diffuser; (2) a contraction ratio of 1.092 was
not excessive for a free-stream Mach number of 1.58 in air.

Schlieren Tests

The general arrengement for taking schlieren photographs of the
flow through a typical model (fig. 9) was similar to that used in
tests of the pressure-distribution model. The model passege was
curved to represent the original design pitch section  The expansion
ratlo of this two-dimensional model was greater thsn that of the
rotor passages which had a contracting annulus in the final tests.

Photographs of thHe flow through a model rspresenting the original
blading are reproduced in figure 10. Photograph (a) indicates that
supersonic flow exlsts throughout the entire passage. This condition
would probably exist in the rotor when the exit pressure is low.
Succeeding photographs illustrate the behavior of the normal shock
es the model (or the compressor) is throttled.

These photographs indlcate that separation occurs in the
model passage although much of thes observed separation ococurs in
the corners between the model and the glass walls. Surveys made
at the trailing edgs of the three-dimensional pressure models
indicated similar separation in the models of the same expansion
ratlio. As previously mentioned, the separation waes reduced and
total-pressure recovexry increased whon smaller expansion ratios and
larger contraction ratios were employed.

It may be well to explain some of the extransous effects
appearing in the photographs. As the model was so adjusted that
the rearward surface of the leading edge was parallel to the
entering flow, the entrance wave should be of low intensity and
should appear as a single line if the flow 1s truly two dimensional.
In the photographs, the disturbance from the leeding edge appears
ag a wave of considerable width. This effect may be due to a
lower velocity of flow along the'walls than in the main stream.
Some oll is deposited on the glass walls, both inside and out,
during the course of & run. This deposit is evident in flgure 10,
photograph (h), in which some of the lines’ can be recognized as
0il traces. Mach lines ahesd of the model are caused by slight
irregularities in the novzle surfaces or are expansiox or con-
traction waves resulting from inequalities between the novzle
exlit pressure and atmospheric pressure. As chamber pressures

CONFIDENTTAL
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(total pressures entering nozzle) were automatically controlled to
maintain nozzle exit pressure within 0.5 percent of atmospheric.
pressure, these effects are thought to be amall. In general,
however, the schlieren photographs are believed to provide a
qualitative method of studying_the nature of the shock formations.

COMPRESSOR TEST APPARATUS AND METHODS

Test‘Apparatusl

A sectional view of the supersonic-compresgsor test setup is
shown in figure 11 and a photograph of the setup appears in figure 12.
Low~turbulence fluid of uniform properties was supplied the annular
entrance from the large ssttling chamber. Threes 100-mesh screens
were used to reduce the turbulence and swirl. An area reduction
of about 30:1 between the cylindrical gettling screens and the
_annular entrance was used to provide uniform flow conditions at
the rotor. The diffuser section wae lagged to prevent heat
leakage between the room air and the test fluild before the
shielded diffuser-exit thermocouples were reached. Two water-
cooled rediators were used to remove the heat from the clrculating
fluid. The butterfly throttling valve located in ths returm
section was used to control the exit pressure.

* The rotor was driven by & standard aircraft turbosupercharger
turbine operated with compressed air, as shown in figure 11. The-
quantity of compressed alr avallable was sufficient for a running
time of only about five miinutes., All data for.a glven point were

crecorded in this time., The rotational speed_was determined from
8 calibrated electrical tachometer.

In order to reduce structural difficulties and power
requirements, the tests were run In Freon-l2 at low pressure,
usvally 0.2 atmosphere. Constant working-fluld composition was
maintained by drawing out about. 130 cubic feet. of the gas per
 minute, purifying 1t, and pumping it back into the system. The
total volume of the system was about 125 cubic feet. Fluid
semples were token upstresm of the mettling chamber.from the center
of the passage. The veloclty of sound was measured -before and
after each run by a sound-velocity meter (reference 3).  The
compogition (usually about 4 percent alr) was then determined
from a chart prepsred from data in reference. b

CONFIDENTTAL
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Methods

Flow conditions ahead of the test rotor were determined from
static pressure measurements taken at verious points along the
walls of the entrence cone. The static pressure measursd at two
dlsmetrically opposed pointe Just behind the settling screens was
considered to be equivalent to the total pressure, as the velocity
of flow was very low (M & 0.026) at that gtation. Five
thermocouples connected in series were equally spaced around the
circumference of the downstream screen to measurs the inlet
stagnation temperaturs. The cold Junctions of all thermocouples
were placed in lce-water baths to provide the sems cold-junction
temperature at which they were calibrated. The thermocouple
potential was read from a calibrated standard-cell potentiometer.

During en early test run, e survey was msde of flow conditions
behind the guide vanes. A cylindrical yaw tube carrylng a total-
pressure orifice was used. Measursments vwere taken every
1/10 inch across the 2-inch snnulus alcng one rediel lines End
poinits were teken near each wall. The results of this survey
indicated that the desired turning in the ontrsnce vanes (see fig. 2)
vas produced with only s thin wall boundery layer. The turning
angles measured were used in calculations of all runs made with
gulde vanes. The static pressure ahead of the rotor was measured
et points on the imnmexr and outer walls of the inlet snnulus. A
lineax varlation of static pressure across the annulus was assumsd.

Flow conditlons behind the rotor were determined by means
of & calibrated survey instrument located approximately 1 inch
behind the rotor (figs. 11 and 13) end from orifices located in
the walls of the exit anmnulus. The survey instrument consisted
of & "mull" type yewmeter, a static-pressure tube, and a total-
pressure tubo, shown in figure lk. In tests of the final configu-
ration, measuremen‘bs were taken at 17 points along one radius (except
where o‘bherwise noted). Five shielded thermocouples connected
in series were located at equal spaces around the mean dismetser
of the annuler diffuser exit. The exit stagnation temperature, or
more usually, ‘the stagnation temperature difference across the
compressor, wes obtained by measuring the voltage with a calibrated
sta.nda.rd-cell potentiomoter. Inlet temperatures were controlled
to values near room temperature to reduce heat trensfer between
the test fluid and room air.

All pressure tubes, including & vaecuum reference tube, were
connected to & mercury menometer. The manometer, thermocouple
millivoltmeters, tachometers, and clock were photographed to
record the data. The yaw angle behind the rotor and thermocouple
potenticmpter were reoad as sach photograph was made. Date wers
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taken with the throttle at various positions at rotational speeds
ranging from 5,000 to 12,000 rpm.

Precision'of Data

The principal 'sources of error were in the totalopressure and
static-pressure measurements taken.in-the.survey Just behind the
rotor. Two less likely sources of error 'were in the static-
pressure meagsurcments ahead of the rotor and the angle measursement
behind the rotor. Several methods were .available fior examining
these errors, Of these, the most reliable was a comparisen of the
measured mass flows éntering and leaving the rotor. It was
thought that the entrance mass-flow measurements were more
reliable, and consequently the numerical values for the mess
flow wers based on the entrance flow C : .

In the later test runs, which are presented herein, the
maximum difference in the mass flows measured &t the two statlions
wag 5 percent with the exception of the run made at 11,500 rpm
when the mass flow leaving the rotor was indiceted to be 8 percent
greater: than ‘that entering the rotor. . (Survey meoksurements-were.
taken at only 12 points in this run.) The indicated mass flow
leaving the rotor was usually found to be greater than that .
entering the rotor by an avergge of 2.1 percent. This difference.
is to be expected, silnce total- pressure tubes in turbulent streams
tend to read high whereas static orifices may read either low
or high, but, in general, the quentity flow measured tends to be
too laxge (reference 5). A check run was maede with a stendard .
A.S.M.E. flow-measuring nozzle in the.return duct in place of: the
throttle valye. - The mass flow measured through the entrance cone
was found to average somewhat lower than that through the. nozzle.:
This result indicates that part of the 2.1 percent average mass-
+flow error was due to the fact that the entrance reading wasg low.

In order to. evaluate the effects of possible errors on the
efficiency and pressure ratio, a test xrun of average masg-flow
error was recompubed in four different ways. In the table which
. follows, each variable is altered in turnh to:rthe extent necessary
to balance.the mass flow for the average rwn (average = 2,1 per-
cent) 1f no other variable. is changed.’ . Actually, the meass-flow
discrepancy is most likely to e due to a combination .of. the more;
probable errors,

B ~
t <
1
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- Incremént " IBffect on
Variable . = |necessary Effegt Effect on thermo-
: investigated|for mass-Plow | on -2 rotor effi- loouple effi-
-7 lcheck (av.) Po  [°1°%°Ts M lclency, ngg
P 4.5 percent No change | 4.5 percent] Negligible
P5 -1.1 percent [sl,1 percent}-1.1l percent] -2 percent
65 1.5° No chenge |-2.0 percent| Negliglble
Py -2.7 percent Wo change |-.13 percent Hb.chapge

During a few of the final runs, the stagnation temperature
difference across the compressor vas messured with a potentiometer,
From these velues, compressor efficilencles based on the. survey -
total pressure were obtained. These temperaturse-rise efficlencies
Ned averaged about 1.1 percent lower then the efficlencles

obtained from the survey measurements but snowed appreciable
scatter and are therefore not presented.

Construction of Rotor

The first roter tested had no shrcoud and was constructed
with Swedish epring steel blades. These blades were given the
desired curvature at the root by means of Tormed dural holding
pieces inserted Iinto slots in the rim and were held in with shear
pins extending through the holding pleces and the blades. (See
fig. 15.) Centrifugal loads were to extend the curvature to the
outer blade regions when the compressor was operated. However,
these Swedish steel blades - having little internal damping and
low vibrational frequencles - failed after a vevy short running
time as a result of vibrational strssses |

In order to eliminate these vibration difficulties, it was
thought-necessary to increase the natural frequencies by restraining
the blades with & shroud attached to the .tips. As a safeguard
against difficulties resulting from high-fregquency’ vibration,
annealed 18:8 chromium-nickel steel wes-used in making the bledes.
and shroud sections. Ths blade tlps were insérted in curved slots
in the shroud end silver soldered in place (fig. 16). Comnecting
the shroud sections accurately, howsver, proved very difficult and
conslderable variation of blade angle and spacing resulted at the
shroud Joints. In addition, warping occurred during the silver-
goldering operations, both in repailrs thalt subsequently were made,
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ag well as in the original assembly.. .A maximum variation in the

spacing of the blades of sbout 2% percent was measured at the’

tips where the discrepancies werée the largest. Because of ‘the

werpege 1ln.the shroud, all the blades buckled slightly so " that

the pitch sections were stralght instead of being curved 8.8° as

intended. The angle between the blade chord line and the axis,

.. the contraction ratio, the. turning of the.passage between the
-blades, and the expansion ratio of the compressor blades varied

from blade to blade. Only rough average values of these imporiant

factors could be O'ktaineﬁ and on 1y nominal valueg of the nﬂr‘pnnsicq

and contraction ratios are prosented for purposes of comparison.

~ The importent insccuracies in the construction of this rotor mean
that the. test results have only gualitative significance. The
rotor has been reblalded more accurately and 1s being tested.

'The superspnic compressor was first run in air at atmospheric
pressure to test the operation of the mechanlcal design. It
was found that the shroud moved downstream with a displacement
increasing with the rotor speed. At a rotoir speed of 11,000 rpm,
which was about the meximum used.in Freon-12, the shroud moved about
0.050 inch from its static position. Whether this dlsplecement.
wvas accompanied by twlsting of the. outer portion of the blades has
not heen determined, but the possibility does exist. The motion
of the shroud, in addlition to its poor construction, made difficult
the sealing of the gap between stationary and rotating parts, A
strip overlapping the leading edge of the shroud was attached to
the outer casing jJust ahead of the rotor. (See fig. 1. ) At best,
congiderable leaksge must have occurred through the gaps ahead of
and behind the shroud.

- RESULTS OF COMPRESSOR TESTS - -

BEarly Test Rums

Aerodynamic deata were first taken of the experimental super-
sonlc compregsor on May 24k, 1945, The rotor was tested in its
original condition, with the outward curvature of the shroud.

Very low pressure rises and efficiencies were obtained., No
performance discontinulties ware observed in accelerating the
compressor to'a'Mach number of 1.5. A ‘survey behind the rotor
indicated low total pressure and high turning angle at the outer
portion of the blades. Bbcauss of the separation at the tip,.

little diffusion occurred within the blade passages and high .
exlt velocities resulted at the smaller diameters. The contraction
ratic -was 1.035. ' Resulis of total-pressure and Tuwrning-angle surveys
for runs 12 through 18, excluding run 15, are shown ‘in Pigure 17.
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A1l these runs were made at a rotational speed of 10,000 rpm at
meximum pressure rise.

Tnorun 12 (fig. 1IT), belsa was added to the shrovd wmdersids
go that the underside was cylindrical in shape and the expansion
ratio wag reducéd to En = 1.223. This first alteration led %o
increased pressure ratio as well as to better total-pressureé dlstritu-
tion, although the flow at the tip was gt111 very badly separated,
The previously observed condltion of.lower total preesure at the tip
than at the root was still evident. Also, the angle of flow at
the tip indicated a large separated region. The efficiency obtained
was ebout 50 percent, the survey pressure ratlo was 1.52, dbut the
masgs-flow discrepancy was quite large. In run 13, the chamber
pressure was raised from the previously used 1/10 atmosphere to
2/10 atmosphere in order to improve the purity of Freon-12 and ths
precision of measurement. As shown in figure 17, values for run 13
are little changed from those for run 12.- The accuracy of the
readings at higher pressures appsared to be improved.

The next imporitant changs was thickening the rotor blades
toward the trelling edges with balea wood on the. blade sides to
redice the expansion following the minimm section to a:vaelue of
ER = 1.091. Testsg of the compressor with this alteration werse
mede in run 1k, This reduced expansion resulted in higher meagured
pressure ratios, 1little change in total-pressure distribution, and a
desirable reduction in the flow angle at the tip. (See fig 17.)

A pressure ratio of 1.56 was obtained with an efficlency of 70 per-
cent from survey measurements. .

The fact that no discontinulty existed in the transonic
range seemed to indicate that the contraction ratioc could de
increased advantageodusly. "It was therefore decided to increase
the contraction ratio from 1.035 to approximately 1.15 in run 15.
Balea wood was gluved to the rotor blades to give the larger
contraction ratioc. In this condition, flow entering the rotor
did not approach the supersonic operating condition, inasmuch as
the maximum axial velocities and mass flow measured were very low.
Little pressure rise was observed. The contraction ratio of 1.15
was apparently too large for the maximum blade entrance Mach number
obtainaeble with the existing equipment. The original contraction
ratio of' 1,035 was therefore used in two subsequent runs. :

The results of run 14 had indica%ed thet the reduced expansion
caused some ‘improvement.in performence. The thick trailing.edges
were undesiraeble, however, and thus, it was decided to maintain
the expansion: ratic of run 1k by reducing the annular passage
helght and removing the balsa from the sides of the blades. This
modification was tested in run 16. PFigure 17 shows good distribution
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of the totel pressure and turning angles for run 16. A SUrvey pressure
ratio of 1.72 was measured with an efficiency of 79 percent

Run 17, in which 1/16 inch of balsa was removed from the
inderside of the shroud .at the exit to increase the expansion ratio
to 1.135, failed to show significant improvement in performence
over run 16, ylelding a measured pressure ratio of 1.66 at'sn
efficiency of 81 percent. The:distribution of the yaw angles
and total pressure was not 8o good-as in the previous run. It now
seemed that the optimum expansion ratio had been determined,, but
the pressure ratio desired could not be abtained with the small
amount of subgonic diffusion spparently obtainable with thls
blading., Again, increased contraction ratio asppeared to offer the
most promising method of improving performance. . -

: The expansion ratio of the rotor for run 18 was the same as
that for run 16 = 1,091, -but the contraction ratlo was

" increased to 1. 092 fig. 6) by gluing balsa wedges to the sides’

of the blades. The performance was considerebly improved, but

the distribution end yaw angles were not., With the sxception of
improved balsa surfaces, the rotor remained as in run 18 throughouvt
the rest of the test period. Theoretioal velocity diagrams were -
developed for this configuration for .air (fig. 2(b)) and for

Freon-12 (fig. 2(c)). .

The compressor showed the same genefal trends as the static
models, Improved operation was obtained with increased contraction
ratio, and best performance occurred at expansion Tatios of about
1.1. The diffusion in the rotor, however, was much less efficient
and the exit velocity was very high (fig. 18(c)). This result was
due probably, in part, to the inaccurate construction of the rotor.
As previously mentioned, the rotor has been rebladed more accurately;
thig investigation is beins repseted and soxtended in an sttempt to
obtain Improved performance

" Tests of Pinal Rotor Configuration

The final configuration of the ‘rotor was tegted in Freon-~12

at 0.2 atmosphers from & compressor Mach numbsy Me = 0.7 to

= 1.6, corresponding -to rotational speeds from 11,000 rpm to.
2% 000 rpm in air at statlic sea-level conditions. Most of the rune
were made with the guide vanes, but a few crude togte were made
without the guide vanes.  (See appsndix C.) A straight annular
passage was used behind the rotayr {s01id lines, fig." 1). The
Reynolds number (see appendix D) at the design conditions in
Freon-12, about 650,000, was-mbout half the.value that would _ .
result in alr at static sed-level 'entry conditions. . - _
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Conditions behind the rotor were deteimined by surveys taken
just dovmstream from the rotor, Results of typical surveys from
tests run with and without gulde vanes are presented. in figure 18.
The performence of the compressor as obtained from such surveys is
presented in figures 19, 20, 21, and 22. The rotor ef‘ficiency
showed little change with rota.tional speed. varying from 32 per-
cent at Mg = 0.7 +o 83 percent at My = 1.3, and to 80 percent
at M = 1.5. The measured pressure ratio ghowed a linear .increase
with compressor Mech number in the higher speed rangse, reac‘qing
& maximum velue of 1.96 at & compressor Mach nvmber M = 1.57.
Veloclty dlagrams obtained from measurements at the & esign speed.
(10,500 rpm) are presented in figurs 2(d). Figures 19 and 20 show .
that the experimentel compressor produced a pressurse retioc of 1.8 ...
with & rotor efficiency of 0.83 and e mass-flow cosefficient Cg of
0.395, which vhen converted to static sea-level atmospheric conditions
1s equivalent to 28.5 pounis of air per second. If it wers
poesible to Install stator blades cgpable of recovsering 90 percent
of the dynamic pressure, the eover-all efficiency would be about
80 percent. The high mass flow and pressure ratio make this
compiressor more compact by a factor of about & than any other
known machine performing the sams opare.tion

DISCUSSION

Supersonic Operating Conditicn

large total-pressure losses occur in extendsd sitrong shock waves.

These losses can be largely prevented if the strong shocks ars
confined within properly designed blade passages. In reference 2,
it was shown that this effect cannot be obtained with Pinite 'blad.e
thickness et Mach numbers close tc 1. As an aid to understanding
the flow patterns at these transonic Mach numbers, & hypothesis
proposing that detached bow waves were formed a.head. of each-blade
was presented. Speeds above the minimum at which detached bow waves
could be expected to attach themselves to the blading esre classified
as the supersonic operating condition. One of the first objects of
thls work was to determine whether such a supersonic operating
condition could be found with the test compressor; that is, whether
a regime of operation existed which agreed with the 'bheora'bical
considerations for the supersonic operating condition discussed in
reference 2. .
- One of the first inferences from this theory would be that

the volume flow entering the compressor could be detexrmined by
the requirement that the entering-air direction be parallel to
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the rearwerd side of the blades at the leading edge (this portion

of the blades was essentially Tlat in this compressor), In

figure 22, it cen be seen that for entering Mach numbers MQE
tly

greater than sbout 1,43, the roter entrance angle is epparen
independent of rotational gpeed and of throttle position . The
actual angle measured in this range is of the .order of 280 which
is to he compared with the 30° called for Iin the design. This .
agreement is considered good in view of the numerous structural
inaccuracles of thls compressor.

It would also be expected that, in the supersonic operating
range, the losses would be primarily due %o the sghock waves and _
resultant separation occuring ingide the rotor passages. IExperience
with supersonic diffusers (reference 1) has indicated that these
losses Aecrease as the exlt pressure on the passages 1s Increased
It would be expected, therefore, that highest efflclency would be
obtalned with maximum exit pressure; that is, at maximum pressure
ratios. Some evidence that this effect.was obtainsed can be found
from the efflclencies of the highest speed runs (10,500 rpm) in
figure 20. '

Furthermcre, the lowest Mech number at which these supersonic
operating characteristics would appear (sterting Mach number)
ghould be related to the contraction ratio of the blade passages
in a manner similar to the starting curve (flg. 3 of reference 1)
for supersonic diffusers. . Since the contraction ratioc in this
blading was about 1.092, 1t would be expscted that the supersonic
operating condition in Freon-12 would occur for Mach numbers. M

of about 1.43 or greater, or for compressor Mach numbers (compare
with fig. 22) of 1.34% or greater. The characteristics of the
supersonic operating condition, which were referred:.to previouvsly,: .
apparently begln at Mach numbers very close to these wvalues, : The -
expected drop in efficiency due to Increased shock losses at : .
higher Mach numbers than design wvas found ag 1 evident i ool
figures 268 and 21. ) . _t T

Transonic Operating~Conditian | i.ﬁ

.. In the transonic range,,detached bov vaves WOuld be expected
to exist ahead of the leading edges of the rotor blades. Thess -
waves should have two kinde of effects on the performance of the
compregsoyr. - In the firat place, the rotor entrence angle would
be redvcad. below the value which is found in the supersonic
operating condlition, as 1s indicated in reference 2. The
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experimental values are given in figure 22, and it can be seen that
the reduction of this angle at low Mech numbers dld ccowr. This
effect can alsc be seen in the mass-flow curves of figure 19.
Furthermore, the amount of the reduction is seen to depend greatly
onn the exit pressure. The results obtained at 9000 rym ars
rarticularly interesting in this respect. It can be seen that

the exit pressure could he increased up to a certain point without
having eny effect on the mass flow. Thus, it seems likely thal up
to this point, the flow through .the blade passages vas, at least
in par®t, supersonic so that the exit pressure had ro effect on the
detached bow-wave system. Higher exlt pressures apparently resulted
in a subsonic flow through the blede passages and in this range,
the mess flow and hente, also, the strength of the detached bow-
wvave system was affected by the exlt pressure.

The second effact to be expected from the detached bow-wave
system is that the losses inherent in this system should appear
in the measured efflciencies. These losses can be seen in two
weys in the experimental resplts.  Filrst, it will be seen That
the peak efficiency did not begin to drop off with Mach number
until the supersonic operating condition was reached (fig. 21).
It is well known that the efficilency of supersonlic diffusion
decreases, in general, with increasing Mach nmumber. Thus, 1t
seems reasoneble to conclude that in the transonic range, the
expected drop in efficiency is compensated - or apparently slightly
overcompensated - by the bow waves coming closer to atbtachment
and. thus the loss in the how-wave system is decreased. Second,
1t can be noticed in figure 20 thalt the pssk efficiency does not
occur at peak pressure ratlo in the transonlc range. Some
indication can be seen in this figure that peak efficiency tends
to move closer to peak pressure rabtic as the supersonic operating
condition is approached. The transonic performance aslso shows a
distinct departure fraom the performance of supersonic diffusers,
since in supersonic diffusers, peak pressure ratio and peak
efficiency always occur simulteneously. It is considered ‘that .
the drop in efficiency for hisher pressure ratios at a given
Mach number is due to an increase in the ebrength and in the
loéses of the detached how-wave system

In thess exweriments, no discontinuity Qf any.kind .8
observed in the flow as the compressor passed throush the transonic
range. This performence vas considered somevhat surprising in
view of tHe Tact ‘that most aunersonic Aiffusers show discontinuous
performence ‘whén the shock wave is svallo:e& The reasonsg for
thig laék of disconbinuity ars not vet clearly wnderstool and,
therefore, no prediction as to .whether" discontinuities vill. be
found 1n othe“ supersgonlc campreﬁsors can be maﬁe There is.8
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posslbility thaet this lack of discontinulty is related to the high
level of Alsturbances which muast be present due to the separation

in the rear of the rotor passages, which will de discussed This

subject needs further sthudy.

Some wnderstanding of this performance can be had, however,
on the basis of the detached bow~-wave hypothesis. . As the relatlve
Mach number is increased, the bhow waves would be expected to
approach atbtachment. At the instant of atbacikment, the downstream’
leg of the bow wave, which now forms & noxmal shock in the passage
(fig. k4, reference. 2) would probably jump downstieam to a stable
position in the diverglng part of the rotor passage. Since the
mass flow and throttle position are unchanged by this sudden motion
of the shock wave, the back pressure on the compressor would also
be expectsd to be unchanged. Therefore, 1t would seem that, in
accelerating a compressor, attachment of the bow waves would
produce no sudden effect in the obssrved performance.

Experimental’Results on the FIOW'Leaving_thé'Rotor

From the previous diecussion, the supersonic flow entering the
rotor appears to be fairly well understood gqualibatively. The
sltvation in regard to the flow leaving the rotor is not nearly
go well undersiood. A marked discrepancy was found between thse
efficiency of diffusion In the l-inch-jet tosts and in the rotating
mechine. Thus, in the l-inch-jet tests, it was possible to
diffuse to Mach numbers of the order of 0.6; vhereas, In the
rotor, exit Mach numbers (fiz. 18(c)) of about 0.95 were measured,
It i1s apparent also that a large part of the slowly moving air
in the rotor passage appeared at the tlp section. In test runs 12
and 13, where the expansion ratio of the subsonic pagsage vas
large, this effect was very greatly accentuated,

The high total-pressure losses, and particularly the accumulation
of slow air at the +1p, produce serious discrepencles between
Predicted and experimontal performance. In the first place, the
Pressure ratic obtained by the compressor was very greatly reduoed
from the design value of about 2.9 to about 1.8. This great
difference in pressure ratio can be best explained by considering
several factors in combination. First, the Mach number leaving
the rotor wes higher and thus produced a lower static pressure in
additlon to tho static pressure drop attribubable to the increased
total-pressure loss. Higher velocities leaving the rotor (rotor
coordinates) meant also lower veldcities entering the stator
(stator coordinates), and consequently, lower total pressure measured
entering the stator (fig. 2). The pressure ratio obtained in the
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supersonic compressor therefore appears to be very sensitlve to the
diffusion efficiency in the rotor passages. The measured efficilency,
about 80 percent, was lower than the predicted value calculated from

the results of the l-inch-jet tests, vhich was about 90 percent.

These values, however, still do not take into accowmt the difficult
problem of the stator design occasioned by the fact that the velocity -
and total pressure of the air Pbehind the roter tip would be considerably
lower than that behind the pitch or the root and would be accompanied

by the appreciable variation in flow direction measured across the

exit ennulus. : '

Velocity diagvams from data taken in detual tests at design
speed in Freon-12 are presented in figure 2(d). It is to be noted
that the tip section shows turning in a-direction opposite to that
of the blade camber whereas the pltch sectlon shows too large a
turning in the expected direction. These effects are probably due
to the radiel FPlows necessitated by separation at the tip.

The reasons for the increased lose in the rotating tests are
not yet clear. Three effects which existed in this compressor
should be pointed out. First, the construction of this machine
is particularly defective at the blade tips, - and these conatruction.
defects undoubtedly increased tip losses. Second, the presence of
the shroud and résultant leakage probably affect the Flow adversely.
Third, the interaction of a normal shock with the boundary layer
usually regults in a great thickening of the boundary layer. It
world be expected that these thick boundary layers would be
centrifuged toward the tip of the votor and thicker dead-ailr
regions would thus e crented at the tip than at the root.

One preliminary attempt that was made to reduce the
accumulation of slow air at the tip should be mentioned. In
the original design, the entrance vanos rqughly equalized the
total pressurs entsying the tip with that embering the root of the
rotor. If these entrance vanes were removed, the total pressure
relative to the rotating blades entering the tip WOle be expected
to be higher than that entering the root. These vanes were
therefore removed in the hope that the increased total pressure
entering the tip might help to remove.the accumulation of slow .
alr at this point. The results obtained can be séen in figure 18
and appeniix C, From these results; i1 is apparernt that some
lmprovement in the flow leaving the rotor was made in this way.
The efficiencles calculated from these runs were somewhat higher .
than those obtained p"eviously, but these results are not presented
since the mesaBured mass Tlows entering and legving the rotor did
not check and thess experiments must be repeated. Procedures of
this general nature are considered, however, to have great promise.
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The study of this problem wag made very difficult because of the
construotion defects of the present rotor and further research on

a recongtructed rotor is in progress.
PRELIMINARY TESTS OF REBLADED ROTOR

A few preliminary tests have been. run wlth an accurately
rebladed rotor to provide a rough evalvatlon of the effects of.
inaccurate construction on the performsnce of the previous rotor.
Although the contraction ratlio of the blades in the new rotor is.
low, sbout 1.035, the expansicn ratio has the value found to be
optimm in the old rotor Fp = 1.091. Test results are encouraging. -
Flow conditions across the exit annulus have been found to be
quite uniform end higher survey efficienciles have been obtained
with some increase in pressure ratio. Thess more mniform flow
conditions should meke possible the Aesign of an efficlient stator
to follow .the rotor, A stator is being installed and will be
tegted. T Co . :

CONCLUDING REMARKS

An experimentsl single-stage supersonic axial-flow compressor
has been designed, built, and tested In Freon-l2. This 16-1inch-~
dismeter compressor p*oduced a pressurs ratio of 1.8 with a rotor .
efficiency of 83 percent and a mass flow (converted to sea-level
gtatic atmospheric conditions) equivalent to 28.5 pounds of alr
per second. If a 90 percent dynamic-pressure recovery ls assumed
to be attained through the stator (it ie not at all clear that an
efficient stator could be added to the rotor tested}, the over-all
efficiency would. be about 80 percent. '

In the supersonic operating condition, the mass flow 18
independent of the pressure ratio. This performence is also
typlical of high-performance multisteage subsonie asxial-flow
compressors. Pesk efficiency was obtalned at maximum pressure
ratio. These characteristics, as woll as the gquantitative mass
flow measured, are In agreement with theoretical considerations.
This agreament should justify the genoral applicetion of theoretical
supersonic gas dynamics to the design of these machines,

In the transonic range, the operation and performance showed
no discontinuity in pagsing from the subsonic to tho supersonic
oporating conditlon, The peak efficiency oceurred at less than
the maximnm Ppressure ratio with values only slightly below the
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supersonic efficiency peaks, Mass-flow variation with pressure
ratio (at a given rotational speed) decreased as the supersonic
operating condition was approached. These characteristics can
be explained by the deteched bow-wave hypothesls,

The diffusion process in the rotor passazes was found to be
much legs efficient than the diffusion in simulated rotor passapges
In the stationary tests. The pressure rabtlo produced by a comprssscr
of this type 1s very sensitive to the effilciency of diffusion in
the rotor passages, and this low efficlency caused & large drop
from the deslgn pressure ratio. Much of the low*energy air
eccumwlated at the tip of the rotor and the resultant poor
digtribution in angles and total pressure would make difficult the
design of an efficient stator to follow this rotor. There are,
however, several approaches availeble for improving the efficiency
of diffusion in the rotor passages and equaelizing the root and
tip efficiencles. The study of this problem was made very difficult
because of the construction defects of the rotor tested and further
research on & reconstructed rotor is in progress.

Compressors having supersonic velocities relative to the -
blading show considerable promise for application to asircraft
propulsion engines. With only slight improvements in performance,
‘the supersonic compressor will be able to compete with existing
compressors, particularly in turbolet engines where compactness and
light welght are essential. It should then be possible to design
& machine which would be gbout four times as compact as any other
known compressor performing the seme operation.

Langiey Memorial Aeronsubical Léboratofy
Nationel Advisory Committée for Asronautics
Langley Field, Va.
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APPENDIX A

TOTAL -PRESSURE RECOVERY BY STATIC«PRESSURE MEASUREMENTS

oS st el e i Wk e W Tt e b et S e e e e b AT SOA LY SRS SR hein e ta

When the flow conditlons at the exlt cross section of a
supersonic diffuser sre wuniform, 1t is possible to calculate
accurately the recovered total yressure by use of the expression
obtained in the followlng derivation:

From the energy equation

#
¢}
|
4
F:

and

v, 2
cp 'I')_Ls = cp Th + —gw- i
then
V. =\Ac‘ T, - T
and

v, =\/2cp< T, - Th)

From the equation of state

o 22

2 RT2
and

ph- l‘_ -

y Nt )
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Substituting in equation (1) rives

P —— P '
2 - - ch -
=3 Ay / EcP(Taé TE) - Ay v 2o (T%f T@ (2)

Squaring both sides, canceling common factors, and transposing leads -
to : ) o . L

porm, N2, - -
-2 _)i i (T - T =T -7 )
p, T, A, 2 = 72) =Ty " T S

From equaetion (3), if it is assumed that T, = T, , and use is
£ 5" '

made of the quadratic formula, the adisbatic. relationship between
the stream and stagnation conditions at the blade exit being
incluvded, the following expression is derived from which Ph may
be calculated: o

(%)

/ - " . e, /R
1 +\//i + 4 B2 ?Eﬂ.'igg." 1
Pfr/ \ T2 )2

e
2

#2]e
]

=
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APPENDIX B
PERFORMANCE ©GMPUTATION METHODS

Mess flow.- The entrance mess flow 1s computed from the
measured date, R, p o' P1s Tl , and 6, for each radial survey

station r between the root and tip of the rotor inlet annulus.

e I T S

.Lne EilD mass flow is COHIPU.EBU. II‘OIL‘L uiie lﬂS&BuI'BO. O.&hd ps, r5, .1.5 »
and 6 over the exlt annulus. The exyregsion for inlet mass
flow G =p Vi Al mey be written in the dlfferential form

Gy = p3Vy dAr In the finel form the expression becomes

v p . | | .
= 2 —..]-‘... " oL ) . =
Gy g/: = vy cos 81 rldll _ ) )

the right side of:which méy be integrated mschanically when plotted
against the inlet-amnulus radii. The analogous expression

G = o2 V_ cos @ x dr ' . -

5 r RT. 2 5755 S '
5 . . L

mey be similerly Integrated to give the exit mass flow as & check

of the precislion of measurement. The mags-flow voefficients Ce

are found by dividing the computed mass flow by E;:E Po? Adi
. y + l o diec
or p,. crAdisc which is thes meximum possible mass flow through &

disc having the ssme tip dieameter.

Efficiency.- The rotor efficiency 1, 1s computed from the
following expression (the veloclty vectors are shown in fig. 2):

G c, AT frtc AT 4G . -
¢ r 5. - o L . .

)
t
f UV5andG5 l"h U VL4
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Typical plots of the texrms of this expression are shown in the

following figure. The efficiency may be obtained by inte
these plots.

' B UV G/
K/;&~6~1}\ ' HJYJ y///

bt //« ;}/ﬁrij G~e"wkxa \\ | ]

8 O op AT' dGe/dr N o
. p LY
5 L Zf /S 9\' |
3 :
B> . A
e N\
B o2 - |
z f
y | ]
: UV, dagy/ar
B o0 —8 ’// :
o0
-1 WMM
-2 : } ] i
050 .5).!. -58 62 .66
Radius, £t

Weighted average pressure ratio.- The pressure ratio is
messured at each survey station directly behind the rotor.
welghted average pressure ratio iIs found from the following

relations:
AE‘ dGx

‘The :
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APPENDIX C

NACA RM No. LAJOlb

TEST RESULTS WITHOUT GUIDE VANES

The over-all performance of the compressor was improved by
the removal of the guide vemnes; howsver, the magnitude of improve—
ment was not great enough to var“ant a complete series of new
tests with the same inaccurately constructed rotor. The results
of those tests run without vanes are listed as follows:

r,Rotational P. Mass~flow
e O i T
9,000 ° 1.243 {1.58 |80.48 2.8
10,000 1.331 |1.709 | 86.85 - 8.8
10,000 1.351' 1.727 | 81.96 6.0 .. .|
10,500 | 1.41k |1.808 |88.001]+ 13.0 |
10,500 1.434 {1.826 {83.00 7.3 i
‘11,000 1.488° 1,000 | 81.80 - %.6 .
11,500 1.576 11.970 1%8.90 | f.g__

The discrepencies between the mase flow entéFing the rotor and
that leaving the rotor were quite large for these vaneless rung,
These date were therefore considered inaccurate, some of the
efficiencies in particular appearing tco high. o
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APPENDIX D

COMPARISON OF FREON-12 AND ATR AS TESTING MEDIA

In order to make aerodynamic tests at lowered tip speeds
with reduced stresses in the rotor, but at design Mach nuﬁbers
Freon-12 wes used ag the testing medium beceuse of its low
velocity of sound, about half that of alr. Like air, Freon-12 '
(c Cly Fé) behaves very nearly as a perfect gas at room
temperatures and pressures, approachim: this behavior even more
closely at the lower pressures used in these tests (reference 4).
This gas, however, has physical properties somewhat different from
air, with a value of 7 = 1.125 at 0.2 atmosphere, 580° F aebsolute
as compared with 7 = 1.1 for air at standmrd conditions. Although
the adlegbatic flow relationships of pressure and mass flow per
unit area with Mach number are sbout the same in Freon-12 and in
air in the range considered, the temperature, contraction-ratio,
and shock-loss relations with Mach number are significantly
different. The temperature change in Freon-12 is about & third
that in air for a given adisbatlic pressure change. For exampls,
the permissible contraction ratio for Freon-l2 is about 1.12
compared to 1.09 for air at a Mach nmumber of 1.50 relative to the
blades., Total-pressurs leoseses in shock waves sre spmewvhat greater in
Freon 12 than in sir for a given pressure ratioc or a given Mach
number. Reynolds numbers for the design condition, besed on a
blade chord length of 0.1355 feet and typical flow conditions
entering the rotor (fig. 2) are about 650,000 in Freon-le compared
to about 1,100,000 in air.

Because of these various differences, serodynemic tests
conducted in Freon-12 would produce somewhat different resulis than
if they were conducted in air; particulesrly when a chenge . in
physlcal coordinate system is involved, s in compressors. The
following velocity disgram is given tq compare the flow conditions which
would occur at the .pitch section wnen the compressor is run at :
the seme compressor Mach number, M, ='1.43, in Freon-12 as in
air. These values are to be compared with the velocity diagrams
for the pitch section (fig. 2(a)).
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Y5 = 0,809
: : A - V5 = L1353 fps
My, = 0e0 Ly T_5 = 63 6° F abs.
WL‘_= 306;5 \\/ 5 =, 905 a.'bmo
e %5 "-\
Me = 10514.9 . .
Wo = 74548
eIy T = 62°51'
Pp = O ’//,//' ]ﬁ U5 = 60L.8 fps
o 91= 5%5t i ¢ |
/0» ) = 30° 'lmml" oot
y (90 - p) =73 _ V= g?L{Ll;
— . -Tl—- 4]
Uy = 61343 Pz b
| _

From this example, it.1s obvious that the Mach- number entering’
the blades is considerale lower in Freon-12 (M2 -1.54) than in

air (Mp = 1.62). Inasmuch as M, is probably the most importent

paraemeter that detsnmines the operation of the compressor, comparisons
should be made on this basis, rather than on the hasis of M, In
figure 2, velocity diagrams for air (fig. e(b)) and for Freon 12

(fig. 2(0)) present the flow conditions with the same Mach numbers
entering the blades.

Some differences in the flow conditions are evident. The totel
pressure, Mach nuwber, and flow angle entering the stators are
higher in Freon-12. The calculated efficlenciss ar® ebout the same in
elther case, 86 percent if normal shock losses and 90 percent
dynamic~presgure recovery in the stator are assumed

It is clear from the foregoing discussion that, if a compressor
is to be tesied in Freon-12, the aerodynanic design calculations
must be based on the flow relationships for Freon-l12 1f the results
are to be more than roughly qualitative. If such results are used
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+o design an air compressor, care must be exercised because the
flow condltions will not be identicel. However, as these
corrections can be made, Freon-l2 does provide a testing medium
for exploratory investigations in which it is desirable to reduce
the structural problems and power regquirements.
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Figure l.~ Longitudinal section through the rotor showing
serodynamic passages. The origlnal outward curvature
of the shroud and exlit passage are shown as dashed lines.
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(a) Original velocity diagrams for air, based on rough preliminary
l-inch~jet tests. Initlal conditions: p, = 1.00 atmosphere;
T, = 5200 F absolute. Final welghted stagnation conditlonss

P .
Ts_ = T30.13 53- = 2,993 and, with stator losses neglected, Tp = 9049
percent,

Figure 2,- Supersonic-compressor veloclity dilagrams for the tip, pitch,
and root sections,
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(b) Calculated velocity diagrams for the final test rotor im air,

based on results of %-ineh-jet tests.
atmosphere; To = 520° P absolube.

]

percent.

Flgure 2.~ Continued.
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Initlal condltions:
Final welghted stagnation conditlons:

= 2,83; and, with stator losses neglected, Ty = 90.3

Po = 1.00
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Fig. 2¢
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(¢) Calculated veloclty diagrams for the final test rotor in Freon-l12
based on l~inch~jet results, corresponding to the air dlagrams in
figure 2(b). 1Initial conditions: p, = 1.00 atmosphere; To = 520° F
P
absolute. Final weighted stagnation conditionsg '1‘53 = 591.5; 55- = 2,88;
o
and, wlth stator losses neglected, 7, = 90.2 percent,

CONFIDENTIAL Flgure 2.- Continued.
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Mg = 0,808 Mg = 0.608

W, = 422,9 V5 = 317.1_fps
= 55244 Tg = 552,4° F aba,
- =

0,306 atme

CONFIDENTIAL

W = 161 Tp = 714.2 Ips
- L
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(d) Velocity diagrems from data taken in actual tests at the design
speed, XN = 10,500 rpm6 in Freon-l2. Initial conditions: pg, = 0.225
atmospheres T, = 515.89 F absolute. Final welghted stagnation con=-

ditions: ;5. = 1.,796; the computed T5s based on the pressure ratlo,

o
survey efficiency, and original stagnatlion temperature equals 561.2.
For comparison, the measured T53 not accepted due to inconsistencies

of thermpcoupls reading) equals 563, With stator losses neglected,
N, = 80.6 percent.

Fi 2e¢= Concluded,
CONFIDENTIAL GRS 2o



CONFIDENTIAL
Compressed aly

Settling chamber

Soraensd

airing c

: Supersonic nozzle

v’ = 1.6)
4 Modsl

Kodel statio-
pressure orifices

ones

Survey station
{total-preasure rake)

Nozzle statlce Throttle
pressure orifices J

Figure 3e- Cut-away view of l-inch jJet showing installation of three-
dimensionel mods). The survey was made by moving the total-pressurs
rake vertlcally at the station indicated,
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Figure 4.- Three-dimensional pressure-distribution model, The spill tube, located about
1/18 inch from the leading edge and 1/18 inch from the outer surface, and static orifices
are shown. The total-pressure survey was taken directly behind the model, The ocuter
surfaces do not represent the blades, and the model walls were thickened considerably.
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Figure 5.~ Typleal plot of splll-tube preasure against throttle-velve position
showing location of splll point for l-inch-jet model,
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Figure 6.=~ Cross section through rotor blades at

l4=-inch (pitch) diameter.

Design configuratlon;

62 blades used, (All dimensions are in inches,)
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Figure 7.~ Typical conbtour curves of total-pressurs recovery
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\" Chamber pressure showing the extent of the separated
regione of low total pressure over the model exit cross-

sectional areas. Two models of different expansion ratio
are shown.
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Figure 8.~ Megsured total-pressurs recovery, calculated total-praessure recovery,

and exit Mzch mmber variation with expansion ratioc for l-inch-Jot blade
model. Data taken at spill point; model entrance Nach number, My = 1.68.
(CR = 1.042 execapt for Plaggsd symbols whers Cr = 1.092.)

N

60 5

+50

8 ‘314

qarofoT ‘oN WY VOVN




CONFIDENTIAL

Ang/e-dofju%fmenf
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Figure 9.- Setup for schlieren photography.
back pressure is located on the left and
right. In the center a model may be seen
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Strong oblique shock from 10°
leading-edge angle (Fig. 6)

E ) NPT SN Transonic region
Weak shock from (y,
leading edge (®) ®

Figure 10.- Schlieren sequence showing the flow process and character-~
istics as the model back pressure is progressively increased.
Photograph (a) shows the unthrottled flow with the shock in back of
the model., Photograph (h) shows the shock pushed completely outside
of the model as an unattached bow wave. The design operating con-
dition appears to be that shown in photograph (£f).
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Flgure lle.=- Sentional visw of the supersonic-compressor best satup,.
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Figure 12.- Supersonlc~compresgor test setup., The threttling~valve lever and protractor

are
the

visible on the upper return section. The veloclty-of-sound meter for determining
composition of the test fluld is shown at the upper right.

CONFIDENTIAL

qr1o/oT *oN WM VOVN

21 "314




CONFIDENTIAL

Figure 13.- Downstream view of the rotor showing the survey-instrument locatlion and
the balsa-wood inserts beneath the shroud. The cylindrical surfaces which form the

aerodynamic passagesd following the rotor have been removed,
. CONFIDENTIAL
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Figure 14.,- Burvey instrument for supersonic-compressor test. Instrument contains
total-pressure tube (short tube), a static-pressure tube (long tube), and a null type
yawmeater (center). (The scale indicating the radial position of the instrument is visible,
as are the protractor and vernier arm.)
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Fig. 15
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Figure 15.=- Schematic drawing showing blade-attackment method.
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Figure 16.- Supersonic-compressor rotor.and shaft. Lacquered
balsa-wood inserts are shown on the rearward side of each
blade. The blade-tip curvature may be seen on the outside
of the shroud. The curvature is completely washed out at
the blade pitch sections.
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Figure 17.- Variation of total-pressure ratio and exit flow
angle over rotor exit annulus for early exploretory tests.
Rotational speed, 10,000 rpm.
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FPigure 18.- Comparisons of & typical run w
Survey points are plotted for the blade
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It can be seen that the flow at the tip wds lmproved
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Flgure 19.- Variatlon of mass-flow coefficient Og with throttling
and compressor Mach. number, These data were obtalned fram surveys
behind the rotor and therefore do not Include any stator losses.
(Flagged symbols represent l2-point survey test.
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Figure 22.- Angle of flow (90° - B) and blade pitch Mach
number Mgp entering rotor at the pltch dlameter against

compressor Mach number M;. For Hap greater than about

1.5% (the design starting blade Mach number), the entrance
angle is showmn to be independent of throttle position as
would be expected from the theory of the supersonlc operating
range., It 1s to be noted that In Freon=-12, at the design
value of M, = l.43, the value of M> = 1,53, whereas In

air M, = 1,62,

See appendix D.)



