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"INVESTIGATION OF AN EXPERIMENTAL SUPERSONIC
AXTAL-FLOW COMPRESSOR -

By John R. Erwin, Linwood C. Wright,
and Arthwr Kantrowitz

SUMMARY - : L

, As a part of an investigation that ig being conducted to
explore the possibilities of axial-flow ccmpressors operating

with supersonic velocities relative to the blading, a preliminary
experimental investigation has been made of a supersonic compressor
designed to produce a high pressure ratio in a 51ngle gtage.

.The compressor was. designed for a pressure ratio of 2.9 on the
-bagls of the theory of a supersonic flow entering a cascade and the
diffusion efficiencies obtained 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 conswderably
lover than that obtained in the 1- inch-jet experiments. A complete
explanation of this discrepancy has not yet been obtained, but  the
numerous -structurdl inaccuraciés of this rotor contributed signifi-~
cantly to this effect, as was shown by a few prelimlnary teats of
an accurately constructed rotor. :

Freon-le wasg used as the testing medium to reduce structural
problems. The mass flow measured for the 1l6-inch-diameter rotor,
about 28.5 poimds per second when converted to sea-level air, agreed
with theoretical expectations. Flow conditions leaving the rotor
were obtained by surveys. A preasure ratio of about 1.8 with
83 percent rotor efficiency was measured. If a 90-percent dynamic-
.presgure recovery in the stators were asgsumed, this efficiency
would be reduced about 3 percent.

The supersonic compresgor shows promise of being more compact
by a factor of about 4 than any comparable machine’ performing the
same operation. Inasmuch as the experimental machine must be -
regerded as very primitive and many opportunities for important
1mprovements exlst, supersonie compressors.are considered to have
great promise, especially for the design of high-performance -
turbojets.

i
Gy



2 i} CONFIDENTTAL NACA RE No. LEJOLD
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 to the blade rows,
The first phase of this investigation, a study of supersonic
diffusers, has been reported in reference 1. The second phase,
an analysis of supersonic’ compresscrs, has been reported in
reference 2. Freliminary calculations have shown that very high
pressure ratiocs across a stage, together with somewhat increased
mass flows, are possible with compressors which decelerate air
through the speed of sound in their rotor blading, 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 supersonic compressor-designed to produce a high pressure
ratio in a single stage.:

- It is‘commonly supposed -that flow at speeds higher than the
speed of sound necessarily involves large energv 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: can-be entirely eliminated in
the case of a cascade. It'is important that any normal shock existing
be everywhere confined by the blading. Theoretical results indicated
that, in- cases where the normal shock is not confined, large losses
due to a wave system extending far from the cascade can result. The
other sounrce of large losses is that accompanying the confined normal
shock which decelerates air through the speed of sound. In order
to study the magnitude of these losses, the preliminary investigation
of supersonic diffusers was undertaken, It was found possible to
design supersonic diffusers to decelerate air from kiach numbers up
to 2 through the speed of sound with efficiencies comparable with
those obtained with good subsonic diffusers. These two preliainary
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 experimental superscnic compressor at
the Langley Laboratory of -the NACA. '

‘The general object of this investigation was to verify the
performance 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 2 normal shock
confined within the rotor passages, (2) whether the very high
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pressure rises predicted could be oStained,Aadd (3) whether the
8implified theory of the supersonic entrance ‘region was valid.

0f the meny poseibilitles for superscnic compressors, three
elementary single-stage designs, all having subsonic axial velocitles,
were discussed in reference 2. For preliminary experiments, a -
single-stage compressor similar to design 2 of reference 2 and
having an entering Mach number of 1.6 relative to the blades and
deceleration of the flow velocities through the speed of sound in
the rotor blades vwas selected. This type of compressor offered,
with a minimm of development, a significant increase in the pressure
rise avallable from a single stage.

In order to develop blade profiles, two- and three-dimensional
models of a single passage were studied in a l-inch Jet. Pressure-
distribution methods and schlieren methods were employed. The
performence of these static models was used. as a baeis for alteraticn
of the compressor tested.

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

measurements were taken at several tip speeds ranging from 70 to
160 percent of the initial speed of sound. = -

SYMBOLS
a veiocity of sound,:feet per secohd
A: erca, square feet{
Ajysk aree of rotor disk, square feot

B expansion ratio (Ay/Ay) (fig. 6)
Cp contraction ratio (AyfA3) (fig. 6)

. G
o] mass-flow coefficient - —
G poracrAdiek
cp specificFPeat at constant pressure, foot pounds per slug
per

acceleration'due to gfavity,'32 2 feet per second2

M ° Mach number ratio of flow velocity to the velocity of

sound (v/a)
M, compreeeor Mach number (Uf/ao)
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G 'mass flow <f o/n pV cos 9 r cr '

C e

dG differential mass floﬁ (2an'cos 9 r dr)

N rotaﬁional speed.of.rotof,’fevolutione per minute " -

P. total pressure, atﬁosﬁhefes

P ‘statlc pressure, atmospheres

r 5 radlus, feet

R | ,gas constant Afoot'pohnde per slug.pef oF

Rm‘, gaa constant for mlxture of ﬂreon—’Z and air, foot pounds

per slug par op

T temperaﬁure, OF,absolute
AT . thermocouple stagnetion'temperature rise
AT' . adiabatic stagnation temperature rise

o - /Pg Rm/cp
' : AT\ - To
. P - o
T
/ Y AT ey
I‘h ’ :

AT! -
Wt‘_'
Gs

U rotatlonal veIOC1tJ ‘'of bladé element at any radlus, feet
per second (fig. 2) :

)Y velocity of fluid, statlonar coordinates, feetmper second
(flg. 2) ' .o

W velocity of fluid relative to rotor, feet‘ﬁer second (fig. 2)

B angle between axial d1rectlon and eoterlng—flow direction
in rotor coordinates, degrees {(fig. 2) .

o) turning angle, rotor coordinetes, degrees (fig. 2)

ANIF i
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Ny rotor efficiency, evaluated from survey ovér rotor blade
annulus

y " ratio of specific heats °

'8 angle between flow direction and. axial direction in
' : : stationary coordinates, degrees (flg 2)

P density, slugs per cuble foot
g  polidity ( Blade chord)
o o \plade spacing )
':Subscripts: .ff‘f &
a | axial-direction
av - - average . | }
ey o critical condition (ve1001ty o? sound when:fi s
h : oot diemeter. 1 A
P - piteh dlemeter ¢ .. . . .o
£ tip dlemetér L i

tan tangential Qirection

8 stagnation..
o initial stagnation conditions j_ll ,
1 ;rotor entrance, statlonary codrdinates
2 }rotor entrance, rotor coordlnates, or l~1nch-3et-model entrance
3 '}~blade minimum area, rotor coordlnates -‘"w
. h;n ; rotor exit rotor coordinates, or l inch-Jet—model exit
) 51f :j;rotor exit, stationary coordinates .

i
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wt.  aversge value welghtéd cn besis of mass flow
GENERAL‘AERODxNAMIC DESIGN

Although the compressor used for the present study was
intended prinmarily for experimental purposes, it was thought
desirable in selecting the design conditions to choose values
that would permit the development of a maohlne having practical
applications with a minimum of effort in the event that the results
warrant such a development. A amall high-performance. compressor
vag therefore designed from the following specifications'

(1) The highest rotational velocity currently being used for
aircraft gas turbines, 1600 feet per ‘second at the tip diameter,

was ‘adopted for aerodynemic design purposes (cbmpressor ‘Mach number
= 1.143). ,

(2) An axial Mach number of:about 0. 80 ‘entering the rotor at
- the pitch diameter was selected. This value permitted the -use of
guide vanes. without local supersonic velocities. The mass flow at
M = 0.80 is only about 3.7 percent below the maximum - that would.”
occur with sonic velocity.

(3) Guide vanes were used to eid in the esteblishment of
equilibrium conditions as mentigned - stibsequently; ‘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 obtained with sxial flow

(4) The deceleration and twrning in the rotor blading were
limited by the subsonic stator critical-speed tonsidersations.
These limiting values were accepted as the basis of the rotor _
blade design. i . . S

(5) A value of 1y/ry of 0-75 vas selected e i

The first three conditions determined. the Mach number = 1.6,"
relative to the rotating blades at the pitch diameter, and the
stagger angle, B = 60°. - The £ifth condition largély determined’
the design mass flow of about 30 pound.s. per second. for the 16- inch-
= diameter rotor, ‘with stationary sea-lével atmospheric entry

During the period of the design of” this comprossor, the

. establishment of. cortaln flow conditions was held to be conducive
to the best efficiency Some of ‘these considerations are now
viewed as refinements that might be applied to highly developed
supersonic compressors and were abandoned in the present machine
in the efforts to reduce geparation. :Entrance flow into the rotor

nwmm ATy
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was s0.regulated that the pressure:rise experienced thioughuthe
normal shock would be equal to that required for equilibrium after
a theoretical normal shock atiall diameters.” This condition
resulted in almost constant. values of Mach number and total pressure
entering the roter at all diemeters. .Becauss of the thin blading
used in this design, it was decided for structural reasons to make
the spanwise blade elements radial. -Thie consideration determined
the twist of the blading.. : o '

In reference 2, it was shown thet for & two-dimensional
supersonic cascade the flow enters parallel to the entrance .

" reglon of the cascade. For a three-dimensional cascade, however,
it is possible to have compression anes originating at the. tip
neutralized by expansion waves from the ‘root, or vice versa. It

. wag decided to avoid these three-dimensional extended wave
patterns in these prel;minary experiments by producing flow
parallel to the entrance region of the blades at the root, pitch
and tip. The design of the guide vanes and the curved entrance,
passage, as shown in figure 1, were determined by these considera-
tions. 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 necessitatad an outward
curvature of the rotor passages. (See fig 1.)

‘Preliminary 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
performance of compressor blade models in rough preliminary 1l-inch=-
Jet teets. (Velocity diagrams obtained from a second series of
l-inch-jJet tests and from tests of the compressor. are.shown in
. figs. 2(b) 2(c), end 2(d) for comparison.)

EXPERTMENTAL ROTOR -BLADE DEVELOPMENT.

General CQnsideraticns

- The compressor was deqlnned on the pasis of rough px ellminary
tests in the-l-inch: Jet and vas first tested with the outward
curvature of the rotor shroud. = The preliminarv tests in the 1- inch
Jet were later found to be invalid and, ‘therefore, the results are
not presented. A very low pressure rise and efficiency were obtained
in the first compressor tests due to a region of separation covering
the outer half of the discha"ge annulus. It became obvious that
improvements in the shape of the rotor-blade passeges would dbe
necessary to- obtain acceptable performance A second group of tests
of a series of models was madé in an attempt to develop satisfactorv
passages for the supersonic compressor rotor

—
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As in subsonic. compressor investigations, 1t.is convenient tec
study supersonic compressor blsding with static models which can ‘be
made and tested easily. Models to nrovlde 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 a
study of the supersonic operating conditlon only. An extended
cascade would be required 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-Jjet ‘tests were made at the design Mach
number relative to the blades of about 1.60.

In order that valid results be obtained from statiocnary model -
studies, test conditions must be similar to conditione of compressor
operation. In reference 2, it was shdwn that for the case of the
straight entrance region and gubscnic axlal velocity, no waves
move upstresm of the rotabing cascade in the steady state. For this
condition, then, adjacent passages betwéen the blades have no
influence on eack other and in ordér to simulate the flow in the
blading of a supersoaic compressor, it is necessary to simulate
only a single passage. However, difficulties in'the determination
of the "gpill" point (see following section) may lead to the use of

. several . passages in bhis type of testlng '

. According to the theory of reference 2, for a stralght entrance
region, the flow enters the cascade p= f3]L81 to the rearvaré side ‘
of the blade at the lesding edge. It would be expected that the
pressure at this poirt would be the same as the pressure upstream
from the cascade.  In the tests described subsequently, the angle
of the modcl was adjusted to nroduce this condition

It 1s, of course, impossible in s 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 ccnsidered in the present study, the boundary layer on
the inner and outer casings at the entrance to the rotor would be
very thin. TFor these first tests, therefore, an attempt was made
to make- the boundary layer entering the passage as thin ag possible.
The pressure-distribution models were made to start without any ’
initial boundery layer and the schlieren models were made. to have
a8 little boundary layer as posslble on the glass sides and no
initial boundary layer on. the blade surfaces

Preesure{Dietributioanests
‘Methods and parameters.- A second series of thfee»dinenéienal~'

models were studied in the 1-inch. jet to develop blading to be .
used as & basis for altering the blades of the compressor being

P Rhl
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investigated. The operation of the rotor blades, as required by the
‘compressor design,was to diffuse the flow from the entering Mach
number, M = 1.6, &and stagger angle, B = 60°, to an exit Mach
number of about M = 0.60 while turning the £low aboyt 8.8°. The
models represented the profile of the rotor blades at the pitch
diameter A typical model is shown in figure k.

An.exploded view of the l-inch Jet-test setup is shown in
figure 3. The pressure at the exit of the model was controlled
by the gate valve. A total-pressure survey wes mede of the model
exit by use of a rake of three tubes. The survey apparatus was.
crude as it was intended only to give rough comparisons. " Both
sides and the top and bottom of the'models were equiuped wlth
static-pressure tubes. .

Since the flow entering the model is supersonlc no effeot

due to throttling would ‘be observed outside the model until the -
 back pressure had been increased eufflclently to force the shock
outside. the model passage This-condition of back pressure,

termed -the - "spill" point, was ‘assumed to be the eoulvalent of
‘'stall in the rotating machine in the supersonlc operating’ range \
"This spill point was indicated.-by & change -in the pressure measured
S by a total-pressure tube located outside the passage, as. ‘ghown in
- figure L, A typical plot of the difference between the settling'

. chamber totel préssure and the. splll tube total pressure against
throttle setting is.-shown in figure 5.- “The location of the: . 8pill
,:point is shown in this flgure Pressure -distributionsg” and” surveys
... vere taken es-near: as- possible £0' the~spill noint vlthout actually
"reaching ‘it, as this_ polnt would be expected to be - the condition

. of minimum shock losses and most’ efficient operatlon The super-

+ .ponic deslgn condltlon is reached Just before throttling produces
spill in the model or stall 1n “the cowpressor.

The total pressure recovered and the exit Mach number were
-used to evaluate the performance of the model The pressure
recovery was found by actual total-pressure measurements and was also
calculated from the expansion ratio ER, ‘the statlc-pressure

measurements pp and Ph: the entering pressure ratio pz/po,
' d the original stagnation conditions, by the formula

—r

: \// (’ 2 T2 v cp/R
1+ 1+h ‘ 8 .1 :

Wru"\"’lr NG RN T I i
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which is derived in appendix A. It can be shown that calculated
total pressures are correct only when the total pressure 1s uniform
over the entire exit area. If there is variation, the calculated
value would always be low. On the other hand, it is believed that
the total-pressure surveys with the three-tube rake give too high
an average since no total-pressure tubes were situated deep in the
boundary layer. Thus, the actual total pressure lies between the
upper velue given by the measured total pressure end the lower value
given by the calculated total pressure.

The pressure model for which results are presented was tested
with two velues of the contraction ratio of the supersonic flow
region Cgp and several values of . the expansion ratio of the

subsonic region Ep. Most of the expansion occurred as a result

of the turning of the blades, which was constant at 8. 8° for this
geries of tests. The expansion was varied by building up or reducing
the upper surface 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 increase the contraction ratio (fig. 6). The maximum thickness

of this wedge was 0.016 inch tapered:.to zoro at the trailing edge.

A typical survey obtained in a test of a ‘model having a contraction
ratio Cg = 1.042 -and en expansion ratio Eg = 1.12 is presentod in

figure 7(a). From the contours of total-pressure recovery (exit total
pressure divided by chember pressure), it is evident that some
- geparation occurred. With an increase in expansion ratio to . ER 1.325

(fig.:.(b)) _the separated region.increased in erea and severity

" Performance. - The measured values of total-pressure recovery and
exit Mach number are preeented in figure 8. - Because the separated
‘région bécame larger as the expansion ratio was increased, a lower
total pressure was recovered " Similarly, the effective expansion ratio
was reduced by the separation ‘when ‘the actual expansion ratio was
increéased beyond a value of about 1.15, and a higher exit Mach number
was obtained. ~With blades of the solldity used o =2.3,'a minimum
exit Mach number of 0.60 was obtained: ‘

" As in the case of three-dimeneional supersonlc dlffusers an
increase in contractlon ratio increases the shock efficiency and
' consequently the totel-pressure recovery. The use of contraction ratios
close to the maximum possible for the design Mach number appears
also to be desirable structurelly since it would lead to thicker
blades. A possible disadvantage of this method of increasing
efficiency, however would be in an increase in st&rting Mach number
(lowest Mach number at which supersonic flow will enter the passage)
and in dlscontinuitles of performance in the transonlc 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 about 1.12 without
separation - this rate of expansion is approximately equivalent, to
that of a 4© conical diffuser; (2) & -contraction ratio.of 1,092 was
not excegsive for a free-stream Mach number of 1.53 in air.’

Schlieren Tests

The general arrangement for taking schlieren photographs of ‘the
flow through a typical model (fig. 9) was similar to that used in
tests of the pressure-dlstributlon model. The model passage was
curved to represent the original design pitch section The expansion
ratio of this two-dimensional model was greaver then that of the
_rotor passages which had a contract;np annulus in the fjnsl tegbs.

Photographs of the flow through a model representlna the original
blading are reproduced in figure 10. Photograph (a) 1ndicates that
_supersonic flow exists throuphout the entire passage. This condition
would probably exist in the rotor when the exit pressure is low.
Succeeding photographs fllustrate the behavior of.the normal shock
as the model (or the compressor) is throttled. :

’ These photographs indicate that separatlon ‘occurs in the .
model passage although much of the observed separation occurs.in
the corners between the model and the glass walls. Surveys made.
at the trailing edge of the three-dimensicnal pressure models
indicated similar separation in the models of the same expansion
ratio. As previcusly mentioned, the separation was reduced and -
total-pressure recovery. increased when smaller expansion ratioe and
larger contraction ratios were employed.

It may be well to explain some of the extraneous effects
appearing in the photographs. As the model was 8o 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 singls line if the flow is truly two dimensional.
In the photographs, the disturbance from- the leading edge appears
as a wave of congiderable width. This effect may be due to a
lower velocity of flow aslong the walls than in the main stream.
Some oil is deposited on the glass walls, both inside and out,’
during the course of a run. This deposlt is evident in flgure 10,
photograph (h) in which some of. the lines can be recognized as
0il traces. Mach lines ahead of the model are caused by slignt
irregularities in the no-zZle surfaces o are expansica or con-
traction waves resulting from ineguelities between the norzle
exit pressure and atmospheriC*pressufe As chamber pressures

u) CONFIDE
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’ (total;wessures entering nozzle) were- automatically controlled to
maintain nozzle exit pressure within 0.5 percent of atmospheriﬁ'
pressure, these effects are thought to be amall. In- generail,
however the schlieren photographs are believed to provide a
qualitative method of studying the nature of the shock formations

_COMPRESSCR TEST APPARA$US AND METHODS

7‘Teet”Apparatus

‘A sectional view of ‘the supereonic oompressor test setup is-
shown in figure 11 and a photograph of the setup appears in figure 12.
Low-turbulence fluid of unifonn'properties wag suppliéd the annular
* entrance from the large settling chamber. Three 10C-mesh screens
were used to reduce the turbulence and swirl. An area reduction
of about 30:1 between the cylindrical settling screens and the
annular entrance was used to provide uniform flow conditiens at -
the rotor. The diffuser section was lagged to prevent heat
leakage between the room air and the test fluid before the
shielded diffuser-exit thermocouples were reached. Two water-
cooled radiators were used to remove the heat from the 01rcala+ing
fluid. The butterfly throttling valve located in the retwn .
gsection was used to control the exit pressure

The rotor wag driven by a. standard aircraft tu bosupei harger .
turbine operated with compressed air, as shown in figure 11. The
quantity of compressed air available was . suff'ioien+ for a running
time of only about five'minutes All data for a given point Were
recorded in this time,  The rotational speed vag determined from
a calibrated electrical tachomeier. o

, In order to reduce structural difficulties and power
requirements, the tests were run in Freon-=-12 at low Pressure,
usually 0.2 atmosphere.' Constant working-fluid composition was:

" maintained by drawing out about 130 cubic feet of the gas per . -
minute, purifying it, and pumping it beck into the system. The
total volume of the syetem was about 125 cubic feet. Fluid )
samplés were taken upstream of the settling chamber from the center
of the passage. The velocity of sound was measured before and
after each run by a sound-veloc1ty meter (reference 3). The
composition (usually about 4 percent air) was then determined

from a chart prepared from data in refefence L. o
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Methods

" Flow conditions shead of the test rotor were determined from
static pressure measurements taken at various points along the |
walls of the entrance cone. The static pressure measured at two
diemetrically opposed points just behind the settling screens was
considered to be equivalent to the total pressure, as the velocity
of flow was very low (M x 0.026) at that station. Five
thermocouples connected in series were equally spaced around the
circumference of the downstream screen to measure the inlet -
stagnation temperature. . The cold Jjunctions of all thermocouples
were placed in ice-water baths to provide the same cold-junction
temperaturc at which they were calibreted. The thermocouple
potential was read from a calibrated standard-cell potentiometer.

During an early test run, a survey ‘was made of flow conditions
behind the gulde vanes. A cylindrical yaw tube carrying a total-
pressure orifice was used.. Measurements were taken every
'1/30 inch across the 2-inch annulus along one redisl line; End
- points were taken near each wall. The results of this survey
indicated that the desired turning in the ontrance vanes (see fig. 2)
vas produced with only a thin wall boundary layer. The turning -
angles measured were used in calculations of all runs made with °
guide vanes. The static pressure ahead of the rotor was measured
-at points on the inner and outer walls of the inlet annulus. A
1inear variation of static pressure across the annulug was assumed.

- Flow conditions behind the rotor were determined by means

of a calibrated survey.instrument located approximately 1 inch
behind the rotor (figs. 11 and 13) and from orifices located in

the walls of the exit annulus. The surveéy instrument consisted
~of & 'mull" type yewmeter, a static~pressure tube; and a total-
pressure tubc, shown in figure 1k. " In tests of the final configu-
ration, measurements were taken at 17 points along one radius (except

where otherwise noted). Five shielded thermocouples connected
" in series were located at equal spaces around the mean dismeter
- of the annular diffuser exit. The exit stagnation temperature, or
nore usually, the stagnation temperature difference across the
compressor, was obtained by measuring the voltage with a calibrated
standard-cell potentiomcter. Inlet temperatures were controlled
to values near room temperature to reduce heat transfer between
the test fluid and room air. .

All pressure tubes, including & vacuum refcrence tube, were
connected to & mercury manometer. The manometer, thermocouple
millivoltmeters, tachometers, and clock were photographed to
record the data The yaw angle behind the rotor and thermocouple
potentiometer were read as each photograph was made. Data were

A S
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taken with the throttle at various p051tions at rotational specds
rariging from 5 OOO to 12, OOO rpm.

Precision of Data L

The principal sources. of error were 1n the totaliwessure and |
static- pressure measurements taken 1n the surveJ Jjust behind the
rotor. - Two less likely sources. of error were in the static-
pressure measurements. ahead, of . the. rotor and the angle measurement
behind the rotor Several methods were availablekfer examining '
these errors. Of these, the most reliable ‘vas a comparison of the
measured mass flows entering and 1eaving the rotor. It was
thought that the entrance mass-flow measurements were more . ‘
reliable, and consequently the numerical values for the mass
. flow were based on the entrance ilow"'

In the later test runs, which ave presented herein, the
maximum difference in the mass flows measured at the two stations
“was 5 percent, with the exception of the run made at 11 ,500 rpm
when the mass flow leaving the rotor was indicated to be 8 percent
greater than that entering the rotor. (Survej measurements. 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 average of 2.1 percent. This difference
is to be expected, since total- pressure tubes in turbulent streams
tend to read high -whereas static orifices may read either low
or high, but, in general, the quantity flow measured tends to be
tdo large (reference 5). A check run vas made with a standard
A.S.M.E. flow-measuring nozzle in the return duct in place of the

o throttle valve.- The mass Tlow measured through the entrance cone

. wag found to average somewhat lower. than that through the nozzle.
‘Thig résult indicates that part of the 2.1 percent average mass-
flow error was due to.the fact that the entrance reading was low,

: In order to evaluate the effects of possible errore on the
_efficiency and. pressure ratio, a test run of average mass-flow

© error was recomputed in four different ways. In the table which
- ‘follows, each variahle is altered in ‘turn.to the extent ‘necessary
‘to balance the.masg flow for the average run (average . = 2.1 per-
cent) if no other variable is changed. Actually; -the mass- _flov
discrepancy is most likely to be due to a combinatlon of the moxe
- probable errors..
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Increment . L Effect on
Variable necessary E;fegt {Effect on thermo-
investigated|for mass-flow. ‘on -2 ° rotor offi- couple effi-
, - |check (av.) © Po ciency, T‘r clency, ngq
Ps 4,5 percent | No change 4.5 percent Negligible
P5 S1.1 percent"~l.l percent —l., perCLnt -ee percent
95 vl,jo ' No change-.aaao percent Negligible
Py -2.7 percent No ehaﬁge ,,13>percent -Noichange

During a few cf the flnal runs, the etagnation temperature
difference across the compressor was meesured with a potentiometer.
. From these values, compressor efficiencies based on the survey
total pressure were obtained. These temperaturs-rise efficiencies
Naq. &veraged about 1.1 percent lower then the efficiencies

obtained fiom the survey measuremente but showed epprecieble
scatter and are therefore not preeentcd

Construct*on of Rotor

The first rotor tee+ed haa no Lhruud apo'wes oonstxucted
with Swedish gpring steel blades. These. blades .were given the
desired curvature at the root by means, of formed dural holding
pieces inserted into slots in the rim and were held in with.shear
pins extending through the holding pieces 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 - “reouencies -.failed after a very short rumning
time as a result of vibratlonal stresses.

In order to eliminate these vibration difficulties, it was -
thought necessary to increase the natural frequenciés by restraining
the blades with a shroud attached to the. tips.. As a safeguard
agalnst difficulties resulting from high-frequency vibration,
amnealed 18:8 chromium-nickel steel was used in making the blades
and shroud ‘sections. - The blade tips were ingerted in curved slots
1n the shroud and silver soldered in place (fig.. 16).  Connecting
the shroud sections accurately, however, proved very difficult and
considerable varidtion of blade angle and ‘spacing resulted at the
~shroud ‘Joints, In® addition, warping occurred during the silver-
.soldering operatloqs both in repalvs that subseqvently were made,

-*%%ﬁ%mﬁﬁ&?fﬁi@
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as well as in the original assembly. - A maximum variation in the

" spacing of the blades of about 25 percent was measured at the t
tips where the discrepancies were the largest. Because of the
warpage in the shroud, all the blades buckled slightly so that
the pitch sections were straight instead of being curved 8.8% ae
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 important
factors could be obtained, and only nominal values of the expansicn
and contraction ratios are presented for purposes of comparison.
"The important inaccuracies in the construction of this rotor mean
that the test results have only qualitative significance. The
rotor has been rebladed more accurately and is being tested.

The supersonic compressor was first run in air at atmospheric
pressure . to test the operation of the mechanical design. It
wag found that the shroud moved dowvngtream with a displacement
increasing with the rotor speed. At a rotor 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 displacement
was accompanied by twisting of the outer portion.of the blades has
not been determined, but the possibility does exist. The motion
of the shroud, 1in addition 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 Just ahead of the rotor. (See fig. 1.) At best,
- considerable leakage must have occurred through the gaps ahead of
and behind the shroud. '

RESULTS OF COMPRESSOR TESTS

‘Barly Test Runs

Aerodynamic data were first taken of the éxperimental super-
sonlc compressor on May 24, 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 discontinuities were 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.- Because of the separation at the tip,

little diffusion. occurred within the blade passages and high

exit velocities resulted at the smaller diameters. The contraction
ratio was 1.035. Results of total-pressure and twrning-angle surveys
for runs 12 through 18, excluding run 15, are shown in figure 17.

!
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All these runs were made at a rotational speed of 10 000 rpm at
maximum preesure rise.

In ruh 12 (fig. I7), balsa was added to the shrovd wnderside
so that the underside was cylindrical in shape and the expension
ratio was reduced to - Eg = "1.223. This first alteration led to
- increased pressure ratio -as well as to better total-pregsure disiribu-
tion, although the flow at the tip was still very badly separated.
The previously observed condition of lower total pressure atb the tip
than at the root was still evident. Also, the angle of flov at
the tip indicated a large separated region. The efficiency obtained
was about 50 pércent, the survey préssure ratio was 1.52, dbut the
mass-flow discrepancy was quite large. In run 13, the chember
pressure was raised from the prev1ously used 1/10 ‘atmosphere to
2/10 atmosphere in order to improve the purity of Freon-12 anq the
precision of measurement. As shown in figure 17, values for run 13
are little changed from these for run 12, The accuracy of the
readings at hlgher pressures appeared to be 1mproved ‘

The next imnortant change was thickenjng the rotor blades -
toward the traileng edges with balsa wood on the blade sides to
reduce the expansion following the minimm section to a value of
BR = 1.091. Tests of the compressor with this alteration were
mede in run 14. This reduced expansion resulted in higher measured
pressure ratlos, little change in total- préssurs distridbution, and a

desirable reduction in the flow angle at the tip. (See.fig. 17 )
" A pressure ratio of 1.56 was obtained with an efficiency of 70 per-
cent fram survey measurements C :

TheAfact that no discontinuity existed in the transonic
range seemed to indicate that. the contraction ratio could be
increased - advantageouslv It was therefore decided to increase
the contraction rutio from 1.035 to approximateiy 1. 15 in run 15.

- Balsa wood was gluea to the rotor blades to give the larger

- contraction ratio.’ In this condition, flow entering the rotor

did not approach the supersonic operating condition, inasmuch as
the meximum axial velocities and mass.flow measured were very .low.
Little pressure rise was observed, The contraction ratio of 1.15
wag apparently too large for the maximum blade entrance Mach number
obtainable with the existing equipment. The original contraction
ratio of 1 035 was therefore used in two’ svbsequent runs.

- The results oP run lh ‘had 1nd1caued ‘that the reduced expansion
caused some improvement in performance. The thick trailing edges
were undesirable, however, and thus, it was decided to maintain
the exparnsion’ ratio of run 14 by reducing the annular passage
height and removing the balsa from the sides of the blades. This
modiflcatlon wag tested in run 16 Figure 17 shows good distribution
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of the total 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
undergide of the shroud at the exit to increase the expansion ratio
to 1.135, failed to show significant' improvement in perfoimance
over run 16, yielding a measured pressure ratio of 1.66 at an
efficiency of 81 percent. The distribution of the yaw angles
and total pressure was not 8o goed as' in the previous run. It now
seemed that the optimum expansion ratio. had been determined, but

. the pressure ratio desired could not be obtained with the small

amount of subsonic diffusion apparently obtainable with this
blading. Again, increased contraction ratio appeared to offer: the
most promising method of- 1mnroving performance

The expansion ratio of the rotor for run 18 was the. same a8
that for run 16, Ep = 1.091, but the contraction ratio was
increased to 1. 092 (fig. 6) bv gluing halga wedges to the sides
of the blades. The performance wag considerably improved, but
the distribution and yaw angles were not. With the exception of
improved balsa surfaces, the rotor remained as in run 18 throughout
the rest of the test nerlod Theoretical veloclty diagrams vere
developed for this confwgurat;on for air (flg 2(b)) and for

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

- The compressor showed the same gensral trends as the static
models, Improved operation was obtained with increased contraction
ratio, and best performance occurred at expansion ratios of about
1.1. The diffusion in the rotor, hovever, was much less efficient
and the exit velocity was .very high (fig. 18(c)). . This result was
dve probably, in part, to the 1naccurute construc+1on of the rotor.
As previously mentloned the rotor has been rebladed more accurately;

this investigation is: belng repeated and extended in an attempt to
obtain improved performance

Tests of Flnal Potor Conflguratjon

The final configuration of the rotor was tested in Freon-12

‘at 0.2 atmosnhere ‘from a comprecsor Mach nvmber M, = O. T to

M, = 1. 6, corresponding to rotational spseds from ll OOO rpm to
25,000 rpm in air at static sea-level cenditions. Most of the runs
were made ‘with the guide vanes, but a few c ude tests were made
without the guide. vanes. (See appendix C. ) A straight annular
pagsage was used behind the rotor (solid lines, fig. ). The ‘
Reynolds number (see appendix D) at the design conditions in
Freon-12, about 690 000, was about half the value that wculd
result in air at static sea-level entry conditions.

.
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‘Conditions behind the rotor were determined by swrveys taken
just downstream from the rotor, Desults of typical suvrveys from
tests run with and without guide vanes are presented in figure 18.
The performance of the compressor as obtained from such surveys is
presented in figures 19, 20, 21, and 22.'. The rotor eifficiency
showed little change with rotational speed, varying from &2 per-
cent at Mg = 0.7 to 83 percent at M, = 1.3, and to 80 percent
at MC = 1.5. The measursd pressure ratio showed a linear increase
with compressor Mach number in the higher speed range, reaching
& meximum value of 1.96 at a compressor Mach number M, = 1.57.
Velocity diagrams obtained from measurements at the “esisn spesd
(10,500 rpm) are presented in figure 2(d). TFigures 19 and 20 show
that the experimental compressor produced a pressure ratio of 1.8
with a rotor efficiency of 0.83 and a mass-flow coefficient Cq of
0.395, which when converted to static sea-level atmospheric conditions
is equivalent to 28.5 pounds of air per second. If it were
possible to install stator blades capsble of recovering 90 percent
of the dynamic pressuvre, the over-all efficiency wouvld bhe about
80 percent. The high mass flow and pressure ratio make this
compressor more compact by a factor of about L then any other

" known machine performing the same operation. ' :

I

DISCUSSION

Supersonic Operating Condition

: Large total-pressure losses occur in extended strong shock waves.
- These losses can be largely prevented if the strong shocks are
confined within properly designed blade pessages. .In reference 2,
it was shown that this effect.cannot be obtained with finite blade
thickness at Mach numbers close ‘to 1. As an aid to understending
the flow patterns at these transonic Mach numbers, a hypothesis
proposing that detached bow-waves were formed ahead of each blade
was presented. Speeds above the minimum at which detached bow waves
could be expected to attach themselves to the blading are classified
as the supersonic operating condition. -One of the first objects of
this work was to determine whether such & supersonic operating
condition could be found with the test compressor; that 1s, whether
- & regime of operation existed which agreed with the theoretical
considerations for the eupersonic operating condltion dlscussed in
reference 2.

One of the first inferences from this,theory would be that
the volume flow entering the compressor could be determined by
the requirement that the entering-air direction be parallel to
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the rearvard side of the blaﬁes at ‘the leading sdge (this portion
of the blades was essentially flat in this compvessor) In
‘flgure 22, it can be geen that for entering Mach numbers Mg

greater than about 1, hJ, the rotor entrence angle is apparent ¥
independent of rotational speed and of throttle position.- The
actual angle measured in this range is of the oxder of - 280 which
is to be compared with the 30° called for in the design. . Tpis
agreement is considered good in view of the numerouvs structural
inaccuracies of this compvessor S .

It would also be expected that, in the superaonio operating
range, the losses wovld be primarily due to the shock waves and
resvltant separation occuring ingide the rotor passages Experience
with supersonic diffusers (referenoe 1) has indicated tpqt these
logses decrease as the exlit pressure on the vassages 1g: reased_
It would be expected, theﬂelore, that highest eff1c1ency’would be
obtained with maximum exit pressure; that is, at maximum nressure
ratios, Some evidence that this effect was obtalned can be ‘found
from the eff101encies of the highest speed runs (10,500 fnm) in
figure 20.

Furthermore, the lowest Mach number at which these supersonic
operating characteristics wovld appear (starting Mach number)
should be related to the contraction ratio.of the blade:- passages
in a manner similar to the starting curve (fig. 3 of ”eference l)
for supersonic diffuvsers. Sincé the contraotwon ratio in thls
blading was about 1.092, it wvould be expected. tnat the supergonic
- opérating conc1t10n 1ﬁ Freon-12 vould occur fom :Mach. numbers: 'M?

" of about'l.h3 or greater, or. for conpressor Mach numbers (compqrg
with T1g. 22) of 1.3 or greater.. The chardcteristics of the
-supersonlc oner'atlnr cond tition, which vere referred to-pre
gpparently" benln at Mach . numbero very. close té these value
“expected drop i efr101ency due to increased shock losses gt
higher Mach numbers than ﬁesign was found as is: ev1€ent 1nv T

flgures 20 anﬁ 21 B : Wi : ®o-

f—

T : o 'T%dnsbnidjbneratiﬂg Condition

"In the tx cangonic range detached botr waves would be exnected
to! exist ahead of the’ leading edges of -the reotor blades’ ™ (esé“
waves should have two kinds of eflects on the performaricé ofif the-
compressor. - In-the first place, the rotor entrance angle weuld
e redvnced below the value which is found in the sunersoniq
cperating condition, 28 1s Indicated. in refex ence 2, -The
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experimental values are given in figure 22, and it can be seen that
the reduction of thig-angle at low Mech numbers did cccur. This
effect can also be seen in the mass-flovw curves of figure 19.
Furthermore, the amount of the reduction 13 seen to depend greatly
on the exit pressure. The results obtained at 9000 rpm are
particularly interesting in this respect. It cen be seen that
the exit pressure could be increased up to a certzin point witﬁout-f
having any effect on the mass flow. Thus, it seems likely that up
to this point, the flow through the blade passages was, at least

in part, supersonic so that the exit pressure had no effect on the
detached bow-wave system. Higher exit pressures apparently resulted
in a subsonic flow through the blade passages and in this range,

the mass flow and hence,. also, the strength of the detached bow-
wave system was affected by the exit pressure. :

The second effect to be expected from the detached bow-wave
system is that the losses inherent in this system should appear
in the measured efficiencies. These losses can be geen in two
wvays in the experimental results. First it will be seen that
the peak efficiency did not begin to' drop off with Mach nimber
until the supersonic operating condition was reached (fig. 21)4
It is well known that the efficiency of supersonic diffusion -
decreases, in general, with increasing Mach number. Thus, it"
seems reasonable to conclude that in the transonic range, the’
expected drop in efficiency is compensated - or anparently slightly
overcompengated - by the bow.waves coming closer to attachment '
and thus the-loss in ‘the bow-wave system is decreased Second,
it can be noticed in figure 20 that the peak ef 1rlency does not
occur at peak pressure ratio in the transonic range. - Some .
indication can be seen in this figure that peak.ef fficiency tends
to move closer to peak pressure ratio as the supersonic operating
condition is approached. The transonic performance also shows a
distinct departure from the verformance of euperSonwc diffusers,
gince in supersonic diffusers, peak pressure. ratio- and.peak °
efficiency always occur simulteneously. It is conasidered that --
the drop in efficiency for higher Dressure'fatlos at'a given
Mach number is.dne to an increase in the strength and in the -
losses of the detacneﬂ ooﬁ vave system R ‘

In these experimants;‘no'dlscontlnuity of any kind was
observed in the flow as. the compressor »agsed throuvush the transonlc
range. This performance wvas considered’ someviat surprising in
view of the fact that most supersonic Aiffusers show ﬂiscontlnuovs
performance when the shock .wave is swallowed. The easons. for
this lack of Aiscontinuity-are not yet clearly \mderstood: and; . v
therefore, no prediction as to vhether discontinuities will be
found in other supersonic compresséré'canibe made, There is a

7
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possibility that this lack of digcontinuity is related to the high
level of disturbanees vhiech must be present due to the separation
in the rear of the rotor passages, vhich will be discussed. This -
subject needs further study. :

Some understanding of this performance cen be had, however,
on the basgis of the detached bow-wave hypotheslis. As the relative
Mach number is increased, the bow waves would be expected to
approach attachment. At the instant of attachment, the downstream
leg of the bow wave, which now forms & normal shock in the passage
(fig. 4, reference 2) would probably jump downstream to a stable
position in the diverging 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 expected to be vnchanged. Therefore, it would seem that, in
accelerating a compressor, attachment of the bow waves would
produce no sudden effect in the cbserved performance.

o

Experimental Results on the Flow Leaving the Rotor

From the previous discussion, the superscnic flow entering the
rotor appears to be fairly well understood gqualitatively. The
sitvation in regard to the flow leaving.the rotor is not nearly
so well understood, A marked discrepancy was found betweernt the
efficiency of diffusion in the 1-inch-jet tests and in the rotating
machine. Thus, in the l-inch-jet tests, it was possidle 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.
Tt is apparent also that a large part of the slowly moving air
in the rotor passage appeared at the tip section. In test runs 12
and 13, where the expansion ratio of the subsonic passage was
large, this effect was very greatly accentuated.

The high total-pressure losses, and particularly the accumulation
of slow air at the tip, produce serious discrepanciss between
predicted and experimental performance.. In the first place, the .
Pressure ratio obtained by the compressor was very greatly reduced
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 was higher and thus produced a lower static pregsure in
addition to tho static pressure drop attributable to the increased
total-pressure loss. Higher velocities -leaving the rotor (rotor
coordinates) meant also lower velocities 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 sensitive to the
diffusion efficiency in the rotor passages, The measured efficiency,
about 80 percent was lowen than the predioted wvalue calcvlated from
the results of the l-inch- Jet tests, vhieh was about 90 percent.
These values,howeven; gti)1l de not take into account the difficult
problem of the stater design occasioned by the fact that, the velocity -
and total pressure of the air behind the roteor tip would be consideratly
lower than that behind the pitch or the rooct and’ would be accompanied
by the appreciable variation in flow &1rection measured across the
exit annulus

Veloc1ty diagrams from data . taken in actual- tests at de81gn
speed in Freon-12 are presented in figure 2(4).. It is to be noted
. that the tip section shows turning in a direction onpos*te ‘to that
of the blade camber whereas the pltch section shows too large 'a
turning in the expected direction. These effects are probably due
to the radial flows necassitated bj separation at the tip.

The reesons for the increased Joss ‘in’ the rotating tests are
not yet clear. .Three effecte which existed in this compressor
should be pointed out. TFirst, the construction of this machine
is particularly Cefective at the blade tips, and these construction
defects undoubtedly increased tip losses. Second, the presence of
the shroud and resultant leakege probably affect the flov adversely.
Third, the interaction of a normal shock with the boundary layer .
ueually results in a great thickening of the boundary layer. - It .
would be expected that, these thick boundary layers would be
centrifuged toward th: tip of the rotor and thicker dead-air
regions would thus be created at the tip than at the root.

One preliminary attempt that was made to reduvce the
accumulation of slow air at the tip shouwld be mentioned. In
the original design, the entx &nce ‘vanes roughly equalized the
total pressurs entering the tip .with that entering the root of the
rotor. If these eatrance vaneg vere removed, the total pressure
relative to the rotating’ olades entering tne tip would be expected
to be higher than that enterlng the rooct. These vanes were
therefore removed in the hope that the increased. total pressure
entering the tip might help to remove the accumvlation of slow
air at this point.  The results obtained can be seen in figure 18
and appendix C. PFrom these results, it.is apparent that some
improvement in the flow leaving the, “otor vas made in-this way.
The efficiencies calculated from these ‘runs vere somewhat higher
than those obtained’ previously, but these resﬁlts are not presented
since the measured mass flows entering and leaving the rotor did .
not check and thesae experiments must be repeated. rocedures of
this general nature are considered, howvever, to have great pramise
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AThe study of this pvoblem vas made very Aiffi cult because of the
congtruction defects of the present rotor and further research on
a reconstructed rotor is in progress ’ '

~ PRELIMINARY TESTS OF EEBLADED ROTOR

A few preliminary tests have been run with an accurately
rebladed rotor tc provide a rough evaluation of the effects of
inaccurate construction on the performance of the previous rotor.
Although the contraction ratio of the blades in the new rotor is
low, about 1.035, the exbansion ratio has the value found to be
optimum in the old rotor ER = 1.091. Test results are encouraging..
Flow conditions across the exit annulus have been found to be
quite wniform.and higher survey efficiencies have been obtained
with some increase in pressure ratio. These more wniform flow
conditions should make possible the design cf an efficient stator -
to follow the rotor.. A stator is being installed and will de
tesgted., ' ‘ L :

CONCLUDING REMARKS

An experimental single-stage supersonic axial.flow compressor
has been designed, built, and tested in Freon-12. This 16-inch-
diameter compressor produced a pressure ratio of 1.8 with a rotor
efficiency of 83 percent and a mass flow (converted to-sea-level
static atmospheric conditions) ecuivalent to 28.5 pounds: of air
per second. If a 90 percent dynamic- pressure recovery is assumed
to be attained through the stator (it is not at all ¢lear 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’ is
independent of the pressure ratio, This performanco iz also .
typical of high-performence multistage subsonic axial-flow
compressors. Peak efficiency was obtained at maximum oressure
ratlo. These characteristics, as well as the quantitative mass
flow measured, are in agreement with theoretical considerations,
This agreement should Justify the general application of fhooreuwc%l
supersonic gas dynamics to the design of these machines.

In the transonic range, the operation and perrormance showed
no discontinuity in passing from the subsonic to the supersonic
operating condition. The peak efficiency occurred at less than
the maximum pressure 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 detached bow-wave hypothesis.

The diffusion process in the rotor paséazes was found to be
much less efficient than the diffusion in simulated rotor passages
in the stationary teste. The pressure ratio proiuced by a compressor
of this type is very sensitive to the effjciency of diffusion in
the rotor passages, and this low efficiency caused. a large drop
from the design pressure ratio. Much of the low-energy air
accumulated at the tip of the rotor and the resultant poor
distribution in angles and total. pressure would make difficult the
design of an efficient stator to follow this rotor. There are,
however, several approaches available for improving the efficiency
of diffusion in the rotor Passages and equalizing the root and
tip efficiencies. The study of this problem was made very difficult
because of the construction defects of the rotor tested and further
research on a reconstructed rotor is in progress.

: ' {

Compressors having supersonic velocitiss relative to the
blading show considerabls promise for application to aircraft
propulsion engines, With only slight improvements in performance,
the supersonic compressor will be able to compete with existing
compregsors, particularly in turdojlet engines where compactness and
light weight are essential. It should then be possible to design
a machine which would be about four times ag compact as any other
known compressor performing the same operation. -

Langley Memorial Aeronsutical Laboratory
Nationel Advisory Committee for Aeronautice
Lacgley Field, Va.
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TOTAL-PRESSURE RECOVE?Y BY STATIC~FLESSURE MEASTREMENTS

When the flow conditions at'the éiit.cross section of a’
supersonic diffuser are wniform, it is tossible to caqulate
accurately the recovered total pressure by. use of the expression

obtained in the following derivation' a

From the ene“gv e uatlon‘
q

v
Sy T23 = T, + fg_
and . "
- L0
cg Tus:- o Tu,f 5
“then .
Vo ~\/c_c (T2 T;)
and )

Wy ;\/ecp< T, - 7))

From the equetion of state

and

(1)
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Substituting in equation (1) rives

D o '
o | \ L 5
= a Joc fT, - =k g /20 (T -7 (2)

. .o o A .
Squaring both sides, canceling common factors, and transposing leads
to ' '

P T, A ) :
282 (r .r)=1, -1, (3)
o, T. A 2 by - .- :
kT2 L = = : ' N
From equation (3}, if it is &ssumcd'thaﬁ. T, = T), ‘and use is
ct S - :

made of the.guadratic formule, . the adizbatic. relationship between
the stream and stagnation conditions at the blade exit being

included, the following expression is derived from which P, may
: : b
be calculated: -
7 P '1cn/R
S fon \2/ To\/To
P 1+ /1 + 4 = f:ﬁd S -1}~
b 4 2Fp/\ T2 T (4)
b o '
oL |
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l .

PERFORMANCE COMPUTATION METHODS

Mess flow.- The entrance mass flow is computed from the
measured cate, R, P,s Pys Tls, and 6, Tor each radial‘survey

station r tetween the ‘root aﬁd‘tin of the rotor inlet annulus
The exit mass flow is compubed from the measured date D5, 5 ,
~and 65 over the exit annuius. The expression for inlet mass
flow Gl =p Vl n, may be written in the differential form

A6y = plfl iAr In the final form the expression becomes

nTy

" S
G =u/ it V, cos 9

1 1 rldr

1 1
rh Rl ' o '

the right side of which may be’ lntepraued mechan:caliy when plotted
against the inlet-annulus radii. - The analogous’ expression

/“tp

2n-—- V cos @_ r dr
% e,

\

5.5

\J

may be similarly integrated to give the oxit mass flow as a check

- of the precision of measurement. The mags-flow coefficienis Ce
7+
are'found by dividing the computed mass flow by )E?:E PolsPaise
‘ y + 1

or pcracrAdisc which is the maximum possible mass flow through a
disc having the same tip diameter.

© Efficiency.- The rotor efficiency Ny 1s computed fram'the
following expression (the velocity vectors are shown in fig. 2):

' ) E AR '
G c,. AT? r, c AT du-

p
[t g f oy v
Jx, 55 Voian % Up Y, 8

Ny "CU0 AT,

CONFIEENTIAL

,t,-l
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Typical plots of the tefms of this expressioh are shown in the

following figure,
these plots.

' The efficiency may be obtained by integretion of

=&

5 | oy
/C V’\ ‘f
o—<‘ @ y/
= B q/@ \ —]
» Z °p AT dGS/dr .
=i e\ A .
5 0z \ \ —
. / %
s Au \ G\ﬂ
E -3 7 ¢ R
20 N
Z L ‘. _ b\\éj ]
g’o } Ulvltan dGl/dr ' l :
& 0 b—o / 007" 5 d
;/ o
' o OO0
-1 \xcy4}43“4>”o —
i i
= | 1_ | |
50 Sl .58 .62 .66
Radius, ft

Weighted average pressure ratio.- The pressure ratic is .

measured at each survey station diréctly behind the rotor.

The

weighted average pressure ratio is found from the following

relations:

4 Ty .
: - AT? dG5"
h

AT! . = o
~wt

CONFIDENTTAL .-
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APPENDIX C
TEST RESULTS WITHOUT GUIDE VANES

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

-

Rotationel P ! Mass-flow
speed M - n. |discrepancies
(rpm) © Pl o (percent)

9,000 1.243 [1.58 180.48 |- 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.h1k [1.7808 188,00 1300
110,500 1.&3& 12826 183.00 7.3

11,000 .1.h§8.v;.9oq' meo | 7.6
"11;500 1.576 ,1.976”{78.9Q 7.9

The discrepencies between the mass flow entering the rotor and
that leeving the rotor were quite large for these vaneless runs.
These data were therefore considered inaccurate, ‘some of the ’
efficiencies in particular appearing too high.

v
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<
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APPENDIX D
JCOMPARISON OF FREON-12 AND AIR AS TESTING MEDIA

In order to meke serodynamic tests at lowered tip spveeds '
with reduced stresses in the rotor, but at design Mach numbers,
Freon-12 was used as the testing medium because of its low
velocity of sound, about half that of air. Like air, Freon- 12
(C Cl, F2) behaves very nearly as a perfect 5&0 at room s
temperatures and pressures, approaching 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 7y = 1.12% at 0.2 atmosphere, 580° F absolute
as compared with 7y = 1.4 for air at standsrd conditions. Althouah
the adisbatic flow. relatlonshlpu of pressure and mass flow per
unit area with Mach number are about the same in Freom-12 and in
air in the range cconsidered, the temperature, contraction-ratio,
and shock-loss relations with Mach number are significantly
different. The temperature change in Freon-12 is about a third
that in air for a given adiabatic pressure change. For example,
the permissible contraction ratio for Freon-12 is about 1.12
compared to 1.09 for air at a Mach number of 1.50 relative to the
blades. Total-prsssure losses in shock waves are somewhat greater in
Freon 12 than in air for a given pressure ratio or a given Mech
number. Reynolds numbers for the design condition, based on a
blade chord length of 0.1355 feet and typical flow conditions 4
entering the rotor (fig. 2) are sbout 650,000 in Freon-12 compared
to about 1, lOO 000 in air.

Because of these various differences, aerodynamic tests
conducted in Freon-12 would produce uomewh&t different results then
if they were conducted in air; particularly when a change in
physical coordinate system is involved, as in compressors. The
following velocity diagram is given to compare the flow uondltinn vhich
would occur at.the pitch section when the compreseor is rud at”
tHé same compresgsgor-Mach number M = 1. h3,, in Freon:12 as in

air. These valugs . are tc be.: comnared with the veloc1ty diaoramb B
for the pitch section (fig. E(a)) o

T

\ ) R
'\ PR
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E ¥g = 0.809
Vg = L1343 fps
J TS = 563 .‘60 F abs.
/ p5 = 10905 atm,
~
S~
M2 = ™~
Wo = ~_ .
T, = U = 620511 \\\ﬂs
Po = : U5 = €0L.8 fps o
e M= 04777 o,
mﬁ)o - B) = 30° vﬁ V= 37h B
U, = 613, R 17 0.1 |
0 53 py= 0.717
b

From %his example, it is obvious that the Mach number entering
the blades is considerably lower in Freon-12 (M2 = 1.54) +than in

air (M, = 1.62). Indsmuch as M, is probably the most important
parameter that determines the bperation of the conpressor, comparisons

should be madé on this basis, rathér than on “he bagis of Mg, In o
figure 2, velocity diagrams for air (fig. 2(b)) and for Freon-12
(fig. 2(c)) present the -flow conditions with the same Mach numbers .
entering the blades. . . - ' o '

Some differences in the flow conditions are evident. The totel
pressure, Mach number, and flow angle entering the stators are
higher in Freon-12. The calculated efficiencies .axb about. the same in
either case, 86 percent if normal shock losses end 90 percent
dynemic -pressure recovery in the stator are assumed.

It is clear from the foregoing discussicn that, if a compressor
is to be tested in Freon~12, the aerodynamic design calculations
must be based on the flow relationships for Freon-12 if the results
are to be more than roughly qualitative. If such results are used

A

. CONFIDENTEAL .
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to design an air compressor, care must be exercised because the
flow conditions will not be identicel. However, as these
corrections can be made, Freon-12 does provide a testing medium
for exploratory investigations in which it is desirable to reduce
the structural problems and power requirements.

REFERENCES

1. Kantrowitz, Arthwr, and Donaldson, Colemsn duP.: Preliminary
Investigation of Supersonic Diffusers. NACA ACR No. L5D20,
1945,

2. Kantrowitz, Arthur: The Supersonic Axial~Flow Compressor. '
NACA ACR Ko. L6D02 19k6.

3. Huber, Paul W., and Kantrowitz, Arthwr: A Device for
Measuring Sonic Velocity and Compressor Mach Nuuber.
NACA RM No. LEK1k, 1947.

L. Huber, Paul W.: Use of Freon-]2 ag a Fluld for Aerodynamic -
Testing. NACA TN No. 1021+ 1946,

5. Nielsen, Jack N.: Eff'ec'b of Twrbulence on Air-Flow
Measurements behind Orifice Plates NACA  ARR No. 3G30,
19k3. |

1

ALY
LIRS

C ONF ZUJEI\TT L’-\.L



NACA RM No. L6J01b : Fig. 1
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Exit static orifice
@nd survey station 5
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Figure 1.~ Longitudinal section through the rotor showing
aerodynamic passages. The original outward curvature
of the shroud and exit passage are shown as dashed lines.
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Fig. 2a NACA RM No. L6J01b
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| M, = 0.614 Mg = 0,840

| W =772 Vv, = 1056 fps

: T4 = 659 T5 = 659°F abs,
‘ Pg = 2.100 pPg = 2.100 atme

§ Mo = 1,585 05 = 65°38!
* S P o = 7%e!
: = . =
pg = 0,708 Ug = 1600 fps
. 6 =-793¢ ¥y = 0,720
(90°- ) = 26045 B s R Wl
= .
U; = 1600 Tip Pi = 0,708
Axial direction
My = 0,680 = 0,750
wi = 782 :g = 940
T4 = 6585 Tg = 655
Py = 2,027 pg = 2.027
~0g 3 59955
:2 =z 1.63 6 = 8948!
= 17 g
'rg = 458.5 Us = 1400
= 0,644 o
P2 o @ = 8525 | N, = 0,818
o ——_V3 = 859
(90°%- p) = 30° ] Ty = 45805
Uy = 1400 Piteh Py = 0.644
M, = 0,513 Mg = 0.685
Wy = 640 Vg = 856
T, = 648 Tg = 648 ,
Pqg = 1.95¢4 P = 1.954
My = 1,633
52 = 1688 = 59°40'
Tg = 445
pg = 0.579 Up = 1200
e, = 12052! My = 0,919
1 V% = 950
— T = 445
= 0,579
(90%- g) = 33015! - ="
Uy = 1200 Root NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
(a) Original velocity diagra.ms for ailr, based on rough preliminary
1-inch-jet tests. Initial conditions: p, = 1.00 atmosphere;
T, = 5200 F absolute. Final weighted stagnation conditionss
P .
TSg = 730,13 1—,2- =.2,99; and, with stator losses neglected, Mp = 9049
percent,
Figure 2= Supersonic—compressor‘velocity diagrams for the tip, piteh,
. and root sectlons. ‘
o . v
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PR vy
= 04610 = 0,804
'l': =77 5: = 1012 fps
Tq = = F abge
Py = £ 2,104 atme
.2 ® 1,585
4
e = 471 P
Po = 0,708 o s = 1550 fps
: & =703 M, = 0,720
- st 3
Ty = 1600 Ty py = 04708

55 = 0,728
5 F 907
=
=

14683

1710
458.8
Oe644

a
Tuun

90% p) = 30°

Uy = 1400
Ny = 0,59 = 0,683
¥§ = 730 :g = 845
T¢ = 636 Tg = 636
’4 = 108‘3 ps = 1.843

= 1688
TQ = 445 - 8 = 100 /
Pg = 04579 A
" 8y = 12052t 0,918
B e
(90%. ). = 33°18¢ pi = 0,579

Uy = 1200

Root

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(b) Calculated velocity dlagrams for the final test rotor in alr,
based on results of l-inch-jet tests, Initial conditions
atmosphere; To = 520° F absolute.

P .
Tgg = T19.13 32 = 2,83; and, with stator losses neglected, fr = 90.3
o
percent. '

Figure 2.~ Continued.
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. Po = 1.00
Final weighted stagnation conditlons:
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e ON £ A -
‘ H.CONFIDENTIAR Mg = 0.615 Mg = 0,950
Mwmqurm} .w: = 313,6 vg = 484.5 fps
‘ T4 =5"°.‘ [ = 570.40 F abs,
| Py = 2,082 = 2,082 atm.
‘ '2 = 1.60'7
;2 = 773 65 = 68°36"
2= 503,3
Py = 0.745 8 = 7938
Us = 710 fps
6y =1°3' — My = 0,729
VI = 350.4
. Tl = 503,38
(900~ g) = 26%s5! Py = 0,745
: Ul = 733 Tip

A

W4 = 429.1
T¢ 56647
Py , 1,913

:5 = ;égzg 05 = 61°15¢
T = 498 8 = 8%g"

p2 0069 Us - 632."
) .
8y = 5025¢ . M = 0.816
' 1 = 393,58
L— T = 498
M pl = 0.69
U; = 64144 . Pitch
M, = 0,615 Mg = 0,769
W, = 313 Vg = 391,5
T4 = 560.8 Tg = 560.8
p, = 1.799 Ps = 1,799
= 1,622
&'g = 773,5 <
T, = 49341 = 56945!

0,635

Us = 556,85

0.912
435 . .
493,1
= 04635

<3
[
0o

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Uy = 550 Root

(c) Calculated velocity diagrams for the final test rotor in Freon-12 -
based on l-inch-jet results, corresponding to the air dilagrams in
figure 2(b). Initial conditions: pgy = 1.00 atmosphere; To = 520° F
P
absolute. Final weighted stagnation conditions: T5 = 591.5; 52 = 2,88;
o

and, with stator losses neglected, 7, = 90.2 percent.

Flgure 2,- Continued.
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Fig. 2d

Mg = 0,808 Mg = 0,606
W, = 422,9 Vs = 317.1 fps
T4 = 55244 Ts = 552.4° F abs,
wN@wNﬁd NFTAL Py = 0+306 Pg = 0.306 atm,
L Pt

(90%= ) = 259361

U= 722 Tip
i‘\\\\\\\‘Axial direction
l4 = 00955 ! ns = 0,805
'4 = 494.7 Vs = 41645
'1‘4 = 53049 Tg = 539.9
p4 = 0,288 Ps = 04288
o =
ke
T2 = - — .
Pp =
8 = 13%s5! .
(90%= p) = 28°30¢ 8 = 5025v~,4‘~._ Ug = 637 . -
T i “--\§\_\§§\\\\ = 0,736
1l = 838 Piteh V}_ = 366,5
X Ty = 497.3
Py = 0.167
M= 0,858
R We = 447 = 0,630
Ty = = 328,86 N
Py = = 546.,8
= 0.309
= 1,54
=§ = 762.5
Ty = 491.9
Py = léé
3030¢ 95 =
TUg = 57143
= 120521 My = 0,810
e ::;_,,,Vi = 401.3
(90%= p) = 30954 T] = 491.9
pl = 0,166
Uy = 565
NATIONAL ADVISORY

(d) Velocity diagrams from data taken
speed, N = 10,500 rpm, in Freon-12.

COMMITTEE FOR AERONAUTICS

in actuasl tests at the design
Initial conditions: pg = 04225

atmosphere; T, = 515.86 F absolute, Flnal weighted stagnation con=-

ditions: ;i = 1,796; the computed T
o

5 based on the pressure ratlo,

survey efficlency, and original sta%nation temperature equals 561.2.
n

For comparison, the measured T5s

of thermocouple reading) equals 563
n, = 80.6 percent,
Figure 2= C

= o

[IRCONEIDENTIRD

ot accepted due to inconslstencies

With stator losses neglected,

oncluded.



NACA RM No. L6J01b

Fig. 3
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Fig. 4
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Fig. 6 NACA RM No. L6J01b

| Exit ares, All-

Balsa wedge added—| °
after run 17 oSy
TR

Station 3
: Pnd 0°
; 1l

<

Minimum area, A3 p
. . .01 ) ‘

Entrance area, A2

. «——— Station 4
Station 2 ———¥

Flow direction
relative to -016
rotor
&
T Yoo o
3 ~
5 > h
| 300 1°'47§

N

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 6.- Cross section through rotor blades at
l4~inch (pitch) diameter, Design configuration;
62 blades used, (All dimensions are in inches, )
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Fig. 9
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NACA RM No. L6J01b CONFIOENTIAL Fig. 10

(a)

Strong oblique shock from 10°
leading-edge angle (Fig. 6) Flow direction

Transonic region

Weak shock from b
leading edge (b) (f)

Model leading edges

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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Fig. 12

NACA RM No. L6J01b

TYLLNEQT dNDD |

*qy81a Jaddn a8yl 1® uMoys ST PINTJ 1891 8yl Jo uotrqrsodwod 3y
BuTuTWwIslap J0J I973W PUNOS-JO0-L3TO0TSA 3dYJ] °*UOTE23s uanialx Jaddn ays uo aTqQTISTA aJe
J019®J70ad pu® J9AST 9AT®A-3UTT2104dYy3 ay] °*dnyas 9s33 Jossardwod-dTuosaadng =-*3T 8andty

TV INIGTENGD



Fig. 13

NACA RM No. L6J01b

il ’41.,
&

TV IINIATINOD
*paAoOWSI U33aq JA®Y J040J 8yl 8uTmoTT0] sa8essed oTweuLpoade

8Y1 wWJOJ YOTYM S3d®Jans TeITIPUTITAD a8yl °*pnoays ayq Yieauaq S1IasSUl poom-BSTeq 3Y1
PU® UOT3®O0T qUAUNIISUT-A3AINS 3aYyq SUTMOYS JOQ0I 3Yq JO MITA wealrsumoq -°*¢T aandty

w9y TvYW)
vOVN

|

IV IINIATaNOD



Fig. 14

NACA RM No. L6J01b

(*WJIe ISTUISA PUBR I030BIJ0Id 8Y} SJB SE

‘51qISTA ST JUBUMIISUT ay3 Jo uorjiscd Terped oyj Suljedlpul o[eds aylL) (x9jue0) Jojewumel

od£y Tu & pue ¢ (sqny Suol) eqn} aanssexd-o1yels € ‘ (8qny }I0US) eqny aanssoaxd-18303
SUTBIUOD JUSWNJISU] *19] Josseadutod-oruosdadns 10f usumIisut deang -*p1 2an31.q

IVI1INEATANOD



NACA RM No.,
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Figure 15.- Schematic drawing showing blade-attachment 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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NACA RM No. L6J01b Fig. 17
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Figure 17.,- Variation of total-pressure ratio and exit flow
angle over rotor exit.annulus for early exploratory tests.
Rotational speed, 10,000 rpm.,
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(b) Blade exit sngle comparison.
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1 18.~ Comparisons of & typical run with and without entrance vanes.
F ggﬁ‘vey pointls) are plotted for the blade-exit annulus; N, 10,500 rpm;
=1,4. It can be seen that the flow et the tip was improved

somewhat by omitting the entrance vanes ahead of the rotor.
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Figure 19.~ Variation of mass-flow coefficient Cg with throttling
and compressor Mach number. These data were obtained from surveys
behind the rotor and therefore do not include any stator losses.
(Flagged symbols represent 1l2-point survey test.¥
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Fig. 22

Rotor entrance angle, (90° - B)
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Figure 22.- Angle of flow (90° - B) and blade pitch Mach

number Mgp entering rotor at the pitch diameter against
compressor Mach number M,. For ,Mgp greater than about

1.53 (the design starting blade Mach number), the entrance
angle 1s shown to be. independent of throttle position as
would be expeCted from the theory of the supersonic operating
range, It 1s to be noted that in Freon-12, at the design
value of M, = 1l.43, the value of M> = 1.53, whereas in

alr M, = 1,62. (See appendix D.)
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