L

NACA RM No. E8G01

@ https://ntrs.nasa.gov/search.jsp?R=19930085401 2020-06-17T14:58:40+00:00Z

R EE%ILU uf‘;’gL]—\Der]%PY NO*

RM No. E8GO1
CLASSITICATION CHANGED /
wzﬁg,my
: /576 3,

o "‘“f”'iﬁ’:’.{ =
RESEARCH MEMORANDUM

SERFORMANCE OF 24-INCHSUPERSONIC AXIAL-FLOW COMPRESSOR IN AIR
Il - PERFORMANCE OF COMPRESSOR ROTOR AT EQUIVALENT TIP
SPEEDS FROM 800 TO 1765 FEET PER SECOND

By Irving A. Johnsen, Linwood C. Wright, and Melvin J. Hartmann .

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

trerain, sl to States citizens of inown.
hyﬂwﬂdmmhn-mum,mh
tafzrmed Lherect.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
January 21, 1949

ORI
RESTRICTED UM'2LACIIFIED



. |

ety T

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

PERFORMANCE OF 24-INCH SUPERSONIC AXTAL-FLOW COMPRESSOR IN AIR
|| - PERFORMANCE OF COMFRESSOR ROTOR AT EQUIVALENT TIP
SPEEDS FROM 800 TO 1765 FEET PER SECOND

By Irving A Johnsen, Linwood C. Wi ght
and Melvin J. Hartmenn

SUMMARY

As part of the NACA research program on supersonic axial-flow
conpressors, a 24-inch-dianeter rotor has been designed, constructed,
and investigated in air up to an actual tip speed of 1654 feet per
second and a naxi mum equival ent tip speed of 1765 feet per second.
This rotor is aerodynamcally simlar to the supersonic rotor that
was run at epproximetely the same Mach number and about one-half
the actual tip speed in Freon~12 at the NACA Langl ey Aeronautica
| aboratory. Analysis of the experinental data is mede wWith regard
to the theoretical performance, particular attention being focused
on the problem of diffuaion in the rotor passages. The effect of
the exi stence of pressures in the rotor requiring radial velocities
for equilibriumis discussed and the necessity of a close approach
to sinple equilibrium after the shock is indicated

]
The maxi mum pressure ratio produced in the single stage w thout Sty“" ,
inlet guide vanes was 2.08 at 1765 feet per second and was obtai ned ’S&*
at an adiabatio efficiency of 0.79 and a weight flow of 64.0 m

per second. The general performance closely paralleled that obtained

in the Langley investigation in Freon-12

Performance neasurenents i ndi cated that theorized supersonic-
conpressor performance charecteristics were cl osel y approached but

not fully achieved at the equivalent tip speed of 1765 feet per
gsecond.
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INIRODUCTION

Aprogrem Of reeearch om axial -fl ov compressors operating with
supersonioc velocities rel ative to the rotor blades i s bei ng conducted
by tbe NACA. The first part of thie investigation, including
supersonic-diffuser St udl ee (reference 1), cascade St udi €s, and t he
deslgn and operation of an experimental compressor in Freon-12
l(rgfertences 2 and 3), was ocnduot ed at the NACA Langl ey Aeronautical

aboratory.

A second phase of thi S program was conducted at the NACA
Lew S laboratory to achieve full-speed Oper ati on ofa supersonic
compressor in air and to confirm, in air, the performance Obt ai ned
i N Freon-12 (dichlorodiflourcmethans (CCl,¥,), a commercial refrig-
erent). A 0tOr was constructed that WaS aerodynamicallysSi m | ar
tothe rotor of reference 3 but With the structural desi gn refined
to allow design-speed operation in air. The investigation isbeing
conducted in a variable-component supersonic-compressor unit that
was bui |t for full-scal e enpersonic-compressor' research.Performance
results in asr at the design equivalent tip speed of 1600 feet per
second, aS well as a description Of the rotor and t he apparatus, are
given IN refexence 4.

The original design of the supersonic compressor differed from
the compreasor of the present | nvestigati oninthree respects:

1. Theoriginal design conteined | nl et gui de vanes.

2. The original design utilized hub and tip well curvature.

3. The original design had its M Ni MUM thickness increased Dy
50 percent for the present design.

The combination O-8 and curvatures wes intended to give
t he spanwise static-pressure distridution behi nd t he normel shook
required for simple equilibriumat that point.Thie design resulted
in an almost constant value ofbl aderel ati veinlet Mach number and
total pressure along the blade span.

The experimental resumlts Of t he first configuration indicated
Sever e separation at the blade tip. In an effort to relieve the
separation several changes were made. The hub and tip wall curva-
ture was eliminated after the I Ot OI, and the blade outlest annulus
was restricted with good results (reference 3). The tip total
pressure was then increased by el i mi nation of the inlet gnide vanes,
which through prerotation Of ‘the tip fl ow reduced the tip relative
total pressure. Al the same time, the i nl et hub and tip wvall curva-
ture vas also eliminated. Tach Ol the £iret tw0 changes nade at
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t he Langley laboratory and the third made st the Lewis labora=~
tory resulted in improved performance. Thi S investigetionin air
was therefore mede Wi thout inlet guide vanes or hub and tip wall
curvature.

In Order to reduce the vi b.rator?/ stress | n rotor blades to an
acceptable | evel , a8 discussed i n reference 4, |t was f ound neces-
saxry to increase t he minimum percentage thickness (f t he original
design by 50 percent.

The performence f or t he nodi f i ed supersonic-compressor rotor
operating Wit hout inlet gui de vanes over the range -of equi val ent
t1p speeds fromapproximtely 800 to 1765 feet per second are pre-
spented.

Symbol s

The f 0l | OW NQ symbole are used i n t he eval uati on of compressor
performance.

A aree, (sq ft)
a locel velocity of sound, (£t/sec)

velocity f sound besed ON original stagnation conditioms,
(£t/sec)

g8 acceleration due to gravity, 52.174 (£t/sec?)

absolute Mach nunber, ratio of absolute air velocity to |ocal
velocity Of sound

M' relative Mach nunmber, ratio of air velocity relative to rotor
to | ocal veloeity of sound

M, compressorMasch nunber, Ut/as,l
rotor speed, (rps)

B

total, or 8tagnation, pressure of absol ute air, (1b/eq ft)

P' total, or stagnation, pressure of air relative to rotor,
(1b/eq £t)

P static, o streem, pressure, (1b/sq ft)
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R gas constant for nornmal air, 53.50 (ft-1b)/(1b)(°F)

r conpressor radius, ft

T total, or stagnation, tenperature, (°R)

t static, or stream tenperature, (°R)

U velocity of rotor (2xrn) at radius »r, (£t/sec)

V absolute air velocity, (£t/sec)

v' air velocity relative to rotor, (ft/sec)

W  weight flow, (1b/sec)

z di stance along axis, (ft)

B angl e between conpressor axis and absolute air velocity,
(deg)

B' angle between conpressor axis and air velocity relative to
rotor, (deg)

Y ratio of specific heats for normal air, 1.40

8 ratio of actual inlet total pressure to standard sea-leve
pressure, P,/2116

neg adiabatic efficiency

e ratio of actual inlet stagnation tenperature to standard sea-
| evel tenperature, T,/518.4

P density, (1b/cu £t)

Subscri pts:

1 conpressor inlet-

2 rotor inlet

5 rotor outlet (survey measuring station)

6 rake measuring station

cr conditions at critical speed of sound (M = 1.0)

1686
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r radi al conponent

T tenperature-rise basis

t tip

W  weight-fl owaverege

Z axi al conponent, distence al ong the axis, (ft)
e tangential conponent

The vectors defined in the synbols are illustrated in figure 1.

PROCEDUERE

The compressor was investigated over the range of equivalent tip
speeds Ug/W@ from 797 to 1608 feet per second with inlet air induc-
ted fromthe test cell at temperatures from 77° to 87° F. In order
to obtain an equivalent tip speed of 1765 feet per second, the com
pressor was operated with refrigerated inlet airata tenperature of
approxi mately =15° to -20° F.  The maxi num actual tip speed attained
was 1634 feet per second. Data were taken as described in reference 4,
with air flow varied fromw de-open throttle to stall

Al though three adiabatic-efficiency terms were presented in
reference 4, the adiabatic efficiency ngg T based on a weight-flow
average of total-pressure ratio and an arées average of tenperature
rise was found to provide the nost consistent and accurate eval u-
ation of the efficiency of conpression. The mnaq m term is there-
fore used in the presentation of performance results.

Veight flow determined fromorifice neasurenents and a weight-
fl owaverage total -pressure ratio (Pg/Py)y neasured at the survey
station as defined in reference 4 are also used in the presentation
of conpressor performence.

In order to determine the angle of the air with respect to the
rotor bl ades at the inlet, determnation of the axial velocity of
the air immediately ahead of the rotor is necessary. The average
axial Mech numbers and the air angles were therefore calculated oOn
the basis of weight flow, total pressure, and tenperature in the inlet
section of the rig. This calculation assumes{1) an isentropic change
through the inlet section, (2) a constant axial velocity across the
anmulus with no boundary | ayer, and (3) no prerotation of the air.
The inlet nock-up studies discussed in reference 4 indicated that
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the first two assunptions could be made with very little error.

Al'so, the mean prerotation is probably small and can be neglected.
The Mach nunbers and air angles calculated onthis basis represent
an approxi mate condition across the passage and do not show | oca
variations that might be the result of wave formations ahead of the
rotor. The calculated values are, however, indicative of the gen-
eral inlet characteristics of the conpressor. The details of the
met hod of conputing Maech nunbers and angles on this basis are given
in the appendi X.

Anot her nethod of determining the axial Mich nunbers at the
rotor inlet in the absence of & survey tube is to assune alinear
variation in static pressure between the root and tip wall taps
and no loss in total pressure through the inlet section. These
cal cul ated Mach nunbers were considered to be rather inaccurate
however, because they are sensitive to smal| static-pressure changes
(particularly at low inlet pressures) and because the wall-tap
static-pressure readings were affected by | ocal surface irregu-
larities. In gemerel, the difference betweenthe static pressures
measured at root and tip was small but considerable discrepancy
existed between the orifice weight flow and an integrated weight
flow based on this type of calculation. This method was therefore
not used to determne rotor-inlet angles.

Conditions at the rotor outlet are detexrmined fromthe survey
measurenents asdescribed in reference 4. These neasurenent8 al ong
with rotor speed are sufficient to define total pressure, relative
and absolute air angles, and relative and absolute Mach nunbers at
the rotor outlet. Details of calculation are given in the appendix

RESULTS AND DISCUSSION
Over-Al'l Performance

Over-al | performance characteristics are given for the 24-inch
supersonic rotor operating in air wthout guide vanes. These result6
arF t hen cgmpared Wi th those obtained in Freon-12 as presented in
reference 3.

Performence characteristic8 inair. - The curves of (Ps/Pyly
as a function of equivalent weight fTow wv8/8 with superinposed
contours of adiabatic efficiency naa,r are shown in figure 2 for
equivalent tip speeds from 797 to 1765 feet per second. Maximum
total -pressure ratios produced in the single stege varied from
1.18 at 797 feet per second to 2.08 at 1765 feet per second;, a

L66
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total-pressure ratio of 1.93 was obtained at the design speed of
approxi mately 1600 feet per second. The equivalent weight flow at
maxi mumtotal -pressure ratio was 58.12 and 64. 07 pounds P€r second
at rotor tip speeds of 1608 and 1765 feet per second, respectively.
These weight flows are Iess than predicted by the theory that super-
sonic flow enters parallel to the rearward side of the blades near
the leading edge. The difference was approxi mately 10 percent at
1608 feet per second and 3.5 percent at 5765 feet per second for the
rotor operating without inlet guide vanes.

A maxi mum efficiency of 0.84 wasobtained at an inpeller tip
speed of 797 feet per second (fig. 2). The meximum efficiency
decreased to 0.79 and renained essentially constant in the speed
range from 1400 to 1765 feet per second. In this range, as hypoth-
esized in reference 3, the expected drop in shock efficiency due to
increased Mach nunber isapparently conpensated for by the corres-
pondi ng decrease in wave | osses as the bow wavescomecl| oser to
attachment and finally forma normal shock in the inlet passage.

The efficiency contours over the speed range illuatrate a char-
acteristic difference between a subsonic and a supersonic-axial-flow-
conpressor stage. In a subsonic-conpressor stage anefficiency |ess
than the meximum val ue occurs at two distinct massflows because of
the existence of an optinum angle of attack on the bl ade ata flow
internmediate between the flow limts. For a glven blade Mach nunber
in the supersonic speed range, however, the classic supersonic com
pressor wth passage-contained shock hasa continually increasing
efficiency up to the waximum val ue, which occurs at the maxinum pres-
sure ratio. The limting operating condition isreached, of course,
when the passage- contai ned shock isforced out ahead of the blading
and stall or spillage occurs. A transition to constant massflow
and a singularity of efficiency points takes place in the transonic
speed range. These characteristics may be considered fundanenta
mani f estations of the dimnishing range of blade angle of attack as
t he supersonic conditions are approached or a transition from bl ade
flow to passageflow. The curves of figure 2 indicete-a subsonic
characteristic up to a rotor tip speed of approxi mtely 1200 feet
per second and a tendency for peak efficiency to nove closer to
peak total-pressure ratio as speed isincreased

At rotor tip speeds from 1399 to 1765 feet per second, the per=-
Pormance correspondst 0 that obtained in supersonic diffusers and
to that predicted from fundamental supersonic-passage flow theory;
that is, maxinmum efficiency occusatpeak pressure ratio. True
supersoni c-flow characteristics (no variation of weight flow with
an increase in back pressure, as well as the singularity of effi-
ciency points) are approached as speed isincreased (fig. 2).
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Comparison W t h characteristics i N Freon-12. - In t he Freon-12
studies of reference 3, true supersonic-flow characteristic8 (as
defined by the variation in mass flow with change in back pressure)
were nore closely approached, and the transition fromsubsonic to
supersonic characteristics was nore rapid than in this air investi-
gation wthout inlet guide vanes. This slowness of transition is
probably the result of the wide variation in inlet Mch nunmber that
exi sts across the anmlus without inlet guide vanes. Although the
t hree- di mensi onal aspects of the problemare not-fully understood,
supersonic flow probably first enters the rotor in the region of
high relative Mach number at the rotor tip and the attachnent of
t he bow wave progresses al ong the blade toward the root as speed
Is increased. The effect of progreseive entrK of shock was mni -
mzed in the Freon~12 investigation because the gui de vanes pro-
vided a nearly constant value of Mich nunber across the inlet
annulus. Furthernore, the entry of shock across the entire annulus
could be attained at a | ower rotative speed with the inlet guide
gﬁngs because the vanes increased the relative Mach nunber at the
ade root

The curves of figure 3 show the conparative val ues of maxi mum
total -pressure ratio as a function of compressor Mach nunber and
the corresponding equivalent tip speed in air for the Freon-|2
Investigation of reference 3 and forthe air investigation. The
pressure-ratio curves have a parallel trend throughout the speed
range with the values for the air investigation higher than those
of the Freon-12 investigation throughout. The difference in the
absol ute values can probably be attributed to a conbination of the
following effects:

1. Qperating without inlet guide vanes reduces the relative
Mach nunber at the root and increases it at the tip of the rotor

2. Because of the difference in physical. properties between
air and Freon-12, the relative inlet Mach nunber M's, which is
V's/az, 18 higher in air than in Freon-12 for the same conpressor
Mach number M., which is Ug/ag ;.

3. The rotor used in this investigation was nachined to
closer tolerances than the fabricated rotor of reference 3, which
reduced the variation in performance from passage to passage and
thereby inproved over-all performance. :

4. The increase In blade thickness and therefore contraction
ratio that was incorporated in this rotor increases the efficiency
of shock recovery at a given rel ative Mach nunber when the shock

Is contained in the passage
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A quentitative independent eval uati on 0 each of these factors
is inpossible. The effect O each of the last three itens, how-
ever, Woul d be to increase the pressure ratio,whereas the first
probably has only a small effect on the average pressure ratio of the
conpressor. In view of the existing physical differences the maxi-
mumpressure-ratio data obtai ned in air are therefore considered to
congtitute a substantiation O the resulte (f reference 3.

In this investigation, as in the Langley program a snmooth tran-
sition from subsonic to supersonic flow was observed as the conpressor
was accelerated (fig. 3). A5 discussed in reference 2, it Can be
hypot hesi zed that, inaccelerating the compressor, attachnent of
the -bow waves to forma normal shock within the passage woul d pro-
duce no sudden effect on observed performance. Furthernmore, in this
conpressor, the attachnment of shock probably progresses down the
blade as speed i S increased, a5 previously mentioned, amd t he three-
dimensional aspects of the flow probably obscure the effect of the
?iacontinuities observed whenshock ie swal | owed i n supersonic dif -

users

The experimental results obtained in the present investigation
have shown t he general supersonic theory as applied to supersonic
compressors to be correct and have demonstrated that operation in
air is feaasible. The performance trends, in general, parallel
t hose observed in the Freon-12 investigatione of reference 3.

Rotor-Inlet Characteristics

As di scussed in reference 3, one of the first inferences of
t he hypothesized super soni ¢ operating theory i s that supersonic
flow enters parallel to the rearward side O the blades at or near
t he leading edge. Figure 4 shows the pitch-section relative air
angle at the blade inlet a5 a function (f equivalent tip speed for
maximum total pressure-ratio points. The relative air angle is
calculated as described in the appendix and therefore represents a
general rotor-inlet characteristic. A comparison Of the relative-
air-angle curve W th the physical bl ade angle shows that the con-
dition of parallel entry was approached but not achieved as the
rotor speed Was i ncreased. The difference at an equivalent tip
speed of 1765 feet per second was of the order of that found for
supersoni c operation in the Langl ey investigation (reference 3).
The condition of true supersonic operation, with the rotor-inlet
angle independent (X rotational speed and throttle position, was
not achieved in the58 run5 without inlet guide vanes. Supersonic
operation across the entire anmlus however, was probably closely
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approached at an equival ent tip speed of 1765 feet per second, as
was indicated by the follow ng conditions:

_ 1. The condition of no change in weight flow with an increase
i n back pressure was very nearly reached.

2. The relative air angle approached the physical angle of the
rearward side of the blade at the inlet.

3. The relative Mach number at the root was very neerly equal
to that required for attachment of shock to the 10° wedge; that is,
the condition where shock woul d become attached across the entire
inlet span of the blade was Just being reached.

4. At equivalent tip speeds of 1508 and 1608 feet per second,
the existenge of a detached bow wave at the blade root wes i ndi cated
by a sherp rise in the wall-tap static pressure i mmediately upstream
of the rotor. At an equivalent tip speed of 1765 feet per second,
however, t hi S gharp rise i N static pressure Was NOt in evidence,
;FdJ.Mting that the shock was attached or near attachment at the

ade root.

Thege effects all tend to verify the fact that supersonic
operation was just being reached over the entire blade span at an
equivalent tip speed of 1765 feet per second corresponding t0 a COM
pressor Mach muwber of 1.58.

Rot or - Passage Flow Characteristics

The NDSt apparent advantage Of Supersoni c conpressors is the
| ar ge total-pressure rati o per stage. Hence, even though the pres-
sure ratio obtained in this single-stage conpressor is greater than
has ever been attained in a subsonic axial-flow stage, the discrep-
ancy bet ween theoretical and experimental values requires an explan-
ation. In figure 2, the meximum totel-pressure rati o for the design
speed Of 1600 feet per second is seen to be about 1.93, whereas the
design val ue for the rotor without inlet guide vanes (including
only shock losses) is approximately 2.82. Because only part of this
di screpancy can be accounted for by the inefficiency Of compression,
apparently neither t he useful work of compression (based ontotal-
pressure ati 0) nor the total work of compression (based on tenper-
ature rise) is as high as is indicated in theory. |In order to deter-
m ne the reasons for thi S departure from theory, examination Of the
nature f flow i n the rotor pessage is necessary.
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Full information On the fl ow within t he passages of the rotor
I s unavai | abl e beceuse of extreme difficulty of placing instrumentation
within rotating passages. Seome indication of the nature of the flow
in the rotor may be obtained, however, from data taken across the
rotor-outlet anmmulus. The data for the maximum total-pressure con-
dition at an equivalent tfp speed of 1608 feet per second will be
used t o illustrate passage-flow characteristics, Inmasmuch as these
dat a are typical O operation in t he high-speed range.

Useful work o compression. A plot of the relative Mach number
across the rotor-outlet annulus (fig. 5) shows that the actual
pe.ssage-outlet Mach- nunber is high compared t 0 t he average value Of
approxi mately 0.6 for which the outlet anmlus was designed. This
|l ack of diffusion of the exit Mach number reduces the total pres-
sure and therefore the useful work of compression because of the
following three effects:

1. Reduction in static-pressure ri se W thin passage caused by
incomplete di f f usi on

2. Reduction in kinetic energy in absolute stream because high
rel ative Mach nunber corresponds to reduced absol ute Mach
nunber at passage outlet for thi s particular rotor geometry

3. I ncreased totel-pressure losses due to hi gh Mach number | evel
in channel

The sensitivity of total-pressure ratio to the amount of diffu-
sion in the rotor passage can be seen from figure 6. These data
are calculated for the pitch section at a tip speed of 1600 feet
per second, W th no losses considered except the nornal -shock |oss
at the minimum section. The figure indicates that proper diffusion
after the shock is essential for meximm performance of the com

pressor.

Al though the fundamentel reason5 for the i nconplete diffusion
in the rotor passage cannot be conclusively Stated, the following
four conditions contribute to that result

1. The large ratio Of Wetted area to cross-sectionel area
al l ows alarge part of the passage to be taken up with boundary
layer, whi ch tends to promote large frictional losses, separation,
and ineffective subsonic diffusion in the passage after the shock

2. Interaction of the normal shock with the boundary |ayer can
be expected t0 thicken the boundary | ayer and greatly enhance sep-
aration tendencies. Al SO the centrifuging toward thé tip of the
| ow-velocity air on the bl ade surfaces tend5 to restrict the effec-
tive expansion area because of the accumuilation of s|lowy moving air

at the tip.
e )
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The tendency, even in smooth nozzles, for a gradual pressure
rise to occur near the passage walls while the fluid near the pas-
sage center experiences t he nornmal - shock pressure rise aso
I ncreases the passage-outlet Mach nunber

3. Although the effect is not fully understood, aradial flow
resulting froma | ack of egquilibrium between centrifugal force and
pressure after the shock probably acts to reduce the anmount of pas-
sage diffusion. Figure 7(a) shows, for the meximum pressure-ratio
condition at 1606 feet per second, a plot of the theoretical static-
pressure gradient dp/dr that would exist after a normal shock at
the minimum-area section (considering Only shock losses and negl ect -
ing equilibrium) as conpared with the approxi mate static-pressure
gradient required fgr sinple radial equilibrium (no radial acceler-

Vg

ation, or %E -'—Egﬁ after the shock. This appreciable differ-

ence shows that simple radi al equilibrium does not exist. The dif-
ference must be equal to the sum of the terms involving radi al
motion in the conplete equation for radial equilibrium

ap _ PVe® oV My oV Ay
dr =~ gr g oz g or

If conditions after the shock are considered with regard to
I's more conplete equation for radial balance of forces, probable
fluences on the flow path through the rotor may be surmised. As
the calculation of figure 7(a), the assunption5 can be made that
t he absence of inlet guide vanes: (1) the static-pressure grad-
nt in front of the shock is very nearly zero with little oxr no
di al - or tangentisl-velocity conponents; and (2)a shock normel
o this entering streamine occurs at the local Mch number

(1)

th
in
in
in
ie
ra
t

Directly after the shock, the static pressure gradient %g, due t 0

variation in relative Mach nunber along the bl ade, is considerably
greater than that required for sinple equilibriumas shown in fig-
ure 7(a). This difference must then be accounted for by the termns

involving radial notion (-_-_-—ar_r). Wth the radial

conponent s before the shock small and the shock assumed t0 be close
to normal, V. imediately after the shock 1s very small compared
to Vgz. Also, from t he nearly constant difference between t he curves

oV, V.

in figure 7(a), dV,/dr will be Small. The term —= 5= OF equa-
i v, av‘r pvez :
tion (1) is therefore smaller t han < 5 Because = 'S t oo

L66



997

RACA RM No. E8GO1 SOONTERETNS 13

: ov.
small (fig. 7(a)) and V; is positive, the value Of 5;1.'. mset be

negative. The streanline must then be concave inward after the shock
with the radial velocities increasing toward the root al ong z.

From t he geometry Of the passege, the radial velocity cannot be
sust ai ned indefinitely and the streanline must be deflected back
: . . . pv,, ov.
toward the axial direction. In this process,the term _s_z&_r met
pass through zero and become positive. This change in Sign corres-
ponds to an inflection Of the streemline from concave inward to con-
cave outward. As the flow progresses along the axis, the radial com-
: PV, V. :
ponent must eventually vani sh and t he term “& a\é\fl | again
pv_, oV
become larger than -—g?- Sr£ . If this event occurs, fromthe compiete

radi al equilibrium equation, %% will be less than t he corresponding
Dvez
gr

An examination (X the data at the survey Station 0.6 Chord length
downstream of the rotor (fig. 7(b)) indicates that this condition
exists. Tius, over the greater portion O the annulus simple equili-
brium does not exist and there are radial-flow conponents.

value O

This hypothesis shows that flowis displaced downward from the
tipin PaSSI ng through the rotor, thus reducing the effective area
avai l abl e for the passage of mass flow and consequently reducing
the amount of passage diffusion. In addition, the adverse pressure
gradients induced at the tip may cause flow separation. The net
result indicates that the radial balance of forces nust be con-
sidered and the radi al - f| oW components MUSt be controlled before
optimum flow can be set up in the passage.

Review of the initial assunmption of a normal shock is now
expedient. The shock nost probably does not remain normael to the
streamlines because t he equilibrium pressures behind t he shock do
not correspond to those required by the nornal -shock relations.
The shock therefore warps in a direction that tends to defl ect
the streanlines radially outward and alter the shock pressure
gradient toward that computed for simple equilibrium. Thus, a
combination of Shock deflection and radial motion will fix the
streamine. Determination f the relative magni tude Of each
effect fromthe available data i s impossible.
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Each of these three factors probably COntri bUt 85 to the ineffec-
tive di ffusion and hi gh relative Mach number in the passage after
the shook. In view (f the dependence (f over-all performsnce on
adequate subsoni c di ffusion, apparently these effects must be mini-
m zed for opti num performance.

The pressure recovery in the rotor passage, determ ned a5
described in the appendi x, is shown in figure 8 for the maximum-
pressure-ratio point at 1608 feet per second. Thils curve indicates
a very hi gh pressure recovery near the rotor root and | ow recov-
eries meaxr the tip. Only part of this veriation in pressure recov-
ery can be explained on the basis of the variation in nornmal shock
efficiency acrose t he annmulus. A redial transfer of energy there-
for5 appears to exist toward the root, probably 5.5 the result of
t he lack of equilibriumasfter the shock and the centrifuging of
| ow-energy air toward the tip.

Total work of compression. -~ The total energy input to the air
may be given by the expression UAVy, where AVg may be broken
Into two parts:

1. The tangential velocity imperted due to reduction in the
air velocity relative to the rotor as the result of static-pressure
rise in the rotor passage. The static-pressure rise, which has
al ready been discussed, affects both the useful and total work of
compression.

2. The tangential velocity imparted due to the stream t urning
in the direction O rotation that occurs i n the rotor passsge.

The relative air angles at rotor inlet and outlet are Shown
in figure 9 for the maximm pressure-ratio condition at 1606 feet
per second. Physical blede angles are also plotted to indicate the
degree t 0 which air follows the bl ades. Maximum turning existe at
the pitch and |s greater than design turning. Both root and tip
show | ess than design turning, with the tip show ng reverse turning.
Only a slight reduction in work input duwe to |ack of turning rela-
tive t0 the bl ades exists, although there i s somedeviation from
t he local physical bl ade angle. This condition indicates that the
|l 'ack of diffusion after the shock is the prinmary cause of the
departure fromtheoretical total work and useful work of compression.

The tip reverse turning at the design operating condition,
which Was also encountered in the Freon-12 studles, may be accounted
for by a conbination of several factors:

997
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1. The possibility of error in statlc-pressure measurement of
survey tube exists In region near wells.

2. Flow leakage through tip cl earance space probably results i n
reduced turning.

3. Separation from both convex and concave sides of the bl ades
may be caused by the general instability of the flowalong with the
centrifuging of |ow nomentum air toward the outer shroud. Early
transition and separation has been frequently noted to occur in &

di ffusing passage following a strong shock. Wth the passage turning
washed out in this manner, only smell effects 5x8 necessary to create
t he reverse turning.

4. Irrotation (X the lnlet air establishes a rotation W t hi n the
blede passage that is opposite to the direction O rotation at the
tip end in the direction of rotation at the root. This effect wll
tend to reduce turning at the tip and increase turning at the root.

Rotor-Qutlet Characteristics

The variation in total -pressure ratio, absolute axial and tan-
gential Mach nunber, and absolute air angle across the rotor-outlet
passage is shown in figure 10 for the maxi num total-pressure-ratio
condition at an equivalent tip speed of 1606 feet per second. The
decline in both the total-pressure rati o and axiel Mach nunber pro-
files at the rotor tip exemplifies t he effect (X centrifugence Of the
low-velocity air toward the tip and the effects Of the radial f|ow
and radial transfer ofenergy thatresult at |east partly from | ack
of equilibriumfollow ng the shock. Furthermore, t he previous com-
parison of the nmeasured outlet static pressures with t he pressure
distribution required for equilibrium (based on measured rotational
air velocities, fig. 7(b)) indicated thatthe condition of sinple
equilibrium has not yet been achieved at the survey station. As
previously nentioned, this | ack Of simple equilibrium apparently
exists as a result O the radial accelerations Set up because of the
nonequilibrium condltions after the bl ade shock with the adjustnent
in the flow still taking place at the survey station.

The existence of radial floww | introduce an error in the
measur ed stati c pressure, thereby affecting t he outiet Mach nmumber
and velocity valuea. This effect is probably not lerge, however,
inview O the fact that the weight flow integrated over the rotor-
outl et annulus agreed with the orifice nmeasured weight flow wthin
approxi mately 3 percent.
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The absolute air angleBs (stator stagger angle) is leas t han
deaign across the entire blade span except at the tip (fig. 10) where
effective overturning of the |ow nonentumair exists as aresult of
the low axial Mach number in that region.

Extreme gradients are apparent in the turning angle, axial
Mech number, and total -pressure-ratio profiles across the rotor
outlet. In addition to the immediate |osses in rotor performence
that result from these extreme variations, it i s apparent that the
recovery of the kinetic energy at the rotor outlet is a serious prob-
| em and design Of stator blades to convert thi s energyto pressure
efficiently woul d be difficult.

SUMMARY OF RESULTS

The follow ng results were obtained from an investigation of the
RACA 24-inch axi al - f| ow supersonic-compressorrotor in air over the
equivalent ti p speed renge from 797 to 1765 feet per second:

1. Meximm pressure ratlo produced in the aingle stage varied
froml.18at 797 feet persecond to 2.06 at 1765 feet per second.
The equi val ent wei ght flow at nmaxi num total-pressure rati o was
58.12 pounds per secondat the design speed O 1608 feet per second
and 64.07 pounds at 1765 feet per second.

2. A maxi numefficiency Of 0.84 occurred at an eguivalent tip
speed of 797 feet per second, decreasing to 0.79 for speed5 from
1400 to 1765 feet persecond.

3. The performencd closelyperalleled that Of the Langley rotor
run in Freon-12. The general performence Was qual itatively charac~
teristic of the theoretical supersonic conpressor, with 8 subsonic
characteristic at | ow speed5 and a transition t0 a supersonic char-
acteristic taking place in the transonic speed range. In the super-
sonic range, t he variation in efficiency W th a change i n back pres-
sure was nearly the sane as that predicted from theory.

4.Resulte i ndi cated that true supersonic operation over the
entire blade span was being closely approached at the equivalent tip
speed of 1765 feet persecond.

5. Study of the flow process in the rotor passage indicated
t hat the discrepancies between design pressure rati o, 2. 62, and
t hat measured at design speed, 1.93, was due t o0 incomplete passage
di ffusion, which in turn, wesdueat |east partly to the lack of
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sinpl e equilibrium directly after the normal shock. Results indi-
cat8 that the radial balance of forces must be considered and the
radi al -fl ow components nmust be controlled before optimmm flow can
be setup in the passage.

Lewi s Flight Propulsion Laboratory, .
National Advisory Conmttee for Aeronautics,
Cleveland, Chi 0.
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APPENDI X- ~ - COMPUTATION METHODS

Rotor_inlet. - The critical-area rati o nay be determined by
uge of the relation

W= per acr Acr

Wth the agsummtion of no | 0ss in total pressure or total temperature
from station |-to station 2, the relation can be put in the form

Ay 3 P14

? (Z%l) 2(7-1

If values for 7, R and g are Substituted

Ay 0.531 Py A2
Por W ATy

The axial Mach nunber is then found from the relation

Az)z 1 2 -1 2 Ltl
(Acr = (%2 |7+ [l+ 7 (?42)] 7-1

The Solution for My d1s sinplified by the use of tables relating
Mach number and area ratio

The velocity and Mach nunber relative to the rotor can then be
determined as follows:

P
P2 ® - 7
) 1
[l + Z'Z‘J‘ (Mz)zjlr
Ty
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ey = A[7Ratz

and
vlz’z = vz = }‘2 8.2
S
@: I‘t
t - -1 s t
By = ten™ (Vg o/V'; 2)
Therefore
14' = v Z,z = haz
2 % cos Pyay cos By
and

Z_
7-1

P'y = pp [l v L2 (M'z)z]

Rotor outlet. - At the rotor outlet, the valuesof Ps, ps,
Bc, and T ( = Tg) are determined by direct measurement from
wgich the other sbsolute wvalues may be calculated:
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Vz,5 = V5 cos B = V'z,5

V9’5 = V'5 sin Bs

The various values Yelative t0 the rotor may also be determined
from

1
Ve,5 =0 ~Vg,:5

t hen

V's = /ﬁviz’s)z + (vie,s)z.

M's = V's/ag

T

The angle of flow at the outlet with respect to the rotor nay be
cal cul ated from

t
V6,5

18,
Vs

B's = Bin-

‘Passage recovery,= 4n indication of lose in total pressure
'taking place I n the rotor passage 1s given by the passage recovery
factor, which is defined as

Pl
Passage recovery = 5;55-

For a passage convergingin the radi al direction, the stream
lines are assumed to converge Uniformy and the bl ade relative total
pressure ig conputed at the same relative position along the bl ade
spen at the inlet and the outlet.

LBE -
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Figure 1. = Typical vector diagram for supersonic-compressor
rotor without inlet guide vanes.

(44




NACA RM No. E8GO | il 23

2.2
Rotor tip Nad, T
speed, U/VE - 79
{ft/sec) ﬂ
/4
2.0 ) 1765 A
O 1608 2
- v i508 Q’/
7
= < 119713% / ﬁg
< ‘ y, .75
P [.8 + f 000 // \ \ /.
= < 797 / _
- / ‘ /
2 i
- Stall
& - limit—/ |/ .// .70
® 8ty ,
a A7, / 17
w / f
£ AN 7’& &\ i
._, 1.4 /83” /\ / Z ’I
3 817 57 / / / 5
© 2y v /4 / S
| ot .70 '.\\', £ v // ‘ ya
/ / P 9
%// .//// 7"'/ ! /ﬁ/" §7
1.2 /‘: £ ,/ 'B% 7 7 //// 77 ]
L v AN
(AR
7 717 T S
a4\
[.0
20 30 40 50 60 70
Equivalent weight flow, w/6/8, 1b/sec
Figure 2. = Performance characteristics of 24-inch

supersoni c-camp ressor rotor.



24

Maximum total-pressure ratio, (PSIPl‘w

oSO — NACA RM No. EBGO |

2.2 === = =
O——— 24-inch rotor //}3
2.0 in air P
— — —— langley rotor / _
in Freon-{2 y. -
s
A
1.8 : 71 71 i
Vi
T 7 1 I I
i
1.6 4
/s
/
/7
/7
l.4
>/ V'
b A N i
| - ’_
| | ,/// A7 Eyod I I | J
1.2 |
i -
-/
{
NACA,
.0
600 800 t 000 1200 1400 1600 1800
Equivalent tip speed in air, U//@, ft/sec
] ] | i ! |
.6 .8 1.0 1.2 | .4 1.6

Compresscr Mach number, M.

Figure 3, — Maximum total-pressure ratio of 24-inch supersonic-
compressor rotor in air compared with results of Langl ey
laboratory Freon-f 2 investigation (reference 3}.
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Relative Mach number at
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