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IRETITMINARY ANALYSIS OF AXTAT-FIOW COMPRESSORS
HAVING SUPESONiC VELOCITY AT THE
ENTRANCE OF THE STATOR

By Antonio Ferri
SUMMARY

A supersonic compressor dsslgn having supersonlc veloclty at the
entrance of the stator 1s analyzed on the assumpilon of two-dimensional
flow. The rotor and stator losses assumed In the analysis are based om -
the results of preliminary supersonic cascade tests. The results of
the analysis show that compression ratios per stage of 6 to 10 can be
obtained with adiabatic efficiency between 70 and 80 percent.

Consideration is also given In the analysis to the starting,
stabllity, and range of efficient performance of thls type of compressor.
The desirabllity of employing vearlable-geometry stators and adjustable
Inlet gulde vanes ls Indilcated. Although elther supersonic or subsonic
axial component of veloclty at the stator entrance can be used, the
cascade test resulis suggest that higher pressure recovery can be
obtalned if the axlal component is supersonic.

INTRODUCTION

A detalled dlscusslon of & supersonic axial-flow compressor design
In which deceleration of the flow fram supersonic to subsonic velocity
occurred in the rotor was presented by A. Kantrowltz in reference 1.
This paper alsco included a brief dlscussion of a type of supersonilc
compresgsor In which the deceleratlon of the flow from supersonlc to
subsonic veloclty occurred in the stator, and the possibiliity of
obtaining high compression ratio per stage with this type of compressor
- -was realized. However, this type was not investigated in detall because
of lack of information perteining to the problems of supersonic turning
end diffusion and of Interference effects. An analysis of the velocity
diagram of such a compressor was presented In reference 2; however, the
analysis was not extended to ramges of coampresslon ratio considered in
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the present analysls, and no attempt was mede to solve any of the
design problems.

Recoent preliminary supersonic teste of two-dlimsnsional diffusers
and turning passages have indicated that the basic flow problems of
compreassor deslgn utllizing supersonic flow at the stator entrance can
be solved. Information bearling on the problem of efflclent diffusion
in the stator with inlet Mach numbers in the renge of 2 to 3 is com-
tained in reference 3. Thres-dimensional.diffusers ere shown in refer-
ence 3 to be capable of a pressure—recovery ratlo of 0.75 at M = 2.50
for asrodynamic designs In which the compression of the alr entering
the diffuser inlet doese nos Interfere wlth the extermal flow. In these
diffusers the starting limitations were eliminated by unse of extermal
compregsion during starting. Because external compression camnct be
uged in the stator of a compressor, a verligble-geametry stator 1s
necessary 1f pressure recovery values as hilgh as those achieved in the
three-dimengional Inlet diffusers of reference 3 are to be cbtained.
Roecent unpublished preliminary tests of a two-dimenslonal varlable-
geomatry diffuser model representing a stator pesssage Indicated a
pressure-recovery ratio of 0.7k at M = 2.51, a value which is about
equal to that obtained in the three-dimensional case. The problem of -
turning the air efficiently through large sngles in the rotor 1s
discussed Iin reference k4 which shows that a pressure-recovery ratio of
about 0.95 is obtalnable in a 90° turn st M = 1.71.

The purpose of this paper 1s to analyze the performance and to
discuss the blade design problems of the supersonic stator type of
compressor in the light of the Informatlon now available regarding
the performemce of supersonic turning passages and supersonic diffusers.
The analysls and the experimental work both Involve, for the most part,
only two-dimsnsional flow and, therefore, are prelimlnary Iin charscter.
No attempt has been made as yeot to solve the three-dimensional flow
problems. For example, the presence of large centrifugal forces could
appreclably modlfy the results predicted by the present analysis.

SYMBOIS
a turning angle I1n rotor
B turning angle in entrence vanes (fig. 1)
M3 Mach number in froat of rotor
Mo rotational Mach number at entrance of rotor y
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Mp! rotational Mach number at exit of rotor

M3 relatlive Mach number at entrance of rotor

M), relative Mach number at exit of rotor

M5 absolute Mach number &t exit of robtor end at entrance of
stator

Mg axial Mach number at entrance of stator

M7 Mach number at exlt of stator (less than 1)

P.R. compression ratio for stage

n adiabatic efficlency

AT Increase in stagnation temperature &across campressor

Ty stagnation temperature in fromt of entrance vanes

Pon stagnation pressure at Mach number M, where n represents
conditions from 1 to 7 indicated in figure 1

Cp specific heat at constant pressure |

R gas constant

deviation of velocity dlrection at exit of rotor
ANALYSIS OF VELOGITY DIAGRAM

Conslder a compressor design in which the bangentlal speed of the
rotor 1s supersonic and the entrance velocity in the stator 1s also.
supersonic (fig. 1). Two different types of such compressors can bs
designed to correspond to two different types of velocity diagrams:

a velocity diagram in whlch the velogcity relative to the rotor is
supersonic at the rotor exit (Mh >1), and a velocity diagram in which

this velocity 1s subsonic with respect to the rotor (My < 1) bubt still
supersonlc with respect to the stator ( >-i). Both types of

campressors present good possibilitles for practical applicatlons and
Present simlilear problems of aerodynemic design.
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These compressor types consist of the following three parts
(fig. 1):

(1) Entrance vanes which change the directlion of the flow through
an angle P (positive when the air is turned against the direction of
rotation of the rotor).

(2) Rotor blades which turn the flow through a large angle. The
stream Mach number entering the rotor is Mj and the rotatlional Mach
number of the rotor My is larger than 1.00; therefore, the entrance
relative Mach number M3 is larger than 1.00. The flow velocity in
the rotor changes direction and magnitude, but remalns supersonic 1n
the first type considered; vhereas, 1t becomes subsonic in the second
type. Ths absolute veloclty leaving the rotor is supersonlc for both
types. )

(3) Stator blades which act as supersonlc diffusers in which the air
enters at the Mach number Ms corresponding to the absolute exit Mach
number from the rotor. The speed of the alr is reduced to a subsonic
value and then turmed in the axlal direction.

Important variables in this design are the entrance Mach number Mj,
the angle $ of the turning in the entrance vanes, the rotational speed
of the rotor Mp, the turning sngle in the rotor 6, snd the variation
of the Mach number In the rotor Mu/M3. '

In order to determine the effects of different parameters of the
voloclty dlagram, some values of stagnation pressure losses must be
-aggumed for the rotor and for the stator. ILosses occur also in the
entrance vanes but are assumpd to be small and have beeh neglected in

thls prelliminary analysils.

Compressor having supersonic relative velocity at exit of rotor -
type l.- Tho sssumed values of the logses in stagnstion pressure In the
rotor ake based on the preliminary tests of turning passagee &iscussed
in reference 4. Tests of a passage that turned the air 90° st an
entrance Mach number M3 of 1.71 Indicated that a pressure recovery
of 0.95 18 possible for & ratlo My/M; near 1. The pressure recovery
decreased for lower values of M}/M3.” The test Reynolds number

(about 9.16 x 106 witn regpect to the chord) was appreclably higher
than might be expected in the ususl supersonlc campressor. Tho ratio
of blade span to chord (2:5) was relastively low.

No test data are avallabls for turning angles other bthan 90° and
entrance Mach numbers other than 1l.7l. The losses in the passage have
been assumed in the analysls to be Independsnt of the turning sngle and
of the entrance Mach number M3. Actually, the losses probably incrsase
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somevhat with the Increase of turning engls. Also, the poasible pres-
gsence of detached shocks and of local subsonlc zones can change the

value of the losses when the value of Mz becomos smaller then 1.71.

The value of M3 1n the amalysis is of the order of 1.7l for Mp = 1.25
and M3 of the order of 0.85. The valus of M3 changes when the
entrance Mach number end the rotational velocity change (for My = 0.40
end Mp = 1.25, M3 = 1.41, and for M; = 1.20 and Mp = 1.30, Mz = 1.98).

The values assumed for the pressure recovery Po;_[_/P03 in the rotor ars

shown in figure 2. Ths wvalues agsumed for the pressure-~recovery ratlo
in the rotor (snown in fig. 2) are somewhat lower than the highest
values given 1n reference 4. The data of reference Ut are considered
samewhat pessimistic because of the low values of aspect ratio; however,
other losses not considered in the amalysis can be expected in the
actual rotating machine.

The two-dimsnsional experimental results for the stator show that
values of pressure recovery POT[PO5 of the order of 0.88

for Mg = 2.01 &nd 0.74 for M5 = 2.51 are obtalnable. Values of

pressure recovery of 0.87 and 0.71 have been assumed at M5 = 2.00
and M5 = 2.50 for the stator, and a linear variation of pressure
recovery with Mach number has been assumed in the analysis (fig. 3).

With these assumptlons, compression ratios and adiabatic efflciency
wore determined for systematic variatione in the veloclity diagram. With
the compression ratio P.R. defined as the ratio betwsen stagnation
pressure at the exlt of the stator and stagnation pressure at the
entrance of the campressor, the adiabatic efficlency n was determined
from the equation /’

n = (1:. R/ep . 1)%0 k (1)

where AT 1s the Increase in stagnatlon temperature ascross the
compressor.

Some results of the amalysis are shown in figure %, In which the
compression ratio and the adlabatic efficlency are presented as
functions of the rotor turning angle for different turnings in the guide
vanes., The rotational Mach number chosen for the compressor
is Mo = 1.25 and the entrance Mach number is Mj = 0.85. For this
Mach number, the entering mess fldw 1s only 2 percent less than the
maximm, but it 1s believed possible to deslgn nonchoking gulde vanes
for this condition. A small compression is assumed in the rotor corre-

aponding to 1;_1" = 0.90. The ccmpresslion ratic increases when the
3
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turning angle I1n the rotor Increases, and the increase is of the same
order as the incresse of the turning angle. The compression ratilo
increases also I1f gulde-vane turning 1s used. For the pressure recovery
aspumed for the rotor and the stator, the adiabatic efficlency decreases
gomsvhat when the compresslon ratlo lncreases. The decrease 1in
adiabatic efficlency due to the turning in the gulde vanes {fig. 4)
probably 1s smaller than should be expected, especlally for larges angles
of turning In the gulde vanes becauss In the calculatlons no loases are
consldered In the guide vanes.

In figure 5, the compression ratio and the adlabatic efficiency
are shown as functlions of the enbrance Mach number for different values
of rotational speed. The turning angle 1n the gulde vanes 1s assumed
equal to 15° and in the rotor, 100°. The assumed compression in the

M
rotor corresponds to M—h = 0.85. The maximum compression ratio 1s
3

obtained in the renge of M1 between 0.8 and 1.0, and the maximum
efflciency is obtained in the range of low entrance wvelocity. The
campression ratio Increases with increasing rotational speed.

In figure 6, the compression ratlc and adiabatic efficlency as
functions of the turaing In the gulde vanes for different values of
compression ratio in the rotor are given. The entrance Mach number
is 0.85 and the rotational Mach number, 1.25, &nd the turning
angle, 100°. The compression ratio increases when the turning In the

M
guide vanes increases. Some compression in the ro‘bor< ﬁ.lf. < l)is

3

desirable. The optlimum smount of compression depends on the magnltude
of the losses In the rotor and In the stator and for the assumed values
corresponds to a value of M_3 ~ 0.90. The efficlency decreases
alightly when the turning in the gulde vanes increases. The decrease
probebly ls larger than shown in the figure, because the losses in the
gulde venes have been neglected. '

This analysis 1s preliminary in character but indicates that with
& correct cholce of the different parameters, adlsbatic efficiency of
the order of 70 to 80 percent and compression ratio of the order of 6
to 10 can probably be expected in this merodynamic design.

Compressor having subsonic relative veloclty at exlt of rotor -
type 2.- This compressor 1s geomstrically eimilar to the design previ-
6usly discussed (type 1). Gulde vanes cam be used in front of the rotor.
The stresm entering the rotor has supersonlc velocity reletive to the
rotor (fig. 1)+ The rotor passage changes the dlrection of the entering
stream through & large angle {of the order of 900) . The passage is a
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converging-diverging chaennel similar to the passage comsidered for
type 1, bub in thils case, transitlon from supersonic to subsonic
velocity occurs in the rotor and, therefore, the exlt relative
veloclty My 1s subsonic.

The absolute velocity Ms 1s supersonic and the stator is a
supersonic diffuser similer to the diffuser comnsidsred for the preceding
cass. Howsver, the value of the entering Mach number 1s lowsr than the
value consldered in type 1; therefore, the pressure recovery that can be
expected in the stator is larger than for the type-l design. The
tangential component of the absolute velocity at the exit 1s smaller
and, therefore, the'centrifugel forces are reduced with respect to the
centrifugal forces existing in the type-1 case.

A few unpublished preliminsry teats of the turning pessage model 3
of reference L& (fig. 7) with subsonic exit veloclties have been made.
Subsonic veloclty at the exit was. obtelned by increasing the back
pressure, and pressure-recovery ratio of the order of 0.84 was measured
for an entrance Mach number of 1.71.

A pressure-recovery ratio of the order of 0.90 is comnsidered
possible for the stator in view of the relatlvely low stator entrance
Mach numbers M5 < 2.00 for the type-2 compressor.

Some values of possible compression ratio and efflclency have been
calculated by assuming 0.80 and 0.90 pressure recovery in the rotor
and 0.88 in the stator. The exit relative velocity In the rotor has
been arbltrarily assumed equal-to 0.37 of the value of the entrance
relative veloclity. The results are shown in figure 8. The results of
these calculations (fig. 8) indicate that values of the compression
ratlio of the order of 7 and efficiency of the order of 0.80 to 0.85 can
be expected for a turning angle of 100° and pressure recovery in the
rotor of 0.80. The entrence velocity relative to the rotor
for M3 = 0.85 is of the order of 1.70, and the entrence Mach number
in front of the stator for Mo = 1.25 18 of the order of 1.50.

ROTOR BLADE DESIGN

The previous analysis indicates that large turning angles of the
order of 90° are required in the rotor and that some deceleration of
the flow In the rotor 1s desirable.

A rotor blade for the case in which the exlt velocity relative to
the rotor 1ls supesrsonic can be desligned as follows. Consider first a
two-dimensional passage in which -the relative entrance velocity is
supersonic. By means of the characteristics system, a turning passagse
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thet permits the flow to turn without formation of strong shocks and
without large losses can be designed (reference 4). In the design of
ths wave pattern, a gradual decrease 1n speed can be obtained along the
chsmnel; however, the dimenslons of the channel in the directlon of the
rotatlonal veloclity at the entrance and at the exlt of the rotor must be
the sams in order to obtaln a blade with sharp leading and trailing
edges (fig. 8). When the chammel 1s assumed to be two-dimensional, a
glven valus of the ratilo ML;{ M3 corresponds to a glven veloclty diagram

and to a glven value of the pressure recovery.

In order to vary the value of the ratlo My/M3 with & glven

velocity diagram, a contraction of the channel in the radial direction
must be used. Contracting the channel radilelly permlts the desired
value of the ratio Mh_/ M3 to be chosen wlthout albering the veloclty

dlagram.

The rotor blade cannot have zero thickness in the region of the
leadling edge and, therefore, a shock wave of soame Intensity must be
accepted at the leading edge. The necesslty of a8 wedge of finite
dimension at the leadlng edge regulres alsc that the relative entrance
veloclty be high enough to give an attached shock, In order to avoid
introducing additive losses assoclated with the debached shock. The
pressnce of the detached shock would reduce the efficlency samewhabt bub
would not radlcally change the general performance of the compressor.

In the tests discussed in detall in reference 4, a 10° wedge was used
for the blade, and the ratlc of the average exlt Mach number M) with
respect to the entering Mach number changed in the range between 0.85
end 1.05 when the shape of the passage changpd. A pressure recovery

of 0.85 to 0.95 was obtained for M3 = 1.71 and a turning angle of the
order of 900. The blade comsidered in reference 4 has a thickness ratio
of about 0.12 .and a shape which 1s practical Ffor the structural
requirements (fig. 7). R -

The veloclty leaving the rotor of the type-l design 1ls supersonic,
but the component In the direction of the axls of the rotor can be
superscnic or subsonic depending on the veloclty dlagram. The axial
component of the exit wvelocity is superscnlc for the lower range of
turning angles In the rotor and becomes subsonic for the higher range
of turning engles. For M} = 0.85 =snd M2 = 1.25, the axial component
becames supersonic for a turning angle of about 80°. If Mp 1increases,
the axlal component tends to become supersonlc also for high values of
turning angles. '

A pimllar deslgn csn be used for the rotor passage of the compres-
gor of the second type. As previously mentionsd, reasonable pressure
recovery (0.84) was measured in preliminsry tests of a possible rotor
passage when the exlt velocity was subsonic (Mu < 1.00). However, the
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zone of separation near the convex surface in this case was larger than
for the case of supersonic flow at the exit of the passage (My > 1.00}.
The presence of & large wake &t the exit of the rotor would probably
produce other losses in the stator and could possibly have Important
effects in an ectual machine in vhich three-dimensional phenomena
exlat.

STABILITY OF FIOW CONDITIONS IN A ROTOR WITHOUT CONTRACTION

The previous analysis- shows that large pressure ratlos per stage
end practicel values of adiabatic efficlency can be obtalned for thils
compressor when operating at design conditions. However, the compres-
gor, in order to be practicael and stgble, must operate for flow comdi-
tions on elther sldse of the design point. The effects of variation of
the rotational speed and of the entering Mach number must therefore be
considered. In addition, 1t must be shown that the machine 1s capable
of starting and establlshing the design conditlons.

For the analysis of the phenomena related to stability and to
starting of the robor, the veloclty dlagram considered 1s one for which
the axial componsnt of the entering Mach number M3 1s subsonic
(fig. 1). The bturning passage corresponds to the design of figure T
and conslats of two walls, one of which is parallel in the reglon of the
leading edge to the deslgn stream directlon. First, the turning passage
1g assumed to be a chamnel in whichk no contraction exists and the
minimum cross section Is at the entrance. If the entrance Mach num-
ber M;j 1s reduced and the rotational veloclty 1s not changed, the
relative velocity decreases end chenges direction (M3 '; fig. 9(a)).

As shown in reference 1, an expansion produced at B (fig. 9(a)) travels
upstream because the axlal component of the veloclty 1s subsonic. The
expanslion produced &t B changes the dlrectlion and velocity of the

gtream as 1t moves outside of the passage. A famlly of expansion waves
from the rotor blades thus chenges the directlon and magnitude of the
streem from 0Lj to 0L, the design condition for which no weves occur.
The reduction of a&xlal speed is thus neutrallized by the expansion waves
that are produced by -the rotor; the flow tends to return to the condl-
tilons fixed by the rotor design. In a similer way, if the entrance Mach
number M1 is Increased, & compression wave 1s produced at B (fig. 9(b)) s
and the flow tends to return to the conditions fixed by the rotor design.
This stable characteristic depends on the expansion or compression waves

VWhen the axlal velocity 1s decreased, the shock at the lip of the
surface of the blade Inclined to the stresm Increases In strength and
for low velues of axlal veloclty may become debached. For this condl-
tlon, further analysis 18 necessary to determine whether 1t 1s still
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posgible for expansion waves from the 1llp to travel shead of the rotor,
thereby stabilizing the flow. The problem may be approached by con-
sidering schematlically a wedge 1In & supersonic stream at a large amngle
of attack (fig. 10). The detached shock producese subsonic flow behind
the shock. At the upper surface BC, behind the leeding edge B, the
flow produces a vortex and local separation. The flow in the upper
zone, however, expands and the veloclty outslde of the zone of separa-
tlon Increases sgain to a supersonic value. If the separation is
localized near the leadling edge, the Mach number along the surface BC
behind the reglon of separation dlffers only slightly from the Mach
number that would exist 1f no detached shock were present and the flow
had expanded from the dlrectlion of the undlsturbed streeam to the
direction BC. (See references 4 and 5.) In this case, expansion waves
are produced in the reglon of the leading edge which neutralize the
shock and then extend to infinity and turn the undisturbed veloclty to
the direction BC. When the angle between the direction of the wndls-
turbed velocity and the surface BC 1s very large, the separation of the
flow along BC 1s no longer localized néar the leading edge but extends
downetream. In this case, the flow does not assume the directiom BC,
and expanslon waves transmitted upstream are weaker or may be nonexistent.
The possibllity of large separation Increases when an adverse pressure
gradient exlsts along the surface BC. However, as long as the detached
shock 1s not accompanied by extensive separatlion over a large part of
the rotor blade, expanslon waves wlll be produced and the mechanism by
whilch stable operation occurs will be the same ag that described for the
attached shock conditions consldered In the precedling paragraph.

When the separatlon is not locallzed but occurse along all the
upper surface BC of the blade, the intensity of the expansion waves
tends to decrease; and when no expansion waves are tranemitted upstresm,
the flow tends to remaln of subsonic type Inside the passage. The tests
of references 4 and 5 show that expansion waves are produced sven for
angles of attack as high as 40°. Thus, the mechanism required for
stabllity will exlst even when the entering Mach number Mj; has very low
values.

Any reduction in rotatlonal speed of the rotor produces a changs in
direction of the entrance velocity. Compresslion weves are produced at
the 1lip of the blade which travel upetream and reduce the velocity.

(See reference 1.) For steady conditions, the relatlve wveloclty
decreases and becomes OLj (fig. 9(b)). The ccmpression waves, there-
fore, tend to reduce both the relative emtrence velocity and the axial
velocity.

If the reductlon of rotatiomal speed is small, and the entrance
Mach number OL; is large enough, the shock produced at B by the sur-
face BA is stlll attached; for a large reductlon of rotational speed,
however, a detached shock occurs at B. The steady condltions

iy
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correspond, as wlth the attached shock, to OLj because for this condi-
tion only caen the expsmsion waves produced at B neutralize the detached
shock; that 1s, this is the only condition for which no waves are
transmitted upstream.

In order to allow a reduction of rotatlonal velocity without a
decrease In efficlency due to shock detachment, the wedge at B should
be smaller than the angle of maximm deviation corresponding to the
design condition. For exampls, if the wedge angle is 10°, the minimmum
Mach number that permits an attached shock is 1l.43. I, then, the
relative Mach number is 1.70 and the rotatlonel speed corresponds to
Mach number 1.25, the rotational velocity can be reduced 15 percent
before a steady detached shock l1ls produced in front of the blade.

PROBLEM OF STARTING SUFPERSONIC FIOW IN A ROTOR
HAVING A CONVERGING-DIVERGING PASSAGE

The rotor can be designed wlth passsges having the minimm cross
sectlon at the entrance, in which case no particular problem exlsts In
regard to starting the supersonic flow. Reference 4 shows, however, that
the use of e converglng-dlverging passage in the rotor 1s preferable.
When & contraction exists in the passage, starting problems simllar %o
those of supsrsonic diffusers exist for the rotor and, therefore, the
mechanism of establishing supersonic flow In the passage must be
anelyzed.

Consider first that the rotational veloclty of the rotor 1s being
gradually increased. For low subsonic speeds, the increase in rota-
tlonal velocity causes an increase I1n the velocity within the rotor
passages. Thils increase conbtlnues as the rotetional velocity advances
until sondic veloclity 1s reached at the minimum section of the rotor
passage. For higher rbtational speeds, the dlrection of the inlet
velocity relative to the rotor camnot be parallel to the upper surface
of the rotor blade untll the flow at the entrance of the rotor becomes
supersonic because for this condition the continulty requirement can-
not be satisfled. The axlal camponent in this case must be smaller
then for the case in which the stream flows parallel to the rotor bladse
and, therefore, the stream dlirection tends to produce expansions at the
leading edge of the blades (reference 1). The expansions at the
leading edge of the blade tend to increase the stresm velocity. If the
veloclty could be Increased by thils mesans untll the flow becams parallsel
to the entrance of the blade, the Mach number after expansion would be
larger then the Mach number M3 which corresponds to the seme rota-
tlonal veloclty of the rotor and to en axial velocity for which the
entering stream 1s parallel +to the upper surface of the rotor blade.
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In this condlition, the expansion waves tend to Ilncrease the Mach number
of the stream entering the rotor and also the cross sectlon of the
stream tube entering the rotor. If the contraction of the rotor is too
large to allow passage of the Increased flow, compression waves would
move upstreem from the rotor throat and cancel the expansion waves
produced at the leading edge of the blade. In this case, then, the
entrance velocity relative to the rotor must actuelly remain inclined
with respéct to the rotor blade, and starting could not occur. If the
speed 1s further Increased to a sufficiently high supersonlc valus so
that the conbtinuity law 1s satisfled for the rotor contractlon ratic, no
compression waves could be transmlitted upstream, and the expansion waves
from the leading edge of the blades could then increese the veloclty of
the incoming flow until the relative velocity 1s parallel to the upper
surface of the blade, and the starting of the supersonic flow would
thus occur.

The mechenism of starting as previously descrlbed 1s complicated
by the presence of local separation of the flow at the leading edge
and by detached shock. The actual starting rotatlonal Mach number for
a given contraction ratio and passage deslgn 1s affected by the losses
due to the compressilion waves from the throat and from the losses due
to frictlon and separation. In general, the losses due to compression
waves and shock waves bohind the expansion of the blade from the leading
edge are less than the lossges that correspond to a normal shock in fromtb
of the passage, but the dlifferences can be amall, especlally if the
wedge of the blade at the leading edge produces a detached shock and
local sepsaration at the leading edge.

The foregoing discussion Indicates that starting of the supersonic
flow in the rotor would occur for a contractlon ratio larger than the
theoretical limliting contraction ratio glven by one-dimenslonal theory
for an inlet diffuser for which & normal shock occurs ehead of the Inlet
prior to starting. The resulls dlscussed ln reference 3 and prelliminery
results from variable-geometry stator-blade tests however, show that,
although the starting limitation can he avolded by use of varlable
geocmetry, supersonic flow cannot be maintained for throat Mach numbers
close to 1.00. Disturbances from the downstream flow and from the
boundery layer have a destabilizing effect which causes the entrance
flow to become subsonlc if an attempt 1s made to operate with throat
Mach numbers near unity. Experiments at M = 1.65 for a particular
variable-geometry model in which eppreciable disturbances were known to
exist showed that the maximum contraction ratlo for stable flow was less
than the theoretical contraction ratlio for the flxed-geometry case.
These experliments also showed that the advantages of varlable geometry
decrease rapidly with decreassing Mach number. Thus 1t can be concluded
that, for the relatively low supersonlc Mach numbers considered for the
rotor, any appreclable galn In contraction ratic over the theoretical
values for the one-dimensional fixed-gecmetry inlet diffuser is Improbable .
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For Mach numbers less than the starting value, losses exlist
because of the waves in front of the robtor. For these conditions,
adjnstable guide vanes in front of the rotor are desirable. If the
rotational velocity 1s too low for starting, the axlal component of the
entering veloclty is small and, therefore, an apprecisble amount of
turning can be obtalned wlthout shock losses, especially if the guide
vanes are in & zone ahead of the rotor in which the axial velocity 1ls
lower than that lmmedistely in fromt of the rotor. The guide vanes
can Introduce a favorable rotetlon In the stream and thus decrease or
eliminate the losses due to the waves in front of -the rotor. AdJustable
gulde vanes also offer the possibillity of eliminating the geometrical
starting limitations in cases where these limltations actually control
the starting process rather than the limitations introduced by the
Instgblility of the supersonlc flow Inside the passage.

REGULATION OF MASS FIOW

In supersonic compressors, when the axlal camponent of the
entering Mach number Mj 1s subsonic and the flow Inside the rotor is
supersonic (M3 > 1) , the magnitude of the entering veloclty is deter-
mined by the rotational speed. No regulation of the mess flow entering
the compressor ls posslible by mesns of throttling the flow downstream
of the compressor. For the supersonic comprsssor with subsonic axlal
component of the entrance Mach number M;, the regulation of the mass
flow can be accomplished by changing the direction of the entering
velocity by mesns of adjustable gulde vanes. Turning the gulde vanes
allows the value of the turning angle B of figures 9(a) and 9(b) to
be changed; for a constant rotational Mach number Mo, the direction of
the entering stream M3 can thus be changed. Expansion waves or
compresslon waves are then produced at the leading edge of the compressor
blades end correspond to an increase or to & decrease of the value of f.
The waves change the amplitude of the entering Mach number M3 and
thereby change the volums of flow entering the rotor.

If the axlal component of the entering Mach number M; 1s super-
sonic, the waves prpduced at the leading edge of the rotor blades are
contalned inside the passage. In thls case the mass flow is established
by the geometry of the passage ghead of the compressor and remains
unaffected by any variatlons In the gulde-vene settings. Regulation of
the volume flow, however, can be obtalned by adJustment of the guide
vanes, whlch are now of the supersonic type, because the conbtractlon
ratio in the guide vanes changes wilth blade setting. If it is desired
to vary mass flow where M3 I1s supersonic, this result can be
accomplished by means of a varlabls-geometry inlet duct shead of the
compressor similar to the one diseussed in reference 3.
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DESIGN OF STATOR AND INTERFERENCE EFFECTS

BETWEEN ROTOR AND STATOR

The tests of the inlets of reference 3 Indicated that pressure
recovery higher than the pressure recovery that can be expected Iin a
convergent-divergent diffuser can be obtalned for stream Mach numbers
between 2 and 3 1f the starting limitations are avolded by use of
varlable geometry. In soms of the inlets of reference 3, compression
occurs in front of the entrance and the extermal flow does not inter-
fere wlth the Internal flow; therefore, conditions similar to thosee
required in & diffuser for supersonlc compressors have been obtained.
The steady conditions in these diffusers are simller to the conditions
of the flow in a convergent-dlvergent diffuser; however, the mechanism
of starting 1s different. The stresm-tube contraction ratic used in
the inlets of reference 3 is larger than the stream-~tube contraction
ratio used In & convergent-dlvergent diffuser. Although the starting
mechaniam used In & conical Inlet cannot be used dlrectly in a diffuser
of the stator of & supersonic compressor, values of pressure recovery
similar to those obtained for the conlcal inlets can be expected in a
diffuser with all internal compression, if the contraction ratio is
higher then that determined by the fixed-geometry starting conditlons.

Consider a two-dimensional Inlet such as that shown In figure 11.
At flrst, the flow component normal to the entrance AB of the diffuser
is assumed to be supersonic, In which case, the diffuser can be designed
as follows: The upper surface AD of the lower blade 1s inclined at an
angle to the streem Mach number Ms and produces a shock weve. As an
altsrnate to the shock wave from A, a family of compression waves can
be substltuted by using & surface AD that starte at A parallel to the
Incoming flow and curves gradually. For the deslgn conditlons, the
shock wave or the Mach wave from A hits the lower surface of the other
blade BE behind the leading edge B and 1s reflected. The contraction
ratio of the passage can be decreased by turning the front part of sach
blade that conetitutes the stator as shown in figure 11l. The shock
from A becomes weaker, amnd the reflected shock fram the surface BE
becomss weaker. For the position A' of figure 11, the surface AD pro-
duces an expension, and the Internal contractlon 1s very small.

If, for the deslgn conditlons, the blades are turned in a direction
opposite to the direction shown in flgure 11, the shock wave or the
compression waves from the lower blade move in front of thé upper blade
end, therefore, a famlly of compresslion waves tends toc move upstream in
fron‘b of the stator. This family of compression waves tends to decrease
the emtrance wvelocity and, therefore, tends to change the volume of the
flow entering the stator. In this case, interference cccurs between
stator and rotor. In order to avold such interference, the shock A

W,
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and all the compression waves produced along AD must 1ie behind the

e AB; therefore, the component of the stresm Mach number Ms normal
to AB must be supersonic {shock at A). If thils component is subsonic,
the interference disappears only when the surface AD at the leadling
edge A is parallel to the directlion of the Incoming flow and the
compression waves along AD originate far enough behind the leading
edge so that the waves are confined 1nside the passage.

When campression waves or expansion waves move in fronbt of the
stator and reach the exit of the rotor they change the magnitude amnd
direction of the streem lesaving the rotor and, therefore, the veloclty
diagram is changed. For some ranges of Intensity of the waves moving
upstream from the stator, the equilibrium condltion is obtained at the
exit of the rotor, and the velocity distribution inslde the rotor does
not change. In this renge, the waves moving upstream from the stator
become steady waves attached to the exlt of the rotor.

Consider a compression wave moving upstream from the stator
(fig. 12(a)). The compression tends to reduce the velocity camponent
in a normal direction to the wave and, in fixed coordinates, tends to
change the veloclty from the vector OB to the vector OB'. Because the
rotational velocity 1le comstant, the velocity In rotor coordinstes
must change from OC to OC'. When the compression wave reaches the exit
of each passage 1t tends to move inside (wave FF) and is reflected at
one of the surfaces of the blades and, therefore, another compression
wave ED is produced that changes the dlrection of the veloclty 0C' %o
the direction OC ‘and increases the pressure in the zone behind the
wave. At the tralling edge F of the blade, equilibrium of pressure
and direction must exist; therefore, an expansion wave is also produced
at the tralling edge of each blade which neutralizes the reflected
compresslon wave ED. This wave pattern cannot move upstream inside the
passage because, In order toc move upstream, the wave EF must be strong
encugh to develop Into & normsl shock corresponding to the veloclity 0C.
Furthermors, no waves are reflected downstresm. This wave pattern,
therefore, becomes steady and the steady condition corresponds to the
velocity OC'.

A similar phenomenon occurs 1f expansion waves are consldered
(fig. 12(b)). Whep eilther expension waves or campression waves ars
produced by the stator and move upstreem, the flow conditlions at the
end of the rotor change and steady waves -are produced at the end of the
rotor thet stabllize the flow.

The equillibrium conditlons betwsen rotor and stator and the
maximm Intensity of the compression waves that can be trapped at the
end of the rotor can be determined for each configuration from the
preceding conslderaetions. For every value of the veckor 0C (fig. 12(a))
representing the exlt Mach number in rotor coordinates for the condition
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of zero Interference, the line C'CC'' can be determined by comsidering
that incoming weves have different intensity and by determining the
intensity of the reflected waves. From the dlagrsm C'CC'’, the
diagram B'BB'' in stationary coordlnates cen be determined. For the
case of expanslon waves moving upstream, the condition of equilibrium
corresponds to a vector OB parallel to the entrance region of the
stator PQ (fig. 12(a))}. The sams consideratiom is valid for
compression waves.,

When the component of the entering velocity normal to the entrance
of the stator PR 1s supersonic, another condition of equilibrium can
exist that corresponds to a shock wave at P along FR or inside the
rassage. This second condition 18 posslble only for thé veloclty
vector OB because 1f shock waves travel outeside of the stator passage
they tend to reduce the component in normal direction to the wave to
gubsgonic values. When the axlal component of the velocity OB is
supersonic, a shock at P cen be utilized In the diffuser to increase
the pressure recovery. However, 1f the shock 1s along the line FR &t
the entrance of the passage, the conditlion of equilibrium is not stable
because 1if the shock is disturbed from its originsl position and moves
outelde of the passage, the veloclty normal to the line PR becomes
subsonic and the original condition is not established again. In order
to obtain stabllity, the shock should be slightly inside the passage.
Because the entering Mach number l1s usually large, the angle between
the shock and the entrance of the passage required is small. Assume,
for exemple, that the Mach number entering the stator is 2.30 and &
shock corresponding to a 10° deviatlon of the flow 1is produced at the
tip of the blade. The angle of the shock 1s 34°20'. If an ‘angle of 2°
is chosen between the front of the shock and the line PR in figure 12(a)
the shock is stable for a variation of tangential veloclty of 10 percent.
If the rotational component corresponds to M = 1.25, the shock is
stable for a variation from M = 1.25 +o 1.10. The shock will remain
in the stable position for a larger decrease in tangential velocity if
a corresponding decrease 1n normal veloclty component also occurs.
However, in order to utllize a diffuser having a shock at the leading
odge of the blade, a variable-geometry stator 1s necessary to start the
Phenomenon. A varlable-geometry stator 1s alsc regqulred in order %o
have the possibility of adapting ﬁhe diffuser to different values of the
rotatlonal speed.

For every given value of the velocity OC inside the rotor, a
maximum value of the deviation & exists for which the wave pattern
previcusly considered is possible. When & iIncreases, the possiblility
of reflection of the wave EF at E (fig. 12(a)}) becomes more critical,
and for & larger then a maximum value depending on the intemsity
of OC the reflection 1s no longer possible. The waves EF and ED form a
lamda shock with a normal shock &t E if the inteneity of the compression
waves from the stator continues to increase. The phenomena are similar
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to those found in supersonic diffusers. If the intensity of the
campression waves increases, the strong shock moves upstream inslde the
rotor.

If the passage of the rotor i1s a diverging or a converging-
diverging channel, the strong shock cen be pushed upstream gradually
by chenging the gecmstry of the diffurer and increasing the intensity
of the compresslon waves. If the passage does not have a contraction,
the strong shock camnot be stabilized inside the passage; the disturp-
ance moves in front of the rotor, changes the conditions In front of
the rotor, and decreases the entrance axial veloclty and, therefore,
decreases the mass- flow.

When the normal shock moves upstream in the rotor, the veloclty OC'
becomes subsonlc and again hes the direction OC. To every posltion of
the shock inside ‘the robor there corresponds a given value of the
veloclity in front of the stator and, therefore, the corresponding
stator configurations that push the shock near the minimum section can
be determined. The axial veloclity in front of the stator is subsonic,
and the entrance veloclty is paralilel to the surface Q.

Inthis snalysls, severel simplifying assumptlons have been made.
For example, the distance between rotor and stator is assumed to be
sufficiently large to permlt neutralization of the compresslon and
expansion waves In front of the stator. The posslbllity of neutraliza-
tion of waves Inslde the stator, however, could not greatly changs the
phenomena considered beceuse the neubralization would occur automati- =
cally as a consequence of thse relatlive motion between stator smd rotor.

In the discussion it is assumed alsc thet the flow inslde the rotor
i1s not changed when waves exist at the exdlt of the rotor passage.
Actually, however, the presence of the boundary layer end of & zone of
separation Inglde the passage permits the pressure dlsturbances to
travel upstream In the rotor and to change to same exbent the magnitude
of the vector 0OC.

PRELIMINARY TESTS OF S'J‘Z'ATOR PASSAGE

Tests of two-dimensional variable-geometry diffusers which can
be used in supersonic campressors of the type considered in the present
paper are 1n progress at the Langley Leboratory. Prellminary results
are presented in figures 13, 1k, end 15 for Mach numbers of 2.51 and 2.01
for diffusers having supersonic and sonic axlal entrance velocity
components. In the Inlets considered, nmo limitetions of combtraction
ratio exlst because veriable geometry is used; therefore, 1f i1t is
assumed that no interference exists between the boundary layer and the
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supersonlc stream, configurations can be designed for which the losses
due to supersonic compression are theoretically very small. With this
agsumption, diffuser comfigurations having graduval compression might be
expected to yield higher pressure recovery. These and other experl-
mental results (reference 3), however, indicate that the presence of
the boundery layer affects the compression inside the diffuser to a
larges extent; therefore, in order to cbtain a configuration that gives
high pressure recovery, & compromise must be made between shock losses
and losses due to boundary-layer separatlion.

For M = 2.50, in order to have high pressure recovery, compression
ratios of the order of 12 or 15 are required in the stream. When the
compression occurs graduaslly inside the inlet the boundary layer is
subJected to large adverse pressure gradlents and, therefore, 1t tends
to separate. In order to avold large pressure gradlents it is more
efficlent to compress the flow to some extent with shocks in front of
the inlet before the boundery layer 1s formed than to compress the flow
gradually entirely inside the inlet. In elther case, the amount of
compression that can be obtalined by means of varlable gecmetry is deter-
mined by the boundary-layer phenomena. The test results lead to the
conclusion thet large comvression at the stator entrance can be used
efficiently only if the axial component of the veloclty in front of the
stator 1s supersonic. In bthis case, the compression can be obtalned by
producing a shock at the leading edge A of one of the blades and by
reflecting the ghock near the leading edge of the other blade B
(fige. 13 and 14). The tests show that when the reflected shock hits
the surface AC of the diffuser 1t tends to produce separation and,
therefore, it is deslrable to reduce the intensity of the reflected
shock to smsll values. The minimum value of the intensity of the
reflected wave is determined by the structural requirements of the
blades because the wedge angle of the blade at the leading edge controls
the Intensity of the reflected shock. For exemple, i1f the shock fram
the leading edge A corresponds to a deviation of 14° and the reflected
shock to a deviation of 9°, the blade wedge is 9°.

Tests have been made at M5 = 2.51 for the diffuser shown in
figure 13(a) at different angles of attack in order to chemge the
intensity of the compresslon in front of the passage. The results of
these tests show that when the shock in front of the inlet increases, °
the pressure recovery increases. The maximm pressure recovery has
been obtained at the highest angle of attack of the model tested
(fig. 13(a)), for which the shock from the leading edge A of the blade
correspconds to a deviatlon of 14°. For this condition, the upper
surface has a dlrection that glves a g° wodge angle for the blade
(fig. 13(b)). The blade tested has a 2-inch span and the boundary
layer was removed from the slde walls in perpendicular direction to the
gtreem 1 inch in front of the blade AC. The maximm pressure recovery
obtained for the diffuser conflguration shown in figure 13(a) 1g of
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the order of T4 percent. Tests were made at the same Mach number with
a diffuser having gradual curvature along AC, but satisfactory values of
pressure recovery could not be obtalned.

The inlet of figure 1k(a).at M5 = 2.01 had a pressure recovery
of about 0.88. Figure 1i(b) shows a possible blads shape for the stator
that corresponds to this test model. When sonic or subsonlic axlel
entrance veloclty at the stator is comsidered, the blade must have the
surface AC parallel in the zone neasr the leading edge to the stream
direction if all disturbances are to be confined in the stator passage.
Therefores, in order to have a practlical wedge angle at the lesading edge
of the blade, & wavé fram the other surface must be produced of the same
strength as In the case of the supersonic exial component. The compres-
sion in this case occurs in a zone between the walls in which boumdary
layer exists; whereas, in the supersonic case, the compression across
the first shock occurs without adverse effects fraom the wall boundary
leyers. In the subsonlc axlal-component case, a diffuser of the type
shown In figure 15 can be used. The diffuser in the zome ABCD 1s
similar to the diffuser of figure 13 except for & surface AA', parallel
to the incoming stream, that is added to the entrance. In this Inlet,
however, the inclination of the surface BD with respect to the Incoming
stream must be larger than in the inlet of figure 13 because in the
inlet of figure 13 the wedge at the leadling edge of the blade is flxed
by the inclination between the surfaces AC and ED; wheoreas, in this
inlet it 1s given by the Inclinetion between the line ED and AA'. As
the subsonic axlal component of the veloclty entering the sbtator 1s
decreased the length AA' will obviously increase. In order to keep
the leading-edge sectlon practlical structurally it will probably be
esgential to Increase the wedge angle as the axlal veloclty component
decreases.

Tests have been performed at M =.2.51 Ffor the diffuser shown in
figure 15(a) in which the surface AA' was omitted (the diffuser is the
seme as the diffuser of f£1g. 13(a), but has a smaller angle of attack
such that the axial component is somic, and the movable 5° flap is
adjusted so that 1ts upper surface ls parallel to the entering flow).
For the configuretion of figure 15(a), the maximm value of pressurs
recovery obtalned wlth varieble geomstry was of the order of 0.59.
When the Intensity of the shock from A was Increased, higher pressure
recovery was obtalned; however, the wedge angle at the leading edge
necessarlly decreases as the shock from A Increases in strength. TFor
example, for the configuration of figure 13(a), the wedge would have
negative values. The low values of pressure recovery for the sonic
axiasl-component configuration (fig. 15(a)) can be attributed to the
increased intenslty of the shock from BD .which increases the separation
at the surface AC and, therefore, lncreesses the losses and instability
of the diffuser.
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No tests have been performed for the lower Mach numbers with sub~
sonic axlal component which are required for the stetor of the type-2
compressor. In thls case, the entering Mach number Ms 1s small (of
the order of 1.50) and high pressure recovery can be expected.

The Reynolds number of these tests was considerably higher than
usually found in compressors (of the order of 3.7 X 10° per inch) with
the model blade spacings of the order of 1 Inch. Becsuse of the
Importance of the boundary layer as it affects diffuser performemce,
the test Reynolde number and aspect ratio are parasmeters which should
be investigated in future tests.

These results are preliminary but seem to Indlicate ‘that In the
veloclty dlagrem a supersonic axial-velocity component in front of the
gtator is preferable to subsonlc components. Advantages can be expected
by the removal of the boundary layer along the upper and lower surfaces
of the annulus in front of the stator.

CONCLUDING REMARKS

A supersonlc. compressor deslgn having supersonic velocltles at the
inlet to the stator was analyzed on the assumpilon of two-dimensional
flow. Preliminary supersonic cascade tests of the rotor and stator
blades are desgcribed from which values of the rotor and stator losses
wore determined for uee in the analysis. The results of the calcula-
tions Indicated that stage compression ratios between 6 and 10 can be
obtalned for this design with adlabatic efflciency between TO and
80 percent.

The starting conditions and stabllity of the flow in rotor and
stator are dlscussed, and the deslrabllity of variable-geametry stators
end adjustable gulde vanes l1s indicated. These devlices increased the
ranges of entrance velocliy and rotational speed for high efficlency.
Although elther supersonlec or subsonlc axlal entrance veloclty to the
gtator can be used in this design, the preliminary cascade tests
indicated that supersonic veloclty results in higher pressure recovery.

Langley Aeronautlcal Leboratory
Natlonal Advisory Commlttee for Aeromautlcs
Langley Alr Force Base, Va.
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Flgure 1.- Veloclity dlagram for a supersonic commressor having supersonic flow at the entrance
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Figure 2.- Total pressure recovery asgumed for the turning passage as a
function of the ratio of the relative Mach number at the exit and at
the entrance of the passage.
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Maure 3.- Total pressure recovery assumed for the stator as a function of the entrance Mach nmber M5
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Fgure 4.- Varlation of the compression ratio end adiabetic efficlency with the turning smgle in the
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Figure 7.- Rotor blade design for M3 = 1.71 (model 3 of reference 4).
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(b) Variatlan of rotational velocity.

Figure 9.- Stability of the rotor (Mj cos B < 1).
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Figure 10.- Detached shock at the leading edge of the rotor blade.
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Figure 1l1.- Variable-geometry stator blade.
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(b) Expansion waves moving upstream from the stator,

Flgure 12.- Interference between rotor and stator.

33



He

Movable flap

—— —p— ——— e

.

90PET W VOVN

Fi ™
gure 13.-~ Stator for H5 = 2.5].
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(b) Stator passage corresponding to model of figure 14(a).

Figure 4.~ Stator for Ms = 2.01.
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(b) The stator passage corresponding to the model of figure 15(a).
M5 = 2.51 (Ma - 1)-

Figwre 15.- Stator for My = 2.51 (Mg = 1).
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