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PERFOFMA.NCEOFSUPERSONICAXI4L-FLowCOMFRE3SORS

By Linwood C. Wright und John F. Klapproth

An anSlytios1 study was made of four cdbinati~e of subsonic
and supersonic flow in the rotor- and at&or-blade paaeagea of
EbXi81-floW compreeeore. The theoretical total-preeeure ratio of
each of these types of compressor, whencd.y normal-chock loeses
are considered, is given 88 a function of the rotational speed and
the turning angle in the rotor passage.

Campre88or I with a rotor-cuntained normal shock and subacmic
VXBlOCity at the 8tator eIXtramX Offered 8 tOtd-pm88U%  ratio Of
about 3.5 per etage and for no chsnge in outer shroud radius was
limited by the stator-entrance angle8 and stator-entrance Msch
numbers to 8 msxinumtotsl-preeeure  ratio of about 4.6 per stage.

Compreaaor II hsd a rotor-contained norms1 shock but permitted
'aupereonic velocities at the et&or entrsme. Total-pressure ratios
above 6.0 per stage were theoretically poseible, but problems such
a8 stabilizing normal shocks in both the rotor am3 the et&m,
large turning in the rotor passage, and utilizing the high stator-
entrance angles require further investigation.

Compressor III utlliied supersonic flow throughout the rotor
and recovered the preaeure in aupereanic  et&m8 having a
containednomalshock. Total-preesure ratios above 5.0 were
possible in a single etage, but normal shock losses were gxater
than for the other tnes at sunparable  preeeure ratio8 above 3.0.
Because the shock ~88 renmmd to the stator, however, device8 for
approach$ng isentropic  deceleration through sonic velocity may be more
es8ii.y applied.

Compressor Iv had subsonic velocity in the rotor and supereanio
velocity in the stator entrance. Theoretical total-preeeure ratios
above 4.0 per stage were 'possible, but the rsnge of efficient supereonic
operation wss expected to be frcm 1.8 to 2.2.
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The Specific ma88 flow Of C~preBBOrB I, II, and III wag above
90 percent of maximum for the annuluer. The Specific DlaBB flow Of
COfllpr088Or m WaS about 60 percent of maximum for the annulus; how-
ever, becau88 of the pO86ibl8 lack of restrictiona  on radius ratio,
compr8ssor IV may have had a total mass flow cnmr>arable with other
types of compr8saor  for a given frontal area.

INTRODUC?l?ION

The UBe of 8up8rsonic air velocities relative to any of the
component8 of axial-flow ccmpressors offers proslise of greatly
increasing the total-pressure ratio ger stage (reference 1). Several
of such caupreeeore have been built and operated (references 2 and 3).
The maximum theoretical performance attainable with various supersonic
conPiguration6  of axial-flow ccznpreescrra coneidered  rstructurally and
aerodynamically practicable at present was briefly analyzed at the
NACA Lewis laboratory and is presented herein.

For the purpose of this discuesion, a supersonic axial-flow
compreeeor Can be considered as any axial-flow compressor having
supereonic velocities relative to any component. The velOCiti88
at the entrance to the inlet guide vane8 can be subsonic or euper-
SOniC. B8CXaUBe the rem energy can be recovered more efficiently by
the we of spiked diffusers than by the canpressor  and b8tXUBe the
maea flow per unit area decreases appreciably for Mach numbers
above 1.2, only subsonic velocities have been considered at the
entrance to the inlet guide vanes, even for the caee of supersonic
aircraft. The rOtOr or diffusing stators can have rel&iVe
velocitlee that are: (1) supersonic at the entmnce with decelera-
tion through conic velocity by means of t+ocke inside the passage,
(2) entirely aupereonic throughout the passage, or (3) subsonic
throughout the pas8age. For most applicationa, the velocities
leaving the exit eta-tore mu& be subeonic; therefore the use of
SUperSOniC velocities throughout the statore is not coneidered.
Practicable supersonic compressor8 may thus tentatively be reStriCted
to those having both subsonic entrance velocities into the inlet
guide vanes and eubsonic exit velocities from the diffusing statore;
six poseible ccxnbinaticme of rotor and etator flow6 $hen remain.
Subeonic flow throughout both rotor and stator ie the usual eubsonic
ccmpreeeor and is not considered. Supereonic  flow throughout the
entire rotor with eubscnic stator velocities give8 tOtal-pXWe6UXW
ratio8 below 1.6 for rotor apeede up to 1800 feet per second and
hence this flow configuration ia also disregarded. Thie analyeis
is therefore restricted to the remaining four types of compreesor,
which are described in the following table:

.
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CSNERALDBSCRIPTIO~OFFILlW PROCESES

Energy addition. - The energy addition in any compressor rotor
appears 88 kinetic energy and static-preesure  increase. The usual
SUbSOniC axial-flow CODlpr888Or  obtaina static-p33388Ure inCrea8e by
diffusing the flow into the larger area made available by turning
the flow in the direction of rotation. The supersonic compressor,
however, can have a lW?g8 iIX%MaBe in Static pressure in CL relatively
Short distance without requiring blade ourvature by means of the
compression shock. Any turning that can be accomplished in the
direction of rotation adds to the 8bSOlUte kinetic energy, further
increasing th8 total energy addition.

Compressor I (rotor-contained normal shock, aub8onic entry into
stators) obtaina most of its total-pressure ratio through the static-
pressure gain in th8 rotor. A small static-pressure rise occurs
when the supersonic stream entering the rotor passage is ccxnpressed
to the minimum area that permit8 Stab18 SUperSOniC flow (refer-
ence 4). A large Static-pr888Ur8  ri88 OCCUrB 8CrOBB the llOZQld
shock that takes place at the minimum-area Mach number under proper
operating conditions. If the air can be further diffused in the
SubSOniC portion of the blade passage, an edditi~l static-pressure
increase is obtained.
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Ccxapreeeor  II (rotor-contained normal shock, supersonic etator
entrance) has the static-preseure  increase due to deceleration
through lsonic velocities in the rotor, aB obtained in compreesor  I;
and, in addition, imparts sufficient kinetic energy by turning and
diffusing th8 flow in the rOtOr passage t0 cause the ai?? t0 enter
the stators with supersonic velocities. This kinetic anergy ie
then converted to pressure energy by deceleration through sonic
V8lOCiti88  in the statOX%.

Compreesor III (supewonic rotor throughout, supersonic stator
entrance) obtains most of ita total-preewre  ratio throUgh kinetic-
energy addition. The total amount of contraction of the eupereonic
stream is limited by the contraction ratio that pemitB stable
SuperSOniC flow to enter the paeeage. The static-pressure increase
obtained by oompreesing  the supersonic stream is therefore limited.
Tee kinetic energy 18 obtained by twning the supersonic stream
Until the air ed8rB th8 StatOrB with BUperBaniC VelOCiti88. Th8
stators then decelerate the air through sonic velocity, COnVerting
th8 kin8tic energy to preeeure energy,

Compressor IV (SUbSOniC rotor, supersonic stator entrance)
relies primarily on the addition of kinetic energy by turning the
flow in the direction of rotation. A relatively emall statlc-
pressure rise through th8 rotor can b8 obtsined by diffusing the
flow at the same time that it 18 being turned in the rotor passage.
Wficieut energy mUat be added 80 that the velocities entering
the diffusing stator are txqweonic. This enwgy is then con-
verted to pressure energy in the stators by deceleration through
sonic velocities and further diffusion to the desired velocity.

Entrance conditiona. - For the compreesoro requiring auser-
sonic entrance velooitiea  relative to the I&Or (c~66or8 I, II,
and III), guide van88 may be necessary to increase the Mach wmber
relative to the rotor by tU??ning the flow opposite to the direction
of rotation. Thie turuing is moat eesential at the blade root where
the rotational Speeds are lowest.

For compressors I and II, a large change in etatic preasure
and tangential velocitiee OCCUTEI through the normal shock in the
rotor. These rapid change6 may lead to large d8trimental radi%l
acoelerations  immediately behind the shock unless controlled
through Varying the r8latiV8 tOtal-~8EB3U?8  Condition8 at the
l?OtOr e&ran08 by uB8 af entZXnC8 gUid8 VaIBB. Compressore I and
II therefOr8 ~3qUir8 8ntmFnc8 guide van88 for equilibrium COnSid-
erations and compreseor  III may require guide vanes to increase
the Mach number relative to the rotor-blade root.
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For ~anpre85~r Iv, subsonIc velocltiee  relative to the rotor
are $equlrad. For rotutlonal speeds ubove 900 feet per eecoud and
axial Mach xumbera above 0.20, the air must be turned Tn the direc-
tion of rotation In ceder to keep the relative velocities 8ubsouic.
The turning in the guide va~a required for Subemic velocitlee
releMve t0 the rotor restricts the maximum axial v?3loclty that can
be ueed for any given rotat~cual speed. The maxImum pemiS8ible
axial ccunponent then decreases as the deeigu rotational speed is
Iucreased.

Rotor flow. - The tumlng that is required In the rotor pamage
for ccmpre8sor8  I and II can be 8CCCmpliBhed either before or after
the nOmEal 8hOak without Influence cm the tOk3l-$WeBBWe 3xbtio.
However, the advantage8 to turning in the supereanic region are:
(1) An inc??eUSe in blade thiokne88 18 allowed; and (2) Separation
i8 1eSS likely to occur becauee (a) the erpaneim CaUBed by auper-
B~IIIC tUrn3ng in the direction of 3TO~tIOn p?CdUCeS a d8Cre88ing
pressure gradient, and (b) the turning is accmpliehed before the
build-up in boundary layer tmually acccmpauying a normal shock.

As the rotor paeeage is turned in the direction of rotation,
the flow area inCre&BeB for ~StBd blade thiClme88. lY the
chord length l?emains  approximately constant, the rate of -a
inOre&Se and consequently the subeoglic diff'usim rate beccmea
larger as the amount of turning la increased. Increased rotor-
blade turns with constant chord may lead to diff’ueion rates that
would Cause BeparUtiOXL  UUleBB the flow aI?ea Were Z'eStriCted  by
deCre&Bingthe bladeheightor span. Are8trictlou oftheblade
height by changing the hub or tip radii is therefore probably
neceS8ary for compre88~8 utilizing a large tuning in the rOtOr
p&SSUge (CCBQre88Ol?8  II, =I, and IV, and possibly CU.EpZ'eBBO?? I).

Diffusing at&or conditiona. - ~eBBOl-8 1 and 11 l7lUy have
veryhighentr~ce angles into the diffusing atator8. The axial
compaent of the VelOCity is decreaSed ccm8fderably beCaUSe of the
large change ind~8ityingoingthm~ghthe Shock. For the ca8e
in which the axial velocity beCCSB8 mall compared with the
tangentisl velocity catering the etatore, the 8tutor entrance
angle8~8U3Bd iramthe ~~~SIIIEL~ became verg l&r@. The axis1
COmpCme& of the velocity cau be inCre&Bed by ~StriCtiUg th8
rotor-exit area through chmge in hub or tip radius, thereby
lowering the angle into the St&Or a8 Well as deCre88ing the diffU8iOn
r&e.

BeCause of the small chauge in density across the rotor of
canpreesor III, the -181 velocity deCre&SeB only slightly and the



6 I_- NACA EM No. F6LlO

entrance angles into the stators are considerably lower than for
compressors I and II.

Compreesor IV Can have an incr8aae in static pressure across
the rotor ae well us kinetic-energy addition, but because the pree-
8Ure gradient caueed by both the diffUsion and th8 turning aggravates
boundary-layer build-up, it may be advsntag8ous  to restrict th8
difYu8ion to little or none. When the diffusion ie 80 restricted,
little or no change in density acro88 the rotor exists and th8
entrance angle8 into th8 Stators are not as high as for compressore I
or JJ.

Velocities entering the etatore near a Mach number of 1.0 are
probably difficult to handle. For eubeonic Mach nUmb8rB near 1.0,
the blade critical Much number cannot be far exceeded. For super-
sonic Mach numbere very cloee to 1.0, the angle through which the
flow can be deflected without forming a detached shock is very Small,
thus etator blades with very small wedge angles will be required.
Also, if the flow is only slightly off design, the angle of incidence
plus the wedge angle may be sufficient to cause formation of a

~

d8tXXChed  shock or bow wave.

Efficiency. - The only lose8s coceidered in th8 computations
were the lOS888 due t0 the normal shook. If a method of approaching
isentropic deceleration through the velocity of sound can be
adapted, however, these 108888 can be largely elimin&ted. The
possibility of adapting devices to approach isentropic deceleration
exist8 for all cases in which the shock occura, although the use
of such devices= on the rotating paseage may prove difficult.

For preseure ratio8 above 3.0, the added energy ie obtained
largely through kinetic-energy addition. Higher soliditiee are
therefore required to accomplish the deSir8d turning in the rotor
pa-we. Also, the added. kinetic energy increaSeS the flow a~318
into th8 stators, possibly neceseitati.ng extra stator row6. The
viscous loss then probably inCreasea with increaeed pressure
ratios.

.

!l!his analy8is is based on equations for one-dimeneional  flow,
where the Mach number ie a fUnction of only the passage area normal
to the flowdireCtion. Sea-level condition8 were 888Umed for the
etagnation conditiona at the compressor entrance in all cases.
Entrance ConditimB of CCmpreseors I, II, and III were a8SUWd the
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8ama with an SbSOlUtS entrance Mach number of 0.8 ernd no krnlng in
the guide vanes. For ccmpresaor Iv, an axial entrance Mach number
of 0.39 and a turning of 30° were assumed in the guide vanes 80 that
SubsOniC relative Mach tiunibel?B are obtained for MtatiioUal Speed8
up to 1300 feet per second.

when the air is decelerated through sonic velocity, the auper-
8031iC flow 18 888UmBd to be iS~trOpiC.ally COmpreSSed  t0 the *Imum
area that till pemait Stable supersonic flow entry (reference 1)
and 8 nOmZ&l Shock 18 888UmSd t0 OCCUT in this minimum pBsEk@ area
at the looal Mach number. hBBe8 in total pressure due.to normal
shock are included in the CaI@Ut&iOn but lOBBe due t0 frICtiOn,
mixing, and other sources are neglected.

Ccunputations for each compressor were made to determine the
maximum theoretical total-pressure ratio available for a range of
rote+onal Speed8 and rotor passage turning.

c All symbols used are defined in uppendix A.
l

Cunpre88or I

A typical velocity diwam of cosgreasor I (rotm-contained
~~~ shock, 8ubsonic St&Or) 18 shown in ~I&WX l(a). Blade
rotational speeds frm 1200 to 1800 feet per second and m
values of the rotor-passage turning angle fran Oo to 30° were
aSSUtll&. The paesage-arearelationaarebamd  ous'two-d5mensiansl
BeCbiOU without change in root or tip 1%diU8. The CCenpUtX&ioUal
-proced&e for ccmpreaaor I is given us an example in appendix B.

Total-pressure ratio. - The r&on of operatiou of compressor I
is Shown in figure Z(a) belay the line BQj = 1.00, where &j is
the Mach nm@er entering the &atom. ThemRrtmUULtOtal-~BBUL-e
ratio that can be obtained tith speeds up to 1800 feet per second
is 6.4 for cae stage.

Very little turning in the rOtOr'p888E@ 18 required for total-
pressure r&lo8 of about 2, but the atator angles I33 probably
require two et&tar rows if the umximumturning that csn be
accnrplished in one BtStOLC row 18 888umed to be about 40°. For
tOiXbl-p~88UX'e X'at~OB Of about 3.5, CC3Qr888Or I bill ha8 e CL
small turning (less than loo) in the rotm for blade speeds above
1400 feet per eecaed; howeve?, the stator-entrance angles become
rather high (about 700).

l
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Because of the present ptzactical limitations on the operating
parametera, only part of the area under the Une 1% = 1.00
(fig. Z(a)) appears available for actual ccqresaor operatim. The
amount af diffusion possible in the rotor passages for blade solid-
ities of from 1.50 to 3.50 is limited because at' the adverse condi-
tions following the normal shook. Efficient diffusion to a Mach
number as low as 0.45 may be assumed possible with these blade
solidities if careful attention is paid to the pressure gradients
caused by radial flows and to the blade design.

Mach number limitations at the diffusing stator entrance may
also restrict the practical range of to+ual-pressure ratioe. Becauee
of the large turning required, even with a force-break Mach number
(reference 5) instead of the critic-al  Maoh mmber Into the stator
blades, a maxQnum absolute Mach number above 0.85 after the rotor
oannot be expected to give good perfor~%ce. The 1imItations on
the angle and the Mach number into the etators may poeeibly be
relaxed through application of the principle of the vanelese
diffueer. Through ooneervation  of moment of momentum, the tangential
velocity and henoe Mach number oan be deoreaaed  by inareaeing  the
radius between the rotor and the stator. Similar coneideratione
CZUI also decrease the stator angle.

The flow angle8 at the stator Inlet B5 may beccme trouble-
some at the higher preseurt3 ratios. A limit on the practical stator
angle based on present oonoeptions may be aseumed to exist at
about 75'.

If the stator-entrance  Maoh number and rotor-exit Mach number
(baaed on diffuser limitations) are aseumed to be Limited to 0.85
and 0.45, respectively, the region of practicable performance is
restricted to the double-shaded region in the lower left-hand part
of figure Z(a). The maximum poeaible total-preeaure  ratio within
the preceding a88Uned restrictions ie then about 4.6 for rotational
speeds up to 1700 feet per second.

The preceding uoneideratione  were baeed entirely on two-
dimensional calculation8 tith no change in root or tip radiue through-
out the rotor or etator. If the root or tip radiue ie changed in
order to restriot the exit annulue, the limitation onturning
impoeed by too rapid a diffusion can be relaxed. The degree to
which the flow angle into the etators ie improved when the maximum
rotor diffusion 18 restricted to M'5 = 0.60 18 shown in figure 2(b)
for a rotational, epeed of 1600 feet per 8econd. Thie curve can be
compared with the curve In figure 2(a) for the eame rotetional
epeed computed without variation of root or tip radius. The lower
total-pressure ratio for a given rotor turning due to the restricted

.



rotor diffueion  113 quite apparent. In order to obtain a pressure'
ratio in the restri&8d passage the ssm8 as that in the unrestrioted
passage, more turning is neo8ssary to campernate  for the lack of
diffusion by adding kinetic energy. The use of the principle of the
vaneless diffuser mpy also aid in relaxing the limitatims on the
maximum total-pressure ratio available frm ocmpressor I.

Compressor II

A velooity diagram for oompresmr  II is shown in figure l(b).
The ocmputations  ax8 the sam as those of ocmpr8ssor I with sn
additio33al oorr8ction for deoeleration through sonic velooity in the
stators. Again, as for campressor I, the oalculatione  assumedno
chsnge In root or tip radius.

Total-pressure ratio. - !Fhe theoretical total-pressure ratio
available with mmpressor  II is shown in figure 2(a) above the
line s = 1.00. For desigu operation with a chock in the rotor
emd suffioi8nt kinetic 8nergy to give supersmic velocities into
the stators, the minimum total-pressure ratio is about 4.6. The
maximum theoretioal total-pressure ratio for blade speeds up to
1800 feet per second and 30° turnlug in the rotor paseage is
approximately 8.8. The required diffulsia rate, however, is quite
high for blades of about 4.0-inch chord length aud the stator-
8ntranoe angles are so high that their aoccmnodation is probably
very aiffmdt.

In order to avoid exkreme rotor aiffU8iOn  rates, high stator-
entrance angles ma stator-entrsnoe  Mach numbers mly slightly
above 1.00, radial restriotion of the flow area at the rotor exit
is probably necessary. The case for which the exit Mach number
relative to the blade is held at 0.60 by radialrestriotion  is shown
for 1600 feet per secona in figure 2(b) above the point M5 = 1.0.

For a pr8SSlU'8-ratiO  Of 5, aturningaugle  inth8rotorpassage
of 33O iB required, with a Maoh number into th8 statOr of 1.1. With
pressure ratios of about 6.5, the Mach number into the stator ia
about 1.28 with a turning angle of 51° reQuir8d in the rotor passage.
Th8 angles intO the stators are not prohibitively large but reWir8
at least two rows of qtator blades to return the flow to the axial
air8otiOS

For proper operating conditions, omqressor II must have a normal
ehook stabilieed  in both the rotor and the stator. A method must
therefOr8 be found for stabiliaing two or more suco8ssiv8  normal
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ehocks in the compressor passages in eerie8 by either exerting baok
pressure on the shock farthest downstream or by using independent
baok pressure on each rotor and stator row containing a shook. Dif-
ficulty may al80 arise if the statOr angles differ sufficiently frm
the flow angle to cause too high a baok pressure to be exerted. on
the compressor, thereby prohibiting the star-t of supersonic flow
into the rotor.

Compressor III

Ccmpessor III is differentiated from compressor II by the
existence of supersonio flow throughout the rotor passage. A typi-
cal velooity diagram for coqzessor III is shown in figure l(c) and
the performam 8Oulrye infigure 3. The relative %ch number at the
rotor exit is assumed equal to the relative Mzch number at the
entrame (that is, all the energy added is kinetic) and it is also
aSsUII8a that the flow 18 turned ieentropically. The 10888S incurred
by aI3C8lemtiIIg the air through the sonic velocity in th8 stator
are included in the computation.

Total-pressure ratio. - The theoretical total-pressure ratio
shown in figure 3 COntinuoUS~  increaSeS  with an increas8 in turning
an&l8 and rOk3tiOrEd  8ped. For total-pressure ratios of about 2.0,
the rotor-passage turning and stator-entranoe  angles (22.4O and 18.0°,
respectively, for 1600 ft/sec) should offer no difficulty in design
or operation. Total-pressure ratios of about 3.5 require rotor-
passage turning of 40.8O for rotational speeds of 1600 feet per sec-
ond, but the stator-entrance angle of 29O can still be handled in
one row af stators. For average total-pressure ratios above 5.0,
higher tip speeds may be desirable and two rows of stators my
become necessary to return the flow to the axial direction. Stator-
entrance &ch numbers above 2.0 lead to large losses through the
normal shock (above 20 percent using the optimum contraction ratio).
For total-pressure ratios of about 6.5, approach to isentropic
deceleration through sonic velocity is essential for reasonably
g00a 8fficiencies. Inasmuch as the normal shock occurs in the
stator blades, however, this type of coanpressor may lend itself to
the applioation of devices to accomplish isentropic deceleration
through sonio velocity.

If it is assumed that a method may be found for maintaining the
stator-shook losses to values below 20 percent, the principal limi-
tation on ccuqxressor  III is the required turning angle in the rotor
passage. The restriotions  on the amount and mte of turning possible
in the rotor sre not de?initely known, but these restrictions are
probably less severe than with oceapresaors  I and II, inasmuch as
there is no normal shook to thicken the boundary layer and pressures

i



along the blade can be controlled through proper oamellation of
oblique shock wave8 to give a minimum of adverse pressure grsiiients.
The total-pr8BBUI?O  ratio available whep isentropio  deoel8ration can
be obtained is shown by the upper cm/ of figure 3 for
tional speed of 1800 feet per s8oond.

Ccmpressor Iv

Compressor IV utilizes a subsoaric blower that imparts suffi-
cient kinetio energy to th8 flow to give 8~p8r~CmiO  flow into th8
stators. A typical velooity diagrm is shown in figtE8 l(d). A
prerotation of 30° in the inlet guide vanes and an abSOlUt8 Maoh
number entering th8 rotor were QBsumed so that the rotor XWlatiP8
etntranoe velooity remain8 subsonio for rotational apeed up to
1300 f88t per BOOolld. The flow intherotoris assum8dtob8turn8d
isentropically with th8 relative Maoh number at the exit the smn8
88 the ??8l&iV8 8ntrsJLOe Maah nunib8r.

TOtd.-pres8~8 Z%ttiiO. - The maximum total-pressure ratio
theoretioally pOEBible IS shown In figure 4. For a tOtti-~8SSUre
ratio of 2.0, a rotor passage turning of 43O and a stator-8ntranoe
angle of 42O ar8 required at a rotational speed of 1200 feet per
s~cona. Based on these ~811188,  a pressur8 r&i0 Of 2.0 appears
readily attainable with good effioienoy. At pressure ratios of 3.5,
a I&her high turning angle of 7 8O is required in the rotor passage

. at 1200 f88t p8r 88-d. One of the limitations on this ocmpressor
is the amount of turning feasible in the rotor passage. If turning
up to 9o" oan b8 obtained, th8or8tfti  total-pr8ssure ratios
above 4.5 per stag8 are possible.

marativ8 Result8

lkfioiemc3y.  - The CCaaparatiV8  1088 in total pr8BBure  through
the shock at a rotational speed of 1600 feet per 88CCd for
oanpressms I, II, and III and at a rotational apeed of 1300 feet
per ssocnd for compressor IV plotted against total-pr8ssur8 ratio
is shown in figure 5. The loeses are less than 10 percent at all
pressure ratios considered for mmpr8ssors I, II, and IV. The shock
loss8s for 0wrpr888or III may be smmwhat seatar. Because the
shook is looated in the stators for ccs~ressor III, however, a8tiWB
for approaching isentropio deceleration can probably be more easily
applied (reference 6).



12 NACA F&5 No. E8LlO

b&&S8 flOW. - Inasmuch as th8 entrance conditions for caupres-
sore I, II, and III are the same, the mass flow per Unit area of the
annulus is the same. The high entrance Maoh number of 0.8 permits
about 96 percent of the maximum mass flow through the annulue. The
hub-tip ratio is restricted by the requirement of supereonio
velooities relative to the rotor blade at the root, but the total
mass flow fram compressors I, II, and III equals the best subsonio
oompressors having an equivalent frontal area. The low entrance
Mach nWnb8r of oompreseor IV restricts the mass flow per unit area
of the ann~lue. The axial Mach number used of 0.39 gives a xs%es
flow of only 60 percent of the maximum through the annulus. Inas-
much as the restriction of always having eupereonic velocities
relative to the rotor rOOti does not apply to Compressor  Iv, brger
hub-tip ratios may possibly be used and the total mass flow for a
given frontal area may be comparable with that of compressors I,
II, and III.

9WMARIZIIVGRRWRKS

Analytioal performanoe computations for four different
supersonic-compreesor  COnfigUratiOnS  gave the following reSUlt8:

Compreesor  I with a rotor-contained  normal shock and SUb8oniC
velocity at the stator entrance offered a total-pressure ratio of
about 3.5 per stage, and for no change in outer shroud radius was
limited by the etator-entrance angles and stator-entrance Mach
numbers to a maximum total-pressure ratio per stage of 4.6.

Compressor II had a rotor-cantsined  normal shock but permitted
supersonic velocities at the stator entrance. Total-pressure ratios
above 6.0 per stage were theOretic3ally pO8sible, but problems such
as stabilizing normal shock8 in both the rotor and stator, large
turning in the rotor passage, and utilizing the high stator-entrance
angles require further investigertion.

Compreesor  III utilizad supersonic flow throughout the rotor
and recovered the preseures in SUperSoniC stators having a oontained
normal chock. TOta~-pIW88UZ% Idi akO.v8 5.0 were pT8sible in a _
single stage. (% Jij J=v 1 '";rlfy&cyj;3--g.f u '< .- -71; :- ;--'

Compressor IV had subsonic veliocitjiin  the rotor and supersonic
velocity in the stator entrance. Theoretical total-pressure ratios
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above 4.0 per atu@ are possible, but the ian@ of eff1oient supersonio operation WEI expeoted
to be from 1.8 to 2.2.

The follaaiag table IndIcatea the perrtommm range for aomgrseeor typee I, II, ad III
at an axial erbrmwe Maoh number of 0.80 and for oompreeeor IV at an axial. enizmcw Maoh
mmiber of 0.39:

(h3) b8)
I 1.4 55.0 -0.4 54.0

2 III 3 0 . 6  2 3 . 0  2 6 . 4  2 0 . 0  2 2 . 4  18.0 1 9 . 4  1 6 . 0
Iv 5 6 . 0 4 7 . 0 4 3 . 0 4 2 . 0
I 10.0 7 0 . 0 -1.6 69.0

3.5 III 5 6 . 0 40.0 4 7 . 0 33.0 4 0 . 6 29.0 3 6 . 2 2 6 . 0
Iv 79.0 5 4 . 2
I 10.0 IS.5 - 1 . 5 7 5 . 5

5.0 Iii 3 2 . 0 6 1 . 0
63.0 43.0 5 5 . 0 3 7 . 0 46.0 33.0

6 . 5 II 5 1 . 0 63.0
III 59.0 39.0

"purnlag angle in rotcfr blade paesages.
bAngl.e between abeolute a& velwity aud compressor &a at Btstar entranoe.

The aodlfied oompresem II, in tiiuh the aiifash at the rotor exlt is red&.&d to
G - 0 . 6 0 , is rreed In thie table because the amount of dUfnsicm whioh valid be rewird
ulthout ohange iu rotor exit amulua ie bellevd to be very W'ficult to obtain.

!Che vleooua loeeee in eaoh oaqresaor  wme probably larger than those for an axial-flow
subsado rotm of the 6am preeewe ratio. !Che dook lossss at a qmed of 1600 feet per

3a0

I
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eeocmd for compressors I, II, III and at a speed of 1300 feet per
second for oompressor IV were less than 10 percent except for total-
pressure ratios above 3.5 with Ximpressor III. Because the shock
was located in the et&ore for oconpressor III, however, detioee far
approaching iaentropic deceleration may b8 more easily applied.

The speoific mass flow of ocanprsseors I, II, and III for most
d8SiepB Should be above 90 peroent of maximum for the annular area.
Compressor IV had a specific maes flow on4 about 60 peroent of max-
imum, but beoause of th8 emPall8r radius ratio possible, may have a
total mass flow oarmparable with the Other types for a given frontal
Et??-.

Lewis Flight Propulsion Laboratory,
National Advisory Coanmittee for A8roXXiUtiC8,

Cleveland, Ohio.
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APPENDIXA

SYMBOLS

ThO fOlkWing symbols are USed in thi8 a11aly~i8:

=8a (~OllSiBt8~t  WIit8)

velocity of souud, ft/seo

p&Bag8 COntraCtiOn ratio, Amet/&-

passage expaneion ratio, &imum/Aexit

abSOlUt8 Maoh number ,

Mach nuaiber relative to rotor blades

absolute total pressure, lb/sq ft

relative total pr8ssur8, lb/sq ft

Btatif3,  Or Btreeun,  pFeSBuF8, lb/sq ft

absolute total t8Xp8mtUr8, 0P

relative total temperature, oP

statio, OT stream, temperature, Oa

rotatioual speed of blade at radiue r, ft/sec

abSOlut8 velooity of air, ft/seo

velocity of air relative to rotor blades, ft/seo

angle between absolute air velooity and omtpre88or axis d8g

angle between relative air veloc3ity and ocmpressor  axis, d8g

ratio of speoific heats

turning angle in rOtOr blade pas8age8, deg
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Subecrlpts:

or

mln

z

8

0

2

3

4

5

cH.tica1

m i n i m u m

ta?.lgential  mllpommt

6k.gndia canditia

exit from guide veu~~f3

immediately  before shook in rotor

immediately after ehook in rotor

exit firan rotor, mtranoe to etatore

NACA RM No. E8Ll.O
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SAMPLE-i COMPUTATIOH

A aample ocsnputaticn ie given for the perfcmtance~ oharacteris-
tloe of aompreeeor I at a rotations1 speed of 1600 feet per mcond
and a rotor-pamage turning angle of loo. These ocmputatione  are
based on one-dimenei~l relations, and tables or charta such a8
those of reference 7 gxtatly faoilitate the ocmputational pro-se.

The follmdng equaticms,'  whidh may be found in any book of
supersmiu flow (for example, reference 8), are ueed in the sample
0anputatioI.l:

t 2-=
T 2 + (y-1) M2

(1)

!+&++M2j*
A

Q2 =
1 + + M32

73f32  - +

(2)

(31

(4)

(51

.
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The following conditimxi are aeeumed:

M, 2 2 = 0.80 To = 520°

U = 1600 ft/eea 8 = loo

Then fran equation (l),

t0F2 = 0.8865, t2 = 520 $0 = 460.0°
2

a2 = 49.1 "I t2 = 1052

Vz,2 = M,,2 a2 = 841.9

Frfm equation (21,

0
B
P2

5: 0.656

In aooordeume  with the aaeumptima and the- velooity triangle,

P'2 o 62.24O

V
V'2 = =s2

COB P'
5 1808 ft/sec

M'2
V'2= - - 1.719
a2 Vz,2

Fran equation (0,

= 0.6286
2

From equation m
= 0.1969

P'2- 733.40, - = 0.656 = 3.331



In order to determine the Mach number at the blade minimum
se&ion, the contraction-ratio curves for M'2 given in figure 3 of
reference 4 are used to find CR = 1.148.

l!bam equation (3) and the value of M*2, = 0.7376
Then

3, wmpresssd
= 0.8466

a?om equation (3) ana *cr(43A
, ocanpressea'

M'3 = 1.51

The total-pressure ratio aoross ths normal shook oan be obtained
fixm equation (4) for M'3 as s

P'4- = 0.9266
P'3

from equation (5) for M'g,

M'4 = 0.6976

BYan equation (3) for M'4, = 0.9123

The expansion ratio between passage minimum area and exit is

s = cR (~0s P*) e-t = 1 1Q8 x COB 52.24
(cos B*) entrance l

COB  62.24 = 1.510

Then

%
= 0.6042

.
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For and quaticm (3), Mt5 - 0.38. Erom equations (1)

and (2) for M'5,

= 0.9719, +
0

P 0.9052
5 5

t5 - 11'2 t
0II'

= 712.5'
5

P'4 P'2 P'4
po=qyp's ~3.088

P5 CAL
g- PO PI50

= 2.793

a5 = 49.1 @ - Wll

V'5 = Mt5 a5 - 498.2

B'5 - I32 - 6' = 52.24O

ve,5 - V'5 we p*5 - 305.1

v'(J5 = V'5 sin 8'5 - 394

ve,5 = u - V'e,5 - 1206

85 - tan-l

v5 = %,5
sin 85 = 1244

V5
Mg - as = o-949



NACARMNO. E8LlO -* 21

Frau equatlans  (1) and (2) for M5,

t05;s a 0.847

= 0.5602

Then

= 841.2O

Pg
3 AL 4.986
PO

0$5.

The oarcpressor  shock losses are equal to the normal shock
losses except for acmtpresscm  II, whioh has tot81 shook losses equal
to 1.00 minus the prduot of the rotar and the stator normal-shook
reooveries.
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Figure 1. - Representat  he velocity diagram for supersonic empresser.
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(cl C o m p r e s s o r  III. P r e s s u r e  r a t i o ,  4 . 4 5 .

idI C o m p r e s s o r  IY. P r e s s u r e  r a t  i o ,  3 . 1 2 .

F i g u r e  I. - C o n c l u d e d . R e p r e s e n t a t i v e  v e l o c i t y  d i a g r a m s  f o r  supersonic  COmPreSSOr.
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(a) Constant hub and tip radii through passage. Cortpressor I
below line Y5 - I .OO; compressor If above I ine Y5 - 1 .oO.

Figure 2. - Over-all PerfOManCe Of  SuPerSOniC  compressars  i a n d  Il. Spec i f i c
mass flow, 0.96; M,,2, 0.80.
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T u r n i n g  a n g l e  i n  r o t o r  p a s s a g e ,  8, d e g

(b) H u b  a n d  t i p  t a p e r e d  s o  t h a t  M; - 0 . 6 0 ;  U. 1600 f e e t  p e r
second.

F i g u r e  2. - Concluded. O v e r - a l  1 p e r f o r m a n c e  o f  s u p e r s o n i c
compressors I and TT. S p e c i f i c  m a s s  f l o w ,  0 . 9 6 ;  M,,zr
0.80.
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