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

'The compressor wan designed for a pressure ratio of 2.9 on the 
basis of the theory of a supersonic flow entering a cascade and the 
diffusion efficiencies obtafned eqerimentally ti l-inch-jet tests 
of static models‘. No significant Uepartures from the theory of 
the entrance flow into a supersonic cascade were found, but the 
efficiency of diffusion in the rotor was found to be considerably 
lower than that obtained in the I-inch-jet experiments. A complete 
explanation of this discrepancy has not yet been obtained, but the 
numerous struct~al inaccuracies of this rotor contributed signifi- 
cantly to this effect, as was shown by a few preliminary tests of 
an accurately constructed rotor. 

&eon-l2 was used as the testing medium to reduce structural 
problems. The mass flow measured for the 16-inch-diameter rotor, 

. about 28.5 pounds per second when converted to sea-level air, ageed 
with theoretical expectations. Flow conditions leaving the rotor 
were obtained by surveys.. A pressure ratio of about 1.8 ath 
83 percent rotor efficiency was measured. zx a go-percent dynamic- 
pressure recovery in the stators were assumed, this efffciency 
would be reduced about 3 ,percent. 

The supersonic~compresaor shows.promise of being more compact 
by a factor of about 4 than any comparable machine performing the 
same operation. tiasmuch as the experimental.machine must be 
regarded as very primitive apd many opportunities for important 
improvements exist, supersonic compressors are considered to have 
great promise, especially for the 'design of high-performance 
turbojets. 



An investigation is in progress at the Langley Laboratory of 
the NACA to explore the possibilities of axial-flow compressors 
operating with supersonic velocities relative..td the blade rows. 
The first phase of this investigation, a study of supersonic 
diffusers, has been reported in reference 1. The second phase, 
an analysis of supersonic compressors; has been reported in 
reference 2. Freliminary calculations have shown that very high 
pressure ratios across a stage, together wi.th somewhat increased 
mass flows, are possible r%th compressors which._decelerate air 
through the speed of sound in their rotor blading. These performance 
characteristics are desirable in compressors for aircraft jet- 
propulsion units, gas turbines, or superchargers, The third phase, 
presented herein, is a preliminary experimental investigation 
of a supersonic compressordesip.ed to.produce a. high pressure 
ratio in a single stage. : 

It is commonly supposed that flow at speeds higher than the 
speed of sound necessarily involves large energy losse3. The 
first two phases of this investigation, +,ich have beon reported - 
in references 1 and Z,.were primarily concerned with the magnitude 
of these losses, It has been demonstrated theoretically '(reference 2) 
that the waves which are primarily responsible.fqr the high drag of k 
isolated bodies at supersonic speeds canbe entirely eliminated in 
the case of a cascade. It is important that any normal shock existing - 
be everywhere confined by the blading. Theoretical results indicated 
that, in cases where the normal shock is not confined, large losses 
due 'to a wave system extending far from the cascade can result. The ' 1 
other source of large 1ossea.i~ t5a.t ac~onq.3nyi,~ tho'Mnfine& normal. 
shock which decelerates airthrough the speed of sound. In order 
to study the magnitude of these losses, the ~~reliminarg investigation 
of supersonic diffusers was undertaken, It was found possible to 
design sup,ersonic diffusers to decelerate air fro% i\faCh numbers up 
to 2 through t,he.speed of sound with efficiencies comparable with 
those obtained with .good subsonic diffusers. These two preliminary 
investigations have indicated no cause for the efficiency of super- 
sonic compressors to be necessarily low. Because of these encouraging 
results, tes+ were made of an experimental supersonic compressor at 
the Langley Laboratory of the NACA. 

-. 
- 

The general object of this investigation was to verif:r the 
performance indicated for such compressors by simplified theory. 
In particular, it was desired to determine several indicated 
characteristics of operat.ion: (1) whether reasonable efficiencies 
could be obtained with a'coq$cssor operateng xith a normal shock 
confined within the rotor Fassages, (2) whether the very high 
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pressure rises predicted could be obtained, and (3) whether the 
simplified theory of the superocqdc entxwsloe region was valid. 

Of the many possibilities for supersonic compressor6, three 
elementary single-stage designs, all having subsonic axial velocities, 
were discussed in reference 2. For preliminary experiments, a 
s-e-stage compressor similar to design 2 of reference 2 and 
having an entering Mach number of 1.6 relative to the blades and 
deceleration of the flow velocities through the speed of sound in 
the rotor blades wa~ selected. This type of compressor offered, 
with a mindmum of development, a sigdificsnt increase in the pressure 
rise available from a single stage. 

In order to develop blade profiles, two- and three-dimensional 
models of a stigle passage were studied fn a l-tioh Jet. Pressure- 
distribution methods and schlieren methods wore employed. The 
performance of these ataftc models was used as a basis for alteration 
of the compressor tested. 

I!n order to reduce structural and power reqtirementa, the ' 
compressor was tested in Freon-12 at low pressure. Performance 
measurements were taken at several tip speeds rengIng from 70 to 
160 percent of the initial speed of sound. - 
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SYMBOLS 

velocity of sound, feet per second 

area, square foot 

area of rotor disk, square foot 

expansion ratio (Ab/A2) (fig. 6) 

contractfon ratio 

mass-flow 

specific heat at constant pressure, foot ppunde per slug 
per OF 

acceleration dti to gravity, 32,2 foot per second2 

Mach number, ratio of flow'velocIty to the velocity of 
sound (V/a) . 

compressor Mach nurmber &/a,) 
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R 

%I 

c 

rotational speed of &or, revolutions'per' ininute 

total pressure, atmosphe.res -.: " 

static pressure, atmospheres : 

radius, feet 

gas constant, foot'&unds per slug per oF. 

&ir,.foot pounds gas constant for mixture of Freon-i2 and 
per slug per OF 

temperature, oF absolute 

thermocouple stagnation temperature rise 

adiabatic stagnation temperature rise 

- 

i 
.’ 

-- 

u rotational velocity of blade element at any radius, feet 
per second (fig. 2) 

v velocity of fluid, stationary coordinates, feet per second 
(fig..2) . . -. 

. : 
W velocity of fluid relative to rotor, fee% i& second (fig. 2) 

P angle between sxaal direction and entering-flow direction 
in rotor coordinates, degrees (fig. 21.. 

I 8 turning angle, rotor coordinates,.degrees (fig. 2) 
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Tr rotor efficiency, evaluated from survey over rotor blade 
EflXXilUB 

, . : 

Y ratio of specific heats 

8 angle between flow direction and axisl direction In 
stationmy coordtiates, degrees (fig. 2) 

. 
P . &enaity,- slugs per cubic foot 

a solidity Blade ahord 
> spacing 
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.pitch diameter 
," . . . : 

tip dimeter ,' ' 1 ,* 
tangential d&&on . *' 

.-. 

station . 

initial stagnation conditions . - -. c 
rotor .entrsnce, stationary coordinates L. 

rotor entrqce,~~tor coordinates, or l-inch-jot-model . _ . . . 
blade m&nimm.area, rotor coo~dinates~, . 

entrance 

rotor exit rotor aoo$dinates, or l-inch-jet-model-exit ..J 
rotor exit, stationa* coordinates : 
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wt averege value weig.Med cn basis of maw flow 

Althou&.the ccznpres~~~ wed for'the present ~ltudy was 
intended primarily for experimkttal purposes, it ,was thought 
desirable in selecting the design conditione to chooee.values 
that would-permit the development of'a machine having practical 
applicatione with a mir&num of effort in the event that the resulta 
warrent such's develoment. A amall high-performance compressor 
was therefore deeigned frcm the following specifications: 

(1) The highest rotational velocity currently,being used for 
aircraft gas turbines,,1600 feet per eecond at the tip diameter, 
was 'adopted for aerod$namic deei& purpos.es (compressor Mach number 
M, = 1.43). 

(2) Au axial Mach number cf about O.&,cnteringthe rotor at 
the pitch dieter wae selected. This value permitted the use of 
guide venee without local supersonic velocities. The mass flow at 
M = 0.80 is only about 3.7 percent below the maximum that would 
occur with sonic velocity. 

(3) Guide vane8 were used to aid in the eetablishment of 
equilibrium conditions as mentioned subeequently; the turning 
anglei selected were only a few degrees from the axial direction. 
Thia arrangement reduced the maas flow only elightlq about 
1 percent below that which would be obtained with axial flow. 

(4) The deceleration and turning in the rotor blading were 
limited by the subsonic stator critical-speed con&derations. 
Theee limiting values were accepted ae the basis of the rotor 
blade design. 

(5) A value of rhfrt of 0.75 was selected. 

The first three conditione deteltied the Mach number, M = 1.6, 
relative to the rotating blades at the pitch diameter, aud the 
stagger angle, p 30 60°. The fifth condition laxg6ly determined 
the design marls flow of about ,30,pounds per second for the 16-inch- 
diameter rotor, with stationary aea-level atznospheric entry. 

During the period of the design of this compressor, the 
establishment of certain flow conditions wae held to be conducive 
to the best efficiency.. Some of these considerations are now 
viewed as refinements that might bo applied to'highly developed 
supersonic compreseors and were abandoned in the present machine 
in the efforts to reduce separatidn. Entrance flow into the rotor 

- 
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'was 80 regulated-that the pressure rise experienced through&he 
normal shock would be equal to that required for equilibrium after 
a tbe'oretical nor&l shock at all diameters. This condition 
resulted in almost constant values of Mach nwnber and total pressure 
entering the rotor at all diameters. ,Because of the thin blading 
used in this design, it wae decided for structural reasons to make 
the sP&wise blade elements radial. This consideration determined 
the twist of the blading. . 

In reference 2, it was shown that for'a two-dimens‘ionai 
supersotiic cascade the flow enters parallel to the entrance 
region of the cascade. For a three-dimensional cascade, however, 
it is possible to have'compression waves originating at the tip 
neutralized by expansion waves from.the root; or vice versa. It 
was deeided to avoid these three-dimensional extended wave 
patterns in these preliminary experiments by producing flow 
parallel to the entrance region of the blades at the root, pitch, 
snd tip. The design of the guide veJles and the curved entrance . 
passage, as shown in figure.1, were determined by these considera- 
tions - An attempt was made to.regul.ate the flow fram the rotor so 
that the total pressures entering the stator root, pitch, end tip 
would not vary too widely. This requirementnecessitated ti outiard 
curvature of the rotor paf38ages. (See fig. 1.) 

preliminary velocity diagrams (fig. 2(a)) were developed on 
the basis of .these considerations. These velocity diagrams were 
chosen from an analysis of possible designs on the basis of the 
performance of compressor b1ade'model.s in rough preliminary l-inch- 
jet tests. {Velocity diagrams obtained from a second series of 
l-inch-jet tests and from tests of the compressor are shown in 
figs. 2(b), 2(c); and 2(d) for comparison.) 

WTALROWR-BLAIiR DEVELOpMERT 

GeneralConsiderations 

The caPWssor,was de~i&~ed on the' basis of rough oreliminary 
tests in t,$e l-inch jet and 116t8 first tested with tho'o&rard 
curvature of the rotor shroud. The preliminarf tests in the l-inch' 
jet were later found to be'Q&lid and, the&fore, the results are' 
not presented. A very low pressure rise and efficiency were obtained 
in the first ccmpressor tests.due to a region of separation covering 
the outer half of the discharge annulus. It became obvious that 
improvements in the shape of the rotor-blade passages would be 
necessky to obtain acceptable gerformence. A second group of tests 
of a series of mphels'was'made in an attemPt to develop satisfactory 
passages for the supersonic compressor rotor. 

coNY?RlENTIAL 
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,.. ,A6 in subsonic com$ressor investigations, it is convenient to 
study supersonic ccanpressor,blRdi~'with,s~tic models which can be' 
made and tested easily. Models to'provide pressure-distribution $&a. 
and models to study flow conditions by the schlieren method. were 
tested in the l-inch jet (fig. 3). These tests were intended as aIVY 
study of the supersonic operating condition only. 'An extended 
cascade would be required to set up.the complex wave patterns which 
would ,occur in the transonic region. (See figb' 4. of reference 2.) . . . 
For this reason, all l-inch-jet tests were made at the design Mach., 
number relative to the blades of about 1.60. 

In order that valid results be obtained from stat%onary model 
studies, test.conditions must be similar to conditions of compreesqr 
operation.' In reference 2, ,it was shdwn that for the case of the 
straight entrance region ajld'subscnic axial velocity,, no waves : 
move upstream of the rotatikg cascade in the steadystate. For this 
condition, then, adjacent passages betweerkthe blades have no 
influence on each other 'and in order to simulate the fl.ow,in the 
blading of a supersonic compressor, it.is necessary to simulate 
only a single passage; Bowever, difficulties~~in the determination 
of the "spill" point (see following sectian) may lead to the use of 
several passages in this type of testing. .- , ' 

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

It is, of course, impossible in a stationary,experiment to 
simulate the boundary-layer conditions entering the blading of a 
rotating machine. It would be expected.that, in a compressor of 
the type considered in the present study, the boundary layer on 
the inner and outer casings at the entrance to the rotcr would be 
very thin. 'For these first tests, therefore;an attempt was made ' 
to mske the boundary layer entering the passage as thin as possible: 
The pressure-distribution models were made to start &thout any ' 
Initial boundary layer and the schlieren models were made to have: , 
as little boundary layer as p'oseible on the.glasssddes &id no 
initial boundary layer on the blade surfaces. " c; ' 

Pr&sure~~istri6&Lon'~ests 

'Methods and parsmsters.- A second,series of three-dimensionel 
models were studied in the l-inch jet to develop blading to be 
used as a basis for altering the blades of the uampreasor being 

CONFrnNTrAIl 
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.+&&&8a. The operation of:.the,rotor blades, as required by. the 
. , c$@resso~ -d&31 

flutnbeG> 'M *'*La j. tP 
was to @'fzse the-~~~!~~rqm'.,the.,,~~~ring Each 
.qd ~taggBr'%n&le~~ 

riqibsr'of about M =: 
'P.s= &lot. ta 'm exit %3&h 

O.+ w&i&"t&nin.g.:th7s f&p about 8.8o:. :The 
,,$d$.ls re@es,ehted the.profile. of thk rotor blades at.~th~$.t~ki~ 

~amg~~'~: 
. . ."', .I. _ 

VA. :: I. .-,t ': 
A typical t&de1 is s@&4h f&ure 4.. '.t'y. '.:' . .:.: ‘?- 

.' ;.a< . 
An dxploded,v@wof the.i-inch:.jet;test setup is' shown in i 

figure 3. The 'pressure at.'the e9HYof~the modelz~s controlled 
54p-,,the gate .valve. A total-press&e survey. was tide of thy model 

exiti':by.,use df s, rake of.three tvpea. The survey appa~atiis~wb3 
crudecas it 6s intended. only to give rou&h com$@isons.. Both 

g stdes and the top.&nd bottom of the mode?s.were equisped with. I. 
, +ati.c-pq3ssure tubes. :_ 1 . r ..,. ,. . .-. 

.', '. j !, . " -r .' ..-+ .x -.. . - - . . I 
.7::> ;" *. ST+cB:the fl~~ente&&g th$ ~d~l.islsupers~~i~,,,~~ eff&t 

due $0 t$ottling:would be obs&ved outside the model titi&'ths 
: * ' . . : b,ack'$ressure.had been increa$ed sufficiently to force.the'shock 

. .,qutside the model passage-; 
teed the "apiLl" poir&, 

Tfiia condit$on of bbckgressure, : 
. .,T w& assumed to be the equivaleit70f -' 

-I - -.s,$all in the rotating m&h+& in the supersonic aperatWg'&nge. 
a * :,~,@$s.~pill point was .indicated by Ei"'change in-me qressure '&easured 

. . : by's total-pressure tube located outside tie passage, as sho& h 
fY&re 4.~. A typical plot of the tifference between the settling- 

. ..' . 1.;. : chamber total pressure and'the spili:tube total pressure agai'iiat 
"'throttle"setting is shown in figwe. 5b.., 

. . 'ijoint is shown In this zigure. Pressure 
The $cation of the spill 

distributi.ons and surveys 
: . . . . were taken w near as possible to,the,sgiU-.point $thout actually 

. reaching in,,:as. this point would be expected to be the condition 
of minimum shock losses and tiost efficient operation. The super- 

* .,,.. sonic design condition is reached just-before throttling produces 
-spill in the,mdelVor stall-in the compressor. . 

z 'y. .:, *-. . ;-- 
':. . ' The total. pressure recovered &,the exit Mach number were 

. ked to evaluate the pek\formance 03' thi plaael. The pf.es51aP& 
recovery was found by actual.total-pressure messure?$ents" a& was also 

,measurements, '& and .p&, 
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which is derived In appendix A. It can be shown that calculated 
total pressures are correct only when the ,total pressure Is uniform 
over the entire' exit area. 

* 
If there is yariation,,the calculated 

value would always be low. On the other Jmad,, it is believed that 
the total-pressure surveys with the three-tube rake give' too high 
an average since no total-pressure tubes were situated deep in the 
boundary layer. Thus, the actual total pressure lies between the 
upper value given by the measured total pressure and the lower value 
given’by the calculated total pressure.‘. .I + 

The &eseure model for which results are p$eae&ed was tested 
with two values of the contmction ratio of the supersonic flow 
region OR and Several-. values of the expaneion ratio of the 
subsonic region s. : Most pf the expansion occurred aa a result 
of the turning of the blades, which irae conetent at 8.8’ for thie 
series of tests. The elrpanslcm was varied by building tip or reducing 
the upper surface of the model. (See fig. 4,) The expansion in the 
compreesbr blad3ng WBS varied similarly, as will be disoussed 
subse&3ntly. A wedge wae att;ached to the rearwa$d elde of the blade 
tp ticx~aa the omtza+on ratio (fig. 6). TIN nwimum thickness 
of this wedge was 0.016 inoh tapered to zero at the trailing edge. 
‘A . . .,- tj-pibal survey obtained in a testaf’ a model’.having a contraction i 

I ratio’ ,;%- - l.O& and en expansion .ratio s = 1.12 is presented in - . 
. ,figiu;s 7(a) * From the contours of total-pr0eeu3$ po&ry Y (bxit total ’ 

I pi’e,f,sq, idivided by ohtier pressure), it is : evAdent that some b 
:.. 1 ggya;tkn occ-ed. WSthr an lncrf3ase in eXpqu$ori wt$o, ‘to’ 3!$ = 1.325 

.\ ,($$g,;:. :f(l? )):,, $16‘ s~pai%ti$ rT@n eci;eaeef ..iq area &id severity. 
“” .: .& .Y8. er rmanc .- ~6~me~sured,~value~:;of kot&l+&vre 'recovery and 

','exit Matih'ntiber are ,pYesented in figure 8. Because-'the separated 
region.be@me leirger'as the ,expansion ratio wss,~iricressed,, a lower 
tot& pressur6~wa.s re6dvergd..,:,Simi.larly~,~e..effective 'exp+nsion ratio 
was reduced by the separationwhen the.actual':'expaz&.on ratio was 
increased beyond a value ofabout 1.15, and a higher exit Mach number 

‘was obtained:~ With blades of the~solidity. used,, Q. = 2.*3, a minimum 
:. exit Mach number of’ 0.60’~&s obtained, *. ,.:.*a : , .~ ‘_ -,, ,; 

.’ ‘. 1, ,‘. ,. -: 
As in the case of three-dimensional s&rsor&‘d~ffu&s, an 

. in&ease in contraction ratio ipcreases+the shock e&iciendy and 
conseque-ntly~tie total-pressure recovery. The use~of'contrtiction ratios 
close to the maximum possible' for the -design Mach ‘number appears 
also to b'e.d,esirable structurally since it would lead to thicker 
blades-.";,3A possible dis%ulva&agd' of'this method ofincreasing 
effioietiy, however, would be: Sn an in@easej in starting Mach number 
(lowest Mach number at which'subersoY& flotr.will enter the passage) 
and in discontinuities of performance. in the t&nsonic range. 

CONF~TIAL 



The l-inch-jet tests indicated the following tentative criterions 
for design of supersonic-compressor blades: (1) the expansion ratio 
for a solidity of 2.3 could not be greater than about 1.12 without 
separation - this rate of expansion is approximately equivalent to 
that of a.J+O..conical diffuser; (2) a contraction ratio of 1.092 was 
not excessive for a free-stream Mach number of I.% in air. 

Schlleren Tests 

The general arrangement for taking schlieren photographs of the 
flow through a typical model (fig. 9) was eimilar to that used in 
tests of the pressure-distribution model. The model passage was 
curved to represent the origfnal de&'& pitch section The expansion 
ratio of this t-m-dimensional model was greater than that of the 
rotor passages which had a contracting annulus in the final tests. 

Photographs of the flow through a model representing the origina 
blading are reproduced in figure 10. Pho%o@apti (a) indicates that 
sup&on&o flow exists throughout the entire paseage. This condition 
would probably exist in the rotor when the exit pressure is low. 
Succeeding photpgraphs illustrate the behavior of.the normal,shcck 
as the model (or the cowressor) is throttled. 

These photographs indicate that separation occur8 in the 
model passage although much of the observed separation occurs in 
the cornere between the model and the glass walls. Surveys made 
at the trailing edge of the three-dimensional pressure models 
indicated similar separation in the models of the same expansion 
ratio. As previously mentfaned, the separation was reduced and 
total-pressure recovery increased whon smaller expansion ratios and 
larger contraction ratios were employed. 

It may be well to explain some of .the extraneous effects 
appearing in the photographa. 
the rearward 

As the model was sb adjusted that 
surface of the leading edge was parallel: to the 

entering flow, the entrance wave should be of low intensity and 
should appear as a single line if the flow is truly twt'dimeneional. 
In the photographs, the disturbance from the leading edge appears 
as a wave of considerable width. Thie effect ma? be due to a 
lower velocity of flow along the~walls than in the main stream. 
Some oil is deposited on the glass wells, both inside and out>, 
during the course of a run. This deposit is evident in figure 10, 
photograph (h), in which some of the line&can be recognized as 
oil traces. Mach lines ahead of the model are caused by slight 
irregularities in the nonzle surfaces or are expansion or con- 
traction waves resulting from inequalities between the novzle 
exit prerssurs and atmospheric pressure. As chamber pressures 
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(totalpressures entering nozzle) were automatically controlled to 
maintain nozzle exit pressure within 0.5 percent of atmospheric. 
pressure, these effects are thought to be small. In generali . 
however, the schlieren photographs are believed to provide a 
qualitative method of studying the nature of the shock formations. 

COMPRESSOR TEST APPARATUS AI~MEX'HODS 

A sectional view of the supersonic-compressor test setup is 
shown in figure 11 and a photograph of the setup appears in figure 12. 

Test Apparatus, 

Low-turbulence fluid of uniform properties was supplied the annular 
entrance from the large settling chamber. Three loo-mesh screens - 
were used to reduce the turbulence and swirl. An area reduction 
of about 3O:l between the cylindrical settling screens and the 

,annul+.r entrance was used to provide uniform flow conditions at 
the rotor. The diffuser section was lagged to prevent heat 
leakage between the room air and the test fluid before the 
shielded diffuser-exit thermoocuples were reached. Two -water- 
cooled radiators were used to remove the heat from the circulating 
fluid. The butterfly throttling valve located in the return 
section Gas used to control the exit pressure. 8 

" The rotor was driven by,a stahdard'aircr~~,turbosuperch~ger 
twbine operated with compressed air, as shown in figure 11. The' 
quantity of compressed air available was suff$ient for a running: 
time of only about five 'minutes. All da& for,a given point were' 

;:recorded in this time. The rotational apeed-was determined from 
a calibrated electrical tachometer'. 

. 
In order to reduce structural.dif?iculties and.power 

requirements, the tests were run in Freon-12 at low pressure, 
ususJ.ly 0.2 atiosphere. Constant working-fluid composZtion was 
maintained by drawing out about.130 'cubic feet.of. the gas per 

,minute, purifying it, and pumping it back into the system. The . ' 
total volume of the system was about.125 cubic feet. Fluid 
semplee were*taken upetreRm of the settling chamberfrom the center 
of the passage, The velocity of-sound was measured .before tid 
after .each run by a sound-velocity meter (reference 3): The 
composition (usually about 4 percent a$r) was then determined 
from a chart prepared from data in reference.&. 

COIVFIDENTIAL 
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Methods 

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

Luring an early tsst run, a survey w&s made of flow conditions 
behind the guide vanes. A cylindrical. yaw tube csrrying a total- 
pressure orifice was used. Measuramsnts wer8 taken every 
1110 inch across the 2-inch annulus along one radial. lin%, End 
points were taken nesr each wall. The results of this survey 
indicated that the desired turning in the ontrance vanes (see fig. 2) 
was produced with only a thin wall boundary layer. The turning 
angles Ilheasured were used in calculations of all runs mad8 with 
guide VS2l8s. The static pressure ahead of the rotor was measured 
at points on the inner and outer walls of the inlet annulus. A 
linear variation of static pressure across the annulus was assumed. 

Flow conditions behind the rotor were determined by means 
of a calibrated survey instrument located approximately 1 inch 
behind the rotor (figs. 11 and 13) and from orifices located In 
the walls of the exitannulus. The survey‘instrument consisted 
of a 'hull" type yawmeter, a static-pressure tube, and a total- 
pressure tuba, shown in figure 14. In tests of the final configu- 
ration, measurements wer% taken at 17 points along one radius (except 
where otherwise noted). Five shielded thermocouples connected 
in series were located at equal spaces around the mean diameter 
of the annular diffuser exit. The exit stagnation temperature, or 
more usually, :th% stagnation temperature difference across the 
compressor, was obtained by measuring the voltage with a calibrated 
standard-cell potentiometer. Inlet temperatures we*= controlled 
t0 Value8 near room t%mp%rature to reduce heat iXS3ISf8r between 
the test fluid and room air. 

All pressure tubes, including a v&cum refor%nC% tube, were 
connected to a mercury xnanmter. 'Ithe mnometer, thermocoupl8 
millivoltslsters, tachczaeters, snd clock were photographed to 
record the data. Th8 yaw a1@8 behind the rotor E& th81?1~COUpl8 
potenticmaster were raad as each photograph was made. Data were 
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taken with the throttle at various positions at rotational speeds 
ranging from 5,000 to 12,000 rpm. I 

. f' 
Precision'& Data 

1 ' . .' 
The principal'sources of error were in the totalpressure-and 

static-pressure measurements'taken.in:tI%survey just behind the 
rotor. Two less likely sources of 8rror:were in.the static-' 
pressure measurements ahead ofthe rotor and the angle measurement 
behind the rotor. Several. methods were .avatlable fop exami'ning 
these errors, Of these, the most rel3able'was'a comparison'.of the 
measured mass flows entering and leaving the rotor. '.It was' . 
thought'that the entrance mass-flow measurements were more' . _ 
reliable, and consequently the numerical values for the mass 
flow were based on the,entrance flow.. ' 

In the later test runs, which are presented herein, the 
maximum,difference in the mass flows measured at the two statlone 
was 5 percent, with the exception of the run made at Il.,500 rpm 

* yh8n the mass flow Leaving the rotor was indfcated to be 8 percent 
greaterthen'that entering the ro'tor. I (Survey measurements-were. 
taken at only 12 points in this run.) The indicated mass floti 
leaving the rotor was usually found to be greater than that . ,s 
entering,the rotor by an averwe of 2,l percent. This difference 
is to be expected, since total-pressure tubes in turbulent streams 
tend to read high whereas static orifices may read either low 
or high, but, ,in general, the quantity flow.measllred tends to be 
too large (reference 5). A check run wau made Mth .a standard 
A.SJ4.E. flow-measuring nozzle in thereturn ductin place of,,the 
throttle valve.%. The mass flow measured.through.the'.en.trance cone 
was found to average somewhat lower than that'through the..ndzzle.: 
This result indiCat88 that pa-rt of the 2.1 percent avefage~~mass- 

,:.flow error was due to the fact that the entrance reading was low,, 
,-. .I 

Xi order to.evaluate the effects.of possible errors on the 
effictency end pressure ratio, a test.- of average mass-flow 
error. was.recomputed 3n four different ways. In the table:which 

, follows, each variable, .is altered in.turn toethe extent necessary 
to )ql~~~cs. the mass fl.ow for -the .ayerage run (average, 9 = G!.l.,per- 
cent) if no other variable,is changed.. ,Actually, tha,mass,flow 
discrepancy is most likely to be due to a combination.09. the mores 
probable errors, 

, , 1.. ' .* ; ' . , ,. . . '. I. . I ,. ., . i .- * 
.., , . .,' ._ . . . C, ,. ., 

; .I :- . . . . . . 
.__,._ ',I' . . . . .:. .: '. : I , ;! '. , 

8' ,'.., 9 .'. :' ,. 
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L 

During a few of the final runs, the st5gnation temuerature 
difference &cro5e the cosnpress0r wa5 measured with a potentiometer. 
From these values, compressor efficiencies based on the.survey 
total preSsure were obtaineda Thaae t.emperature-ri5e efficiencies 
T)& averaged about P.I.per~~-~tlower then the efficiencies . 
obtained from the survey measurements but showed appreciable 
scatter and are therefore not preeented. 

Conetruction of Rotor . 
. . . . 

The first rotor tested h8.a no shroud and was constructed 
with Swedish spring steel blades. These blade5 were given the 
desired curvature at the root by mean5 of formed dural holding 
pfeces inserted into slot5 in the rim end were held in with shear 
pins extendfng through the holding pieces and the bladea. (See 
fig. 15.) Centrifugal loads were to extend the curvature to the 
outer blade regfons when the compreeeor was operated. However, 
these Swedish steel blade5 - having 1ittL.e internal dampIng and. 
low.vibrational frequencies - failed after a very short running 
time as a result of vibrationKL stresses. ' " 

# . . 
In order to eliminate these vibration diff%culties, it was 

thought.necessarg to increase'tha natural frequencies,by restraining 
the blades with a shroud,attache$~to the.tips. As a safeguard 
against difficulties resulting from high-frequency'tibration, 
annealed, 18:8 chromium-nickel steel wasused in mak33'the blades. 
and ahroud sectfons. The blade tips were inserted in curved slots 
in the shroud and silver Boldered in place (fig, 16). Connecting 
the shroud sectfons accurately, however, proved.ver$ difficult and 
considerable variation of blase angle and spacing resulted at the 
shroud joints. In addition, =rpIng occurred during the silver- 
soldering operations, both in repair5 that subsequently were made, 



as well'af3 in the orfglnal asq~bCJ.y....~maximIq variation in the 
spacing of the.blape5 of &out m percent was'luqasurod at the, 
tips'where the.discrepG,ncies'werb the largest, Becauie of,. the 
warpage inSthe shroud, all the bILadea.bucH.ed slightly so‘tha3 
the pitch sections were straight'instead of b&g curved 8.8' ,a8 
intended. The~angle.betwGGn thG, blads ahord line and the axis, 
the contraction ratio; the. turning of the.passage between the 
blades, ,and the expansion ratio of the compressor blades varied 
from blade to blade. Only rough,.averago values of thG5G im~or*knt 
factors could be obtained, end or&y nominal values of the exptision 
and contraction ratios are p,rosented for purposes of comparison. 
The important inaccuracies in the construction 6f this rotor meen 
that the.tGet results havG only qual.itatiae sigkkfioance. The 
rotor has been rebladad more ackrately and i5 being.tGsted: 

" 

..- 

- 
'The supersonic compressor was first run in air at atmospheric 

pressure to test the operation of .tbe mechanical design. It . 
was found that the 5hroud:movGd downstream ,tith a displacament 
increasing tith the rotor speed. At arotor speed of 11,000 rpm, 
which w&5 about the maximum used.inFrGon-12, the shroud moped kbout 
0.050 inch from its static pos,ition. Whether this displacement. 
w&B aCcomp5nied by twisting of thG.outer portion 61 the blades has 
not been determined, but the'possibility does exist. The motion 
of the Shroud, in addition to fts.poor aonstruction, made difficult 
the sealing of the gap between stationary and rotating parts, A k 
strip overlapping the leading edge of the shroud was attached to 
the outer casing just ahead of the'rotor. (See fig. 1.) At best, 
considerabte leakage must have occurred through the gaps 5,hem-l of 
and behind the shroud. 

k?E%tX3 OIF'COE~SSOR TESTS '. ,, 

Early Test Rut15 . 

Aerodynsmio data were first taken of the experimental super- 
sonic compressor on May 24, 1945. The rota was tested in its 
origlnal oondition, with the outward curvature of the shroud. 
pery.10~ pressuure rises and efficiencies were obtained, No 
performance d$scontinuities were observed in accelerating the' 
compressor to'.a'Mach number of.l.5.. Asurvey 'behind the rotor 
indicated l'ow total pressure 'and high turning angle at,the out& 
pO2?td011 of the bl@iefl. Because of the ssparatiatl at thG tip, . 
1ittl.e diffusion'occurred within the blade'passages &d hi& 

. 

eX.it velocitfea resulted at the smaller diameters. The contra&n 
rat%o.was 1.037. Reaults'of total-preseure and-.turn.ing-angle surveys 
for runs 12 through 18, Gs&luding run 15, a;re shown *in figure 17. 

c0NF@mT1AL 

- 
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All these runs were made at a rotational speed of 10,000 rpm at 
maxim~,,pressure rise. 

.m,w 12 (fig. '171, b.Glsa W&S added t-o the shroud underside 
50 that the derside w&s'cylindric~ in ShaW and the emansion 
ratio was reduced to + tl 1.223. This first alteration led to 
increased.,pressure ratio as well as to better total-yrGSaUr@ distribu- 
tion, althoUgh the flow at the'tip wae still very badly SeWrated. 
The previously observed condition of.lower total mssure at the tip 
than at the root was still evident. Also, .the angle of floN at 
the tip indicated a large separated r&on. The efficiency obtained 
was about 50 percent, the survey preseurG ratio was 1.52, but the 
mass-flow discrepancy was ~quite'large. k ruxt 13, the chamber 
pressure tie raisGd'from the previously USGd l/l0 atmosphere to 
2/10 a+znoaphere in order to improve t!ie purity of Freon-12 and the 
prerzision of measurement. As shown in figUre 17, values for run 13 
are little changed from those for Ron 12: The accuracy of- the 
readings at higher pr&sures'appeared to be improved. 

. . 
The next impOrt5nt'Chs.n.gG was thickening the rotorblades, 

tow5rd the trebling edge5 with balsa wood 6ntheblade'Isidee ,$ 
reduce the expansion following the minimUm section to a:value of 
* = 1.091. ,Teats of the'comgressor with this alteration were 
made in run 14. This reduced expansion resulted in higher mGa5Ured 
pressure ratios, little change in total-pressure distribution, and a 
desirable reduction in the flow angle at the tip. (See fig 17.) 
A pressure ratio of 1.56 w&a obtained with ~.n efficiency of 70 per- 
cent from survey measurements. 

The fact that no discontinuity existed in the transoni,c 
range seemed to indicate that the contraction ratio could be 
increased advantageously. ',It was therefore decidGd.to increase 
the contraction'ratio from 1.035 to approximately 1.15 in run 15. 
Belsa wood tie glued to the rotor blades to give the larger 
contraction ratio. In this condition, flow entering the rotor 
did not approach the sUpersonic operating condition, Inasmuch as 
the maximm axial velocities and mass flow measured were very low. 
Little pressure rise was observed. The contraction ratio of 1.15 
was apparently too large for the maximm blade entrance Mach nUmber 
obtainable with the existing eqUipment. The original contraction 
ratio of'1,035 was therefore u5ed in two sUbsequent r@.,. . 

, . 
' The +esUlts of rmn 14 had indicated that the'reduc&$ 'expansion 

caused some 'improvement.in performance. The thicktrailing;~.edges 
were Undesirable, however, at&thus, it was decided to'maintain 
the expensionratio of.'run 14 by reducing the anr$Ler passage 
height snd,rGmoving the balsa *from the aides of the blades. This 
modification was tested in run 16. Figure 17 ahow good distribution 

' . 



i8 CONFIDElVTIgXJ 'HACA RM No. ~6~0312 

of the total preseure and turn- en&es for run +6.. &eurvey pressure 
ratio of 1.72 was measured with en efficiencf-of 79 p&h&. 

Run 17, in which l/l6 inch of.b&Lsa* W+I i-emoved from the 
underside of the shroudat the exitto increase the expansion ratio 
to 1.135, failed to show significant improvement in performance 
over run 16, yielting a measured pressure ratio of 1.66 at--an . _,,.' 
efficiency of 81 percent. The:distribution of the yay,ar@es '. 
end total pressure was not so' good.as...in the previous: z'un. I?,now 
seemed that the 'opt&m expansion ratio had been determingd,',,but, 
the pressure ratio desired could not be obtained wits the small , 
amount of subsonic diffusion apparently obtainable with this 
blading. Again, increased contraction ratio appeared to orfer 't;he 
most promising method of improving performenca. 

.’ . The expandon ratio of the rotor for run 58 was the esme as 

that for'run 16, 
7 

o 1,09l,.but the contraction ratio was 
' increased to 1.092 fig. 6) by gluing balsa wedges to the sides' 

of the blsdes. The performance was considerably improved, but 
the distribution and yaw angles were not. With tine exception of 
improved balsa surfaces, the rotor remained as in run 18 throqhout 
the rest of the teet period, Theoretical velocity dia&ms were 
developed for this configuration fo.r.air (fig. 2(b)).and for 
Freon-12 (fig. 2(c)). 

The compressor showed the same general trends as'the static 
models. Improved operation was obtained with increased contraction 
ratio, end best performance occurred at expansion i-atios of about 
1.1. The diffusion in the rotor, however, was much less efficient 
and the exit velocity was very high (fig. 18(c)). This result was 
due probably, fn part, to the inaccurate construction of the rotor, 
As previously mentioned, the rotor has been rebladed more accurately; 
this investigation is being repeated and extended in an attempt to 
obtain improved performance. 

I . Tests of Final Rotor Configuration . 

The final configuration of ihe ,rotos was tested in Freon-12 
at 0.2 atmosphere from a compressor Mach number M, = 0.7 to 
M = 1.6, corresponding'to rotational speeds fram ll,OOO rpm to,' 
25,000 rpm in air at static sea-level conditions. Moe6 of the runs 
were made with the guide vanes, .but 'a.few crude to.s,ts were made 
without the guide vanes. (See.ap2endix.C.). A straight annular 
passage was used behind the rotor.(solid Unes, fig.: 1). The 
Reynolds number (see appendix,D) at the design cmitions in 
Freon-12, about ~W.,OOO, was-about half the,,value that would 
result in,.air at-static seatlevel'entry conditions: , 
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Conditions behind the rotor were heteitined by surveys taken 
lust downstream from the rotor, Results of tnical surveys from 
tests run with and Trithout gu.ide vanes are presented in figure 18. 
The performance of the compressor as obtainen frcm such surveys is 
presentecl in figures 19, x), 21, and 22. The rotor efficiency 
showed little chenge tith rotational speed, varying from 32 per- 
centat &= 
at M, = 1.5. 

0.7 to 83 percent at M, = .1.3, and to 80 percent 
The measured pressure ,ratfo shor,& a linea.r.incr.ease . 

with compressor Mach number in the higher speed ra.nFge, reaching . 
& max3znw.n velue of 1.96 at a compressor Mach nlmbsr No.= 1.57. ' 
Velocity diagrams obtaine& from'measurements at the 5esirJa eeed 
(10,300 rpm) exe presented in figure 2(d). FiQEeS 19 qnd.,20 shop . . 
that the experimental compressor produced a pre&ure rat16 of 1.8 . . . 
with a rotor efficiency of 0.83 an& a mass~flo~ coefficient CG of 
0.395, which ~hen,converted to static sea-level atmos2herQ conditions 
is equivalent to 28.5 poun<s of air per,.second. If it were 
possible to in&CL &stir b&i!es capable 05 recovering 90 percent 
of the MC pressure, 
80 percent. 

the ,pver-all efficiency :.-ould be about 
The high mass .flpw W presslrre ratio make this . 

compressor more compact by a factor of about & then any other 
known machine perfozming the ssme operation. . 

-. 

.’ 

DISCUSSION 

Supersonic Operating ConFXticn 

Large total-pressure losses occur in extended stron& ,shock waves. 
These losses can be largely prevented if the stron& shocks are 
confined wItI+ properly designed blade passages. In reference 2, 
;tt was shown that this effect cannot be obtained with finite blade 
thiCtieS6 at Mach nn?&erS ClOS8 to 1. As an aid to understandin& 
the flow patterna at these transonic I&h numbers, a hypothesis 
proposing that detached bow waves were formed ahead of eachsblade 
w&s presented-. Speeds above the~&~imum~at which-detached bow waves 
could be expecterj to attach themselves to the'blading are classified 
as the supersonic operating condition. One of the first objects of 
this work was to determine whether,such a supersonic operating 
condition could be found with the test Compressor; *&at is, whether 
a regime of operation existed which agreed with j&s theoretical 
considerations for the supersonic operating condition discussed in 
reference 2. , . ;. c 

One of the first inferenoes from this theory would be that 
I & volume flow entering the compressor could be determIned by 

the requirement that the entering-Sir direction be parallel to . -. 
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the rearward side of the blades at the leading edge (this portion 
of the blades was essentially flat in this aompressor), In 
figure 22, it can be eeen that for entering Mach numbers M 

2E greater than about 1.43, the rotor entrance angle is,apparent y . 
independent of rotational. speed and of throttle posltiori. .The 
actual angle measured in this range is of.the.order 'of 28O which 
is to be conrpared with the 30* called.for in the de&@. Thle ., 
agreement is considered goodin view of the numerous structural 
inaccuracies of this compressor. 

It would also be expected that, in the supersonic operating 
range, the losses would be primarily due to the shock wave6 and 
resultant separation occurlng inside the rotor passages; Experience 
with supersonic diffusers (reference 1) has indicated that these 
losses ilgorease aa the eat pressure on the passagea is increased 
It would be expected, therefore, that highest efficiency would be 
obtained with maximum exit pressure; that is, at maximum pressure 
ratios. Some evidence that this effect was obtained can be found 
from the efficiencies of the highest speed rune (10,500 rpm) in 
figure 20. 

Furtheknore, the lowest Mach number at lqhich these supersonic 
operating characteristlcs would appear (starting Mach number) 
should be related to the contractlon ratio of the blade passages 
in a manner similar to the starting; curve (fig. 3 of reference 1) 
for supersonic diffueers. Since the contraction ratio in this 
blading was about 1.092, it ~wiLd.be expected that the supersonic 
operating coQdition z?.a Freon-12 ywld occur for,Mach numbers: .M 

?e of about 1.43 or greater,. or for compressor Mach ntibera (compare 
with fi's. 22) of 1*34 or greater* The oharacteriatiaa of the 
supersonic operating condition, which were rePerred:'to previously,: 
apparently begin at Mach numbers very oloee to these~.values, : The 
expected drop in efficiency due to increased shock losses at : 
higher Mach numbers than design ~.r&s Pound, as is evident in '2.: 7' 
figures ,26 and 21. _f:. . . '- 

L L ,. . . .- . . 
'.' 

: Transonic Operating Condition- ! '. . . ,, * ;: '., k. . . 
. Jh the transonic range,,detach& bov waves Voul.d be expected 

to exist ahead of the leading edges of the'rotor blades. These I- 
waves should have tw kinds of effects on the performance of the 
compressor. ' In the first place, the rotor entrance an&e would 
be reduc8d.beLow.t value which is found in the, supersonic 
operating condition, as is indicated in reference 2.. The 

. . . 

.- 

. 

. 
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. 

experimental values are given in fimre 22, and it csn be seen that 
the reduction of t&is'sngle at lou Mach'numbers did occur. This 
effect cm also be seen in the mass-flo-v curves of figure 19. 
Furthermore, the amount of the reduct$on is seen to depend greatly 
on the exit pressure. The results obtained at gOO0 r@n are 
particularly interesting in this, respect. It can be seen thtit 
the etit pressure could be increased up to a certain point without 
having any effect on the mass flolr. Thus, it eeems likely that up 
to this point, the flow through.the blade,p+assages kas, at least 
in part, supersonic so that the exit pressme h& rio-effect on the 
detached bow-wave system. Higher exit pres&zreti apparently resulted 
in a subsonic flea through the blade passages and in this renge, . 
the mass flow snd henbe, also,, the str&gth of the detached bow- 
wave system was affected by the exit p.ressure. 

The second effect to be expected from the detached bow-wave 
system is that the losses inherent in this system should appesz 
in the measured efficiencies. These losses can be seen in two 
ways in the experimental restits. First, it till be seen that 
the peak efficiency did not beg.6to.dro-p off ~Ltth Mach number 
until the supersonic operating condition VZ%S reached (fig. 23). 
It is well lmown that the efficiency of supersonic diffusion 
decreases, in general, with increasing Mach nLrmber. Thus, it 
seems reasonable to conclude that in the transonic range, the 
expected.~drop in efficiency is compensate?! - or apparently slightly 
overcompensated - by the bow TSve6 ccming closer to attachment 
and thus the loss in the bow-wave system is decreased. Second, 
it caq be naticed in figure 20 that the p&k efficiency does not 
occur at peak pressure ratio in the transonic range. Some 
indication can be seen in this figure that peak efficiency tends 
to move closer to peak pressure ratio as the supersonic operating 
condition is approached. The transonic performance also shorars a 
distinct rleparture from the performance of supersotic diffusers, 
since in supersonic diffusers , peak pressure ratio and pea$ 
efficiency alkvs occur simultaneously. It is considere&that. 
the drop in efficiency for higher pressure ratios at a given 
Mach nmber is due to an increase in the strength and in the 
lo6Ses of tie detached bow-wave syssem. 

,:-- _ 
In these dx~eriments, no.dis.c.c+intity af any-d PUS 

observed ti th'e flow as ?Ae Compresso I pasqed%hro@ the transonic 
r-e. This perfor&nce ~3s consi8iered- some?%at surprieing in 
view of tBeYaat 'that most &eroonic G.iffnser&sho:r discontbuous 
performa&e'&&n the shock wave"is s~&lo$d.~ The reasons for 
this la6k of &iscontintity & ndt g'& clearly l&.er&qo3 and, 
therefore:, no preiCictiop as .to.~~~sth?r'~~iscontiriuities @lJ,,be 
fount!. in other su~ereonic cqrqp?ors pB.n'be &de. There is.& 

I . ' 
I. 

.I.. CO~DE!jTIpL, ' , ., 1 . ,. 
_ f . . '. '.. ,' . .--; *. : . . 
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possibility that this lack of discontinuity is related to the high 
level of disturbances which must be present due to the separation 
in the rear of the rotor passwee, which WJ. be discussed. This 
subject needs further etudy. 

Some understandi~ of this perfo-rmsnce can be had, however, 
on the basis of the detached bow-wave hypothesis. As the relative 
Mach number is increased; the bo~waves would be expected to 
approach attachment, At the instant of attachment, the downstream' 
leg of the bow wave, which now forms a nomsl shock in the passage 
(fig. $,:referen.ce.2) ~muld pkobably jmp down&Yearn to a stable 
position in the diverging part of the rotor passage. Since the 
ma88 flow and throttle position are unchanged by this sudden motion 
of the shock PWW, the %ack pressure -on the compressor would also 
be 'expected to be unchanged. Therefore, it would seem that, in 
accelerating a compressor, attachment of the bow %zves lzould 
produce no sudden effect in the observed performsnce. 

Experimental-Results on t,he Flop Leaving th&'Rotor 

Fram the previous discussion, the supersonic flow entering the 
rotor appears to be fairly well understood qualitatively. The 
situation in regard to the flow leaving the rotor is not nearly 
60 well understood. A marked discrepancy was found SetiTeen the 
efficiency of diffusion in the l-inch-jet tests and in the ictating 
machine. Thus, in the l-inch-Jet tests, it was possible to 
diffuse to Mach nzmibers of the order of 0.6: whereas, in the 
rotor, exit Mach numbers (fig. 18(c)) of about 0.95 were measured. 
It is apparent also that a large gart of the slowly moving air 
in the rotor passa@ appeared at the tip section, In teat runs 12 
and 13, trhere'the expansion ratio of the subsonic passage was 
large, this effect was veky seatly accezltuated. ' ,. 

The high total-pressure losses, and particuJax9.y thi accumulation 
of slow air at t&&tip, produce serious discrepancies between 
predicted and experimental performance. In the first place, the 
pressure, ratio obtained by the compressor was very greatlyreduced 
from the design value of about 2.9 to about 1.8. 3;pi.e great 
difference in pressure ratio Can be best explained by considering 
several factors in ccmbihation. First, the &Iach nvon'ber leaving 
the rotor was higher and thus produced a lower static preesure in 
addition to tho static pressure drop attributable to the increased 
total-pressure loss. Higher velocities leavis the rotor (rotor 
coordinates) meant also lowervelocities entering the stator 
(stator coordinates), and consequently, lower total pressure measured 
entering the stator (fig. 2). . The pressure ratio obtained in the 

- 
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supersonic compressor therefore appears to be very sensitive to the 
diffusion efficiency ZLXI the rotor passages. The measured efficiency, 
about 80 percent, ws lol:er than the predicted value calculated from 
the results of the l-inch-jet tests, lrhich 5~~8 about 90 percent. 
These values,however, still do not take into account the difficult 
problem of the stator design occasioned by' the fact that the velocity ' 
and total pressure of the air behind the rotor tip Trould be considerably 
lo%-r than that behind the pitch or the root and would be accompanied 
by the appreciable variation In flow direction measured across the 
exit einmlus. 

Velocity diagrm from data.taken ti a'etti tests at desi@p 
speed In Freon-12 ars presented in figure 2(d). It is to be noted 
that the tip,section shows turning in ad'irection opposite to that 
of the blade csmber whereas the pitch section shows too large a, 
turning in the expected direction. These effects me probably due 
to the radial flows necessitated by separation at the tip. 

The'reasons for the increased lose-'in the rotating tests are 
not yet clear. Three effects which existed in this compressor 
should be pointed out. First, the construction of this machine 
is particularly defective at the blade tips,.and these construction, 
defects undoubtedly increased tip losses. Second, the presence of 
the shroud and rdsult,ant 10-e probably affect the-flow adversely. 
Third, the interaction of a normal shock tith, the boundary layer 
usually results in a great thickening of the boundary layer. r.t 
would be expected that these thlckboundary leyere ,&uld be 
centrifuged.towsr& the tip of the rotor and thicker dead-&r 
regions would thus be erected at the tip than at &he root. 

One preliminary attempt that $28 m&e to reduce the . . 
accumlatfon of 6100~ air at the .tip. should be. mentioned. In 
the original de&n; the .ent%nce va~m3 roughly equalized the 
totalpressure entering t-he tip wfth that entwrm'the root of the 
rotor. If these entrance venes were removed, the total pressure, 
relative to the rota.tJng blades entering the tip'wcul~ be expected 
to be higher than that entering the root. These vanes w=re 
therefore removed"& the hope that the increased total presstie 
entering the tip mi&t help to remove.the accumulation of slow 
air at this point. The retits obtained can be seen in figure 18 
and append^ix.C. Born these XWSI.7LtSj i:t ie. apparent that some 
ingprovement in the flow leaving the rotor.was mSi&e;in this w&y. . 
The efficfencies calculated from these runs were somewhat higher : 
than those obtained previousi$;. but these results are not presented 
since the measured &ass 'floT,G ontering end leaving the rotor did 
not check and these experiments must be rep&ted. Procedures of 
this general nature are considered, holwver, to have great promise. 
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The study of this problem was made very difficult becauee of the 
construotion defects of the present rotor and further research on 
a reconstructed rotor is in progress. 

A few preltiinary teats have,been run with en accuratel? 
rebladed rot& to provide a rough evaluation of the effects of. 
inaccurate construction on the performance of the previous rotor. ', . 
Although the contraction ratio of the bzades in the new,rotor is. 
low, about 1.035, the expansion ratio has the value found-to be' 
optimum in the old rotor RR qr 1,091. Test results are encouraging. 
Flow conditions across the exit annulus have been found to be 
quite uniform and higher survey efficiencies have been obtained 
with some increase in pressure ratio. Thesemore uniform flow 
conditions should make possible the desfg~~ of an efficient stator. 
to follow the rotor, A stator is being installed and will be 
tested. . - 

CWCLUDING P33QiRKS , 

An experlmental single-stage supersonic axial-flow compressor 
has been designed, built, and tested in Freon-12. This l&inch- 
diameter compressor produced a pressure ratio of 1.8 with.a.rotor ~ 
efficiency of 83 percent and a mass flow (converted to sea-level 
static atmospheric conditions) eqtivalent to 2815 pounds of air 
per second. If a 99 percent dynamic-pressure recovery is assumed 
to be attained through the etator (it is not at all clear that an 
efficient stator could be a.dded to the r&or tested), the oPer-$ll 
efficiency muld.be about 80 percent. 

* In the supersonic operating cor;dition, the mass flow is 
independent of tlie pressure ratio. Tiiis perforoiance is also 
typical. of high-performance multistage subsonic axial-flow 
oompr~ssors. Peak efficiency was obtained at maxtim pressure 
rat lo. These characteristics, as wall as the quantiWtive mass 
flow measured, are in agreemeat with t4eoretica.l considerations. 
This agreement should jtistify,the gmeral applldation of theoretical 
supersonic gas dynamics to the design of these machines. 

In the transonic range, the operation and performance showed 
no discontinuity in passi* fron the subsonic to tho sup&sonic 
operating condition. The pea& ef$icioncy,occurred a% lose than 
the rnaxmwol premure retie. with value,s only slightly below the 

‘._ ., ‘. I com3ccLENTIAL ‘, 
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supersonic efficiency peaks. Mass-flow variation with pressure 
ratio (at a given rotational speed) decreased as the supersonic 
operating condition was approached. These ChSmCteriStiC8 CS.Yl 
be exPlained by the detached bow-wave hypothesis, 

The diffusion process in the rotor passaces was found to be 
much less effioient than ‘the diffusion in simulated rotor passat;es 
in the stationary tests. The Pressure ratio produced by a compressor 
of this type is very sensitive to the efficiency of diffusion in 
the rotor passages, and this low efficiency caused a large drop 
from the design pressure ratio. Much of.the lo+energy air 
accumulated at the tip of the rotor and the resultant Poor 
distribution in angles and total pressure would make difficult the 
design of an efficient stator to follow this rotor. Ihere are, 
however, several approaches available for improving the efficiency 
of diffusion in the rotor passages and equali%ing the root and 
tip efficiencies. The study of this problem was made very difficult 
because of the construction defects of the rotor tested and further 
research on a reconstructed rotor is in progress. 

Compressors having eupersonic velocities relative to the 
bladiw show considerable promise for application to aircraft 
propulsion engines. With only slight improvements in performance, 
the supersonic compressor will be able to compete with existing 
compressors, particularly in turbojet engines where compactness and 
light weight are essential. It should then be Possible to design 
a machine which would be about four times as compact as any other 
tiown compressor performing the s8me operation. 

Lan&ey Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va. 

. 
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TOTAL-E3ESEURB RECOVERY BY S'JXTIC*~SS~ Z4QGURGmW : 

When the flow uonditions at the exit cro~le se&ion of a 
supereonic diffuwr are wlform, it is possU~le %o ca.l.culate 
accurately the recoverea $otal,prk~ure by use of the expression 
obtained in the follw derivation: 

From the energy equation . ' ., 

T +ti 
. 

cp T2s = cp 2 . i 
.2. 

and 

then 

and 

. 

: -- 
From the equation of state . 

-.P2 
'2 RT2 

.A 
.’ I’ 

. 

r -- 

and 

From considerations of continuity 
. 

PVA 2 2 2 = PI& v4 -44 
c 
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Substituting in equation (1) &ves 

27 

Scpaxing both aides, 
to 

canceling conznon factors, and transposing leads . 

(.$$)2(T2;‘- T2j 1 T4s - T4, ., - (3) 

From equation (3), if it is assumed thet T2 '= T and use is 
& 4s' 

made of the quadratic formula, the adiabaticreiationship between 
the stream snd stagnatioti conditions at the blade exit being 
included, the following expression is derj 
be calculated: 

bd from which Pi kay 
. 

*4 -= 

p4 

* 
. . 

- . : 
2 1 

- . ~ -- 

(4) . 

: 
L* . . , , . 

. . 

. ., 
.- -... 

. 

. 
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APFENDIXB 

l?EBlDRMANcE OM.PU'@TICN METHOBS 

&3s flow..- The entrance mass flow is computed from the 
measured data, R, p 

0’ 
pl, Tl , wd 8, for each radial survey 

9 . 
station r between the root and tip of the rotor inlet annulus. 
The exit maas flow is computed from the measured data ~5, "5, T5 , 

S 
and 9 over the exit annulus. The expression for inlet mass 
flow 5, , 1 =: QlaA1 may be written in the differential form r . . . . I 

dG1 = Plha%z In the final form the expression becomes ., -. 

Gl = 

. 
the right side ofwhich &y be integrated mechanically when plotted 
against the iri!.et-annulus radii. The analogous expression 

L 
, . 

s 

rt P5' .- 

G5 = rh 
2x--- 

RT5 
v5 78 fi ZC5b5, :: 

msy be similarly integrated to give the exit ma88 flow as,& check 
of the precision of measurement. The mass-flow coeffici;$s CC 

are found by dividing the computed mass flow by Poao%iec 

Or %racrAdisc which is the maximum possible ma& flow through a 
disc having the same tip diameter. 

Efficiency.- The rotor efficiency qr is computed from the 
following expression (the velocity vectors are shown in fig. 2): 

rt 
G cp &I?’ r Cp LYr' a?. 

I- 
.,- 

'r = E-v-ran = s, . 

' f 
't 
rh '5 '5tm dG5 - 

. 
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. 

. 

. 

. 

Ty-&al plots of the terms of this expression are shown in the 
following figure. The efficiency may be obtained by inteep"etioQ..of 
these plots. 1 

-i. ;: 
\ I . “\ L; - 

I 
0 . 

I 1 - 91 

050 954 958 .& .66 
Radius, fk 

Weighted average pressure aatiq.- The pressure ratio ie 
measured at each survey station directly behind the rotor. 'The . 
weighted average pressure ratio fs found from the followi% 
relations: 

prt ' . 

AT' 
tJL h 

z= d%-' 

W-t= : . - 

G5 I 
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TEST RESULTS WITHOUT !ZJlIDE VANES 

The over-all psrformance of the compressor was> Improved by 
the removal of the guide varies; however, the .ma@tude of improve- 
ment was not great enough to mrrsnt a complete series of new 
tests with the same inaccurately .constructed rotor. The results 
of those tosta.run without~vanes are listed'as follbws: 

-- 

,Rotational 
speed 
(rpd 

9,000 

10,000 

i0,000 

@, 500 

10,500 

11,000 

11,po 

Mc 

1.243 1.582 

1.331 1.7og 

1.351’ 1.727 

1.414 1.808 

1.434 1.826 

1.,498’ 1.~0 

1.576 l-970 

a.48 

8S.85 

81.96 

88.00 

83 .oo 

&,&I 

78.90 

Mass-flow 
discrepancies 

(percent) 

2.8 

8.8 

6.0 - - -. 

.I,. :,&3.0 . 
.’ , 

7.3 

. . 7.6 ” 
. , 

7.9 

. ‘Z 

, - 

:. - 
. . 

-- 

. . . 
The discrepancies between the mass flow ent&%&.'the ro&'and 

that leaving the rotor were quite 'large for these vsne&ess.runs.' 
These data were therefore considered inaccurate, sonic of the 
efficiencies in particular appeakkg too high. -- 

- .-- 
- 

.’ r . . 
L. 

r 
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AEEZNDIXD 

COMPARISONOFFREON-l2AM)AIRASTESTINGMEXX.A 

In order to make aerodynamic tests at lowered tip speed8 
with reduced stresses-in the rotor, but at .desfgn Mach rnqbers, 
Freon-l2 was used as the testing medium because of its Low . 
velocity of' sound, about half that of air. Like afr, Freon-12 ', 
(C C$ F2) behaves very nearly as a perfect gss at room 
temperatures and pressures, ap-grpaching ihis behavior even more 
closely at the lower pressures.used in these tests (reference rC). 
This gas, however, ha3 physical properties somewhat different from 
air, with a value of 7 =' 1.125 at 0.2 atmosphere, 580° F absolute . 
as compared with 7 = 1.4 for air at stsndard condit5ons. Al.though 
the adiabatic flow relationships of pressure and mass flow per 
unit area with Mach number are about &the same in Freon-l2 and in . 
air in the range considered, the temperature, contraction-ratio, 
and shock-loss relations with Mach number are sQnifican.tly 
different. The temperature change in Freon-12 is about a third 
that In air for a given adiabatic pressure change. For example, 
the permissible contraction ratio for Freon-12 ia about 1.12 
compared to 1.09 for air at a Mach number of 1.p relative to the 
blades. Total-pressure losses in shock waves are somewhat greater in 
Freon12 then in air for a given pressure ratio or a given E&h 
number. Reynolds numbers for the design condition, based on a 
blade chord length of 0.1355 feet and typical flow conditions 
entering the rotor (fig. 2) are about 6Ep,OOO in Freon-12 compared 
to about 1,100,oOO in air. 

Because of these various differences, aerodynamic tests 
conducted in Freon-12 would produce somewhat different results than 
if they were conducted in air; particularly vhen a change.in 
physical cdordJ.n&te system is involved, as*Fn compressors. The 
following, *elocity diagram 1s given tq~compare the flow conditions which 
would dccur,at the.pitch section yh& the compressor is run at 
the same compressor Mach qmiber, MC’=-1.43, in Freon-12 as ,in. 
air. These values sre to be compased with the velocity diagram8 
for the Fitch sectian (fig. 2(a)). 

. 
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% .= 0.869 
y5 = 413.3 fps 

; , .,T z5 -563.6' F absa 
=,l,go5 atm. 

- 

From this example, it.is obvioy that the Mach:-numb& entering' - 
the blades is considerably lower' i'n Freon-12 .(M2 =-1.54) than in. _- 
air (M2 = 1.62). Inasmuch as bl2 is probably thelmost imp&ant 
parameter that determines the operation of.the compressor, comparisons 
should be made on this basis, rather than on the basis. of MC. In 
figure 2, velocity diagrams for air (fig. 2(b)) and$or-Freon-12 
(fig. 2(c)) P resent 
entering the blades, 

the flow conditions with the 88,pls Mach numbers 
, .' 

SOW differences in the flow conditions a333 evia0n-t. 3x9 t&d 
preesure, Mach number, and flow an@e entering the stators are 
higher in Freon-12. The calculated efficiencies a& about the same in 
either case, & percent if normal shock losses and 90 percent 
dyna3nic-pressurf3 recovexy in the stator are assumed- 

It is clear from the foregoing diSCUS8idn that, if a ccmpresaor 
is to be tested in Freon-3.2, the aerodynakk des2gn calculations- 
must be based on the flow relationships for Freon-12 if the results 
are to be more than roughly qualitative. If such results ge Used 

CONFIlxENTIAL 
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.t0 design .3n air ~~mpre~~a, care must be exercised because the 
flow conditions will not be iaf3nticai. However, as these 
corrections can be made, Freon-22 does provide a testing medium 
for exploratory Investigations in which it is desirable to reduce 
the structural problems and power requirements. 

1. Kantrowitz, Arthur, an& Donaldson, Coleman d.uP.: Prelim3nary 
TnvestQation of Supersonic Diffumrs. NACA ACR No. L5D20, 
1945. . 

2, Ilantrowitz, Arthur: The Supersonic Axial-Flow Ccmpressor. 
NACA ACR No. L&02, 194.6. 

3 I Huber, Paul W., and Bmtrotitz, Arthur: A Device for. 
Measuring Sonic Velocity and Compressor Mach Number. 
NACA RM No. L&14, J947. 

4. Huber, Paul W.: Use of Freon-l.2 as a Fluia for Aerodynamic 
Testing. NACA TN No. 1024, 1946. 

5. Nielsen, Jack N.: Effect of Turbulence CM Air-Flow 
Measurements behind Orifice Plates. NACA ARR No. 3G30, 
1943 * 
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Or~glnal velocity diagram for air, baaed on row prellminmy 
l-inch-jet tests. Initial condltionst p. = 1.00 atmspheae; 
To = 520° F absolute. Final weighted stagnation cozxiltions: 

T5e = 7304 3 
PO 

= 2.993 and, with statoor losses negleoted, % = 90.9 

pemx3Pt. 

Figure 2.- Supersonic-oompreseor veloalty diagram for the tip, pit&, 
and root seotlona. 
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Fig. 2b 
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(b) Caloulated velocity diagrams for the final teat rotor in air, 
based on results of 
atmosphere; To = 520 

&-inoh-jet teats. 
F absolute. 

InltUl oonditimar p. = 1.00 
Final retghted stagnation oondltionsr 

‘5s = 719.13 2 = 2.83; and, with stator loaaes negleoted, qr = go.3 

psroent. 

' Figure 2.- Continued. 
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Ma1 direction 
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-c 
1 

Pitch 

%! I ;gy 
W2 
T2 = 493:1 
p2 = 0.635 

(0) Calculated velooity diagrams for the final teat rotor in Freon-12 
based on 1-lnah-jet results, 
figure 2(b). 

corresponding to the air diagram ln 
Initial conditioner p. = 1.00 atmosphere; To = 520° F 

absolute. 3 Final weighted etagnation condltionar Ts& = 591.5; po = 2.88; 

and, with stator loams neglected, Q = 90.2 percent. 

CONFIDENTIAL Figure 2.- Continued. 
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(d) Velocity diagram from data taken in actual tests at the dealgn 
speed, H = 10,500 rpm in Freon-12. Initial conditions; p. = 0.225 
atmsphere; To = 515.86 F absolute. Final weighted staguatlon con- 

ditions I z= 1.796; the computed T5e baaed on the pressure ratio, 

ewe7 efilaleac~, arCi orlghml sta 
F 

atlon temperature equals 561.2. 
For oomperlson, the measured T,js not aocepted due ti, inconeirtenoies 

of themmcouple read-) equals 563. With atator losses negleoted, 
% = 80.6 percent. 

CONFIDENT1 AL 
Figure 2.- Concluded. 
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Model 

Flsure 3.- cut-away view of l-in& jet shorrlng innstal1e.ion of i&.ee- 
dimtmslmalmodel. The survey lraa made by moving the total-pmssure 
rake vartioally at the station indicated. 
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Figure 4.- Three-dimensional pressure-distribution model, The spill tube, located about 
l/l6 inch from the leading edge and l/16 inch from the outer surface, and static orifices 

2 
l 

are shown. The total-pressure survey was taken directly behind the model, The outer * 
surfaces do not represent the blades, an3 the model walls were thickened considerably. 

CONFIDENTIAL 



16 

10 

6 

CONFIDENTIAL ml NAliOW AWlsdRY 
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72 4 56 48 40 32 
Throttle-valve poaltlon 

24 1.6 

Figure 5.- Typical plot of spill-tube prs8eWe f&net throttle-valve positiOII 
showing loaatlon of spill point ior 1-lnoh-jet model. 



Fig. 6 NACA RM No. L6JOIb 

CONFIDENTIAL 

'38188 wedge adds 
arter MUI 17 

minimum area, A3 

Entrance area, A2 A 

station 2- 

Flow direction 
mf~~lve' to 

J 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 

Figure 6.0 Cross aeotlon through rotor blades at 
14-inoh (pitoh) dIEmeter. Design configuration; 
62 blade0 used. (All dimension8 am in inckum) 
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Fig. 7 
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re 7.- Typical contour curves of total-pressure recovery 
Local total pressure. 

Chamber pressure > 
showing the extent of the separated 

regions of low total pressure over the model exit oross- 
sectional areas. Two models of different expansion ratio 
are shown. 
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Figure 8.- Measured total-pressure recovery, oalculated total-prermrs recover,, 
and exit Maoh number variation with sxpansIon ratio for l-inch-jot blade 
model. 
(CR = 

Data taken at spill point; model entrance Mach number, Mg = 1.68. 
1.042 exoept fop flagged symbole where CR = l.C92.) 
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Figure 9.- Setup for schlieren photography. The throttling valve for regulation of 
back pressure is located on the left and the l-inch-jet nozzles are shown at the 2 
right. In the center a model may be seen through the glass slde walls. . 

co 
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(a) 
Strong oblique shock from 10’ 

leading-edge angle (Fig. 6) 

weak shock from (b) 
leading edge 

Flow direction 

Model leading edges 

Jet exit 

W aiAcALMAL4894a 
(h). 

Figure lO.- Schlieren sequence showing the flow process and character- 
istics as the model back pressure is progressively increased. 
Photograph (a) shows the unthrottled flow with the shock in back of 
the model. Photograph (h) shows the shock pushed completely outside 
of the model as an unattached bow wave. The design operating con- 
dition appears to be that shown in photograph (f); 
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Figure 12 ,- Supersonic-compressor test setup, The throttling-valve lever and protractor 
are visible on the upper return section. The velocity-of-sound meter for determining 
the composition of the te6t fluid is shown at the upper right. 
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igure 13.- Downstream view of the rotor showing the survey-instrument location and 
the balsa-wood inserts beneath the shroud. The cylindrical surfaces which form the 
aerodynamic passages following the rotor have been removed. 

. CONFIDENTIAL 



. . 
I 

. . 

CONFIDENTIAL 

Figure 14.- Survey instrument for supersonic-compressor test. Instrument contains 
total-pressure tube (short tube) , a static-pressure ‘c&e (long tube), and a null type 
yawmater (center). (The scale indicatm the &i&l position of the instrument is visible, 
as are the protractor and vernier arm.) 
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Figure 15.- Schematic drawing showing blade-attachment method. 
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Fig. 16 

Figure 16.- Supersonic-compressor rotor.and shaft. Lacquered 
balsa-wood inserts are shown on the rearward side of each 
blade. The blade-tip curvature may be seen on the outside 
of the shroud. The curvature is completely washed out at 
the blade pitch sections. 
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Figure 17.- Variation of total-pressure ratio and exit flow 
angle over rotor exit annulus for early exploratory tests. 
Rotatlonal speed, 10,000 rpm. 
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Figure l8.- Comparisons of a typical run with end without entranoe vanee. 
Survey psi&a are plotted for thg blade-exit aImJhs; R, 10,500 rpm; 
M, = 1.4. It can be eeen that the flow at the tip Me improved 
somewhat by omitting the entrenoe vanes ahead of the rotor. 
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ETgure 19.0 Variation of mass-flow coefficient 0~ with throttling 
and ccxnpressor Yach.number. mese data 1ker6 obtained frau surveys 
behind the rotor end therefore do not include an stator losses. 
(Flagged symbols represent l&point survey teat. T 
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Figure 22.- Angle of flow (900 - p) and blade pitch Mach 
number Q p entering rotor at the pitoh diameter against 

oompressor Mach nmber &. For Qp greater than about 

1.53 (the design etarting blade Mach number), the entrance 
angle Is shown to be.independent of tbrottle position as 
would be expected from the theory of the supereonlo operating 
range. It ire to be noted that in Freon-l2, at the design 
value of h& = 1. 
air M;! = 1.62. 4 

3, the value of @ = 1.53, whereas in 
See appendk D.) 
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