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An invest igat im me made' t o  determine the  posaibil l t ies of 
obtaining high pressure coefficients by amlying a cm&anL 
pressure high turning  principle t o  impulse axial-flow caupressm 
rotors. In conventions1 axial-flow caqressors;  the total greSsure 
coefficient is l imited  to  a maximum of about 1.0 by separation 

, losses that a c c q n y  turning angles exceed- about 30°, as a 
resul t  of the associated  etatic-preesure  rise. Turn ing  the flow 
without s t a t i w r e s s u r e   r i e e ,  as in impulse turkines,  greatly 
extends the limit of turning angle, and higher pressure  coefficients 
aze possible. 

In  -der t o  develog blade des- f o r  an lmpulee axial-flow 
catrpressm, blade secticrns were tes ted in a +inch low-speed cascade 
tunnel at the langley Aeronautical  hboratory. Fran these results, 
a. rotor was designed t o  produce a turning angle of 75O and a total 
pressure coefficient of 2.40. T h i s  rotor was tes ted in a l e p e e d  
t e s t  canpressor  without m e t  guide vanes and uith and without 
stator blades. A t  the design qpantity"f1ow cwff ic ien t  of 0.82, 
a rotor  tatal+ressure  coefficient of 2.3 with 98.3 percent 
efficiency and a stage t o t a l  pres- coefficient of 2.05 w i t h  an 
efficiency of 89.6 percent were obtained. 

The advantages of the axial-flaw compressor are in its high 
specific-flow  capacity and high efficiency. The principal 
dimdvantage is the low total+ressurMiee  coeff ic ient  obtainable 
with the usual design. T U  limitistim Fs moeed because the 
rotord lade  passages a re  used not only t o  impart kinetic energy 
t o   t h e  f l o w  but also, as diffusers, t o  convert part of the dynamic 

is centered largely in obtainin@; a given s t a t i c  pressure rise w i t h  
maximum efficiency  became, when a constant  diffusion  efficiency 

.1 pressure t o  s t a t i c  pressure. T h i s  system is des irabb when interest  
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or constant  blade L-Lft to drag r a t i o  is assumed, dividing the s t a t i c  
pressure  rise equal ly  between r o t o r  and s ta tor  has been sham t o  
produce least losses (reference 1). Separation losses accompanying 
high s t a t iwressu re r i ee   coe f f i c i en t s ,  h m v e i ,  se t  a limit t o  the 
di f fus ion  and, therefore, t o  the turning angle. The angle through 
which the f16w is turned is the primary  determinant of the amount 
of energy added t o  the f l o w 3  therefore, with this system, the energy 
that can eff ic ient ly  be added t o  the air is limited. 

i 
The flow may be turned through large angles eff ic ient ly  if 

l i t t le or  no static-+messure rise takes place. Such flaw exist  in 
hpulee turbines. , The purpoae of the  present  investigation is 
t o  examine the  possibil i ty of obtainlng significantly  greater  total- 
press-rise coefficients by using these  principlgs t o  design 
an axial-flbw  caupressor rotor. Although conventional  cmpressm 
turning  angles are i n  the range of 30° and below, imp-e turbines 
normally operate  with  turning angles of 9oo 8nd above, with 1200 as 
a typical value. If .this large turning angle could be accanplished 
eff ic ient ly  in a ccmpressar, the energy input w o u l d  be greatly 
increased. Sane prior wmk has been done in th i s  .field. In 
reference 2, a comtant-pressure blower (called the  Schicht  blarer 
a f t e r  its inventor) is discussed.  PoseibilitieE of such a blower 
were indicated by the French e n g w e r ,  Rateau, as early a s  189, 
but very l i t t l e   a t t a r p t  was =de t o  develop the idea before the- 
Schicht designs. Reference 2 indicates that, with turning; angled 
of about 450, efficiencies of over 80 percent were experimentally 
produced with a pressure;rise  coefficient of 0.8 but, w i t h  a 
pressure-rise  coefficient of 1.4, the  highest  efficiency  attained 
' m s  60 percent. Altbough the  cmstant-pressure  principle was 
previously  eetablished, fu l l  adv&nt&ge of the possibi l i t ies  was 
not taken. 

I n  the  present  investigatim the fluw was turned m o m  than in 
the Schicht blower in order t o  obtain higher pressure coefficients. 
Another advantage of' greater turning was a reduction in the taper of 
the rotor ~ U ~ U E I  necessary t o  mintain camtant  static  pressure. 
Reducing the taper of the blower paeraage made the flow more nearly two 
dimensional and therefore -zed radial flow6 which cmplicate the 
an&lysie. Axial flows etlsd pellnitted  the direct use of  blade sections 
developed in taimensimal cascades. It wa0 believed that an 
eff ic ient  higbpressure-coefficient impulse caqressar  would resul t  
'when these  principles were  used. A similar a t t eq t  was made by 
A. Weiee (reference 3); however the maximum pressure r a t i o  was 1.4 
rather  than  the mlue of 2.1 which Weise anticipated. T h e  adiabatic 
efficiency w a ~  very low, of the order of 40 percent. Weiee attributed 
this perfornnance to the observed exheme ly  nommif"  flow leaving 
the  rotar,  but he was unable t o  find a aatisfactarg eqlanatim far 
the poor flow. 
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diameter, fee t  

parer availabie,  foot+oundm per se>ond 

parer input, fo-ounds per second 

mass rate of flow, slugs per second 

rotor speed, revolutions per secand 

total pressure, poUnas per square foot  - 

static  pressure,  pounds per square foot 

quantlty rate of flow, cubic feet  per  second 

dynamic pressure, pounds per square foot  

radius, feet 

rotational velocity of rotor blade, feet  per second 

velocity of air ( r e l a t i v e   t o  c a s i n g ) ,  feet  per s e c a d  

velocity of air (relative t o  rotor), f ee t  per second 

angle of attack, degrees 

stagger angle, degrees 

r a t i o  of specific heats of air, 1.4 

adlabst   ic  eff iciancy 

turning %le, degreee 

air  density, slugs per cubic foot  

so l id i ty  (blade chord expressed as  r a t io  of mean b a d e  
gap) 

angle of air flow with reference t o  the rotor  axis in 
stationary  coordinates, degrees 

angle between blade chord line and tangent t o  mean line, 
degrees 
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Subscripts: 

a 

0 

R 

S 

t 

tan 

X 

1 

2 

3 

- 
quantity  coefficient 

etatic-preseur+rise  coefficient- 

tcrtal-preseur+rlse coefficient 

specific-flow  capacity 

axial  direction , 

entrance chamber 

hub 

inboard section 

l oca l  

outboard sectian 

rotor 

stage 

t iP 

tangential 

a t  any point 

a t  section  entering blade8 

a t  section leaving rotor blade6 

at section leaving stator  blades 
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AERODYMAMIC DESIGN 

General 

5 

The purpose of this investigation was t o  design an l n q u l s e  
axial-flow c q r e e s a r  tbat would produce a -her total-gressure 
coefficient  than  cmventianal blowers and canpressors and yet be 
of such  configuration that the unit O O U U  be tested in existing 
equipment. N o n r a d l a l  entry into and exi t  f r o p n  the rotor were 
required. As the rotational speeds t o  be ueed in practice are 
expected t o  be rather low when subsonic s ta tors  are employed, a high 
r a t i o  of axial   velocity t o  rotational  velocity m a  sebcted.  (stagger 
angle = 45*) t o  pravide  reasonable  quantity flows for a given 
t i p  diameter. The design  quantity flow coefficient is 0.82. 
Consideratian of hypothetical fl-induclng criterians,  explained 
in d e t a i l  subeequently,  suggested a turning angb . e  of about 750. 

. Two main p r o b l w  were canaidered in selecting  the  velocity 
diagrams to be established by the cmpressar. The first problem 
was that of obtaining a high preaeure coefficient. A brief analysis 
indicated that in  the range of stagger angles and turning angles 
being considered, 45O and 75O, respectively, diffusing the flaw 
in  the ro tor  w o u l d  reducs the mQaentum input and, ccmequently, 
the  total-pressure  coefficient, other conditims ram- conatant. 
The a b i l i t y  of the blades t o  turn the a i r  eff ic ient ly  while diffusing 
the f l o w  WBB also  doubtful. Wlth 8 high s t a t i w r e e s u r s r i s e  
coefficient in the stator,  the develqment of' an eff ic ient  stator 
is a d i f f icu l t  problem. Far this reasm, a reduction in the s t a t i c  
pressure  across the rotor was c-idered undesirable, even though 
higher tchl"pressure coefficients w o u l d  result, beduse the s t a t o r  
problem w a z l d  beccrme more di f f icu l t  f o r  such  conditions. An essentially 
constant. static  pressure through the rotor wa8 therefore selected. 
Calculatims baaed an the velocity d i a m  for the g e m t q  
selected suggest that ideal ly  the design  pressure  coefficient 
w o u l d  be 2.4. The analysis of Per1 and Tucker (reference 4) 1s 
suggested for the general case. 

The second problem cancerned the  induction of flaw through 
the compressor by the rotor. A turbine normally operates frm a 
separate  source of pressure, as a boiler,  but a c q r e s s a r  must 
inauce its owll flow. Although the flow ip turbine and canpressor 
rotors may be aera3ymmicaU.y similar, care must be exsrcised in  the 
design of an impulse ccmpreesor to ineure that steady flow in the 
'desired  direction is established. by the rotor. -much as l i t t l e  
information concerning the factors which influence  the  induction of 
flow into a rotor could be obtained.  the  velocity diagrams and 
blade shapes for the inboard statim located 25 percent span f'ram 

c 
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the hub and far the ' a t b o a r d  s ta t ian located 25 percent span fra 
the t l p  were selectedrto have sane characteristics similar to conven- 
tional cmpressors; tlius, - . . . . . . . . . 

(1) The entrance a i r  direction P1 w o u l d  have a larger 
inclination frau the axis  than would. the exit a i r  direction 82 

(see f igs .  1 and 2) with p1 = 45O and b2 = -30° .when 8 = 75O. 

(2) The leading edge of"the  rotor blaaes would precede the 
t r a i l i ng  edge in the  dlrecticq .of rotation. . 

( 3 )  Vortex distribution of tangential  velocity of the flow 
a Leaving the  rotor would be employed. With a stagger of 45O and 

a deflection of 750 a t  the inboard station, without  guide  vanes 
a stagger-angle of 48.4O resul ts  and a deflection angb of 65.90 
is required a t  the outboard station. . 

(4) A n  a l r fo i l  thicknaes  distribution having a round leading 
edge and a sharp trailing edge wouLd be used. 

( 5 )  A hub-t&tip radius r a t l o  of 0 .@ a t  the i n l e t   t o  rotor  
wauld be used. 

B h d e  sections were desired whlch w p u l d  have the highest 
c r i t i c a l  Mach number obtainable for the  condition of constant 
velocity through the  rotor. Blade aectians having circular-arc 
mean lines which closely appro-te this candition were selected. 

The lmpulee rotor. blades are  required  to turn the flow 
through angles s$@ificantly  greater than theangles  used in 
conventional ccanpreeeor bladee. For t h i s  reason,  blade sol idi t ies  
of about 2.0, approxlmtely equal t o  those of inrpulee turbines, 
were  employed. 

A canfiguration with the l a d i n g  edge forward of the trailing 
edge was desired. A n  estimate based on turb-lade design  experi- 
ence indicated that, with the use of c i rcu lardrc  mean l ines and 8 

blade sol idi ty  cr = 2.0, the camber angle of the mean line w a t l d  
be 15O greater than the desired. t u r & q  angle of 7 5 O .  Under these 
conditions, with 4%" stagger the tangent t o  the mean ?ne at  the 
leadin@; edge is  50 from the axial direction, and the  tangent at 
the trailin@; edge is 40° froan the axial  direction. With a circular- 
a rc  mean  ne, then, the  leading edge -precedes the trailing edge. 
(see  fig. 3 . )  
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If these flow angles  are used, a contraction of passage area is 
required t o  obtain  equal  static  pressures upstream and  darnrstream of the 
rotor.  Inasmuch as a change of tangential velocitg occurs in the 
rotor, a spanwise static  pressure gradient is required for ncmmdial 
flow. The s t a t i c  pressure can thus be ccmstant in  the axial 
direct ion  a t  oKLy me radius. In order t o  avoid static-gressure 
decrease a t  any radiu~, this ccnditian muet exfst at  the inner cas ing .  
Because of the fairing inserted on the inner casing and the expected 
bazndary layer, the ccmetmt-pressure conditim =E designed t o  
occur a t  8 poeitian 25 percent of the  blade span from the hub. 

Alth0u.g: the i m p u l s ~ ~ p r e s s a r  stage  tested. was intended t o  
simulate a unit f'ran a multistage cnmpressor, a condition of no 
perotaticm of the flow entering  the rotar was selected  became of 
the  difficulty of accurate measuramsnt damatream of stati- 
blade rows. The losses of such a @de vane row are believed to be 
low and detract little fran the performance. 

E x p e r l ~ ~ ~ n t a l  D e v e l p n t  of R o t m  Blade Sectiane 

The turning angles requlred of the blade sec t ims  far the 
-pulse carpressor w e r e  w e l l  begand those used fn canventional 
cmpressors. For this re as^, a blade desPgn based OR resul ts  of 
turbine blade t e s t s  was selected. For the  solidity used and the 
turning angle  selected a mean- o-er angle (g1 + $&) of 90 
was estimated t o  be necesEiary. A f e w  cascade tests in which the 
apparatue described in reference 5 was used were run t o   p r w i d e  
a check CUI this estimate and t o  lnaure that satisfactory blad+ 
surf'ace pressure  distributions were obtained. At the time of 
these tes t s ,  cascade testing techniques a t  -leg were in an 
early stage of development and the  results are  t o  be considered 
at a qualitative nature only. 

The desi@  conditions B = 45O and 8 = 75O far the inboard 
section of the  rotor blade, located a t  25 perceI1-t span frm the inner 
casing, were quite sfmilar t o  typical impulse-turbfne blade 
c d i t i a n s .  A turbine blade sectfcm xas thus believed satisfactory 
far this purpose.  Accordingly, a turbine  section was tested in a 
F inch  1aw"speed cascade turmel a t  -leg. Thg section maintained 
an approximately  canstant fl-ssage area when wed in conjunction 
with a reduction in blade span int rduced in the rearward half 
of the passage. This section was tested with and w i t h o u t  a fa i r ing 
piece rn one wall of the  tunnel t o  Srovide  the  reduction in span. 
The fairing  varied  l inearly fn thickness frcm zero at  midchord 
t o  0.68 inch a t  the trailfng edge of the blade8. The resul ts  of 
these tests and a sketch of the blade (blade I) are presented 
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in figure 4. The very high values of‘ q2/q1 recarded were 
undoubtedly due t o  the rather large thicbneee. High values 
of q2/q1 a r e  inaicative of low c r i t i c a l  blade Mach numbera and 
limit the e n t q e  velooities and the power input t o  the flaw. The 
desired  turning angle was obtained when the fairing was inserted 
and thus the solidity and camber estlmatims were verified. 

With these two points in mind, a c i r c w r c  a i r f o i l  having an 
NACA 69l0 thiclmesa  distribution (blade 2, fig. 5)  was constructed. 
FolloKing previous airfoi l   pract ice ,  the th ichese  was distributed 
in percent of the chard. With this highly casibered mean line, however, 
a section having very thin leading and trail- r e g i a  resul2ed. 
When tested in caacade, this eectiau proved t o  be very  sensitive 
t o  angle-of-attack changes and.wae c a i d e r e d  impract~cal. The 
blade and its pressure distribution, w i t h  and w i t h o u t  the 0.68- 
inch fairing pieue, are presented in figure 5. Without the fairing, 
a turning angle of 74O (abaut lo lower than the desired value 
indicated) was measured. With the fairin@; instamd, the desired 
turning angle m a  obtained.. 

The next step was. t o  lay out a blade having the NACA 6 ~ 1 0  
t h i C - 6 8  distributed in proportion t o  the mean”line length. A 
scgnewhat m e  reasmable a i r foi l   resul ted.  With a mea~~l3ne camber 
angle of 900, 8 turnin@; angle of 74’ vas obtained with c4netant 
span. With the fairing installed, a turning angle of 75’ WBE 
measured. The pressure dist r ibut io~ls  and a drawing of the blade 
(blade 3) are given i n  figure 6 .  Because of higher values 
of qZ/ql in the .farward region, t h i s  section -is not cansidered t o  
be the beat that could be evolved. Ina’amuch as the purpose of this 
larcepeed  investig€Ltian was primarily t o  determine whether such 
a c q m s s a r  w o u l d  operate, no Rzrther impravemant of this section 
WBE attempted. 

Selecting the conatant  static-pressure  conditicsl a t  the inboard 
section requires the outbard  sectian t o  produce a stati”pres.sure 
rise. Vortex distribution of tangential exit veloctty f r c m n  the 
rotor prescribes  the  vector diagram far the outboard statim, mce 
the inboard, velocity diagram h s  been determined. With the outboexd 
section located 25 percent span fran the outer casing, a turnlng 
angle ~f 650 *an the entering stagger (13 = 48 5 O )  is required. 
T.he ampirical methods used in designing  the inboard section were 
again augloyed. I n  order t o  obtain blades having similar s e c t i m  
a t  a l l  radii ,  a circular-arc meazl line with NACA 6-10 thiclmees 
distribution was used at this 8tatim. The canplete blade was 
obtained fram the secticms at the inboard and outboard statione by 
straight-lim generatrix. 
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This  section xas tested with and without the fairing used in 
the previous tests. T h f s  procedure was necessary because a l l  
sections in the rotor are  believed t o  be similarly affected by a 
change of flow area, whether the change is accanrplished by al ter ing 
either the  lnner o r  the outer casing. 

The desired turning angle was achieved in the flrst attempt, 
but again the observed .pressure  distribution  indicated that an 
optimum section for h i g h p e e d  operatian was not obtained (fig. 7). 
A smaller increment of loca l  and exit  velocit ies was noted when the 
fairing was installed.  T h i s  resu l t  was perhaps due to   th icker  
boundary layers in this press-ise case. With the fairing in, 
a lower pressure r i s e  and thinner boundary lagers  resulted, and 
the gecnnetrical  reduction in passage exlt area vas thue masked. 

The significant dimenaims of the rotor blades are  presented 
in figure 8. A photograph of 8 typical  blade is presented fn 
figure 9. 

Stator  Design 

Inasmuch as the i m p d e  rotor by deflniticln does not increase 
the  s ta t ic   presswes,  this burden falls cm the statar bladea. When 
8atiSfaCtmy rotor blades had been obtained, therefore, it was 
necessary t o  t e s t  a rotor-stator canbinatim in attempting t o  evaluate 
the  possible performance of Impulse c q r e a s o r s .  The s t a to r  

exit tangential velocity slmilar to tkt of an intermediate stage 
of a multistage cmpressar. 

5 cafiguration  investigated w&s one w h f c h  discharged the flow with an 

The s ta tor  w a ~  deaigned after the rotor had be& tested. Ban 
the rotol.La1m.e tes ts ,   the  exit flow at design  quantity  coefficient 
(0.82) WBE lmown. The stator was desfgned t o  turn t h i s  flow about 
21° with a vartex  distribution of tangential velocity at  the 
stat- exit .  Ideally, statar blades havlng a amall camber 
variation would  have been required if each s e c t i m  were t o  operate 
at  i ts  design  point. For reasons of simplfcity, a blade having 
sections of constant c m e r  was used. Ban the charts of reference 5, 
NACA 65(12)10 sections were selected  for  the three design diameters. 
(See f ig .  10 for sketch and coordinates.) This simplificatim 
probably  reduced the high efficiency range but should have had 
l i t t l e  or RO effect on peak efficiency, since a l l  sections  operate 
near the i r  design  points at design quantity  coefficient. 
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The 7 ~ o r s e p o w e r  l-peea test ccrmpreesor used in  t h i s  
inveetigatim  (described in reference 6 )  xas modified t o   t h e  
c a n f f m t i m  sham in figure 11. Far these b e t s ,  a rad ia l  
di f fuser  was added a t  the exi t  of the axial diffuser. A s p 0 1 l e ~  
type throttle was attached t o  the exit of the radial   diffuser.  

The outer c a s i n g  bad a diameter of 27.& inches. The. 
hub diameter of the rotar was 21.82 inches. The hubto-tip  radim 
r a t i o  of 0.78 represents  an average condition in tgpical ccgnpressor 
applicatlm. Beg- midway through the rotor bladee, balsa 
fairings ware glued t o  the hub and the diameter  .increased l inearly 
t o  23 .O inches a t  the t ra i l i ng  edge of the  bladee. For a m  aeries 
of t ee t s  (A series) this diameter was held  constant t o  a point 
2 inches  damstream frm the  statcrr. For a second eerie8 (B series) 
this ConStant di€fr.ueter was extended 24 inches beyond the stator t o  a 

for 26 blades. A c h a d  -of 5.5 inches was used t o  obtain a chord- 
gap r a t i o  of' 2. The t i p  clearance  varied f r a n  0.008 inch t o  
0.015 inch, or less than 1/2 percent of blade span. 

point dormstream Of Etation 3' The existing rotor hub ha$ pOVi81oll 

The annular  height was maintained  conatant frcm the  rotor blade 
e x i t   t o  a positicm downstream of the stator exit.. Twenty- 
seven etator bladeS of 4. Finch chord and sol idi ty  of 1.5 were med. 
Flawurvey imtruments were located forward and rearward of the 
rot- and in a ring, which caul4 be ratated,  damstream of the 
stator 

The survey instrmments were mounted in suitable relative 
poeitians a t  the several E t a t i a m  so that the xske of m e  wpuld 
not affect the flow near a following inetrument. A l l  instruments, 
therefme, could be in p h c e  w h i l e  readfngs were being taken, and 
all mea~luraments could be made s i m u l ~ o u s l y .  

A camenticma1  null-method clsw-tne yaw meter having total- 
and static-pressure  tubes  located as Shawn in figure X?, instrument I, 
was f irst used at  statfans 1, 2, and 3 .  (See f ig .  1l. ) The 
measured values fram stations 1 and 2 appeared t o  be rel iable  in 
every case, but  difficulty was encountered with s ta t ion 3. In  
t h e   f l r a t  series of tests, this survey was made 1.8 inches, 
appr0xlme;tel.y 1/2 chord in  the direction of' the chord,, behind the 
s ta tare  where the wakes were quite severe. The pressure and 
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d i r e C t i a  Values Of the flOW had @;rrtdi=tE iIl the -0s 
(flgs. 13 and 14) and PQ instrument was available that would 
accurately survey such a flar f ie ld .  Inetnrment II, a cmventlcmal 
p i t o t 4 t a t i c  tube with shart yaw tubea  darnetream of the s t a t i c  
orifices  (fig. E), me designed in an at taqt  t o  take r e a d a e  in 
the stator flow f i e lds  and m e  wed at Btatian 3 for the A series of 
tes t s .  T h i s  instrumsnt exhibited high p w  sensi t ivi ty  but WB6 nOt 
ideal for the severe- flow cmditione present becauee null readinga 
could be obtained at mom tban me angular position. The null 
angles w e r e  widely separated and, therefore,  the final data are 
reasonably  accurate as is sham hereinafter. The results of these 
t e s t s  are  believed t o  be reliable t o  w i t h i n  1 or 2 percent 

In operation of the 5mgulse c q r e s e a r ,  as with more CmTentianal 
desi@;pB, scam .difficulty m a  experienced in estabUaMng lar 
quantity-coefficient flaws. The th ro t t le  had t o  be opened maw- 
tarily t o  a higher flow conditian t o  =tall t he   ccq resmr .  For 
such rum, this . s t a r t i n g  qeration m a  begun at  luw rotat ional  
speed; then the sped was increased t o  the usual te,et  value 
of 1200 rpm. The t e s t  rasge was covered by made at seven 
equa l l y  spaced m l ~ ~  of quantity  coefficient f r a n  open throttle 
t o  surge and several check run6 n8ar the design Value Of Om&. 

Two ser ies  af testa were made. In series A, flm measurements 
were taken a t  statione I, 2, and 3, as indicated in figure U. A t  
statiane 1 and 2, surveys -re made along ane radial m e  a t  15 
to 21 r a d i a l  positiaae. At stat ion 3, Kith instrument II darnstream 

radial lines covering two s t a t a r  pasages. These s u r ~ e y ~  were l a t e r  
O f  the S t a t o r ,  12 to 15 SnrVeg points -3% taken a l q  12 t o  19 



averaged by mechanical integrat im.  Care was taken t o   r e s t r i c t   t he  
integraticm t o   t h e  flow field. of aue blade pasmge. 

In series B tests ,  surveys were taken a t  stations 1 and 2, as 
befare, but the surveys made downstream of the stator were taken at  
s t a t i m  3 ' .  A t  8tatiW.l 3', meaeuraments consisted of 12 survey points 
along each of four r a d i a l  US spaced goo apart. Imtrwmnt III 
was used. Each radial  surpey =E mecbanically integrated as before. 
The four integratiom frcm statim 3' were arithmetically averaged. 

A s  these surveys were being made, frequent. temperature readings 
were made of the mancmeter alcahol and of the a i r  far both tky and 
wet bulbs. The bsranetric pressure and time of t e s t  were also 
recorded. The entrance ohaniber s t a t i c  pre8sure was taken every 
time a 8UrVey inatnmrent was read and was used as the reference base 
pressure for a l l  ualoulatims. T h e  value was very nearly equal t o  
atmospheric  pressure. 

In the first series of tests with the lzapulee C-BBOF, ollly 
the rotor was in8talled in the test e e t q .  The additinn of a 
radial difRreer to   t he   ex i t  of the axial diffuser was necessary 
t o  obtain flow through the ccmgcesso~. This need far a radial 
d i m e r  was evidently due t o  the a c k  of a staticxpreseure rise 
produced by the rotor and t o  the fact  that most of the energy input- 
t o  tha flow appears as tangential  velooity. With the radial diffuser, 
the rotor perfarmance was very satlsfaotory, .A wide operating reage 
with m i l d  stall cbaracterietics was observed. In general, the 
rot-lcm behavior m e  quite similar t o  that of cmventional low- 
speed a x t a ~ f l a r  canrpressara (reference 6 ) .  

The flow upstream of the rotor was quite uniform and. exhibited 
CKQ a th in  boundary layer and- only 210 of deviation f ran  the 
axlal direction.  Typical cross-charmel plots obtained by surveying 
alang one radial Une darnstream of the rotor (stat ion 2) are presented 
in figures 15 and 16. T h e  total- and static-pressure curves indicate 
the type of variation f'rcan design normally observed in investigationer 
such as this. The meacmred turning angle8 presented are not 
carrected for the higher exit axial velocity  (than des5.g~) and appear 

t o  be low by 30  t o  + in  the center of the annulus. Corisideration 
of figure 17, however, indicates that turn3ng  angles  c'orrected bg the 

10 
2 
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method presented in cmjunction with figure 42 of reference 5 
wauld yield design values because the tangential velocit ies are  
very  cloae t o  those a s  estimated, w h e r e a s  the axial veloci t ies   are  
high in the center of the annulus. Bo allowance for boundazy 
layers was made in selectfng the annular area at the exit of the 
rotor;  therefore, sanexhat higher axial velocitiee might have been 
expected. 

Design velocity dia- far the fnboard s e c t i m  Di - = 0.839, 

diameter of 23.32 inches, and for the outboard section Do - = 0.946, 

diameter of' 26.32 Inches, are  presented in figure- 1. Experimental 
values (fig. 2) indicate that a close approach t o  the des- canditicms 
xas reached,  although sli@;htly hlgh extt axial velocities were 
measured, as previously  fndicated. 

=t 

D t  

Estimated rot-erformance c m e s ,  based cm the cascade test 
results,  are presented in f igui.es 18 and 19. The measured total, 
pressurscoefficient  plot  (fig. 18) exhibits the same trends as 
the  calculated curve, but w i t h  values about 8 percent  lower. R o t o r  
static+ressure  coefficient8 were almost equal wlth estimated 
values (fig. 19). The predicted  turning angles ( f ig .  20) are  
based on cascade t e s t s  a t  fixed stagger angles. As the rator stagger 
angle  increased with increaaiag angle of attack,  divergences of . 
the type observed a t  angles of Fttack above and below design are 
not unexpected. A t  low staggers, a steeper slope of 8 against a: 
was measured, whereas-at  higher  staggers a lower slope xas measured 
t b n  waa obtained in  cascade.  Acceptable agreement with estimated 
performance i s  believed t o  have been achieved. 

Very high efficiencies  bbaut 9 percent) were obtained (fig. 21) 
with a total+gressure  coefficient of 2.3 a t  design  quantity 
coefficient of 0.82. Efficiency  values  presented have been corrected 
by the methcds outlined in the appendix. A performance characterist ic 
different frm conventicaml axial-flow ccqressors  is the  increasing 
total pressure with  increasing  quantity  coefficient (fig. 18). The . 
s t ab i l i t y  of aperatirm was excellent at  a l l  quantity flows above 
Stall. 
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Rotor and Stator 

A ser ies  of t e s t s  of an impulae  ccanpressor stage were made t o  
obtain  infomticm concerning  operating performance and characteristice. 
T h e  operating  characteristics  did not significantly change with the 
addl t ion  of the  stators.  Typical  total-preesure,  static-pressure, 
and averaged. exit-flow-diractian  reeults  obtained by surveying 
downstream of the stator a r e  presented i n  figures 13, 14, and 22. 
A peak efficiency of 89.6 percent was obtained a t  design quantity 
flow ( f i g  . 21). T h i s  peak stage-eff  iciency  value is  anly a little 
less than, o r  i a  eqwl to,  efficiencies  obtainable w i t h  conventianal 
axial-flow c q r e a s o r s .  This canprison . i s  not pt r ic t ly  exace, 
because the discharge fram the   s ta tor  was not .axial a s  w o u l d  be the 
case for a single-stage blower, nor Was there.  prerotatian in the 
in l e t   t o   t he  rotor as would. be the case for an intermediate stage 
of a  multistage  canpressor. A gradual decline i n  efficiency was 
observed a t  higher or lower flows than the design flow. The stage 
static+ressure  coefficients (fig. 18) are appreciably b e l m  valuee 
es t imted  fram cascade results. T h e  calculated  values assumed no 
losses, however. In  order t o  determine whether the discrepancy was 
due main ly  t o   t he  rotor or t o  the stator, figure 19 was prepared. 
A s  the rotor static+ressure  coefficients approach design  values, 
most of the  discrepancy is seen t o  be chargeable t o  the stators.  
Consideration of the s ta tor  perf-nce in detail   indicates that, 
since  the  rotor  total-pressure  coefficient is less than the design 
value, less energy is available t o  the stator6 than calcultltions 
indicate. A th i rd  of the difference noted  can be a t t r ibu ted   to  this 
factor ( f i g .  19). -E the measured stator turnine; angles were below 
the d e a i s  angles,  a lower static-pressure rise would be  expected. 
Figure 23, however, i l lus t ra tes  that the average turning angle is 
perhaps a degree  gr-eater..t&n  est.imated. The discrepancies between . 
calculated and measured stator   s ta t iwressure  r ise ,   therefore ,  
a re  assumed t o  be due t o  flow losses. T h e  stage total-pressure 
coefficient  (fig. 1-8) indicates a slight increase  with  increasing 
flow quantity similar t o  roto-lane results. A tatalepressure 
coefficient of 2.05 was measured a t  design  conditians. 

c 

A n  attempt was made t o  o b t a ~  more reliable data by surveying 
the flow frm the stator blades 22.5 inches downstream of the stator 
(statim 3 ' ) .  A t  t h i s  location,  the wake gradients were much less 
severe  than a t  etatian 3 .  The mass flow measured a t  s ta t ion 3' 
agreed w i t h  that-measured a t   s t a t i o n  2 within S percent; whereas 
that measured a t  statim 3 differed by as much as 5 percent. (See 
appendix. 1 T h e  stage .effFcFencies ~btained from the readings a t  
statim 3' were appreciably lower than that at  s t a t i m  3 and 
varied =can -3.4 percent a t  low flows t o  -9 percent a t  the higheat 
flow. The differences  are  believea t o  be due t o  the inefficiency 
of the  annular  diffuser havfng large inflow aryle. Reference 7 - 

c 
. .. 



indicates that far inflow anglee in the r a ~ g e  of this investiga- 
t ion  (300) , an 80 & m e r  w" have an efficiency of fran 9 
t o  70 percent. AB the -tic energy entering the diffuser 
increases  uith inc=~in@; flow quantity for this installation, the 
over-all efficiencies would be expected t o  be lower at  statim 3' 
than at statim 3 by scrme direct  function of quantity  coefficient. 
In general, the results obtained at  station 3' indicate the aame 
rotor-stator  efficiency  trends as obtained fran the surveys of 
statim 3. 

A method of improving axial-flwcmgreesor  efficiency has been 
suggested in the use of bamdary-layer control. Preeumably, this 
improvement c a ~ l d  be  acccmgushed  with stationarf b~adee  and caeings 
more easily than  with  rotating mambers. Inasmuch as the rotor 
efficienciee measured were very high, perhaps the impulse ccanpreasor 
offers a means of obtainhg high efficienciee as w e l l  as high pressure 
coefficiente. 

In  order t o  estimate the pressure r a t i o  per stage obtainable 
59 the   t es t  brpulge caqressor  were agerated at. higher spe&, 
calculations were-made by using perfarmance valuee measured a t  low 
speed. Fraan 1ow"epeed cascade reaulte, the allowable Opey t ipg  
Mach  number of the rotor blades was obtained. When the IkmanJZsien 
extrapolation  ana the ma~.flm,m v a d  of qz/ql ObserVed, 1.64, a r e  

wed, sonic  velocity would. be  expected when an entrance Mach nuuiber 
of 0.66 was reached. Preliminary informatian indicates that high 
losseS do not occur until local Mach nunibers are s a n e w h a t  above 1. 
(See reference 8.) The impulse-rotor design presented herein should 
operate efficiently  with an entrance Mach  number of 0.60. Further 
blade improvement should make possible  the use  o f  s a n e w h a t  higher 
values. 

FOY the f f r B t  extrapolation, the vectar diagram wed was the 
same as that shown in figure 1, but  the values were increased a0 that 
a Mach n W e r  relat ive t o  the ro to r  blades of 0.60 w o u l d  be obtained 
at  the m.ean diameter. This  condi$ion w a z l d  be reached  with a man 
rotational speed of 481.5 feet  per second and a t i p  speed of 9 0  fee t  
per second if the   t es t   hubto- t ip   ra t io  OP 0.78 were arqployed. The ' 

axial veloc i ty  w o u l d  be 450 feet per secmd., acnaewhat less than the 
maximum used in conventional compressors. The s ta tor  Mach number 
f o r  t h i s  case €e 0.80. A t  the turning angle  required of the atatora, 
blade  sections having c r i t i c a l  Mach numbers as high a8 0.80 are 
entlrely.feasible.  Thus the stator does not umit the operating 
Mach number selection maae f r o a n  carnsideratfon of the rotor. Using 
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the rotor and stage efficiencies obtained in t e s t s  yielded a s t a t i c  
pressure r a t i o  of 1.37 per stage. T h i s  palm is highar  than values 
obtained i n  any productim axialrflow CcPnpTessor, even th-h uaual 
t i p  speeds are  in the range of' 1000 t o  UOO feet  per seccmd. 

A secand calculation is presented for a design employing 60' 
of prerotaticm in the   d i rec t im of rotation upstream of the rotor 
(fig.  24).  Prerotatian  permits  higher rotational speed without 
exceeding a r o t o r  Mach  nrrmber  of 0.60. Although the  entrance  axial 
velocity would be 430 feet  per second, low hu't-tip ra t ios  w o u l d  
permit specific flows that approach those of supersonic  cmpressors. 
Supersmic  velocities  into the s-ktor blades  result. A t  a rotaticaIal 
speed of 1205 fee t  per second, a tutal+resaure r a t i o  of 2.14 per 
stage w o u l d  resul t  if the efficiencies measured a t  low speed a m  
assumed. Although this is not ccn.merVative, no great error is 
believed t o  be involved, as the   s ta tor  Mach  nuxuber is quite 
low (M = 1.42). A t  this value, the total;pressure recovery of a , 
noma1 shock is 95,3 percent. Using  these  aes~mptiwe  resulted in 
C u r v 0 6  of t o t a l  pressure  ratio, stator Mach  number, and blade ra ta t iana l  
velocities for g u i d e "  turning angles *an OO t o  600 (fig.  25) 

Because of the higwressure  r a t i o 8  obtainable at- relatively 
low rotational speeds, lmpulEle c ~ r e s s o r e  aPfer  advantages in 
various ' f ie lds .  

A n  investigation  to,determine the possibihties  of obtaining 
high pressure  coefficients by applying a constant-gresaure  high 
turning principle   to  lragulse ax ia l - f l a r   cq resao r  rotare Wica ted  
the  following  conclusiane: 

1. An Lmgulse canpressor rotor, which turns the sir 75O frcm 
an  entering stagger angle of 45', has been designed. In l a w p e e d  
tes t s ,  this rotor produced a total-pressure  coefficient of 2.3 
at  a  static-pressure  coefficient of 0.2 with an efficiency of 
98.3 percent a t  a d e ~ $ p ~ f ' l O w  coefficient " of 0.82. 

2. A n  impulse ccanpressor stage,  consisting of the aforementioned 
rotor and a camentianal stator, produced a to taLpressures i se  
coefficient of 2.05 with  an  efficiency of 89.6 percent a t  design 
quantity-floTi coefficient. 

3. The operating behavior of a sinlgle+tage impulse cmpreseor 
is s lmi la r  to that  cxf conventional s i n g l ~ t a g e  c.m.ressors. 

. 



6. Brpulae-rator efficiencies are shown t o  be very high; 
heme, there exists the pOSBfbllitg af achlevlng very high stage 
efficiency by the applfcatian of baundarg"layer ccoltrol t o  the - stationary blades and casings, in which m o s t  of the losses occurred. 

. 
laagley Aeranautfcal  Iabaratory 

National Advisory C m m i t t e e  for Aermautics 
Langley Air Force Base, Ba., Au@;uet 10, 1949 
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The m o r e  specific  explasatime and equations used i n  canputing 
the performance f'ram t e s t  data are presented; the ,more  ca~nmozl 
,equations and convereian systeme that were wed t o  get t e s t  data 
i n t o  basic units a re  canitted. Each equatian o r i g i n  or justif ication 
is ala0 given. .All performance parameters are  given relat ive to 
an intake pressure of  2 ~ 6  pounds per square foot and 5190 F absolute. 

T h i s  equation  consists of' the first three terms of a series 
expassim which converges rapidly in the range of ps .$ac - 
experienced in these l a w p e e d  t es t s .  The re la t ica  expanded is 

No change in density is assumed t o  take place through  the rot=- 

The parer input is calculated fran the  rate of manentum change 
acrosB the rotor, ar 
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The amount of power input that is realized  as  total-ressure 
increase in the a i r  is determined by canparing resu l t s  obtained 
f r a m  flow measuraments taken a t  the- positions surveyed. The 
difference of each point frcm cbamber pressure is used for Cmparism, 
that is, 

T h i s  equation is 833 approxfmation, but for the low values of pt 

obtained in these  lowpeed tests, 1% yields nearly exact results. 

The mss flow measured at each point is 

The rotor and stage eff’iciencies w o u l d  mdinarily be found by 
the following equatiane if the calculated mass flaws were found t o  
be equal a t  all positions: 

The ~ B S S  flows varied as mch as 5 percent, however, (fig. 26) so that 
m a S S - f l O W  correctians w e r e  required.. The measured f l o w  at position 2 
behind the ro tor  was used as the correct  value f o r  several  reasons: 
ffrst, because it accepts a scanewhat more  representative -le 
of the  f l o w  and W ~ B  found t o  yield most comistent  results; 
eecond, flows measured a t  the other t w o  stations were in closer 



agreement t o  flm measured at  thls statim than t o  each other; 
third, this sptem did not  result   in any lnrgoesible rotor 
efficiencies, and a l l  points f e l l  near a mouth  curve. 

Two systems of applying  the mass-flow correct im were t r ied .  
The first system made me of the aesurtrptiun that the  total-gressure 
readings were in error because of. turbulence or some other effect.  
This system yielded poor results:  scattered  points and impossible 
rotor  efficiencies. Another carrectian system was therefore used 
which  assumed that the pa readings were In error. This assumption 
is probably more logical, because all instruments  required pa 

correction  factors and the instrument itself m y  s e t  up various 
pressure fields which  depend up- i t s  location,  relative s ize ,  and 
the flow cmditions. The carrections intended far each s t a t i c  
pressure w e r e  those which would resul t  in making the mass flare 
of stations 1 and 3 exact ly equal t o  the station 2 value. The 
process involvea start ing  with  the  station 1 or 3 mas6 flows 
as b o r n ,  wing the stat ion 2 value, calculating  the  static 
pressures which carre6pond, and then  using  these new static  pressures 
t o  calculate  the  efficiencies. Because the  static-pressure 
affects  both the mas-flow and efficiency  results in the same way, 
the  intermediate  steps can be anitted and the- mass-flow r a t i o  
applied  directly  to- the energy values for the final result. The 
similari ty of the  equatima for calculating  the mms f lar m and 
power available X are Indicated by the follarln@;: 
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Consequently, the mass r a t i o  u t  appear twice in the correction. 

The effect  of the ~ r m a l l  8tatic"presflure  oarrection 011 the deneitg 
has been found t o  be negligible, and is therefare cnnitted. The fol. 
lawing equations w e r e  therefore med far the efficiency C U ~ V B E  presented: 

The calculati- far the theoretical valuee presented a s .  
canprisons with test results are  the usual incampreseible, isentropic 
relatione used with l w p e e d  flow. T u r n i n g - a n g l e  values f rm 
tw&imenaional  cascade t e s t s  were used. 
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Diameter = 26.32 In.; 0.916 
Outboard aection 

n, 

v,, = 1.269 - v,, = 1.269 - 

\ 

\ \ 
u = 0 . 8 3  

V k  = 1.430 

Figure 1.- Expected velocity diagrams fo r  i m p m e  rotor, given ae a ratio 
of Ut = 145.66 f e e t  per second. 
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Diameter = 23.32 In.; E Inboard. seetion DI = 0.039 

Figure 2.-Experimental velocity diagrams fo r  impulse rotor, given ae a 
ratio of Ut = 145.66 feet per second. 



Figure 3.- Rotor a8seIKblg- before area change wae added. - 
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Figure 3.- Preesure difltribution of blade 2 i n  cascade. Circular-arc me= 
line with IUCA 6mlO thiclmess  dietribution. a = 44.5O; 8 = ~6.8~; 
p = 450; Q = 2.0. - 
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.4r --- - - Without fairing 
With fairlng ' 

Figure 7.- Pressure distribution of blade &"in cascade. C i r c W - c  mean 
line w i t h  NACA 6-0 t h i z h e s  distribution, a = 37.8O; 8 = 65O; 
p = 48.5O; u = 2.0. 
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Figure 8.- Sketch and coordinatee of Impuhe rotor blade. 
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Figure 9.- Photograph of rotor blade. 
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Figure 10.- Sketch and coordinates of NACA 65-(12)10 stator blade. 
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Figure 1L.- Schematic d m  of test setup. 
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Calculated 

Hub 13 
Radius, in. 

Figure 15.- Variation of total- and statio-pressure rise acroBs annulm. 
Calculated and meamred values at design conditio- fo r  rotor. 
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Figure 16.- Est‘imated and measured turning angle of the a l r  by the ro tor  
from hub to tip at b s i g n  condition. 
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Eub 12 

Figure l7.--Axial and tangential v e l o c i t i e s  from hub t o   t i p .  Estimated 
and measured values behind the r o t o r  at design condition. 
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Figure 18.- Variation of weighted average pressure-riee coefficients w i t h  
quantity  coefficient. 
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Figure 20.- Variation of turning angle w-ith angle of attack fo r  r o t o r  at 

the two deeign radii. 
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Figure 22.-"Radial distribution of the air direction before and after 
stator. Estd-Led and masurea values at 1200 rp. 
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Synopsis of Theoretical Calculations 

Mach Rh, Ps/Pt, velociQ 
nmiber ffps) 

Without entrance vanes 

Entering annulus 
a t e r i n g  rot& 
Leav- roto& 
Entering ~ t a t a r  
Leaving stator 

With entrance vanes I 
Entering vanes 

2.046 1.966 348.0 . 280 Leaving stator 
2 . 1’18 -667 1503.0 1.420 Entering.  stator 

0 8 0 0  .664 552.5 9 522 having rot& 
-820 -643 630.0 .m Entering r o t o 9  

LOO0 643 860.5 .820 Leaving vanes 
1.000 0.941 328 . 0 .o -296 

lRotor coordinates . 
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Figure 25.- Extrapolation of low-epeed t ee t  resu l t s  to high rotational 
speed. Measured rotor and stage  efficiencies, and a constant ro to r  
blade Mach number of.0.60 were wed. 
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