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High-speed cascade t e s t s  were Fade of  a blade  section  designed spe- 
cifically  for  cocditions  typical of the hub section of high-flow tran- 
sonic rotors.  This blade  section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas a camber of 1.8, a m a x i m  thick- 
ness of 8 percent, an MIIg, mean line,  and a thickness  distribution 

which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhzs i t s  naxhm thickness at the 65-percent-chord point and is sone- 
whet sh i la r  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe NACA 65-series  thickness  distribution  reversed.  Since 
an appraisal of the   re la t ive merits of the A10 (constmt  loading chordwise) 

and the A6iko man lines  indiceted no obvi-ous advantage of one over the 
other Tor transonic hub conditions,  the  selection of the A6I4b mean line 

was quite  arbitrary.  The tes t ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA02 e i ther  mestn-lire type w i l l  provide 
infomation on the  effects of local  surface Mach Embers on blade  per- 
f o m - c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

The t e s t s  were made at four combinations of i d e t  angle and angle 
of attack ai; e so l id i ty  of 1.5. The illlet  angles  ranged fron 26.90 
t o  34.1°. Measurements of  surface  pressure  distribution,  profile monentum 
loss, and turning  angle, &s w e l l  as  schlieren photogmphs, were &e fo r  
i n l e t  Mach mmibers ranging r'ron! 0.30 t o  the blade cksoke condition. 

Tne results of these  tes ts  show that  turnips  angles of the  order 
of 40' can be acconplished  without  severe mogzntun loss f o r  i n l e t  Mach 
numbers up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-io 0.70 at  an in l e t  angle or" 26.9 and  up t o  0.75 at an   in le t  
a,+lgle of 30. Oo. A t  inlet  angles from 30. Oo t o  34. lo morentum-loss coef- 
f ic ien ts  of approximately 0.03 were obtained at an inlet Mech  number 
of 0.80. A surface Mach  number ori" approximately 1.26 near the leading 
edge of the  blade  appeared -Lo be clcse t o  the separation lMt f o r  the 
curvature  conditions which existed  near  the  leading edge. The high- 
speed turning  angle f o r  a ty-pTcal t e s t  was effectively  estimeted f rom 
low-sped cascade k t a .  The variation  in  turning  angle  with  inlet  Mach 
number fo r  momentum-loss coefficients up t o  approximately 0.03 is  small 
(a t  most, about *0.5'). 



2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
INTRODUCTION 

In Xgh-flow transonic  compressors  with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlow hub-tip  ratios lmge 
aerodynamic  differences  exist  between flow conCiitions at  the  hub  and  tip 
sections.  At  the  tip  the hlet angles  and  inlet  Mach  numbers  are  rela- 
tively  high,  and low solidities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa d  thin,  low-carnber  blade  sections  are 
generally  used.  Hence,  the  ninimum  passage  area  between  blades  at  the 
tip  is  almost  invariably  greater t h n  the  inlet-stream-tube  are&  and  there 
is no choking  problenz. kt the  hub,  inlet  angles  are low, and  lower  inlet 
Mach  numbers  are  encountered.  High  solidities  and  relatively  thick,  high- 
caqber  blade  sections are used  to  meet  pressure-retio an6 stress  require- 
ments.  This  combination  of  high  blade  thiclmess  and  high  solidity  results 
in a blade  passage  area  which  can  be  less  them  the  inlet-stream-tube  area. 
Hence,  choking can present a real  problen in the  hub  region. 

The  purpose of this  investigation  was to study  the flow phenonena 
associated  with  conditions  typical  of a high-flow  transonic  rotor  hub. 
This  study  was  made  by  analyzing  the  results of low-inlet-angle,  high- 
solidi-ty,  high-speed cascde tests of conpressor bladtng specifically 
devised  for  such hub Conditions. The blade  section  tested  had a lift 
coefficient Cz of 1.8 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan A@4b mean  line  (soxe  rearward loadiw). 

The  blade  section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 perceEt  thick  with  maximum  thlckness  located  at 
65 percent  chord.  This  thickness  distribution  is  very  similar  to a 
reversed NACA 65-series  thickness  distribution. 

0 

The  experimental  data  were  obtained  in  the  7-inch  high-speed  cascade 
tunnel at the Langley Laboratory at a solidity  of 1.5 for four combina- 
tions  of  air-inlet  angles and angles of attack.  The hlet angles  raaged 
from 26.9O to 34.1°. Blade-surface  pressure  distributions,  profile m e n -  
tum losses,  and  turning  angles  were  measured  and  schlieren  observations 
were  made  at  inlet  Mach  numbers  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.3  to  choking. 

SYMBOLS 

A area, sq ft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AT minimum  area in blade  passage, sq ft 

cwl 
aoxentum-loss  coefficient 

C camber  expressed  as  isolated-airfoil  lift  coefficient 
20 

C chord  length, ft 

FC ratio of momentum-loss  coefficient  to  integrated  total- 
pressure-loss  coefficient 
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Mach nmber 

total   pressure,  lb/sq f t  

stat ic   sressure ,  lb/sq ft 

dymsnic pressure, lb/sq ft 

leadins-edge  radius,  qercent chord 

trailing-edge  radius,  percent chord 

surface  presswe  coefficiefit, 
p - Pz 

91 - 

surface  pressure  coefficient  corresponding 
velocity 

to   loca l   sonic  

mzxlmm blade  thickness, ft 

t o t a l  temperature, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOR 

specific weight  flow,  lb/sec/sq f t  of f rontal   area 

wake width, I"t 

blade-section  abscisse,  percent chord 

blade-section  ordinate,  percent chord 

angle of attack, deg 

air in l e t  angle, deg 

turning  angle, deg 

so l id i ty  

Sub s c r   i p t  s : 

d des @I 

h hub 

2 loca l  

?rl I l l z x i m m  
* 

- R relctive  to  rotor,   rotor  coordinates 
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t i p  

blade wake 

upstream stat ion 

downstream stat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
DESIGN C O N S I D ~ T I O N S  FOR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHUB BLADE SECTIONS 

General  Discussion 

In  the  calculation of velocity diagrams fo r  an inlet   s tage of a 
multistage compressor of high  specific-weight-flaw  capacity, a judicious 
choice m u s t  be made of (1) rotat ional  speed  and (2) hub-tip  ratio. An 
increase  in  rotational speed results  in  an  increase  in hub in l e t  angle 
which tends t o   a l l e v i a t e  hub choking, but t i p  re lat ive Mach  number also 
increases making the  design of the  t ip  increasingly  difficult .  A decrease 
i n  hub-tip r a t i o  reduces the  inlet   axial   veloci ty  and t i p  Mach  number bnt 
also  tends t o  reduce the hub i n l e t  angle,  thereby in’creasing the  possi- 
b i l i t y  of hub section choking.  Other  problems which arise  include  the 
selection of the  average  value of total-pressure  ratio zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto be produced and 
i ts  radial distribution as well as the selection of the optimum  combina- 
t ion  of camber and sol idi ty ,  mean-line  shape, and blade-section  thickness 
distribution. 

Figure 1 shows the  variation of rotor- t ip   re la t ive  inlet  Mach  number 
w i t h  specific weight flow for  various hub inlet angles f o r  an i n l e t  hub- 
t i p  r a t i o  of 0.35 fo r  high-flow transonic  rotors w i t h  no i n l e t  guide  vanes. 
It may be  seen that high specific weight  flow requires a compromise between 
high i n l e t  Mach number at t h e   t i p  and low inlet  angle at the hub. For tip 
i n l e t  Mach numbers  of the  order of 1.2, the hub section must operate at 
inlet   angles of 30° and less. In le t  Mach numbers for   the  hub sections 
w i l l  range f r o m  0.65 t o  over 0.80. 

Solidi t ies  of the  order of 1.5 and higher are  necessary at the hub 
t o  assure a reasonably high t i p   so l id i ty ;  otherwise, an increase  in  t ip 
chord would be necessary which would be  undesirable from structural  con- 
siderations. A moderately thick blade is required t o  meet strength and 
vibration  requirements. 

It is shown in  reference 1 that the conibination of low i n l e t  angle, 
high  solidity,  and moderately thick blade  results  in  contraction  ratios 
less  than  unity; that is, the minimum f low area  in  the  blade passage is 
l e s s  than the stream-tube area  entering  the blade passage.  For moderate 
subsonic i n l e t  Mach numbers, contraction  ratios much below unity could 
resu l t   in  a choked condition. Even if  choking does not occur for  

- ._ - 



1 contraction  ratios  less than mity, the  average Mach number  of  the flow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm i n i n u n  passage area must be greater than the inlet Mach number. 

and surface  curvature,  the  increase in average Mach nuniber  is reflected 
in  increased  surface Mach numbers.  By  manipulation  of blade thicbess 
distrLbution,  mean-line  shape,  inlet  angle,  solidity, and angle  of  attack, 
some  control  over  this  situation can be maintained. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Since  blade-surface Mach numbers  are  primarily  determined by passage  area 

Operating  Conditions and Camber  Selection 

The  selection of the  type of blading  for  traasonic  high-flow  rotor- 
hub  sections  requires  specific  knowledge  of the cascade  conditions  (inlet 
asgles,  solidities, and makers) typical of the hub  region. For the case 
at  hand, typical conditions  were  selected from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa preUminary design  calling 
f o r  a  specific  weight flow of 37.5 pounds  per  second  per  square  foot of 
frontal area, a n  inlet  hub-tip  ratio  of 0.35, and  a  tip  relative  inlet 
Mach number  of 1.1. In this  design the hub  conditions  were  approximately 
as follows:  inlet  angle 30°, solfdity 1.5, turning zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAangle 40°, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinlet 
W c h  number 0.75. These  conditions  are  somewhat similar to those of the 
high-flow  transonic  rotor  of  reference 2. 

The amount of c d e r   r e q e e d  for 811 inlet  angle of 30°, a  solfdity 
of 1.5, and a turning  angle  of 40° was  invest5gated using the low-speed 
cascade data of  references 1 and 3. These data show that  a  design  lift 
coefficient  of 1.8 produces turning angles of 37.6O and 40.0° at design 
angle  of attack for blade sections having Alo and &I% mean lines, 
respectively.  (See  ref. 4 for mean-line  notation  system.)  Hence, a 
Czo of 1.8 was selected as being representative of typical hub canibers. 

Thickness  Distribution 

Since flow separation in compressor  cascades  results when the bound- 
ary layer  is  unable to negotiate the pressure-rise  conditions which occur 
chordwise along the blades,  it  is  desirable to keep this  pressure rise 
and,  hence, surface Mach nuuiber to a minimum. Therefore, a main objective 
in the  selection  of  a  thickness  distribution  was to keep  surface Mach n u -  
bers low by maintawing low surface  curvature  over the forward  portion  of 
the blade. To accomplish  this  end a thickness  distribution was derived 
which was  considerably thinner in the forward portion of the blade than 
the  types  of  thiclmess  distribution c m o n l y  used  for  subsonic  blading. 

Figure 2 shows a comparison  of the derived  thickness  distribution 
used in this  investigation  (hereinafter  referred to  as the T1 thickness 
distribution), the conventional  subsonic NACA 65-series  thickness dis- 
tribution (ref. 51, and the thickness  distribution  of an inboard section 
of the transonic rotor of reference 6 (section DD of ref. 7). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll are 



scaled up t o  10-percent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmaximum thickness. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT1 dist r ibut ion is some- 
w h a t  flatter over the forward 60 percent of the  blade chord than that of 
the DD section of reference 7 and represents a considerable change from 
the NACA 65-series  thickness  distribution. It should be noted that the 
point of maximum thickness  for  the T 1  distribution i s  rearward at approx- 
imately the 65-percent  blade-chord station. The T1 dist r ibut ion is  some- 
w h a t  similar t o  the NACA 65-series  thickness  distribution  reversed. 

The coordinates  for the T1 thickness  distribution  are  presented  in 
table I for  the  8-percent-thick  section.  Direct  scaling may be used for  
other  thicknesses. The suggested  variation of leading- and trailing-edge 
r a d i i  w i t h  maximum thickness is  shown i n  figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. This thickness  dis- 
t r ibut ion w a s  used In  the high-flow transonic  rotor of reference 2. 

Mean-Line  Shape 

The influence of contraction  ratios of less  than 1.00 on surface 
Mach numbers is clearly  indicated  in the extrapolated  pressure  distribu- 
t ions  for  bladings having different nean l ines  in  reference 1. It was 
shown that high  surface Mach ambers do occur  near the minimum passsge 
area. Rence, i n  the selection of a mean l i n e   t o  be used with the T1 
thickness  distribution, it was necessary t o  examine the blade passage 
areas. 

For  low-inlet-angle  high-solidity  conditions,  the A ~ 1 4 ~  or A10 mean 

l ine  was shown in  reference 1 t o  have greater contraction  ratios than 
the  A 2 1 a  mean l ine.  For example, at p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30°, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo = 1.5, and ad, A T / A ~  

f o r  the 65- (12A2I&,) 10 blade was 0.897 compared with 0.918 f o r  the 

65- (12A6I4b) 10 blade and 0.930 for   the  63- (l2A10)10 blade. Since t h i s  

comparison was made fo r  blades having a Czo = 1.2 and using the NACA 

65-series  thickness  distribution, a similar comparison has been made fo r  
blades having a Czo = 1.8 and the T 1  thickness  distribution. 

There i s  a design  turning-angle  variation of 2.4O between a 1.8 
cambered blade w i t h  an Alo mean l i ne  and one w i t h  an A21& m e a n  l ine.  

To  make the  turning  angles  equal would require  an  increase  in 

of 0.14 f o r  the A10 mean l ine.  Although any comparison of mean-line 

shapes  should  be  based on the same turning  angle, it has been shown i n  
reference 1 that, at low-inlet-angle  conditions, the effect  of a camber 
variation-of 0.14 on contraction  ratio is very  slight. Hence, the blade- 
section  coqarisons were a l l  made f o r  a camber of 1.8. 



Two-dimenstonal cascade  passages were drawn for  blades  uti l izing  the 
T I  thickness  distribution zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh conjunction  with  the A ~ o ,  A6I4bY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm d  A21& 

obtained from low-speed cascade t e s t s ,  as w e l l  as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor 2.5O above design 
Engle of attack. The passage  areas were neasured  along an approximation 
of the  stream  equipotential lines in the same manner as described in 
reference 4. These two-dimensional  cascade passeges are  presented  in 
figure 4 with  the dashed portion of the  figure  representing  the condi- 
t ion  2.5O above design  angle of attack. The location of the  minimm 
passage area a d  the +/A1 values eze indicated. A t  design angle of 

attack  the  value of PT/A1 for   the A21& blade w a s  0.948 compared with 

0.976 for both  &I4b and the Alo blades. A t  + 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5’, the A 2 1 a  blade 

had a value of +/A1 of 0.964  colqpared with  approximately 0.988 for   the  

other two blades. Hence, from choke-flow considerations,  regardless of 
whether the NACA 62-series  or  the T 1  thickness  distribution i s  used, both 
the and the Alo mean lines should  be more desirable than the  A2I& 
xean line  for  the  conditions of low inlet angle,  hrgh solidity,  and the 
moderete thicknesses  required  for  transonic  rotor-hub  sections. 

- mean l ines  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 26.90, cr = 1.5, and design  angle of attack, as 

The var ia t ion   in   the  ratio of A2/Al through  the  blade  passages f o r  

the  blades having the  a d  the Alo mean . l ines w a s  determined f o r  

both  ad a d  ad + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.5O and is  presented in figure 5. A t  design  angle 

of attack  (fig.  5(a)) the &I&b blade has zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan extemive region of minimum- 
area  ra t io .  Hence, on a passage-area basis alone,  the Alo appears t o  be 

a more desirable mean l i n e  f o r  high-flow, transonic  rotor-hub  conditions. 

Unpublished  high-speed  cascade results indicated  that, f o r  blades 
vhich  have contraction  ratios  less  than 1.00, as   the   in le t  Mzch number 
increases  the minimum-loss point  shifts  to  higher  incidence mgles or 
:higher engles of attack  than  the low-speed design  angles  (those  obtained 
from an inspection of low-speed cascade pressure  distributions  to determine 
the  angle of attack where there were  no velocity peaks on either  surface, 
r e f .  3 ) .  Hence, the comparison between mea   ra t ios  at a = ad + 2.50 was 
considered t o  be more inrportant than that at  in the  selection of the 

mean l ine   for   t es t ing .  A t  ad + 2.50 (fig.  5(b))  the A&b blade has a 

gradually  decreasing  passage  area from the inlet to   the mininun-passage- 
area  location, whereas the A10 exhibits two minimums of approximately  the 

same value. OD the  basis of passage mea alone at  % + 2 . 5 O ,  it is dif-  

fic-t t o  determine which of these two blades would  be more nearly optfrrmm. 

Blade  performance is determined by blade-surface  velocities which 
are affected by both  surface  curvature and the  passage-area  effects. 
The limits of surface  curvature and the  resulting l o c a l  bla&e-surface 



Mach numbers that m y  be tolerated w i t h  reasonable  efficiency  for  the 
particular boundary-layer  thickness which ex is t s  ahead  of the  region 
under consideration have not been established. The A@4b blade w i l l  

have higher curvature i n  the rearward portion where i ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAminimum passage 
area  occurs. T h i s  condition is, of course,  undesirable. However, the 
A10 blade w i l l  have the undesirable  condition  of 'nigher curvature i n   t h e  

forward portion, where  one of i ts  minimum passage areas occurs, as w e l l  
as a reoccurrence of a second minimum passage area at the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArear of the 
blade. Which of these  conditions i s  worse i s  not  obvious  without t e s t  
resul ts .  Therefore, the  selection of which of the two blades t o  test  
was rather arbitrary, w i t h  either  selection capeble  of  providing  infor- 
mation on the  effects  of local  surface Mach  number on blade perfomnce.  
The mean-line type chosen for   tes t ing was the A@4b mean l ine.  

A schematic diagram of the 7-inch  high-speed  cascade tunnel at 
the Langley Laboratory is presented i n  figure 6. The tunnel  span zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI s  
7 inches, and fo r  these t e s t s  6 blades were used. Slot  suction w a s  pro- 
vided  upstream of the cascade on both floors and side wzlls. All blade- 
perfommce data were obtained  using  porous side walls w i t h  the exception 
of the  schlieren photographs which required  the use of glass side walls. 
The blade section  tested w a s  the Tl-(1&614b)08 blade having a chord 

length of 4.2  inches. One of the center blades :had 22 orifices  located 
at midspan, from which pressure  distributions were obtained. 

The conditions tested were as follows: 

(2) p = 30.0°, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu = 24.6O 

(3) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 34.1°, u = 2 5 . 0 ~  

The so l id i ty   fo r  a l l  tests w a s  1.5. 

Wake measurements  were made by means of a 2-inch 26-tube to t a l -  
pressure  rake  located a t  midspan about 1 chord downstream of one of the 
center  blades. These wake measurements were used t o  compute  momentum- 
loss coefficients C The approximate metinod of reference 8 was used 

f o r  this computation since,  for  isolated  airfoils,  drag  coefficients as 
detek-nined by this method and momentum-loss coefficients  are synonymous. 

wl - 



2K zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAdditional  assumptions  required in order  to  apply  this  method  to a cascade 

were  that  the  downstream  conditions  be  free-stream  con6itions anc5 that 
the  static  pressure  at  the  rake  be  equal to the  static  pressure far down- 
streem.  Monentun-loss  coefficients  calculated  by  this  method  were then 
based on the  inlet  dynamic  pressure.  Hence, 

- 

where Pe is  the dischmge free-stream  total  pressure m d  Fc is  the 

ratio of the  momentum-loss  coefficient to the  total-pressure-loss 
coefficient. 

It  is  the  opinion of the  ecthors  tPat  the  conversion  of  total- 
pressme loss to momentum loss m y  be  unnecessary.  Since  the spacwg 
between  blade  rows  in  co-ressors  does  not vary SGpreciebly, any varia- 
tion  in  total-pressure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloss with  downstream  station  due to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmixing is 
grobably s ~ l l .  Hence,  directly  presenting  pressure-loss  coefficients 
appears t o  be  justifiable. Also, if the loss coefficieEt  is  presented 
in  terms  of  total-pressure loss, the  use or" the  cascade b t z  for loss 
esthition for  compressor  design  snd  off-design  calculatiors  is 
feciliteted. 

The  turning  sIlgles  presented  are  the  average of four downstream 
flov-angle  measurements  made  outside  the bhde wakes  in  several  blade 
gaps  at  midspan. For the  first  tvo of the  aforementioned  test  conditions, 
schlieren  photographs  were  taken in adiittioc to  the  other  nessurements. 

At each  condition,  tests  were  ride f o r  a range  of  bkch rider up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto 

choking. Rewolds nunbers  varied  from  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx lo5 at M = 0.30 to 
above 1.5 x lo6 at  the  highest  Mach nmbers. 

The  pressure  distributions, emressed in  terms  of  the  pressure  coef- 
ficient S, are  presented in fcgures 7 to 10 for  each of the  four  test 
configcrations  over the test  Mach nmber range.  The maxhm surface Mach 
nuzbers end Scr  vslues  are  indicated.  The  variations in turning 
angle 8, momentun-loss  coef2icient Cwl, and  pressure-rise  coer"-?icient 

with M?ch nmier f o r  the  tests  are  presented in 

figures 11 to 14. Since  there is sm-e blockage  caused by the  insertion 

. ( expressed  as 
p2 - q1 
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of  the  rake  for momentuy-loss-coefficient rneasurenects,  the  pressure-rise 
coefficients  with  and  without  the  rake in ?lace are presented. No large 
differences  between  the  two  were  noted.  The  dashed  curves  correspond  to 
the  pressure  rise  that  would  occur  in  the  two-dimensional  condition  if 
the  effect  of  biade-wake  blockage is approximated.  The  schlieren  pho- 
tographs  taken Tor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 26.9' and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 21.5O and for p = 30 .Oo and 
a = 24.6O are  presented in figures 15 and 16. 

Sbce the  schlieren  photographs  had  to  be  taken us ing  glass  side 
walls,  the  tests  were  effectively  solid-wall  cascsde  tests.  Since  the 
blade  pressure-tag  leads would tend  to  obscure part of  the  flow  field, 
no pressure  distributions  were  taken  for  the  tests  with the glass side 
walls. To indicete to what  extent  the schlieren photographs  ere  appli- 
cable t o  the measmed pressure  distributions  taken  using  porous  side 

walls, p. comparison  of  the  varistion  in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 ,  G1, and p2 - p1 

inlet  14zch  number f o r  both  porous-wall  and  solid-wall  tests  is  presented 
in  figure 17. Tine solid-wall  turning  angles  were  generally  from 0.4' to 
slightly  over 1' greater  than t'he porous-wall  data.  The C agreement 

was  excellent.  The  side-wallboundary-layer gro-Ah for  the  solid-wall 
tests  invariably  resilltea  in  lower  pressure  rises  than  occurred  in  the 
porous-wall  tests,  with  the  greatest  differences  ncturally  occurring  at 
the  higher mc'n numbers. Altho-ah the  difference in pressure  rise  for 
the solid- and  porous-wzll  data  presented  herein has not  appreciably 
affected  turning  angle  and  drag  coefficient,  it  could  influence  surface 
Yach  nuzbers in the  rearward  portion  of  the  blade  where  many  of  the  tests 
show a secord  velocity  peak.  Hence,  in  discussing the schlieren  photo- 
graphs  in  collj-mction  with t'ne aorous-wall  pressure  distributions,  it 
should 'De realized  that tine local  Mach  numbers  which  actually  exist in 
the  solid-wall  tests  near  the  rear of' the  blade  may  be  soEewhat  higher 
than  those  presented  for  the  porous-wall  pressure  distributions.  The 
order  of mgnitude of  this  difference in surface  Mack  number  is  shown 
in  figure 18 for  pressure  distributions  corresponding  to p = 26.9' and 
a = 21.5~~ zt MI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsz 0.66. The  variation in pressure  rise  was  accomplfshed 
by alterir-g  the  amount of porous-wall  suction.  Peak  rearward  surface  Mach 

numbers  increased  from 0.93 to 1.00 as p2 - p1 was  decreased  from 0.185 

to 0.115. The  momentum-loss  coefficient  increased  slightly  with  increasing 
pressure  rise. 

Sl 
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A comparison  between a low-speed pressme distribution  estimated  by 
the  methsd  of  Erwin  and  Yzcobi (ref. 4) and  the masured suction-surface 
pressure  distrLbutionl  for p = 26.9O an8 a = 21.5' is  presected in 
figure 19 and  discussed  in  the  apsendix. A comparison  between  measured 
higa-speed  pressure  distributions  and  those  obtair?ed from an extrapoh- 
tior.  cf  measured  low-speed  pressure  distributions  for all four  cascade 



t e s t  conditions is presented  in  figure 20 md is  also  discussed in the 
appendix. The effect  of pressure  rise  across  the cascade on turning 
angle and  xomentum-loss coefficient is tndicated  in  figure 21 f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 34.1' a r d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 25.0° at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM1 = 0.65 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 34.1° and a = 26.50 

a t  141 = 0.63. The veriation in momentun-loss coefficient  with  surface 

pressure-rise  coefficient (termed the C-fzctor i n   r e f .  9) i s  presented 
in   f igure 22. 

DISCUSSION 

Test  Results at p = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26.g0, Corresponding t o  Hub Section 

of Transonic Rotor of Reference 2 

The low-speed design  cngle of a t tack is  19.4O i f  the  design  angle- 
of-attack  conditions ?or the Alo and A21& conditior-s in  references 1 

and 3 are  iaterpolated.  A t  p = 26.9, the Mgher  mgle-of-attack condi- 
t ion,  namely a = 2l.5', was tes ted because,  as mentioned greviously, 
high-speed  cascade t e s t s  have indicated tht, f o r  cascsdes which k v e  
contraction  ratios less than 1.00, t'ne angle of a t tack  for  minimum drag 
increases  with  inlet Mach number.  Based  on an interpolation of the h t a  

. in  references 1 md 3, Ba = 39O. For - = 1.0 the  turning  angle at 

a = 21.5' should  then  be 41.1'. The turniEg  angles  obtabed i n  the 
high-speed  cascade tunnel  agreed  quite w e l l  with this value  over  the low 
loss range of operation where 0 varied from 40.0' t o  40.9'. (See 
fig. 11. ) A rap id   r i se   in  momentum-loss coefficient  occurred f o r  inlet 
Mach numbers  above 0.70. A t  Ml = 0.750 ( f ig .  7( f ) ) the mxirnm neasured 

surface Mach  Gumher w a s  1.24 at the 70-perceat-chord s ta t ion  and the peak 
surface Mzch  number in  the nose region w a s  1.03. A n  exanination of t'le 
corresponding  schlieren  photographs ( f ig .  15) should indicate which of 
the two pressure  rises  along  the  suction  surfece i s  prirtlarily  responsible 
for  the  increase  in loss. There  appeared t o  be no substantial  increase 
in  boundzry-hyer t h i c h e s s  along the first 70 percent of the  blade  for 
the   en t i re   t es t  Mach nuaber range. HeEce, the  local smll shocks which 
ere   vis ible  at the  higher  inlet Mach numbers a re   no t   de t rben ta l   t o   t he  
blade perfom&nce. Therefore,  the  high  drag at i n l e t  Mach numbers above 
0.70 must result from shock-induced  boundary-layer separation  behind  the 
shock which occurs at apsroximately the 70-percent point. The appreciable 
curvature  just behind the shock is conducive t o  Tlow separation. Also, 
there is  more likelihood of f low separstion because t h i s  shock occurred 
i n  the rearward portion of the  blade where t h e   b o u n m   l a y e r  is thicker. 

de 
da 



It should be pointed  out t-hat, even a t  the lower subsonic Mach  nu?- 
Sers, the  schlieren photographs indicated that tke  flow did not  follow 
the  suctioc-surface  curvature zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the lest 10  percent of the blade. The 
low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC values, hovever, imlicete thzt the  degree of separation i s  no 

worse tban  for  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAany cther  highly canbered section. 
W 1  

The develocment of a more nearly optimum blade  section  for the hub- 
type  cocditions under Lnvestigation i n  order t o  increase  the  level of 
i n l e t  Mach n-mber for  efficient  operation Ebove M1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.70 w i l l  require 

the  reduction ami possibly  the  elimination of the second velocity peak 
which occurred in  the  suction-surface  pressure  distributions shown i n  
figure 7. This result can be aclnieved through a reduction of the  curva- 
tu re   in   the  rearward  portion of the   bh&e by  noving zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsome of the  rearward 
Reen-line  loading t o   t h e  middle and more forward portion of the blade. 
The loading  shift could  be attained by using  the A10 or e circular-arc 

mem line  in  conjmction  with  the TI thickness  distribution. If the 
rearwmd  curvature is still not  reduced sufficiently,  a further  reduction 
may be effected by using a thickness  distribution  fn which the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmaximum 
thickness is not as far back as that of the T1 thicla-ess  distribution 
and/or nossibly by using a thicker  trailing-edge  radius. The double 
c i r c u k - a r c  51aCie section might prove t o  be  quite  desirable  for such 
hub conditions. However,  some care must 5e t a e n   t o  avoid  raising  the 
Kach nmbers and surface  curvature  In  the  forvard  portion t o  such a 
l eve l  that strong shocks form, resu l t ing   in  shock-induced  flow separa- 
t i on   i n   t he  forward positlon. 

For the hcb-type conditions of i n l e t  angle,  tlirning  angle, and 
solidity  herein  investigated, it appears tht, lor a rnaximum thickness 
of 8 percent and Mach numbers  above 0.70, supersonic  surface  velocities 
are  inevitable. The only way t b a t  ef f ic ien t  performance can be  obtained 
for  such  conditions i s  t o  keep surface  curvature t o  a minimum in   t he  
regioll where a surfece shock w i l l  occlir while,  of  coarse,  attempting t o  
mininize  surface Mach n-mbers.  UnTortunately, the lirrits fo r  various 
conbinetions of shock strengtii,  blade-surface  curvature, and boundary- 
layer  thickness  just ahead of the shock :have not as yet been established. 
The establishmLt of such limits w i l l  permit zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe. determination of 'the type 
of blading t'nat is  most effective  for  transonic cozpressor hub sections. 
A considerable amount of Pmdamental research on t h i s  problem is  needed. 

1s sumry ,   t hese  tests indicated that high-sgeed  tlrrning  angles 
can be effectively  estimated from low-speed cascade t e s t  results. They 
indicate   that   taxing  angies  of a p p r o x h t e l y  40' a t  rn inlet  angle 
of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26.9' can be  accoxplished  without  severe loss fo r   i n l e t  Mach r-ambers 
up t o  M1 = 0.70 by u s h g  the  type of b h d e  meen l ine  and thickness dFs- 

tribxtion  kerein  described. For efficient  operation zt in le t  Mach nux- 
bers much zbove 0.70 fo r  &n 8-gercent-thick blade at this  cascade con- 
dit ion,  some a l te ra t ian  of the  distribution of s-mface  curvature is 



necessary  either by suitably  alterirg  the  thiclmess  distributio??  or by 
using a mean 15ne which s h i f t s  some of the  rearwad  loading toward the 
midale of the  blade. 

Effect of More Forward Location of Peak Surface  Velocities 

In  order t o  obtain  infornetion,  regarding  the  effect of ra is ing 
surface Mach numbers in   t he  forward portion of the blade where surface 
curvature is  less, while  reducing  surface Mach numbers in the  highly 
curved reamard  region where the  strong shock had produced f low sepera- 
tion,  the  blades were tes ted  at  a higher fnlet  angle and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs higher  angle 
of attack, m d y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 30° zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand a = 24.6O. 

The  minimum  momentum-loss coefficient WELS slightly higher than t ha t  
obtained at the lower angle of attack. (See f i g s  . I1 and 12. ) The 
i n l e t  Mach  number for   rapid drag rise  increased fromO.70 for  the lower 
inlet-angle  condition t o  over 0.75 for  %his test condition. A compari- 
son of the  pressure  distributions at p = 26.9' and j3 = 30.0° at 
M = 0.708 and M = 0.751, respectively  (figs.  7(e) and 8(d)), illdicated 
no increase  in momentum-loss coefficient  for  the  Ugher  angle-of-attack 
condition even  though the m~~~2.mm local  pressure  coefficient  indicated 
that a peak loca l  Mach  number of 1.18 existed in  the forward portion of 
the  blade at  the  higher  angle of attack. Hence, shocks of this   s t rength 
-i-n the forward portion of the  blade where the  curvature is low and the 
boundary layer i s  th in  w i l l  not  adversely  affect  blade performance. 

Tkre schlieren photographs  corresponding t o  this  inlet-angle condi- 
tion  are  presented i n  figure 16. No appreciable  iacrease  in boundary- 
hyer  thic ' laess after the forward-region shock -mves w s s  noted fo r  inlet 
Mach numbers  up t o  0.80 for   the   dddle   b lade  shown in  the  schlieren pho- 
tographs  (figs. 16(a) t o  16(g)). The middle b h d e  i s  st ipulated because 
at  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14, = 0.80 ( f ig .  16(g)), the shocks are  not unfform frm b h d e  t o  

blade.  Since  the  pressure  distribution  corresponding t o  t h i s   i n l e t  Mach 
number of 0.799 (rig. 8( e) ) inciiccted zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEL maximum loca l  Mach  number near 
the  cose of approximately 1.26, it appears th&t mch numbers this high 
can  be to l e ra t ed   i n   t he   fo rwd   po r t ion  of the  blade. 

- 

At M1 = 0.80, most of the flaw separation  occurs  after  the second 

ser ies  of shocks which occur at approximately the 70-percent-chord point. 
The pressure  distribution  indicates a maximum local &ch number  of approx- 
izmtely  1.25 at the 70-percent-chord point.  Separation  occurred  here fo r  
the  sme Mech  number l eve l   fo r  which  no appreciable  separation w a s  coted 
io the forward portion of the  blade because (1) the approach boundary 
layer TZS thicker  in  the  rearwad  portion of the  blade, (2) the  blade- 
surface  curvature was =ore  severe  there, and (3) the amount of  surface- 
pressure  recovery w a s  greater i n  this rearward  region. 



The schlieren  photograph  for M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.82 (fig. 16( h) ) indicated a 
significant  increase  in  boundary-layer  thickness  behind  the  first  shock 
pattern,  which  is,  of  course,  characteristic  of  impending  flow  separa- 
tion.  Hence,  the  surface  Mach  number  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.26 near  the  leading  edge  for 
the MI = 0.80 test  is  quite close to  the  separation  limit  for  the 

curvature  conditions  which  existed in the  forward  portion of the  blade. 

Effect  of  Increase  in  Pressure-Rise  Coefficient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
To investigate this blading  under  higher  pressure-rise  conditions, 

tests  were  conducted at an inlet  angle  of 34.1’ at angles of attack 
of 25O and 26.5O. Some  increase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin momentum loss even  at low Mach num- 
bers  was  evident  for  these  higher  pressure-rise  tests.  For  example, 
at MI = 0.5 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 34.1°, G1 was 0.022 and 0.024 for a = 25O 

and a = 26.5O, respectively,  (figs. 13 and 14), whereas  at  the  lower 
pressure-rise  conditions  (figs. 11 &ad 12), values  at Ml = 0.5 

ranged  from 0.015 to 0.017. 
% 

For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 34.1° and a = 25O, began  to  rise  gradually  above 
“1 

MI = 0.50 and  increased  rapidly  above 0.84. The  trend of C with 

Mach  number was similar to that  indicated  by  the  data f o r  p = 30’ 
and a = 24.6O in figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12. Both  conditions  shawed  Cwl  to be 

approximately 0.03 at M1 = 0.80 with the  higher  inlet-angle  condition 

having a pressure-rise  coefficient p2 - of 0.38 compared  with 0.27 

for  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf3 = 30’ condition. 

W1 

q1 

At M1 = 0.805, p = 34. lo, and CL = 25O, the  blading  exhibited a 

maxjmum  local  Mach  number  near  the  nose  of 1.27 (fig. g(d)) .  A comnari- 
son of this  pressure  distribation  with  that at MI = 0.799, p = 30b, 

and a = 24.6’ (fig. 8( e) ) indicated  that  both  conditions  had  approxi- 
mately  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsme  peak  local  Mach  numbers  and  the  same  moderately  high 
momenturn-loss  coefficients. The  higher inletangle condition,  however, 
has a much  lower  local  Mach  number  at  the  70-percent-chord  point as well 
as a lower  pressure  recovery  from  the  70-percent-chord  point  to  the 
trailing  edge. The major  difference  between  the  two  conditions  in  the 
forward  region  is  that  the  test at the  higher  inlet angle actually 
experienced a more  severe  pressure  recovery f r o m  the  10-percent  to  the 
30-percent  point.  Evidently,  at  the  higher  inlet  angle  the  flow  separa- 
tion  which  must  occur 

as 0.03 was  caused  by 
near  the  leading  edge 

behind  the shock pattern  for C, to be  as  high 

the  increased  pressure  recovery  vhich  occurred 
for  that  test.  Hence,  as  expected,  for  the  same 

Jl  - 



surface  curvature  the  limiting  value  of  local 
ation  in  the  leading-edge  region  is  dependent 
tion  which  the  flow  field  imposes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

Mach number to avoid zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe pressure-rise 

15 

separ- 
condf- 

At  surface  Mach  nunibers  of  about 1.27, the  test  data  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 34.1° 
indicated a somewhat different  result  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 26.5O (fig. 10) f r o m  that 
which  was  observed  at a = 25O (fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ) .  The  higher  angle-of-attack 
condition  had a hr of 0.026 when = 1.26 (fig . lo( c) ) compared 

to a ql of 0.031 at Mm = 1-27' for  the  lower  angle-of-attack  condi- 

tion  (fig. 9( d) ) . Evidently, low Gl values  are obtaimble for  peak 
local  Mach  numbers  as  high  as 1.26 providing  that  this  peak  Mach  number 
occurs  very  close  to  the  leading  edge  (near  the  2.5-percent-chord  point). 

The  major  differences  between  these  two  conditions me: (1) the 
lower loss condition at the  higher  angle of attack has its shock closer 
to  the  leading  edge  and,  hence,  its  approach bmdary layer will be thin- 

ner;  and (2) both  the  pressure-recovery  gradient dp and  the amount of the 

pressure  recovery  are  greater  at  the  higher a condition  whereas  the 
surface Mach numbers  over  the  rear 60 percent of the  blade  are  lower. 
Apparently,  having  the  pressure  recovery  occur  nearer  the  leading  edge 
where  boundary-layer  thfckness  is  less  may  be  the  main  reason  for  the 
lower loss associated  with  the  higher  angle-of-attack  test. 

dc 

There  was a considerable  increase in C, of from 0.026 to 0.032 
1 

when  the  peak l oca l  Mach  number n e w  the  leading  edge  was  increased  from 
1.26 to 1.28. (See  figs. lO(d) and lO(e).)  Hence,  it  appears  that 
% = 1.26 is  close  to  the  separation  limit  for  the  curvature  conditions 

which  existed  near  the  leading  edge. 

Effect of Mach  Number  and  Fressure  Rise on Turning Angle 

The  data  of  figures 11 to 14 show only a slight  variation in turning 
angle  (at  most,  about kO.5O) with  Mach nmber for  momentun-loss  coeffi- 
cients  up  to  approximately 0.03. To  deternine  the  effect  of  variation in 
back  pressure  produced  by  varying  the amount of porous-wall  suction,  typi- 
csl con6itions  were  examined  at  the s m e  inlet Mach number  with  varying 
amounts of  porous-wall  suction.  Figure 21 shows  the  variation in turning 

angle  and C, with p2 - for . p  = *.lo and u = 23.0° at MI = 0.65 

m d  for p = 34.1' and a = 26.50 at MI = 0.63. An increase in 

of  approximately 28 percent  resulted in a decrease in turn-ing  angle  of 0.4O 

1 q1 
p2 - p1 

q1 

for a = 26.30. increase  in '2 - '1 of approximately 33 percent  cor- 

responded  to a decrease  in  turning  angle of 1.5O for a = 25.0°. For  both 

angles of attack, kl increased  somewhat  with  increasing 

% 

p2 - pl 
q1 
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Comparison of VzrFation i n  Momentum-Loss Coefficient 

With Smface  Pressure-Rise  Coefficient 

The measured gressure-distribution data were used t o  compute the 
surface  pressure-rise  coefficient. It i s  defined as the   ra t io  of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
mximun pressure rise on the  blade  suction  surface  to  the  difference 
between t'ce t o t a l  and s ta t ic   pressure at  the  point of maxhm surface 
velocity and i s  called  the  C-factor. The variztion ir? Cwl with  C-factor 

Tor the  four cascade  configurztions  tested is presented  in  figure 22. The 
l i m i t  value of the  C-factor  for low ramentun loss ranged fron 0.61 t o  0.68 
for   three zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  four  conditions and was 0.54 for  the  other. These values 
were considerably  belov  the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.75 t o  0.80 values  obtained from lov-speed 
cascade data in  reserence 9 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

The boundary-layer development along  the  blade  for  these  tests zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 2 s  
been coxplicated by shock born-kry-layer  interection  effects which,  of 
course, did not occur in   the lov-s-peed t e s t s .  Also, there w i l l  generally 
be SOYE boundary-layer  thickening  behind  surface shock waves.  These 
boundary layers cannot tolerate  as severe a pressure  recovery as could a 
thinner boundary layer, and, hence, separation  occurs at  lower C-factors 
t'mn in   t he  low-speeii t e s t s .  

One possible  explanation that the test  w i t h  p = 26.9' and a = 21.5O 
showed a lower leve l  of l h l t i n g  C-factor than the  other t'hree t e s t  condi- 
t ions is  that t h i s  w a s  the only  condition at which flow  separation w a s  
almost ent i re ly  governed by the second pressure  recovery. It re-presented 
the most cocfined  passage  condition and even at  the  high momentum-loss 
condition, MI = 0.730 (fig.  7(f) ) , it had only  very  slightly  super- 

sonic  velocit ies  in  the nose (Mz = 1.03) conpared with Mz = 1.24 at  
the 70-percent  chordwise station. It is  reasonable t o  presune that, as 
the  location of a given  pressure  recovery sh i f t s  rearward,  the amount 
of pressure  recovery  possible  without  separation w i l l  decrease  since 
both  the  adverse  pressure  gradient and the  thickness of the i n i t i a l  
boundary layer w i l l  increzse. 

It appears that, i n  the use of any s i q l e  loading-limit  parameter, 
such as the C-factor, it i s  necessary t o  make certain that the  suzface 
pressure  distributions are not fs,r diTferent from those  used to   es tab l i sh  
such limits. The successful use of such a lmding-limit p a r a t e r  w i l l  
require  analysis of sufficient data to  establish  l imiting  values  for 
typical  examples of differently shaped pressure  distributions  since it 
has been shown t h a t  C-factor limits w i l l  vary  with  significant c'mrses 
in  surface-pressure-distribution  shase which can influence  the bouniiary- 
layer developxent . 
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c The  high-speed  cascade  tests of a ~1-(1&1&,)08 blade  section at 

e solidity of 1.5 at  several  inlet  angles  ranging  from 26 .go to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA34 .lo 
have  indicated  the  following  conclusions: 

1. Turning  angles of the  order  of 40° can be accamplisbxd  without 
severe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o s s  for inlet  Mach  cumbers  up  to 0.70 st an inlet  ZEgle of 26.90 
and UT, to 0.75 at an- hlet angle of 30.0°. At  inlet  angles  from 30.0' 
to 34.1' momentum-loss  coefficients of Epgroximately 0.03 were  obtaired 
at  an  inlet  Mach  number of' 0.80. 

2. A surface  Mach  number  oear  the  nose of the blade  of  approxi- 
mately 1.26 appeared to  be close  to  the  separation  limit for  the  curva- 
ture  conditions  which  existed  near  the  leadirrg  edge. 

3.  Eigh-speed  turnicg  angle  can  be  effectively  estimated  from low- 
speed  cascade  test  results  since  the  variation in  turning  angle vLth 
inlet  Nzch nmber for monel?tm-loss  coefficients up to approximately 0.03 
is sm11 (at  most,  about t0.5) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Lacgley Aerowutical Laboratory, 
Natloml Advisory Cmit tee for Aeronautics, 

Langley  Field, Va., June 8, 1955. 
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ESTIMTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF BLADE-SWACS P-R3SSURE DISTRIBUTIONS 

Estimation  of TL (1~1~614~)08 Blade  Incompressible  Suction-Surface 

Pressure  Distribution  at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 26.g0, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 21.k0, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = 1.5 

The method  of  estimating  low-speed  pressure  distributions  presented 
in  reference 4 was  used  to  compute  the  suction-surface  pressure  distri- 
bution  for  the r1-(1&614b)O8  blade  at p = 26.g0, q = 19.4O, and 

0 = 1.5. The  surface  pressure  coefficients  at a = 21.4O, which  is 2. lo 
above  design,  were  obtained  by  adding  the  increnental  surface  Velocities 
due  to mgle of  attack  to  the  surface  velocities for design  angle of 
attack.  The  surface  velocities  due to angle of  attack  which  were  used 
were  the  enrpirical  results  obtained  for  the 65-(12~~~)10 bhde at p = 30' 
which  were  presented  in  figure 15 of  reference 10. 

To  ayproximate  the  incremental  surface  velocities  due  to  thickness 
far  the  io-percent-thick T 1  thickness  distribution,  the  surface  veloc- 
ities  for  the  following  thickness  distributions  as  obtained  from  refer- 
ence 11were used  for  various  portions  of  the  blade: 

Percent  chord 

o to 25 

25 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA55 

55 to loo 

Thickness  distribution  from  which  incre- 
Eental  velocities  due to thickness  were 
obtained 

A 7-percent-thick  65-series  thickness 
distribution 

Incremental  velocities  obtained  from  faired 
curve  between  increnental  velocities  due 
to t'nickness  for 0 to 25 percent 
and 55 to 100 percent 

NACA 63-010 reversed 

rhe  surface  velocities  due to thickness  for  the  8-percent-thick  blade 
were  obtained by multiplying  the  velocities  for  the  10-percent-thick 

f 

blade  by 0.8. It  sbould  be  pointed  out  that  the  incremental  velocities 
1 

1 
due  to  thickness are considerably less than  those  due  to caber, for 
cambers  of  the  order of 1.8. Hence,  the  rather  approximate  method  of 
obtaining  tbe  effects  of  thickness on surface  velocity  was  considered 
adequate. 



The increnental  surface  velocities due t o  cexher fo r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c z O  

= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.8 

c with an A ~ 1 4 ~  mean liEe were also  obtained from re2ereme 11. The incre- 

mental velocit ies of the a = 1.0 mean l ine  were added t o  those of the 
reversed a = 0.2 in  the  proportions of 60 percent and 40 percent, 
respectively, f o r  C2 = 1.8 for  each of the component  ty-ges oT mesa 

l ine .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 

The cascade iaterference  factors were obtained  for  the AB and 
CF regions  as  indicated i n  reference 4, m-d those f o r  the BC regiolz 
were obtained from a fa i red curve  between the  factors  for  the PS and 
CF regions.  Tle  resulting  variation  in  interference  factor F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwith 
chordvise  position is as follows: 

I I Station,  Interference 
perceGt  chord fsctor,   F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

10 
1-5 

0.683 
.680 
.666 
.625 

Statio=, 
percent chord I 

20 

25 
30 

35 to 100 

Interference 
factor,  F 

0.510 

A conparison of estimated  incompressible and measured suction- 
surface  pressure  distribution at  MI = 0.305 is  presented  in  figure 19. 
It m y  be seen that f a i r l y  good agreenellt w a s  obtained  in  the forward 
portion of the blade (the first 60 percent of the  bla&e). In  the 60- t o  
90-yercent  region,  xeasured  surface  velocities were higher  than  estimated. 
These higher  sur2ace velocit ies may resu l t  because the  curvature of %his 
blade in   this   region is considerEbly greater  than that of the  blading 
considered in   refereme 4 a d ,  hence, the  velocity which typif ies   the 
free-stream  flow f ie ld   for   th i s   reg ion  may be higher tk?an the average 
velocity  obtained from one-dimensional area  consfderations. 

ExLrapolation of  Pressure  Dktributions Fron Low t o  High  Speed 

The low-speed pressure  distributions at 141 = 0.30 were used with 

the  extxapolation  procedure  described i n  reference l to  obtain  predicted 
high-speed pressure  distributions at agprox-tely MI = 0.70. The  com- 

parkor-s between neasured .md e s t b t e d  suction-surface  pressure  coeffi- 
cients  are  presented  in  figure 20. I n  gereral, good agreement w a s  
obtained between estimated and maswed  values. The largest  discrepancy 
occurred at  the  lowest  inlet-angle  condition  (fig.  20(a)). The extra- 
golation  procedure w s s  constdered t o  be fairly effective  in  estimating 
high-speed pressure  coefficients from low-speed pressure  distributions 
for  conditions of low i n l e t  an-gle, high  solidity, and high camber. 
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COORDINATES FOR T 1  THICmiSS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADISTRIBUTION 

HAVDIG 8-Pmcm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMKt" THICKNESS 

[Stations and  ordinates zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn percent chord] 

X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 - 500 
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2.500 
5.000 
7.500 

10.000 
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25.000 
30.000 
35.000 
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50.000 
55 - 000 
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70.000 
75 000 
80.000 
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T 
Upper  surface 
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3.424 
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3.784 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Specific weight flow, SWF, Ib/sec/ff of fronfal  area zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

Figure 
for  
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I 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p.. 

-0 121 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

u “”” modified NACA 65 -series thickness distribution 
% I ”- 
e, Transonic thickness distribution from NACA RM E52C27 I 

Percent  chord zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 2.- Comparison of several thickness distributions for t / c  = 0.10. 



2r: 



(a) Tl-(l8A1,)08, q zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 20.8'. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 4. - Cascade passage-area. distribution at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 26.9 and CY = 1.5 

for t/c = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.08. 



I 



. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( c )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATl-(l.8$18,.,)08, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq = 18.0'. 

Figure 4. - Concluded 



28 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Location zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon convex surface,  percent chord zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM ~ 5 5 ~ 0 7  

. 

Figure 5.- Variation  in  passage-area  distribution  through  cascade  with 
m e a n  line for blades having T1 thickress distribution, C2, = 1.8, 
end t / c  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.08 at = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 6 . 9 ~  and a = 1.5. 



e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAProtruding-wall  boundary-layer remo~rl slot 

Side  wall 

UPPer-Wall Slot and  suctlon  chamber I? 
Upstream  statlc-pressure  orifices UI  UI 

Flexlble upper-wall fairing 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'TI 
Total-pressure  probe 4 

Return  duct I 
porous test-section  wall 

Porous  flexlble lower-wall famg 

Lower-wall Slat and suct~m chamber zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 6.- Schematic diagram of T-inch high-speed cascade tunnel. 



(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM! =.305, 6=40.00, Cw, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= .015. (b) M I  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS05, 6 =40.6O, Cw,=.015. 

(c) MI = .612, 8 = 40.801 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC w I =  020. (d) M, = .658, 6 = 40.S0, Cwl = .024. 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 7.- Blade-surface  pressure  distribution and section  characteristics 

f o r  Tl-(l8A#4b)o8 blade at p = 26.g0, a = 1.5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 21.5O. 



(d) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= -751, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 =423O, C,, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-025. 

I I 
0 20 40 60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 100 

Percent chord zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPercent chord 

(e) M, =.799, 6 =42.1°, cw, =.030. (f) M, =.832, 8 = 4 1 . 6 O ,  Cw, .043. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 8.- Slzde-surface  pressure  distribution and section  charzcterFstics 

fo r  TI- (18A614b) 08 blade at p = 30.0°, cr = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5, and a = 24.6O. 



32 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- NACA FW ~ 5 5 ~ 0 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) MI .406, 8 =413O, C,, = .022 (6) M I  = .641, 8=41.S0, C,, : 024 

Percent chord Percent chord 

(e) Mi = .844, 8 = 4677 C,, = 035 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(f) M, 892,  e - 4 ~ :  c,, = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o70. 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

F i w e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 .  - Bkde-sur face   p ressure   d i s t r ibc t ion  and section  CharaCteriSkiCS - 
f o r  T1- (18A614b)08 blade at p = 34. lo, ts = 1.5, and a = 25O. 



5K 
NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 5 5 ~ 0 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 

3.0 

2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
(a) MI =.510, 6 =429O, Cw,=.024 (6) MI = .606, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 =42.9: C,, =.025. 

(c) MI z.708, 8 =42.6', Cw,= 026 

0 20 40 60 80 100 0 20 40 60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 100 
krcen: chord Percent chwd 

(e) MI 847, 8 =  42.5O, C,, = 038. (0 M I =  898, 8~42.40, Cw,= .065. 

Figure 10.- Blede-surface  pressure  distribution  and section characteristics 
?or T1-(lh4614b)08 blade at = 34.1°, Q = 1.5, and G = 26.j0. 



34 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM L53F07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

p2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
91 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. - B h d e  performance at p = 26. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgo, a = 21.5', and U = I. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 for 
T1-(18AgIkb)08 blade section. 
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F i g u e  12.- Blade perTomnce at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 3O’, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 24.6O, snd zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 for 
TI- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl8AgIh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA08 blzde section. ( b) 
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48 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
44 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13.- Blade zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAperformance at j3 = 34.1°, a = 25O, and u = 1.5 for 
T1- (18A61bb)C8 blade section. 



NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARLV L55F07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
37 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

08 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
06 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-.8 
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(a) M1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.45. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( c )  MI = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.65. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 15.- Schiierez  photogrqhs for 

(b) M1 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.60. 

L-893 02 
(a) K1 = 0.70. 

T1- ( 1 8 ~ ~ 1 ~ ~ )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc8 blade at  j3 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26. gor  
a = 21.5O, and u = 1.5. 



(e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMI = 0.74. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( f )  MI = 0.765. 

Figure 15. - Concluded. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( g )  M1 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.78. 



40 NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM L55F07 

(a) M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.50. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( c )  M = 0.60. 

(b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM = 0.55. 

a. 
r7- 
'I' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

L-89304 
(d) M = 0.65. 

Figure 16. - Schlieren photographs f o r  Tl-(18A614b)08 blade at J3 = 30. Oo, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a = 24.6O, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = 1.5. 
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(e) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.11 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.70. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(f) M, = 0.75. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

(g )  x., = 0.80. - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 16.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL-893 05 

(h )  M = 0.82. 

Concluded. 



c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM L55F07 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

MI 

(a) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26.g0, a = 21.5', and t~ = 1.5. 

Figure 17.- Comparison of blsde  perfomnce  in  cascade tunnels with both 
so l id  and porous side walls for T1- 16A I 08 blade section. ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 4b) 



WCA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL55FO7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 43 



44 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANACA RM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 5 5 ~ 0 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.6 
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I ! I I 
1 20 40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 100 

Percent chord 

Figure 18.- Effect of pressure-rise  coefficient on blade pressure distri- 
L 

but ion and local surface Mach  number. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp = 26. go, a = 21.5O, 
and M1 0.66. 
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Percent zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAchord zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 19.- Low-speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcomparison between  estimated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand measured suction- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

surTzce pressure coefficients f o r  T1- (18A614b)08 blede zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEt fl = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA26.g0, 
a = 21.5O, m a  a = 1.5. 

c 



Figure 20.- Comparison  between high-speed suction-surface  pressure  coef- 
f ic ients ,  measure6 et an in le t  Mach  number of approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.7, and 
those  obtalned frm an  extrapolation of pressure  cozfficients,  nezs- 
w e d   i n  low-speed tests a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.33, f o r  a l l  combinations of in le t  

angle and angle of at tack  tes ted for T1-(18A~14b)08 blade at  u = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5. 
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34 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s, deg 

48 

4 4  

4c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 21.- VzriEtion i n  turning angle and wake coefficient  with change 

i n  back pressure induced by varying zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs i d e - w d l  suction. 
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C- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfactor 

NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ 5 5 ~ 0 7  

Figure 22.- Veriation  in momentum-loss coefficient with C-factor, where 
C-factor is  equal t o   r a t i o  of maxinm static-pressure  rise  along  blade 
surface t o  difference between stagnation and s t a t i c  pressures at peak 
surface-velocity  point. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NACA - Langley Fleld, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVa. 




