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ON lcHE TWO-DWSIORAL AERODYXAMIC CHARACTWISTICS CE' 

By  Henry W. Plohr and W i l l i a m '  J. Nusbaum 

An experimental two-dimensional 5nvestigation of the mechanism of 
the flow asd the  losses involved in the operation bf a  low-solldlty 
highly loaded turbine-blade  proffle  suitable for use in  , a n  air-cooled 
turbFne has been made in  a cascade. The nature of the flow in the 
channel formed by adjacent  blades and a t  the exit  of the  blade row was 
investigated by static-pressure measurements and schlieren photographs 
over .a wFae range of pressure  ratios. Flaw conditions a t   the  e d t  of 
the  blade row were evaluated f'rm the  static-pressure measurements by 
the conservation-of-mamenturn principle. The results of this investiga- 
t ion were  compared with simflar published cascade data on the same blade 
profi le  a t  a  higher solidity. The original design solidity of 1.38 was 
reduced to 1.06 f o r  this inVestQation. 

The t o t a l  turning angle of the low-solidity configuration was less  
than  that of the  design-solidity  configuration a t  all pressure  ratfos. 
!This difference was greatest. at  l o w  pressure  ratios, because of the 
greater  separation of the flowfrom the  blade  suction  surface in the 
case ~f the  low-solidity  configuration. M E L X ~  turning, 71.3O, was 
obtained when the blade f irst  became fully loaded. A t  this polnt no 
separation was evident and the turning  angle was 6' Less than the maxi- 
rmrmtmbg of the  design-soliaity  configuration. . The 1ar-s.olidity 

configuration  required a 7~ percent  higher  pressure  ratio in order to 

fully load the blade. A t  th i s  poFnt t h e .  maxbnum tangential ccmponent of 
the  exit  critical-velocity  ratio was 5 percent belaw that of the design- 
solidlty configuration. The two-dhensmFlnsiona;t losses of the law-solidity 
configuration were higher than those of the design-solidity  configuration 
at  low pressure  ratios but were  ccrmpazable or only slightly higher a t  
pressure  ratios high enough t o  fu l ly  load the  blade. . A s  the-pressure 
rat io  was increased from 1.56 t o  a value great.  enough t o  fully load 
the  blade,  the  velocities on the  suction  surface of the  low-solidity 
configuration  increased on 80 percent of the blade  suction  surface, 
whereas f o r  the  design-solidity configuration only 40 percent of the suc- 
t i on  surf ace had increased  velocities. 
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3h the design of gas turbines having air-cooled blades f o r  applica- 
tion t o  aircraft propulsion, the use af lm-soliditybLading is desirable 
in order to reduce the amount. of cooLant required, to reduce the turbine- 
wheel w e i e t ,  and t o  sinrplify the mechanical design of the rotor. Low- 
solidity bladFng fs turbines having high p m r  autPrrt; requires high 
blade  loadlag which may introduce  severe  pressure losses due t o  flow 
separation and supersonic  shock.losses. Some indication of the turbine 
losses involved i n  the me of low-solidity blading can be obtained fram 
two-dimensional cascade tests.  While cascade tes te  w i l l  not indicate 
all of the turbine  losses Fnvolved in the use of low-solidity blading, 
any losses found in  the two-dimensicmal tes ts  that can be attributed  to 
the ldw solidity of the blading would also .appear tu the rotating unFt. 
A comparison of cascade tests of a turbine blade profile at a low solid- 
i t y  with s l m l l a r  t es t s  of the same prof i le   a t  a  higher  solidity w i l l  give 
an indication of the  additional two-dimensio?laJ- profile  losses involved 
in low-solidity  operation. . . -  

. 
Y 

!T?he results of a two-dimensional cascade investigation of t he  mech- 
anism of the flow anit the  losses involved in the  operation of a blade 
configuratian  suitable far use in air-cooled  turbines by virtue of i t s  
relatively low solidity and thick trailing edge profile are presented 
in reference 1. The results of this jnvestigation  indicated that super- 
sonic  velocities were obtawed over the greater  portion of the blade 
suction  surface, which resulted  in high blade loading without an appre- 
ciable decrease in efficiency from that obtained  using blades with lower 
surface  velocities. 

- . 
. -  ~- 

me solidity of the blading configuration  investigated in refer- 
ence I waa 1.38, representative of the lower value8  being used in current 
aircrMt gas turbines. In order to  determine the mechanism of the flow 
and the two-dimensional losses involved in the operatian of t h i a  same 
profile a t  a reduced solidity, a tWO-cUmemional cascade investigation 
of this profile at a  solidity of 1.06 has been made at  N K A  Lewis labora- 
tory. The rekults of this investigation  are  reported  herein and axe 
ccanpared with the results obtained in reference 1. 

The mass-averaged velocity a t  the cascade exit, as determined from 
mumentun considerations using blade and wall static-pressure taps, are 
presented  herein aloqg with schlFeren photograw of the f low through 
the blade passages. The losses, as indicatedby a velocity  coeffici'ent 
(defined as the ra t io  of the mass-averaged velocity %o"the"-isentropic 
velocity as measured a t  the cascade exit),  are also presented. 

The blade-surface velocity  distribution ,at a low pressure ratio 
and at the. point of maximum _blade ..baQipg was also determined from the 
blade -surf ace static-pressure measurements assmi% isentropic flow. 
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A l l  the experimental  studies  were  carried  aut for aa inlet  tempera- , 

ture of 60O0 R and a n  inlet  preseure within 5 percent of 22.0 pounds per 
square inch. The static-pressure survey studies  were made at total-to- 
static pressure ratios ranging from 1.47 to 2.86, whereas the schlieren 
studies  were made for total-to-static  pressure  ratios from1.53 to 3.U.  

The f ollarlng symbols are used in this report: 

g gravitational  c-tant (32.2 ft/sec2) 

K frictiond drag force (a) 
m mass ’ f l a w  (slug/sec) 

Y ratio of specific  heats, 1.40 f a  air 

Subscripts : 

9 pressure surface of blade downstream of station 2 

S suction  surface of blade downstream of station 2 

U tangential  cnmponent 

1 inlet to cascade 

. .  . 
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3 station d m t r e m  of blade row where exit flow is evsluated 

Superscripts : 

f stagnaticm state 

Experimental Method for Obtahing Flaw C c r p d i t i a n s  

a t  Cascade Exit 

The flow conditions a t  the blade-row exit were evaluated  experi- 
rnen-IALly by the  conservation-of-"bum  prfnciple in the same mer 
as  that presented in reference 1. The equations of mconentUm may be 
applied t o  the fluid enclosed by the area ABCDEF'A shown in ffgure 1. 
The cmtponen-bs of momentum are resolved in the axial and tangential 
directions to give the corresponding velocity components as follows: 

p2 + px,s - %,s - Px,q - %,q - p3 
wx,3 a w  x,2 + m 

For the  blade  profile  investigated,  the  velocity a t  s ta t ion 2 wae 
assumed t o  be in the axial direction. The magnitude of the mass- 
averaged velocity at   station 2 & the velocity on the blade surfaces 
AF and BC can be determined from the  static-pressure  distribution 
assuming isentropic-flow relatiam. 'phe mas6 flaw waa calculated a t  
this s h t i o n  using the measured pressure  dlsiiribution and isentropic- 
flow relations. A flow coefficient o f 1  was  aesumed. The pressure 
forcee Pz, Pq, Ps, asd Pg c m  be determined experfmentally by 
integrating the  static-pressure distribution over the corresponding 
areas. The frictional  forces K, and Ks_ are ccmparatively Bmau and 
can  be calculated  with  sufficient accuracy by asemdng the boundary 
layer t o  be turlrulent frcan the  leading edge and by using conventional 
relations f o r  calculat-  the  drag as in reference 2. 'phe forcee along 
the boundaries CD and ET are  equal and opposite and therefore have 
no effect on the flaw. 

Iche mass-averaged velocity  calculated fmm equation (1) is higber 
than  the  velocity of a uniform f l u i d  stream having the same mcaaentum. 
This difference can be considered t o  be the result  of mix- lossee that 
take place in a fluid stream w i t h  a velocity  gradient as the f lu id  
attaFns a uniform velocity. 
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Blade Profile . 
The blade  profile used in this investigation was- the mean sectian 

of an air-cooled nontwisted rotor blade designed f o r  a turbine that is 
applicable fm use in  .contemporary turbojet engines and is  s h m  in  f ig -  
ure 2. This is .the same blade profile that w&8 investigated in refer- 
ence 1 a t  a solidity of 1.38. The Met-flaw angle f31 9 or  s33, data 
presented -8 53.8' measured fram the  tangential  direction. !FhLs gave a 
critical-velocity r a t i o  of 0.770 at the blade-row inlet  for all total - to-  
static  pressure  ratfos equal to and greater thas 1.8. The guided channel 
fo-d by  sajacent blades was sli&tly convergent from the blade-raw 
entraace t o  exit, Because of the wtde throat  section at the guided- 
passage exit, this blade  design waa able t o  pass a high mass flow per 
unit of 8Mu1u8 ares. The solidity of the blade configuratfon  investi- 
gated waa 1.060 based on the axial width of the  blade (1.063 based on 
blade chord) m 

The e q u i p n t  used in this Fnvestigation is identical t o  that  used 
in reference 1 except f o r  the changes necessitatedby  the  difference in 
aolidity. Far this jxtvestigation, two exper"bal test sections were 
made, one for m & b g  static-pressure surveys and another for obtaining 
schlieren photographs. %e axial width of the blades used was 
1.40 inches. Each test section had f ogr blades and two end blocks 
forming five equal  passages. 

The static-pressure-survey test section had 22 static-pressure  tags 

in order t o  determine the  velocity  distribution of the profile. A total 
of 30 static-pres-  taps on the blade p r o f a e  downstream of station 2, 
18 w e l l *  .taps  across  the channel located at  station 2, 33 w a l l  taps 

spaced  approximately 10 inch ap& located a t  station 3, Mch waa 
0.59 Fnch damstream of the blade row, were used t o -  &-e the  pres- 
sme  distribnbion at these stations in o m  t o  c a k u l a t e  the  velocity 
a t  the exi t  of the  blade row by the conservation-of-mmentum principle 
(fig. 2).  The static-pressure  distribution at   s ta t ion 3 wa6 used fo r  
determining the average pressure a t  the  exit of the cascade i n  order t o  
compute the  total-to-static  pressure  ratio  across  -the  blade row. A l l  the 
experimentsl static'pressures were determined from the  center passage of 
the cascade where the flaw un i fomi tg  most nearly simulated an infjnite 
cascade. A t o t a l  of 13 w a l l  static-pressure taps evenly spaced acrom 
the width of the cascade a t  the inlet  to the  blade row were used t o  

- on the  pressure  s"ace and 28 taps an the suction surface of the blade 

1 
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measure the  static pressure at that point. A compartmented suction s l o t  

lg inches upstream of the cascade was used f o r  boundary-layer removal. 
The amount afl a i r  drawn through. each c c m p e n t  w&6 adjusted unt i l  the 
static-pressure  distribution  at the M e t  to the blade row was uniform. 

3 

For the  optical  test  sectian,  the  blades were held in place by pine 
fastened t o  fan: steel bars that were inlaid in the glass  plates. 

The M e t   t o t a l  pressure and total temperature w e r e  measured in the 
surge  tank jut upstresm of the cascade. The inlet  total temperature 
was measured wTth a thermocouple and read on a potentiormeter to w i t h i n  
3O F. The s ta t ic  preseures were read t o  an accuracy Xi thh  0.05 pound 
per sqwm inch. The s ta t ic  pressure'st a point in the ducting dawn- 
stream of' the t ea t   sec t im wa.s observed for  both the atatic-pressure 
surveys and the  optical tests in order t o  correlate the schlieren photo- 
graphs with pressure-survey data. 

Additianal Fnfomatian about the werinental equipment in which 
the test section was installed is given in reference 2. 

'phe exit-flow  velocity, angle, and velocity  coeffficient,  as deter- 
mined from the static-pressure surveys, are shown in figure 3. The 
exit-flow  velocity components relative t o  the  blade  are  presented i n  
terms of a critical-velocity  ratio, d e f h e d - a s  the ra t io  of the elrperi- 
mentally determined mass-averaged velocity camponent t o  the cr i t ica l  
speed of soMd (We=). Similar results taken frcan reference 1 f o r  the 
design-solidity  configuration are also shown In figure 3 for purposes of 
comparison. Schlieren photographs of the flow t€rrou& the blade paseagee 
are shown in figure 4. AU conclusions dram from t h e  schlieren  studies 
were made by observing the flow through the center passage of the cas- 
cade (the t h i r d  passage f r o m  "he  bottom of the photogrqb sham in 
f ig .  4) since the flow through this passage most nemly simulated the 
flow through a passage of a cascade having an infinite number of blades. 

The general phenomenon of the flow past the cascade of blades inves- 
tigated in this repart was similar t o  that of the design-solidtty cm- 
figuration  reported fn reference 1. A t  l m  pressure ratioa,  separation 
of the flow f r o m  the  suction 'Burface of the blade profile caused the flow 
t o  underturn f r o m  the minimum -value of the exit-flow angle, which was 
obtained at the Lowest pressure rat io  for which the blade was Rrlly 
loaded (where the tangential ccrmpment of the exit critical-veloci,ty r a t i o  
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frcan its lowest value, the region of separated flow was decreased until 
no separation was evident when e blade 1-g was obtafned. As 
the pressure  ratio w&s increased beyand the  point where maxh blade 
loa- was first obtained, the decrease in the damstream pressure  only 
resulted in increasing the axial conponent of the exit  critical-velocity 
ra t io  and the damstream shock losses. 

Al."U& the  general flow phencmena for the two solidities axe 
simil.ar, quantitative  differences were found. A t  corresponding pressure 
ratios,  the  low-solidity cascade has a lower exit  tangential  critical- 
velocity  .ratio and a higher axiaL critical-velocity r a t io  than the 
design-solidity  configuration f ig .  3). is reflected in  a consis- 
tently higher exit-flow angle I lower turning angle) for the low-solidtty 
configuration. The difference in the trmnhg angle of the two solidit ies 
is greater a t  lar pressure  ratios,  became the separation of the flaw 

more severe. DL figure 4(a) .the flow can be seen t o  separate f r o m  the 
midchord statim t o  form a wide wake regton. As the  pres sure r a t  i o  is 
increased,  the chordwise position where separation staxts m e a  t m  
the trailing edge (fig. 4(b)). The photograph shown in figure 4(c), 
taken a t  a pressure r a t i o  sligh3ly above the point where maximum blade 
loading is first attained, is representative of the flaw pattern a t  the 
pressure  ratio where maxtmum blade loading is first obtsjned. The 
center passage,  corresponding t o  the instrumented passage in  the pressure- 
surveytests, is free of severe  Separation. This attached flow is not 
obtained unt3.l the blade becomes fully loaded, and remains attached at 
a l l  higher  pressure ratios  (f ig.  4(d) ) . 

- 'from the blade suction  surface of the low-soUdity ccmfiguraticm was 

- 

A comparison of the  blade-surface  velocity  distributions for both 
s o l i d i t i e s  a t  8 total-to-static  pressure  ratio of 1.56 is shown i n  f ig-  
ure  5(a), and the  velocity  distributions  at maximum blade loading are 
sham i n  figure'  5(b) . The data fo r  the  design-solidity  configuration 
sham i n  figure 5(b) was taken from reference 1, whereas that shown i n  
f i k e  5(a) was taken frm unpublished data. The blade-surface  veloci- 
t i e s  were calculated fram the measured blade-surface  statlc  pressures 
assuming isentropic flaw. In the channel formed by adjacellt-blades,  the 
departure frm th is  condition is smal l  when the blade is -fully loaded, 

and figure  4(e) of reference 1. For the  data sham in'figure 5(a), 
which was taken at. 8 pressure  ratip of 1.56., this  assumption is  valid 
on that  portion of the  blade where separation does not take  place. Fig- 
ure  4(a)  indicates  that  separation  takes  place a t  about the SO-percent 
chord station of the  low-solidity  configuration, whereas figure 4(b) of 
reference I indicates that the  design-solidity  configuration se-parates 
at  the 70-percent chord station. Therefore, the  isentropic velocities 
sh& i n  figure  5(a) d e  higher  than  the  actual  velocities over the 
corresponding separated flow regions on the blade surface. 

m as is apparent fn the  schlieren photographs of ffgure 4(d) of this report 
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A comparison of figure 5(a) w i t h  figure 5(bj  indicates  the change in 
the  blade-surface  velocities that occurs as the  total-to-static presvure 
rat io  is increased f ra&a value of 1.56 t o  the value  required t o  fully 
load the blade. Because the  design-solidity  configuration chakes at the 
exit  of the guided passage a t  a total-to-static  pressure  ratio  slightly 
greater than 1.56, that  portion of the  blade  suction  surface downstream 
of the guided channel is the only portion of the  blade  surface on which 
the  velocities change with  fncreasing  pressure ratio.  The l&-solidity 
configuration, which  chokes at a pressure ra t io  of 1.80, has an entirely K) 

different  velocity  distribution  as  the  pressure  ratio is increased t o  
the  point of maximum blade  loading. The velocity on the  suction  surface 3 
increases over the whole surface,  reacwng a peak critical-velocity  ratio 
of 1.63. 

e 

. .  . 

The velocity  distributions shown in  figure 5 indicate that high 
velocities  are obtained near the  leading edge of the  profile for both 
configurations. A t  low pressure. ratios  the downstream pressure is too 
h i g h t o  support  these high velocities all the way to  the  blade  trailing 
edge,  and as a  consequence, the f l u i d  velocity decreases and the  pressure -. 

r ises  along the blade suction  surface causing flow separation. Fig- 
ure 5(a) indicates that 80 percent of the  blade  suction  surface  for  the 
low-solidity  configuration, and 40 percent &.the blade  suction  surface 
far the  design-solidity  configuration has a decreasing  velocity  gradient. 
A t  maxirmun blade  loading where the.pressure  ratio is greater  (fig. 5(b)) 
the dawnstream pressure is law enough t o  support high velocitles on the 
suction  surface and thus  presents a more favorable  pressure  gradient t o  
the boundary layer. 

- 

E high velocities could be avoided on the  blade  suction  surface 
near the  blade  leading -e, subsequent velocity  decreases and flow 
Separation might be avoided. mese high leading edge velocities could 
be avoided by increasing  the inlet flow angle 8,. 

me  law-solidity  configuration becomes fully loaded a t  a pressure 
rat io  of about 2.0, where the  exit  tangential  critical-velocity  ratio 
reaches a maximum value of 0.61 (fig. 3) . This value 3s about 5 percent 
below the maximum exit tangential  critical-velocity  ratio obtained for 
the  design-solidity  configuration and is not obtained until  the  pressure 
r a t i o  is about 72 percent higher. A t  about the same pressure  ratio,  the 
exit-flaw  angle p3 reaches a minimum value of 54.9O for  a tot.al  tuprlng 
angle of 71.3O. This is 6O less than the maximum to t a l  turning  angle 
obtained in reference 1. 

1 

The velocity  coefficient  (defined  as  the  ratio of the mass-averaged 
velocity to the  isentropic  velocity at the cascade exit, station 3) of 
the two sol idi t ies  is shown in  figure 3. This velocity  coefficient does 
not include  the mixing losses  that w o u l d  take  place i n  the  fluid if it 
were  allowed t o  came t o  a uniform velocity without loss of momentum. 
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Since the mixing losses  are  highest when the  velocity  distribution  at 
station 3 has the  greatest  variation,  the  difference between the measured 
velocity  coefficient and  one that wou ld  include mixing losses w o u l d  
increase  with  increasing  pressure r a t i o  and would  probably  be greatest 
for the  luw-solidity cascade. An estimate of the mixing loss w m  made 
for the Luw-solidLty prof i le   a t  a pressure r a t io  just below that required 
t o  fully load the blade. For this condition  the  velocity  coefficient w a s  
found t o  be lowered  by 2 t o  3 percent. 

At low press'we  ratios,  the  greater  separation  encatered i n  the 
low-solidity  design reduced the  velocity  coefficient belaw that of the 
design-solidity  configuration. . AB the  pressure  ratio is increased f rom 
the lowest value,  the  difference between the  velocity  coefficient of the' 
two solidit ies becmes less because of the reduced separation  losses 
encountered i n  the  low-solidity  design. A t  a pressure  ratio of 1.9 and 
abwe,  the  velocity  coefficient of the  lm-solidity cascade is abwe 
that of the  design-solidity cascade. I 3  the mixing losses were taken 
into account, the velocity  coefficient of the  lm-solidity cascade would 
probably be comparable or slightly less than that of the design-solidity 
cascade for the complete range of pressure  ratios.  Framthe  velocity- 
coefficient  data,  the losses of the  law-solidity cascade are concluded t o  
be greater  than  those of the  design-solidity cascade a t  low pressure 
ratios  but  me comparable or only slightly higher when the  pressure  ratio 
is high enough t o  fully load  the  blade. 

The results of an experimental two-dimensional cascade investigation 
of a low-solidity  highly loaded turbine-blade  profile  suitable for use 
i n  an air-cooled  turbine were ccqared with similar published  cascade 
data on the same blade  profile  at a higher  solidity. The original design 
sol idi ty  of 1.38 was reduced t o  1.06 for this investigation.  me results 
of the two investigations fielded the following camgarison: 

1. The turning  angle of the  lm-solidity  configuration w a s  less than 
that of the  design-solidity  configuration a t   a l l  pressure  ratios. The 
difference in the turning angle was greatest at low pressure  ratios, 
because of the  greater  separation of the flow from the Blade suction sur- 
face in the  case of the low-solidity configuration. A t  the  pressure 
rat io  where the  blade first became fully loaded (where the  tangential 

cwonent  of the  exit   cri t ical-velocity  ratio 

value) and the  turning  angle was the  greatest, no severe  separation was 
noticed. The to t a l  turning angle a t  this point was 71.30, 6O less  than 
the maximxu turning of the  design-solidity  configuration. 

( a 3  
reached a maximum 
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2.  The low-solidity  configuration became ful ly  loaded a t  a pressure 
ra t io  of about 2 .O, 7~ percent  higher than the  pressure  ratio  at which 
the design-solidity  configuration became ful ly  loaded. The maximum tan- 
gential ccollponent of exit critical-velocity  ratio was 0.61, 5 percent 
below the value  obtained  with  the  design-solidity  configuration. 

1 

3. The two-dimensional losses of the  low-solidity  configuration 
were higher  than  those of the  design-solidity  configuration a t  low pres- 
sure ratios  but were  ccrmparable or only sl ightly higher a t  pressure 
ratios high enough t o  fully load. the blade. 

. 
W 

3 
N 
d 

4. As the  total-to-static  pressure  ratio  across the blade row was 
increased from 1.56 t o  a value  great enough t o  fully load  the blade, 
the  velocities on the  suction  surface of the  law-solidity  configuration 
increased on 80 percent of the  blade  surface, whereas for  the deslgn- 
solidity configuration, only 40 percent of the  suction  surface had 
increased velocities. The suction-surface  velocities  for  the  low-solidity 
configuration reached a  peak critical-velocity  ratio of 1.63. y. 

Lewis Flight  Propulsion I@oratory 

Cleveland, Ohio 
National Advisory Ccmndittee for Aeronautics 

1. Plohr, Henry W., and HauseP;Cavau: H.: A Two-Dimensional  Cascade 
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Suitable for Air Cooling. NACA RM ESlG18, 1951. 

2 .  Hauser, Cavour E., and Plohr, Henry W.: Two-Dimensional  Cascade 
Investigation of the kximum Exit Tangential  Velocity Cqonent  and 
Other Flow Conditions at   the  Exit of Several Turbine Blade Designs 
at  Supercritical Pk.essure Ratim.. NACA RM EIFl2,' 1951. 
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Figure 5 .  - Blade-surface velocity distribution. 



3Q 

c 

i 

Axial ohord, percent 

(b) At maximum blade loading. 
Figure 5. - Concluded. Blade-surface velocity distribution. 
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