
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD875709

Approved for public release; distribution is
unlimited. Document partially illegible.

Distribution authorized to U.S. Gov't. agencies
and their contractors; Critical Technology; AUG
1970. Other requests shall be referred to Army
Aviation Materiel Laboratories, Fort Eustis, VA
23604. Document partially illegible. This
document contains export-controlled technical
data.

USAAMRDL ltr, 23 Jun 1971



r 
Oi 

00 

USAAVLABS TECHNICAL REPORT 70-14 

AN INVESTIGATION OF EFFICIENCY LIMITS 
FOR SMALL, COOLEO TURBINES 

c 
c 
t ; 

c 

A. F. Carter 

F. K. Leikerr 

August 1970 

U. S. ARMY AVIATION MATERIEL LABORATORIES 
FORT EUSTIS, VIRGINIA 

CONTRACT DAAJ02-68-C-0050 

NORTHERN RESEARCH AND ENGINEERING CORPORATION 

CAMBRIDGE, MASSACHUSETTS 

L 



r 1 
DISCLAIMERS 

The  findings   in  this   report  are  not   to be  construed as an official 
Department  of   the  Army position  unless  so  designated  by  other 
authorized documents. 

When Government  drawings,   specifications,  or  other  data  are  used   for 
any purpose  other   than   in  connection  with  a  definitely  related 
Government   procurement operation,   the  United  States  Government   thereb-, 
incurs  no  responsibility nor any obligation whatsoever;   and  the   fact 
that  the Government may  have  formulated,   furnishec',  or   in  any way 
supplied  the  said  drawings,  specifications,   or other  dao   is  not   to  be 
regarded by   implication or otherwise  as   in  any manner   licens'ng  the 
holder or  any other   person or corporation,   or  conveying  any  rights 
or permission,   to manufacture,  use, or   sell   any  patented   invention 
that may  in  any way  be related  thereto. 
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endorsement  or approval  of  the  use  of  such  commercial   hardware or 
software. 
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SUMMARY 

This    repor t    dcs^ r i bi-s    i ht>   n---. u 1 t s   u*    t)   rix-b i ru'd   ana 1 v t i c a 1   and   •   ■ ,icr ■ - 
r'ien t a 1    i nves t i ga t i on   ot    the   efficiency    I i i- i t s   tit    sma II,    t oo led   t urb i nes . 
The   ^irst    section   o?    th(>   report    Is   concerned   with   the   design   procedure 
whereby   optima!    stage   aerodynanic   and   blade   designs   were   established   for 
nine   representative   turbine   stages.      Three    levels   of   corrected   work   out- 
put    at   each   of    three   annuius    heights   were   considered.       The   second   section 
contains   the   results   obtained    in   cascade   tests   of    the   resulting   stator   and 
rotor   mean   section   blading  and   six  additional    rotor   root   profiles.      Both 
total   and   profile   losses   were   measured   in   each   case.       In   the   third   section, 
a   correlation  of   blade   row   totaI-pressure-loss   coefficient    is   obtained   from 
the   experimental   data.      Stage   efficiencies   are   then   recalculated   for   the 
nine   original   stages   based   on   the   derived   correlation.      The  achievable 
stage   efficiencies   are   presented  and   discussed   in   the   fourth  major   section 
of    the   report.      Results    indicate   that   the  aspect   ratio   penalties   associated 
with   small   annuius   heights   are   considerably   less   severe   than  previous 
studies   would   suggest. 
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INTRODUCTION 

One  ot    the  prcblerrs   identified  by  previous   programs   of   work   ultimately   di- 
rected   toward   the   development   o^   bmaiI   gas   turbines   of   advanced  design   has 
been   the   relatively   ! ov,   level   cf   efficiency   obtained   from  small,   cooled 
turbines.     To  achieve    lighter,   nore   compact   pov/er   plants,   the  trend   has 
been   toward  higher   pressure   ratio ar.d   higher   turbine   inlet   temperatures 
and   the   resultant    increase   in   engine   specific   power   output.      One  objective 
of   the  U.   S.   Arn/ Aviacion   Materie!   Laboratories    is   to  develop  an  engine 
with  a   specific   power   output    in  excess   of   20C   hp   sec/lbr   of  airflow.      For 
the   power  output   rarqe   of   interest,   the   engine  mass   ^ioc   range   under   con- 
sideration   is   from  2   to   5   Ibm/sec-     The  combination  of  a   low mass   flow   rate 
and  a   high   turbine   '"let   pressure   results   in   small    turbine  annulus   areas, 
while   the   high   temperature    'eve's   necessitate   blade   cooling.      Since   it    is 
desirable  to  drive  a   single-shaft,   high-pressure-ratio  compressor  with  a 
single-stage   turbine,    the   high   loading  of   the   turbine   stage   is   an  addi- 
tional   ^actor   that   has   to  be  considered. 

The   principal   reasons   for   the   relatively   low  efficiency  cf   the   type  of   tur- 
bine of   interest  are   the  relatively   low aspect   ratio of   the  blading,   the 
relatively  high  tra i I ing-edge  blockage of   the  blading,   and  the   level   of 
work  output.     Because  of   the   cooling  requirements   and manufacturing   limi- 
tations,   blade  chords  and   t ra i 1 ing-edge   thicknesses   are  dictated  by mech- 
anical,   rather   than aerodynamic,   considerations.      Since  blade  row aspect 
ratios  will   be   lower  and  trai 1 ing-edge  blockages  will   be  higher   than   those 
occurring   in   larger  engines   and  since  both  factors  will   influence   the   row 
total-pressure-loss   coefficients,   it   is   extremely  unlikely  that   the effi- 
ciency of   the  small   turbines   can be as   high as   that   achieved   in   larger 
engines  with comparable   turbine work output   levels.     The  primary  objective 
of   the  program  reported  herein  was   to derive  a   correlation  of   row  total- 
pressure-loss  coefficients   that  could  be applied   in   the  prediction of   the 
efficiency of   turbines  of   the   type  having application   to small   engines  of 
advanced design;   the  secondary  objective was   to  define   the   l-evel   of  achiev- 
able  efficiency   for   three   levels  of  corrected  work  output  as  a   function   of 
selected blade  height. 

The   investigation   is   based  on   nine  possible   turbine   designs   for   the   first- 
stage   turbine of  an  engine  having a mass   flow  rate  of   5   Ibm/sec,   a  cycle 
pressure  ratio of   10:1,   and  a   turbine   inlet   temperature of  2500  0F.     For 
each  of   three  specified  corrected work  outputs,   three   values  of  annulus 
height were also specified.     The corrected work outputs   (ÄH/^f)   are  27, 
22,   and   17  Btu/Ibm;   the   highest  work output   corresponds   to  the  case   in 
which  the  compressor   is   driven  by a  single-stage   turbine,   while   the   low- 
est   level   is  approximately   that  which would  be   used   for   the  first   stage  of 
a   two-stage  compressor   turbine.     The   three  selected  annulus  heights  are 
1.0,   0.7,   and 0.U   in.     To  compiete  the  design-point   specifications,   a   ro- 
tational   speed  has   to  be  selected  for  each  of   the  nine  designs.      Since   the 
engine  pressure   ratio and  mass   flow are  common   to  all   nine  designs,   each 
turbine was  assumed   to  have   the  same  design-point   rotationa'   speed.     To 
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■fltvt t ht- spef.i, the desiqn (if the compressor for a 5"lbm/sec, 10:l-pres- 
sure-ratio enciine v.a' considered. While a variety of compressor configura- 
tions are possible, a sinqle-staqe centrifugal was chosen as the basis for 
the rotational speed selection. From consideration of the compressor spe- 
cific speed, a dcslqn-point rotational speed of 50,000 rpm was assumed far 
all    nine    [urbi ne   designs. 

All    turbines  will   be   of   relatively   small   annu1 us   height.      However,   annulus 
height    is   a   design   variable   that   can   be   selected   directly  or   indirectly   by 
the   turbine  designer.      Designs   selected   to   have   low   values  of   the   stage 
loading   parameter, S^^AH/y*,   will   have   small   blade   heights.      In   these   de- 
signs   it   is   probable   that   the  adverse   effects   on   stage   efficiency   of   low- 
blade-row  aspect   ratios   will   offset   the  advantages   of    low  stage   loading. 
Conversely,    if   a   design    is   selected   to   have   larger   values   of   blade   height 
and   blade  aspect   ratio,    stress   considerations   will   dictate  a   smaller   value 
of   mean   radius   and   a   higher   stage   loading.      For   the   i nvestigat ion, the   values 
of   annulus   height   chosen   for   the  designs   are   1.0,   0.7,   and  0.^   in.      The   de- 
signs   of   1.0   in.   annulus   height   will   have   relatively   high  stage   loadings 
and  will   be  of   relatively   low  hub-to-tip  diameter   ratio.     For   the   lowest 
value  of   annulus   height,    the   stages  will   have  moderate   stage   loading   pa- 
rameters.      Since   the   blade   chords   are   dictated   by   the  cooling and  manu- 
facturing  reguirements,    the   small   annulus   height   designs  will   have   low- 
aspect-ratio blading;    the   losses  associated  with   low-aspect-ratio  blading 
will   possibly   offset   the   benefits   of   the   selection   of   a  moderate   value   of 
stage   loading. 

Following   stage   aerodynamic   and  blade   design   for   each   stage,   two-dimensional 
cascades   of   the   nine   stator   mean   sections,    the   nine   rotor  mean   sections, 
and   the   six   rotor   hub   sections   of   the  0.7"  and   1,0-in.-annuIus-height   de- 
signs   were  manufactured.      Two  additional   cascades    in  which   the   stator  mean 
of   the  0.7-in.-annulus-height,   22-Btu/lbm  stage  was    leaned   10 and   20   deg 
with   respect   to  a   normal    to   the  end walls  were  also manufactured.     The 
cascades   were   tested  at   design   values  of   exit   Mach   number  both  with   solid 
end   walls   and  with   a   porous   end  wall   which  allowed   the   removal   of   end-wall 
boundary   layers.      These   cascade   tests   have   provided   the   total   and   profile 
los^   coefficient   r^ata   upon   which  a   correlation   of    loss   coefficient   has   been 
based. 

\n   tHe   final   phase   of   the   program,    the   loss   coefficient   correlation   that 
has   been   developed   has   been   applied   to   the   prediction   of   stage  efficiencies. 
Since   the  measured   cascade   loss   coefficients   are   significantly   lower   than 
those   that   can   be   deduced   from   stage   tests   of   the   type   of   turbine  under 
:onsideratioi,    it   has   been   necessary   to   define   the   efficiency   limits   of 
the   s-a H ,    cooled   turSines    i r   terrrs   of   empirical    constants   which   nominally 
relate   the  ~aq"itude   of   secondary   losses   measured   in   a   two-dimensional   cas- 
cade   to   those   existing    in   turbine   blade   rows    in   a   stage. 
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STAGE AERODYNAMIC  AND   BLADE   DESIGN 

INTRODUCTION 

In  order   to   ensure   that   the   cascades    la   be   tested   in   ihf   t--.per i nc n t a 1    pro- 
gram would   be   representative of    the   blade   sections   that   *-,ou I d   be   u^ed   in  an 
actual   small,   cooled   engine  application,    the   design   nf   the   basic    stages    is 
treated  as   such.      Each   stage  design   was   based   on   the  achtevenent   of   the   re- 
quired   life  of   the   turbine  of    1000   hr   using   air   cooiirg.      Hence,    the   se- 
lection   of   blade   chords,   blade  maximum   and   trai1ing-edgc   thickness,    rotor 
blade area   taper   ratios,   and   number   of   blades   per   row  was   based  on   both 
aerodynamic   and  mechanical   design   requirements. 

To  ensure   that   fully   consistent   designs   were  obtained,    the   initial    phase 
made   use  of   a   loss   coefficient   correlation   that   had  been   demonstrated   to 
be applicable   to   the   type of   stage   involved.      In  particular,   the  correla- 
tion  had   been   used   in   the  successful   prediction  of   the  stage  efficiencies 
of   three   low-aspect-ratio   turbines   tested   by  Continental  Aviation   and   Engi- 
neering  Corporation   (Reference   1)   as   part   of   an   earlier  program  of   work   for 
USAAVLABS. 

The  selection  of   a   constant   rotational   speed   for  all   nine   stage  designs   has 
two basic  advantages.      One,   the  selection   of   a   turbine  design   standard   is 
set   in   the  context   of   a   design  problem   frequently   faced  by   the   turbine   de- 
sign when   the  gas   generator  speed   is   selected   from  compressor   design  con- 
siderations.     Two,    the   combination  of  a   constant   rotational   speed  with 
ranges  of  corrected work output  and  annulus   height   produces  a  wide   range 
of  blading  types.     As  a   result,   the  cascade   testing of   representative 
bladings  will   adequately  cover   the   range  of   parameters  necessary   to  derive 
a   loss  correlation   that   could  subsequently  be applied   to a  wide   range  of 
small,   cooled   turbine   design   requirements.      As   previously   stated,    the   se- 
lected  speed   is   50,000   rpm.     While   the   selection  of  any  other   speed   for 
all   designs   or   individual   design   speeds   would   have   resulted   in  a   different 
set  of  cascades   on  which   the  correlation   is   based,   the   resultant   correla- 
tion   should   not   be   dependent   on   the   choice  of   rpm.      In   the  current   investi- 
gation,   the  predicted  achievable  stage  efficiencies are  for   the  original 
designs.      However,    the   correlation  of   totaI-pressure-loss  coefficients 
could  be   used   in   design   optimization   studies    in  which   rotational   speed   is 
a   variable.     Similarly,   the  selection  of  a  mass   flow  rate  of   5   Ibm/sec  will 
not   preclude   the  application  of   the   loss   correlation   to engines   of   differ- 
ent   flow  rate,   provided   the  range of  aspect   ratios   investigated   in   the  cas- 
cade   test   program  adequately   covers   the   range   that   is   encountered   in   the 
design  of   small,   cooled   turb-nps. 

STAGE  DESIGN   SPECIFICATIONS 

The   turbine   design   specifications   common   to  all   nin^   turbines   are: 



Mass   Flow  Rate 
Turbine   Inlet   Total   Pressure 
Turbine   Inlet   Total   Temperature 
Rotational    Speed 

5   Ibm/sec 
1^2  psia 
2,500 ^ 
50,000  rpm 

The   three   levels   of   corrected work output  are   27,   22,   and   17  Btu/lbm cor- 
responding   to actual   power  outputs  of   1125,   917,   and   709  hp.     As   previously 
stated,   for   each  work   output    level   the   three  annulus   heights   considered  are 
1.0,   0.7.   and   O.k   in. 

The   level   of the   inlet   temperature  necessitates   blade  cooling,   and   it  was 
assumed  that blade   trai Iing-edge  thickness  would  have   to be   limited   to 
0.030   in.    in order   to   ensure   the manufacturing   feasibility  of   the   cooled 
bladi ng. 

THE   ORIGINAL   STAGE   DESIGNS 

Selection  of Annulus   Dimensions 

With  the  rotational   speed  held constant   for  all   designs,   the  selection  of 
the  annulus  dimensions   for  each design  must   be  made  principally  on   the 
basis of   the minimum area   that   is aerodynamica 1 ly acceptable.     The  criti- 
cal   stress   level   in  a   turbine design   is  at   or  near   the  rotor  hub section, 
and   this   level   is   dependent   upon N7)>   where  M    is   the  selected  rotational 
speed and A   is   the mean  annulus  area  of   the  rotor.     The  taper  ratio of 
the   rotor blading will   influence  the stress   level,   and  the allowable  stress 
level   will   depend  on   the  gas   relative  total   temperature at   the critical 
section.     Hence,   the   final   selection  of   the annulus   dimensions  was  made  on 
the  basis  of   the  coolant   flow  requirements   of  each  stage,   the objective 
being  that   the  coolant   flow  required  for  each  design   to achieve   the  speci- 
fied   life  of   the  engine  would  be a  constant   percentage  of   the engine mass 
flow. 

Since   the  permissible   variation   in annulus  area   between  designs  of  differ- 
ing annulus  heights  but   constant  work output   is   relatively  small,   the 
large annulus   height   design   (1.0   in.)    is   forced   to be a   relatively   low 
hub-to-tip  diameter   ratio  stage,   while   the   small   annulus  height   necessi- 
tates  a  high  hub-to-tip   ratio  stage.     Similarly,   the  choice of  annulus 
dimension   is   influenced   by   the   required work  output.      The  highest  work 
output  designs   (at   27-Btu/lbm corrected work output)   have  the   lowest   exit 
total   pressure   levels.      Hence,   to provide  the  necessary  flow area  at   tur- 
bine  exit,   the  mean   radius   for  a  27-Btu/lbrT'  design   is   necessarily  greater 
than   that   required   for   the   I7-Btu/lbm  design  of   the   same annulus   height. 
Thus,   the  general   pattern  of  annulus  dimensions   for   the  nine stages   is   that 
the  mean  radius  of   the   design  will   increase  with  a  decrease of annulus 
height   and  with  an   increase   of   work  output.      The   trend   is   illustrated   in 
Figure   i,   where   the   selected  annulus   dimensions   are   diagrammatica 1 ly   rep- 
resented. 



The   final   selection,   of  annulus   dimensions  were  based on   the   detailed  J^- 
sign  of  each   stage.     For  example,    it  was   found  necessary   to   increase   the 
annulus  area  of   the   large blade  height   designs  compared   to  the   value  used 
for   the  O.k-in.   design   in order   to avoid   impulse  conditions  at   the   rotor 
hub  section. 

Although   there  are  possible aerodynamic  advantages  associated  with   the  se- 
lection  of  an  annulus  geometry  other   than  one of  constant   inside  and out- 
side  diameters   through  the  stage,   this  annulus   type was   selected   for all 
designs.     The  principal   reasons   for   this   choice are  (1)   the  blade  sections 
were  eventually   to  be  tested   in  a   two-dimensional   cascade,   and   (2)   the ap- 
proach   leads   to a  wider   range of   design   parameters   to  be   investigated   in 
the  experimental   program.     The  choice  of   the constant-annulus   configuration 
does  not   directly   affect  any  final   design   selection,   in   that   ^he   e<per'•• 
mental   data  are   to  be  correlated   in  a   form   that i/iakes   these  data  of   general 
appIicabiIi ty. 

The Originally Assumed Tota1-Pressure-Loss 
Coefficient  Correlation 

It was  assumed   initially  that  an  existing  correlation of   tota 1-pressure 
loss,   developed  for  use   in  the  design-point  analysis  computer  program of 
References 2 and 3,   would be applicable  to  small   turbines  provided  that 
loss   levels  were corrected for  the  probable  effects  of   low aspect   ratio 
and   large  trai I ing-edge blockage.     That   is,   it was assumed  that  a   row 
total   pressure   loss  could be expressed as   the product of a  datum   level   of 
loss applicable  to   large  turbines and  two correction  factors. 

*■ yJ(i)f 
(0 

where V— i s   the   row   loss  coefficient 
yL    is a  datum   loss   level  applicable   to   large  turbines 
£ft&is a  correction  factor  for   the effect of   trai1ing-edge   thickness- 
v$/to-pitch  ratio on  the   loss   level 
p     is a  correction factor  for   the   loss   increases associated with 

low aspect   ratio and  tip clearance  effects. 

The  correlation  for   the  datum   loss  used   in   the  design-point  analysis   is 
that  derived   in Reference 2 and   is as   follows: 

Jtonftn -   ton Ptxl       */ VMN 

O.C -»-0.8 Cbs/Stx H vt*/ 
where 

f(^) 

(2) 

0.03S       if   22? ^ 0-5 



a nd 

/(~)= o.o3S+ o.ts(~ -o.s) if 

The subscripts i'n a nd eJ& de no te inl et and e xi t conditions relative t o a 
b l ade row, #i is the relat ive ~ angle measured from the axia l direc­
tion, and" denotes the rela t ive velocity. * In t his correlation , t he as ­
sumption is made that the loss i s proport ional to the tangential momen tum 
change across the b lade row, dependent on t he overall acceleration across 
the row, and that trai l ing- edge los s i s re lated to t he blade exit angle in 
that aerodynamic blockage is dependent on t he ra t io of trailing-edge thick­
ness to throat widt h. 

An as s ump t ion made in der i vi r;g the a bove corre la tion i s tha t the datum loss 
l evel is app li cable to b la de rows in whi ch the trai ling-edge-to-pitch ratio 
is 0.02, where this number i .> r epres entative of 11 large engine11 design prac­
tice. The correction f or la ··ger va lues of blockage, /(te/s), was obtained 
from the Ainley-Mathieson turb ine predi c tion procedure of Reference 4. In 
the experimental portio~ of the program, the loss coefficient measured at 
the midheight of a large-aspect-ratio blade row (or a small-aspect-ratio 
blade row with end-wal l boundary- layer suction) is defined as a profile 
l os s, )fp . Si nce the los s includes that due to the trailing-edge thick­
ness, the profil e l oss wi 11 be equa l t o t he product ~-~(~· Hence, 

(3) 

The assumed correction for the trailing- edge b lockage e ffect is s hown in 
Figu r e 2 . This figure shows a s econd scale usi ng the ra t io ~ whe reO 
is the throat width. The ra tio of t ra il ing-edge t hicknes s -to-throa t 
width is considered to be more di r ec t ly related to t he t rai l ing-edge 
loss mecha nism t han the ra tio b&Js ~ To obtain the second scale, it was 
assumed that the Ainley correl a tion ba s ed on te./s is va l id f or a 60- deg 
exit angle blade for which the value of evS is approxi ma tely 0 . 5. 

The sec ond correction, F , of Equation 1 was a ssumed t o be g iven by the 
equation 

where H/o is the blade row passage aspect ratio, an d RJH i s the 
ratio of tip clearance to blade height for an unshrouded rotor ~ lade. 

(4) 

For stato r blading, the relative a ngl es and velocities are, of cou r se, 
the absolute va lues . 
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Equation 3 was derived from the stage te s t data of Re ference l. In the 
series of tests reported in Reference l, blade aspect ratios an d tip 
clearances were varied and stage efficiencies mea s ured. I t wa s fo und 
that successive reductions o f b la de he ight fr om 1. 086 to 0 . 724 a ~d 0 . 362 
in. decreased the stage effici e nc y fr om 86. 7 t o 82 .2 a nd 73 .2 pe r e nt , 
respectively. The constants 0.6 and 2.4 of Equation 3 prod uce a n a ccept­
ably accurate prediction of the observed results. Similarly, the constant 
100/3 was derived f rom the experimental result s of the seri es of tests i n 
which stage efficiencies we re mea s ur ed at var ious leve ls of tip c ea rance . 

Selection of Number of Blades 

If the loss correlation selected correctly r epres ents th e varia t ions of 
loss with passage aspect ra t io a nd t ra il i ng - edge b locka ge, the addit iona l 
loss factor variation with number of blades can be used to select an aero­
dynamic optimum number of blades. Inc reasing the numbe r o f b lades reduce s 
the loss as a result of the inc rease in passage a s pec t ratio, whi l e the 
accompanying increase in trailing-edge blockage will tend to inc rease the 
loss. Typical variations of the additional loss factor with number of 
blades (based on the originall y assumed loss corr e lation) are i 1 l us trated 
in Figure 3. The data shown in the figure were obtained f rom Equation 3 
for two stage aerodynamic designs of the intermediate work output leve l; 
the largest and smallest blade height designs were considered. Fo r ea ch 
stator and rotor blade row, the height and trailing-edge thic knesses were 
held constant and the throat width and pitch varied with the number of 
blades. The basic profile loss was assumed to be constant in each case. 
Hence, an increase in the number of blades implies a reduction in the 
blade chord with the row solidity held constant. The figure illus trates 
the relative insensitivity of loss to the selected number of blades in the 
vicinity of the opti mum and the considerable difference in the optimum 
number o f blades, depending on the choice of annulus height. The )arge 
value of the optimum number of blades f or the small annulus height reflects 
the assumed strong dependence of the los s level on aspect ratio where the 
aspect ratio is low. While it would appear that an aerodynamic optimum or 
near-opt i mum number of blades could be se l ected for the larger value of 
annulu s height, it is evident that for the 0.4-in.-annulus-height designs , 
the basis for selection o f the number of blades must be the mechanical 
feasibili t y of cooling the blading. Thus, the approach adopted was to 
evaluate the minimum chord for which blade cooling would be possible and 
to use this minimum chord unless the aero~y~amic optimum number of blades 
would produce a larger , more readily cooled blade chord. 

In the initial design of the stages, the uncertainty a s soc iat e d with the 
loss coefficient correlation was such that the selec ti on of t he number of 
blades was not considered to be cr i tica l to the overall success of the in­
vestigation. Rather, there wa s some v irtue in selecting blading for cas­
cade tests that would provide a wide range of parameters for the experi­
mental program, provided no chord length was selected that would lead to 
blading which could not be cooled. The number of blades in the stator and 
rotor rows for each of the nine de si gn s is shown in Table I. 
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ThermomechanicaI   Pesign 

Previous   small    turbine   investigations  have  shown   the   interdependence of 
turbine  efficiency  and   the  adequacy   of   turbine  cooling.     The aerodynamic 
compromises  made   to achieve  adequate  cooling  have   resulted   in   very   low  tur- 
bine  efficiencies.     Conversely,    if   the  design  standards   had  been   set  by 
aerodynamic  efficiency  considerations,   it   is  extremely  unlikely   that  ade- 
quate  cooling,   and  hence   life,   would  have  been  achieved.      It  was   considered 
important,   therefore,   to  compare   designs  which  could  be  expected   to meet 
the   life   requirements.      Since   the  quantity  of  cooldnt   flow  required   to 
achieve   the  necessary   life  will   affect   the  basic   engine  cycle  efficiency, 
an  additional   constraint   that   approximately  equal   coolant   flow   rates  would 
be  used  was  also   imposed.      If   this   design  objective   is  met,   then   both   the 
effect   of   coolant   flow  rate  on   turbine   stage  perormance  and   the  effect  of 
a   cooled   flow  bleed  on   the  engine  cycle   can  be  expected   to  be  approximately 
constant   for  all   nine  designs. 

The  choice  of   the  number  of   blades   only   slightly  affects   the  gross  cooling 
requirement,   assuming   that   the  effectiveness  of   the  cooling  system   is   not 
greatly  changed  from design   to  design.      However,   the  distribution  of  cool- 
ing   is   important,   and   to  cool   the   hottest   parts  of   the  blading  becomes 
more  difficult   as   the  size  of   the  blade   decreases.     For  example,   in  the 
case  of   convective  cooling   in  which  a  minimum  coolant   hole   size   is   se- 
lected,   approximately   the  same   number of   coolant   holes   is   required   irre- 
spective  of   the  number of  blades;   and as   the number of   coolant   passages 
per  blade   decreases,   the   temperature  distribution  problem   increases.     When 
the  distribution  problem  becomes   serious,   the amount   of  coolant   flow has 
to  be   increased   to produce   sufficient   local   cooling. 

For  convection-cooled  blades,   a   practical   limit  on  blade  chord  was  assumed 
to  be  approximately  0.6   in.     For   transpiration  cooling,   which  might  be  used 
in   view  of   the   large  coolant   flows   required  for  convective  cooling,   a  simi- 
lar  chord   limitation  exists.     Therefore,   the  number  of  blades   in any  row 
was   set   near   the  calculated  optimum or at  a  value  for  which a  chord of  not 
less   than   0.6   in.   would  be  obtained   during  the  detailed  design  of   the  blad- 
ing.     This   selection   required   the  assumption  of  values  of   pitch/chord  ratio 
for  each   row.      During  the  detailed   design  of   the  blading,   somewhat   larger 
chords  were  shown   to  be  necessary   for   the  selected  number   of   blades.     The 
actual   chords   of   the  sections   tested   in   the  experimental   phase  of   the  pro- 
gram are   listed   inTable   II,   from whi ch   it will   be  seen   that   the mi nimum 
chord   used   is   0.66   in.     Selected   stator   chords   vary   from  0.660   to  0.840 
in.,   and   the   rotor   root   sections   of   the   0.7-  and   1.0-in.   annulus   designs 
have   chords   ranging  from  0.850   to   1.060   in. 

To  demonstrate   that   these  blades   could  be  cooled,   calculations   assuming 
convective   cooling  were   undertaken.      The   procedure   is   presented   in Appen- 
dix   I    together  with  the   results   from   three   rotor   blade  analyses.     Although 
it   had   been  an  objective   to  have  approximately   the  same  coolant   flow   in 
each   design,   the  calculated   rotor   coolant   flows   varied   from  7   to   10  per- 
cent.      The   largest   annulus   height   design   requires  more   coolant   flow,   but 
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the   larger   coolant   flow   is    in   part   due   to   the   larger   annulus   area   specified 
for   this   blade   hei'jhi.      Figure  4   presents   computed   rotor   hub   section  cen- 
trifugal   stress  and  gas   relative   temperature   for   each  design.     This   fiaure 
also  shows   the  allowable  metal   temperature  as  a   function  of   stress   level 
for   one  possible  blading material    (ttAR-M200) .      It  will   be   seen   that   the 
gas   relative   temperatures   are  between  600 and  750   deg above   the  allowable 
metal   temperatures   required   for  a   1000-hr   life.      The   designs   for  a  27-Btu/ 
1bm  specific  work output   have   higher   levels  of   stress   than   the  designs   of 
corresponding  height   for   the   17~Btu/1 btr, work  output.      However,    the   disad- 
vantages   of   higher   stresses   (resulting   from   the    larger   annulus   area   re- 
quirement)   are  offset   by   lower   rotor   relative  gas   temperatures  which  ac- 
company   the   larger   ^tage   total   temperature   drop.      Although  Figure  k   indi- 
cates   the   need   for   varying   levels   of   cooling,    the   variation   is   relatively 
small.      Hence,    it   is   reasonable   to  assume   that   the   selected   designs   would 
require  approximately   the   same  quantity  of  coolan'   and  would  have  approxi- 
mately   the   same  efficiency   penalty   associated  with   their   cooling   reguire- 
men ts. 

Stage Aerodynamic  Designs 

Each of   the  designs  was   completed  using  the  design-point  analysis  computer 
program of  References   2   and   3-     Aerodynamica 1 1y   consistent   designs  were 
completed  by  specifying  additional   loss   faccors   for   the   selected  number   of 
blades.     Although   the annulus   dimensions  had  previously   been  selected  on 
the  basis  of  a   required  stage  exit  Mach  number,   some  midradius   changes  were 
made  during  the  course  of   finalizing  each  design.      In  particular,   the  hub 
loading  of   the   1.0-in.-annul us   design  forced an   increase   in   the  originally 
selected  values  of  mean   radius.      Each  design  was   selected  on   the  basis  of 
varying   the  stage   reaction   to optimize   the  stage   total-to-total   efficiency. 
The   tota1-to-total   efficiency   is   calculated  from  the   ratio of  actual   total 
temperature  drop  to  the   isentropic  value  based  on   the  stage  total   pressure 
ratio   ignoring  the  addition  of  any  coolant   flow   to   the main  flow  through 
the  turbine  stage.     Hence,   the   tota1-to-tota1   efficiency, f)   .   's   given  by 

where 

1= £iü   - 
fWPoZ 

^/i'-(fef] (5) 

is   the   stage   total-to-tota 1   pressure  ratio. 

The  mean-line aerodynamics   of   the  selected  designs   are  presented   in  Table 
Ml.     The   table  contains   flow angles.   Mach  numbers,   the  mean   stage   load- 
' n9   (  SfJAH/jj*) ,   and   the   value  of   stage  efficiency  consistent  with   the 
originally  assumed   row   tota1-pressure-1oss  coefficient   correlation  of   Equa- 
tions  2  and  3-     Table   IV   presents   the  hub-line  aerodynamic   data   for   the 
0.7"  and   1.0-in.   designs.      Hub-line  aerodynamic   data   for   the  O.^-in.   de- 
signs   have  not  been   included   in  Table   IV;   these   stages   have   relatively 
high  hub-to-tip  diameter   ratios,   and   the  flow  conditions   at   the   hub  differ 
but   little   from  the  mean-line   data  of  Table   III. 



DETAILED BLADE DESIGN 

Blade profiles were designed using a prescribed surface Mach number proce­
dure. The Stanitz channel design method of Reference 5 forms the basis 
of the method incorporated into an NREC computer program. The Stanitz 
method obtains the geometry of a channel which satisfies specified chan­
nel wall velocity distributio~s; the island formed by two adj~cent chan­
nels defines a blade profile. To obtain the solution of the channel 
geometry, lin~arized compressible flow is assumed. A number of improve­
ments were made to the original Stanitz method when it was programmed. 
These improvements are mainly associated with the application of the 
basic solution technique to the profile design problem. The most sig­
nificant change is in the treatment of the upstream stagnation streamline. 
The improved method eliminates the upstream cusp formed when a blade pro­
file is defined by two channels. As a result, the Stanitz channel design 
procedure has been modified to yield a profile design method. To obtain 
turbine blade profiles, surface Mach number distributions are specified 
at points along the pressure and suction surfaces of the blade. While an 
arbitrary selection of surface Mach number distributions will in all prob­
ability yield an unacceptable profile, techniques have been developed that 
permit logical modifications of the prescribed distribution to obtain de­
sired profile characteristics. The principal characteristics are trailing­
edge thickness, profile chord, and profile cross-sectional area. Each 
profile was designed to have the preselected 0.030-in. trailing-edge 
thickness. In the design of the rotors, chords and sectional areas of 
root and tip profiles were selected to yield mechanically acceptable blad­
ing from both manufacturing and stress considerations. The root-to-tip 
sectional area ratios for 0.4-, 0.7-, and 1.0-in. designs were chosen to 
be 1.5, 1.75, and 2.0, respec t ively. The increase in taper ratio accom­
panies the decrease in stage hub-to-tip diameter ratio, and actual values 
weri selected to reflect standard design practice. Although the parameter 
~ A has a strange influence on blade root section stress levels, stage 

hub-t o-t'p diameter and blade taper ratios also influence the level of 
ma ximum stress. By increasing the blade taper ratio with decreasing stage 
hub - to-ti p diameter rat io, the detailed blade design attempted to satisfy 
the requ i r ement that st ages of differing blade height could be conside red 
a s va l 1d a lte rnati ves meeting the stage loading and life specifications 
with approxi mat ely equal coolant flow rates. 

Typ ica l blade sections are shown in Figures 5 and 6. The first of these 
is the s tator mean section of the 17-Btu/lbm work output design of 0.4-in. 
annulus height; Figure 6 shews the three basic sections of the rotor of 
the same stage. I n Figure 7 , the surface Mach number distributions used 
t o obtai n the profi l es s hown i n the two preceding figures are presented. 
The a ctua l su r f a ce Mach number specif ications for the 24 cascade sections 
are pre se nted in tabular for m. Table V lists the Mach number distribu­
tion s fo r the two s urfaces as a fun ction of the selected normalized sur­
face lengths for the stator mea n sections; between each of the listed 
chan ae point~. the Mach number versus length variation is assumed to be 
1 ine~r. a s i I l ustrated in F i gu re 7. Table VI presents the Mach number 
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distribution specificat i on for the rotor mea ns , and Table VI I pres en ts the 
specification for the six rotor hub sections. Fo r each design , the ma x i­
mum surface Mach number and c.iffusion rate were ea ch he ld t o as low a value 
as possible. The ba ~ . c intent is, o f cour se , t hat boundar y- l a yer g r ow l 
should be minimized dnd that shock-induc ed separati on should be avoided if 
possible in the designs of high subsonic exit Mach number. 

The profile coordinates for the 24 sections test ed in the ca scade ri g are 
given in Appendix II. The)(•Y coord inates f or t he su r fa ces , the surface 
lengths, and the cross-sectiona l area o f t he profil e s are 1 is te d . These 
coordinates correspond to points at 5 perce nt o f su r f ac e le ngt h i nc reme nt s . 

The blade section geome tr ies of the prof il e s that we re ca sca de -t es ted are 
listed in Table VI II. This table presen ts the nu mberi ng s ys tem us ed to 
identify the cascades and the pitch, pitch/c hord ratio, c hordal a s pec t 
ratio, and passage aspect ratio of each 0f the 24 rectangular ca scades. 
Cascades 19 and 20 are leaned versions of cascade 9 (the 0.7/22 s tator 
mean section}; the first of these is leaned 10 deg with respect to the 
normal to the end wal I, while the second is leaned 20 deg. 
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CASCADE TESTING 

INTRODUCTION 

The objectives of the cascarle test proqram were to determine the three- 
dimensional and two-dimensional totaI-pressure-Ioss coefficients of each 
of the selected cascades. 

The three-dimensional loss includes the secondary losses which were ex- 
pected to be significant in 1ow-aspect-ratio blades.  The two-dimensional 
loss, or profile loss, is the loss that would be measured in an infinite- 
aspect-ratio cascade in which end-wall effects would not influence the 
level of loss.  In any cascade or blade row, any boundary layer at the 
end wall is under the influence of the static pressure field.  Any fluid 
whose velocity is less than that of the free stream at a corresponding 
location in the flow passage will be forced toward the suction surface 
side of the flow passage.  The resultant secondary flow is known to give 
rise to large values of secondary flow losses.  In the experimental pro- 
gram it was the intention to remove end-wall boundary layers by the use 
of wall suction in a second test of each cascade.  By removing the end- 
wall boundary layer, it was believed that any accumulation of low-momentum 
fluid at the junction of the suction surface and end wall would be suffi- 
ciently reduced that measurements of tota I-pressure-loss coefficients made 
at the midheight of the cascade would be representative of a large-aspect- 
ratio cascade.  Thus, the original test of the cascade with solid end walls 
would yield the total, or three-dimensional, loss; a subsequent test with 
end-wall suction was expected to yield a profile, or two-dimensional, loss 
at the midheight of the cascade.  As defined in the preceding chapter, 
the profile loss includes the trai 1ing-edge loss. 

CASCADE RIG DESIGN 

The principal features of the cascade rig are a large inlet plenum, a cas- 
cade inlet section, the cascade block, and the exit traverse mechanism. 
Air at the required pressure is supplied to the inlet plenum, and, for the 
suction tests, air is sucked from small plenum chambers adjacent to each 
of the cascade end walls.  Exploded views of the cascade rig assembly are 
shown in Figures 8 and 9.  Figure 8 shows the plenum and the parts external 
to the plenum, while Figure 9 shows the inlet section which is inserted 
into the plenum.  The cascade blading is machined from a solid aluminum 
piece, with seven blades and eight flow passages in each cascade.  To pro- 
vide for interchangeabi1ity between solid-wall and porous-wall tests, the 
cascade blading is machined to a depth approximately 0.2 in. below the 
lower wall.  Thus, the alternative end walls can be fitted over the cas- 
cade.  The top section of the cascade rig carries the traverse mechanisms 
and is used throughout all tests.  The lower section of the cascade assem- 
bly, to which the cascade blocks are mounted, has a separate downstream 
plate, which is used to adjust the row exit height to 0,7  and O.k   in. from 
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the maximum value of 1.0 in. The inlet section pieces shown in Figure 9 
comprise two plates, two involutes to reduce the upstream inlet height 
from 2.0 in. to the 0.4-, 0.]-, or 1.0-in. value, and two inlet side walls. 

The inlet side walls are constructed from a series of plates which permit 
the setup of the required inlet flow angle and t~e total width of the 
eight-passage cascades for the individual cascades. Sectional vi~s for 
the inlet configuration for the three cascade heights are shown in Figure 
10. The involute transition walls which reduce the passage height were 
selected to provide a controlled acceleration ahead of the cascade. While 
a relatively long i n let length is required to ensure that the design in­
let flow angles were achieved in each case, long inlets would have pro­
duced a significant boundary-layer buildup at the cascade inlet. How­
ever, the contracti on of the passage height {from 2 in. to 1.0, 0.], or 
0.4, depending on the cascade) using the involute transition walls wi II 
reduce wall boundary-layer thickness at the cascade inlet to acceptably 
small values. No attempt was made to measure the inlet profile. How­
ever, from past experience, this design approach is known to r~sult in an 
extremely good quality of velocity and pressure pro f ile at the inlet to 
the cascade. A typical cascade assembly is shown in Figure 11. The 
downstream traverse plane is in each case a chord length in the design 
exit f low direction downstream of the trailing edge. The selected exit 
traverse probe dimensions limit the measurement locations to 0.025 in. 
from the wall. However, actual measurements were never attempted at less 
than 0.050 in. from the wall. 

The traverse mechanisms are illustrated diagrammatical ly in Figure 12. 
Part of the upper wall can be translated horizontally to provide the tan­
gential direction traverse. The vertical and flow angle traverse mech­
anisms are carried on the moving wall. The angular traverse is about the 
tip of t~e exT~ probe. Remote drive and the remote indication of the 
horizontal, vertical, and angular positioning are provided by three in­
dependent hydraulic/potentiometer systems. While the accuracy of each of 
the systems is very good, traverses are calibrated in terms of indicated 
dial readings and actual )C , a , and~ measurements. Accurate position­
ing of the probe to within 0.001 in. and 0. I deg is achieved with the 
traverse mechanism. 

TEST PROCEDURE 

Each cascade was tested at the appropriate design values of inlet total­
to-exit stat ic pressure ratio and inlet flow angle. Since the cascade 
flow exhausts to ambient pressure, actual inlet pressures were set at the 
design value of inlet total-to-exit static for the individual cascade 
times the barometric pressure. Design values of total-to-static pres­
sure ratio for each cascade are listed in Table IX. ~e inlet total tem­
perature was not a controlled quantity. In let temperatures varied with 
the point of operation of the air-supply compressor. In genera l, the 
inlet temperature increased with increasing pressure ratio requiremen t 
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for   the   cascade  being   tested;    temperatures  were  always   within   the   range 
230*   to   300oF.      T hi-   instrumentation   standard  was   maintained   throughout. 
The   inlet   total   pressure   is  assumed   to be  equal   to   the  measured  plenum 
static   pressure.      E<it   total   pressure,   exit   static   pressure,   and  flow 
angle  measurements  are  obtained   from  the  exit   traverse   instrument.     Since 
traverses  at   0.050   in.   from   the  wall   were   required,   the   selected  probe 
was   the modified  conical   probe   shown   in  Figure   II.     The   probe   is   known   to 
record  accurately   the   local   total   pressure  up   to  high  subsonic  Mach  num- 
bers.      All   exit   total   pressures  were   recorded  as   the   total   pressure  drop 
(Aft)    from   the measured  upstream   total   pressure. 

Angle  measurements  are  made  with   the   two  side  pressures   balanced;   any   small 
error   in  angular  position,   due   to  the  probe  side   tap  configuration,   was 
eliminated  by   the   in  ait« ca1ibration  of   the  probe  using  a  calibration 
block   in  place  of  a  cascade.     The  apparent   dynamic   head  based  on   the mea- 
sured   total   and  side   tap  pressure   is  corrected   to a   true  dynamic  head   (and 
hence   local   static  pressure   is   obtained),   based  on  a   calibration  provided 
by   the   instrument   manufacturer.   United  Sensor  and  Control   Corporation. 

Traverses  With  Solid   End  Walls 

To  determine  tota1-pressure-loss   coefficients,   horizontal   traverses  cover- 
ing approximately   two pitches  about   the central   profile of   the cascade 
were   undertaken at   four  depths   from  the  upper  wall.     For   the   1.0-in.- 
height   cascades,   the  depths   of   immersion were  0.071,   0.21U,   0.357,   and 
0.5   in.;   for   the  0.7->n.   cascades,   the depths  were  0.05,   0.15,   0.25,   and 
0.35   »n.     These depth   settings   correspond  to centers  of  equal   area where 
the   height  of   the  cascade   is   divided   into  seven  equal   strips.     For   the 
O.^-in.-height  cascades,   the  depth  settings  were  0.05,   0.10,   0.15,   and 
0.20   in.   rather   than  at   centers  of   seven  strips   because  of  the   inherent 
difficulties  of  making measurements  at   less   than  0.030   in.   from  the wall. 

The   upper   half  of   the  cascade  was  assumed   to  be   representative of   the  com- 
plete  cascade.     To check   this   assumption,   a  complete  depth  traverse at  ap- 
proximately   the maximum  tota1-pressure-loss  position  was   undertaken  to 
confirm   the  existence  of   symmetry  about   the mean   line.      In  general,   ac- 
ceptable  agreement   between  points   equidistant   from  the   two end walls  was 
obtained.     Where  any   significant   difference was   recorded,   the   lack of   sym- 
metry   was   found   to  be   due   to  either  a  small   leakage  between   the  blade  pro- 
file  and   the  upper  wall   or  a   recirculation occurring  at   the   lower  wall 
where   the  passage  end-wall   plate   fits  over   the  cascade  blading.      It  was 
found   that   a  perfect   seal   was   required around   the  blade  profile at   both 
the   end  walls.     Any   small   leakage  path at   the   lower  wall   from a   region  of 
high   pressure   to  a   region  of   low  pressure   that   caused  a   flow   into  the 
blade  passage  resulted   in  extremely  high   losses.      Similarly,   where  the 
cascade  was   not   perfectly  sealed  at   the  upper  wall   and  a   small   tip   leak- 
age  was   possible,   very   high   losses  were  observed. 

In   the   initial   testing,   before   the   tremendous   importance  of   the end-wall 



sealing had been realized, loss coefficients as much as ten times as high 
as those finally measured were recorded. These results were an unantici­
pated byproduct of the experimental program. It must be concluded that 
the turbulent mixing losses associated with the introduction of extremely 
small quantities of flow with a velocity component normal to the local 
flow direction can result in total-pressure-loss coefficients that are an 
order of magnitude greater than those measured in the absence of these 
secondary flows. In no case in which these high losses were measured 
were the leakage flows greater than 1 percent of the cascade through-flow 
based on the probable leakage areas either at the tip of the blade or near 
the blade profile at the lower wall. The most probable explanation of 
the high losses is that the introduction of flow normal to t1e main flow 
direction triggers a massive flow separation from the blading; the nature 
of the blade wakes and the variation of measured static pressure in the 
plane of the downstream traverse confirm the belief that the small leakage 
flows create a flow separation. 

For any cascade in which the loss and the flow angle distribution were not 
symmetrical, the assembly was rebuilt to eliminate leakage paths. Only 
the results from :ascade tests in which all leakage was eliminated were 
considered to be valid. WhiTe the results from tests in which leakage 
occurs are of some interest, no detailed analysis would be possible be­
cause of the difficulty associated with estimating or calculating the ex­
tremely small leakage flow areas and leakage flows that generate the high 
losses. 

Traverses With Porous End Wall 

As previously noted, the objective of applying wall suction was to sup­
press the secondary flow of end-wall boundary layer from the pressure 
surface side of the end-wall passages to the suction surface. By sup­
pressing this flow, it was believed that valid two-dimensional losses 
would be measured at the midheight of even the lowest-aspect-ratio cas­
cade. The end-wall configurations for these tests consist of a 40-percent­
porosity "electroplate" perforated metal. The porous material is attached 
to the wall block; and in the region in which suction is to be applied, 
the material is supported by a honeycomb structure beLween the porous 
wall and the suction cavity. 

The level of suction to be applied was computed from the assumed design 
value of the m1n1mum level of static pressure occurring on the suction 
surface of each profile. The traverses were to be undertaken at the mid­
height of the cascade, again covering the central blade pitch in the hori­
zontal direction. Additional traverses at one-third and two-thirds of the 
blade height were selected to confirm the uniformity of the exit flow con­
ditions over the central two-thirds of the passage height. During the 
initial testing in which the entire wall passage areas between the blade 
leading and trailing edges and the suction and pressure surfaces were 
porous, high levels of midsection loss and considerable nonuniformity 
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were measured.  It was concluded, therefore, that this configuration re- 
sulted in too large a quantity of air being removed from the flow passage. 
The most probable cause of the increased loss level is the increase in the 
inlet-to-exit velocity ratio of the cascade accompanying the removal of 
too much flow from the cascade.  To remedy the situation, the area of por- 
ous end wall was considerably reduced.  In the f;na1 Iy selected configura- 
tion, only the region of low static pressure adjacent to the suction sur- 
face is left porous.  The porous area was standardized to be of one-quarter ■ 
pitch in width in the tangential direction and extending along the suction 
surface from one-third of the axial distance through the cascade to the 
traiIing-edge line. 

With this porous end-wall configuration, exit traverses were undertaken at 
the midheight and two adjacent stations for each cascade.  At least two 
levels of suction pressure were used in each series of tests.  In general, 
these traverses showed an acceptable degree of uniformity of loss over the 
central part of the blading, indicating that the application of end-wall 
suction produced a midheight loss which could be considered as a true pro- 
file loss.  However, in a number of cases, the midheight traverses showed 
higher levels of loss than had been measured in the corresponding test with 
solid end walls.  This p" enomenon is discussed later in the analysis sec- 
tion of the report. 

DATA REDUCTION 

The traverse data were initially processed to yield local values of total 
pressure, static pressure, and flow angle for each traverse.  Data corres- 
ponding to one pitch about the totaI-pressure wake of the central blade 
were then selected for the evaluation of tota1-pressure-loss coefficients. 
Values of total-pressure-loss coefficients were computed for each horizon- 
tal traverse and, in the case of the total loss number, from mass-flow- 
weighted values of flow quantities covering the half blade height.  Since 
a flow distance of one chord had been selected for the plane of the tra- 
verses, these data include the losses due to mixing which occur between 
the plane of the trailing edge and the plane of the traverse.  In addition 
to the loss coefficients based on measurements in the plane of the tra- 
verse, the fully mixed loss coefficients were also computed.  These cal- 
culations of the "fully mixed" loss coefficients follow the standard 
method for cascade testing; the method is outlined in Appendix III. 

The totaI-pressure-loss coefficient data are summarized in Table X.  Val- 
ues of total-pressure-loss coefficient are given for four traverse sec- 
tions (A, B, C, and D) for the tests with solid end walls, the midheight 
loss coefficient for the tests with applied end-wall suction, and a total 
loss coefficient for the cascade.  The loss coefficients in the last three 
columns of Table X comprise the data subsequently used in the analysis, 
where the total loss coefficient is a mass-flow-weighted value for the 
complete row based on traverses at the four depths of immersion.  The data 
of Table X are grouped into sets of three.  For example, the results for 

16 



m^mmmm 

the three O.U-in.-height stator mean section cascades are listed first, 
and these are followed by the three rotor mean sections from the O.^-in,- 
annulus height stages.  In each case, the order in which results are pre- 
sented is in the order of increasing stage work output.  Results from the 
tests of the two leaned cascades (cascades 19 and 20) are presented and 
discussed in Appendix IV. • 

The data concerning the distribution of loss with blade height are of some 
interest, although these data do not contribute directly to the loss cor- 
relations derived later in the report.  In only 8 of the 2^ cascades listed 
in Table X is the loss coefficient for the traverse closest to an end wall 
(section A) the largest of the four measured values.  In all but I of the 
remaining 16 cascades, the highest value of local loss coefficient based 
on the complete co.-stant-depth traverse was at either position B or posi- 
tion C.  Cascade number 5 is the only cascade shown to have its maximum 
value of local loss coefficient at the midheight position.  Since there 
was no obvious reason why this cascade should have different characteris- 
tics from the others, the test was repeated following a rebuild of the 
cascade assembly.  However, similar results were obtained.  It is of in- 
terest that this cascade was designed for, and tested at, the highest value 
of exit Mach number occurring in the series of cascades.  A tentative con- 
clusion would be that a shock-induced separation produced the high level 
of midheight loss.  Although an attempt was made to relate the position of 
maximum loss to blade chord or passage aspect ratio, cascade height, and 
loading, no readily established trend was discovered.  It would appear that 
it would be necessary to undertake a considerably more detailed analysis 
to relate loss distributions to secondary flows.  Since such an analysis 
based on planar cascade tests would not of itself contribute to a greater 
accuracy in the prediction of stage efficiencies, the attempt to rationa- 
lize the measured loss distributions was not pursued further- 

To illustrate the variety of distributions measured, the measured total- 
pressure-loss distributions are shown in Figures 13, I**, and 15 for three 
cascades.  Figure 13 is for cascade number 3, a 0.4-in.-height stator mean 
section from a stage of 22-Btu/1bm loading.  This figure shows the most ty- 
pical result, in that the highest loss is at section B (which in this case 
is 0.10 in. from the wall).  Figure 1U is for cascade number 12, which is a 
0.7-in.-height rotor mean section.  In this case, the highest level of loss 
is measured at section C, 0.25 in. from a wall.  The third illustrative ex- 
ample is for cascade number 2^, a I.0-in.-height rotor root section from 
the 17-Btu/lbm corrected work output stage design.  The total-pressure-loss 
traverse data for this cascade are shown in Figure 15.  These data show 
high end-wall loss and high loss at an immersion depth of 0.357 in. 

It should be pointed out that these three cascades are not necessarily rep- 
resentative of their type; for example, the distribution for cascade number 
3 cannot be considered to be typical of 0.4-in.-height blade rows, stators, 
or blade sections from the stages of 22-Btu/lbm work output.  Indirectly, 
the figures illustrate the inherent difficulty of establishing values of 
total loss coefficients and profile loss coefficients for the cascades. 
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DATA  ANALYSIS  AND  DERIVATION  OF  A   CORRELATION 

INTRODUCTION 

The  experimental   data   were   expected   to  yield   values   of   three-dimensional 
and   two-dimensionaI    losses   for   typical   blade   sections   having  possible ap- 
plication   to   the   type  of   turbine  of   interest   to  USAAVLABS   in   its  advanced 
engine  program.     These   data  are  to  be  correlated   so  that   the achievable  ef- 
ficiency  of   possible  alternative  designs   can  be  predicted. 

Although   the  data  are  obtained  from  two-dimensional   cascade  tests,   and 
hence are  not   truly   representative  of   bladinq   in  a   stage environment,   the 
principal   objective was   to  establish a  correlation   for  secondary   losses  of 
low-aspect-ratio  blading  and  for   the  profile   loss   of   the  type of   blading 
necessary   In  a  small,   cooled  turbine application.      However,   the  correla- 
tion obtained   from   the  experimental   portion  of   the   investigation must   be 
regarded as a  correlation  for profile and end-wall   losses   rather  than  pro- 
file and  secondary  flow   losses.     The data   for   the   leaned stator  cascades 
presented   in Appendix   IV   illustrate  the  fact   that   the additional   secondary 
flow driving   forces   usually  occurring   in  a   stage  environment  will   increase 
secondary   losses. 

TOTAL-PRESSURE-LOSS   COEFFICIENT  DATA 

The  data   presented   in  Table   X  comprise   the  average   total-pressure-loss   co- 
efficients   for   the   solid  wall   test,   the midheight   loss  coefficient   from 
solid wall   test.,   and   the  midheight   loss   coefficients  measured  during   tests 
with end-wall   suction.     The  first  of   these will   be   identified as^ ,   the 
second as ^y. ,   and   the   third  asfyfJ^.      It  was   originally  believed   that^p 
would be  representative  of   the sum of  profile and   secondary   loss, ^b+<fe t 
that   Yyfi   would  equal   or   exceed  the  profile   loss ^^ ,   and  that   the measured 
midheight   loss   ^rom  end-wall   suction   tests y^J» wou 1 d  equa I V|> •      However, 
from Table  X   i t  wi I I   be   seen   that   for  5  of   the  21*  cascades   the  value of Yfffa 
is   greater   than^-r  ,   that   for  3  cascades   the  value of   ryn is   greater   than 
y'    ,   and   that   in   12   out   of   2h  cases   the  value  of   ^«b 's  greater   thany^ . 

It    is  quite  obvious   that   there   is  a   need   to  explain   the apparent  anomalies 
in   these   results.      Clearly,   the most   serious   cases  are   those   in  which   the 
mean-line  profile   loss  measured   in   the  suction   test     Vwif   exceeded   the 
total   loss  with   solid  end  walls.     This  was  observed   in  the  results   from 
cascades   9,   II,    15,    18,   and  26.     A   detailed   investigation of  one  cascade, 
cascade  9,   showed  a   loss   core adjacent   to   the   suction   surface  but   separate 
from  the  blade  wake.     The  magnitude  of   this  additional   loss  could  be   re- 
duced  by   lowering   the   level   of   suction   pressure,   but   it   could  not   be   elimi- 
nated altogether.      Examination of   the  cascade   test   hardware  showed   that  a 
small   area  of   the  porous   wall   ahead  of   the   row   inlet  was  depressed  below 
the   plane  of   the  cascade  end  wall.     The maximum  depth  of  this  discontinuity 
was   approximately  0.005   in.      It  was  concluded   that  a   step of   the  order  of 
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0.005 in. introduced a wall boundary layer and resultant secondary flow 
which could not be suppressed by end-wall suction. In the wors t case, 
cascade number 26, the level of loss wi th end-wall suct i on ap p li ed wa s 
approximately 70 percent higher t han t he previous ly measured to tal loss . 
These results are therefore similar to the initial test s with sol i d wal Is , 
where extremely small leakage flows produced large increa se s in loss . 
Hence, the principal conclusion drawn f rom the attempt s t o trace the 
causes of apparent anomalies was that any of a number of mec han isms lead ­
ing to locally thickened boundary layer s could lead to large seconda r y 
flow losses. The three mechani sms s pec i f i cally identified in t he series 
of tests were: 

1. Leakage flows from pre ssu r e t o suction surface in any cascade 1n 
which a gap e x i sted be tween the blading and the end wal I. 

2. A flow into the main stream through the porous end wall in r e ­
gions of low static pre ss ure adj acen t to a bla de suction s urface 
when the applied suction press ure was insufficient to ensure the 
removal of all end-wal 1 boundary-layer flow. 

3. End-wall surface irregulariti es, parti cu larl y i n the case of the 
tests with porous end wall s, which produce more low-momentum flow 
than could be removed by applying end -wall suction. 

From Table X it wi 11 be seen that for cascades 5, 12, and 23, the local 
loss coefficient at the midheight position (see Column D) is greater than 
the total loss which is the average for the · row. These profiles are all 
from stage designs of the highest work output (27 Btu/Ibm). Hence, these 
blades are among the most highly loaded in terms of the row deflections 
and row exit Mach numbers. It is, therefore, to be expected that the flow 
disturbance due to end-wall secondary flow would extend furthest from t he 
end walls for these designs. The o riginal decision to measure prof i le 
loss coefficients using wal 1 suction was of course based on the antiCipa­
tion that midheight loss of the solid cascades would be greater than the 
purely profile loss. Since lower levels of midheight loss were in fact 
obtained during the suction tests of these cascades, the original plan of 
assuming Y..,.pto be the true profile loss was retained. 

The cases in which Y'W\~is greater thanY~ . which occurred 1n half the 
total number of tests, represent the final anomaly. There are at least 
two possible explanations of these results: (1) the value of Y,.l:a is 
increased above a true profile loss value either by secondary flow effects 
introduced by irregularities in the porous wall or by an increase in the 
inlet-to-exit row velocity ratio as a result of wall suction; or (2) the 
levels of midheight loss from the original solid-wall tests are lower than 
actual profile loss in some instances due to the fact that the presence of 
end-wall loss increases the overall acceleration of the midhe(ght flow. 
Unfortunately, there is no way i which it can be validly established which 
of the two alternatives is correct for a particular cascade. Hence, it 
was decided to correlate the data on the assumption that the smaller of 
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Vm or Oup would be more representative of the true profile loss, Vfc 
This course of action is reasonably valid provided that the points appear- 
ing in later presentations of possible correlations clear 
two types of "profile" loss coefficients. 

PP« 
dentify the 

DATA CORRELATION 

The assumptions made throughout the attempt to correlate the data are that 
the total-loss coefficient is the sum of profile and secondary loss and 
that the parameters which influence profile loss also influence secondary 
loss.  The latter assumption makes it possible to consider the total loss 
as a product of the profile loss and a factor.  The attempt to correlate 
the data is therefore considered first in terms of a correlation for the 
ratio V«/-. and a correlation for ^^ . ,tic^Vyfcan( 

Aspect Ratio Correlation 

Earlier work of NACA personnel (Reference 6) suggests that the secondary 
loss is purely a viscous wall loss, and hence it is assumed that 

yT  r V^ H-y, 
and 

» y^ 
where y^ is the wall total-pressure-loss coefficient. 

(6) 

Assuming that the losses are purely viscous losses and are related to 
wetted areas, the ra t i o y^/ykwou I d equa I ^^/Agwhere AM and A^ are end 
yrall and blade-_surface wetted areas, respectively.  Hence, values of 

were obtained for each of the 2U cascades. These val 
i gure 16, where the cascade number is used 

dinate. Cascades 1 to 6 are the O.^-in. blades, 7 to 12 are 
blades, and 12 to 18 are the 1.0-in. blades. In view of the 
systematic trend, it was concluded that the best correlation 
be obtained from these data is 

wait ana oiaae-suri 

ues are shown^m Fi as the or- 
the 0.7-in. 
lack of any 
which could 

^.L1^] (7) 

where H^ i s the arithmetic mean of points shown in Figure 16.  The mean 
value is less than unity (0.89^), which is most probably explained by the 
fact that the profile loss will include a trai1ing-edge blockage loss.  Al- 
though there is considerable scatter about the mean value, the fact that 
blade sections with widely differing deflections, velocity ratios, and de- 
sign exit Mach number levels have approximately the same value of(rr/j^)/ 
/• . Aw'N  is a good Indication that in the cascade tests, the total-loss 
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coefficient includes a wall friction loss rather than a loss due to sec- 
ondary flow. 

While the correlation based on the ratio 
Aw 
^^  is a useful correlation, 

in general it is not suitable for preliminary*turbine design investigations. 
In the present case, all the information necessary to calculate •j^jj'   is 
available.  However, for stage aerodynamic designs, it would be more ad- 
vantageous to use a parameter that does not depend on the detailed design 
of the blading.  It can be shown, although not analytically proven, that 
the wall-to-blade area ratio is in general approximately equal to the ratio 
of throat opening to the blade height (^ )• 

It was, therefore, assumed that the originally selected correlation with 
passage aspect ratio was correct in its general form; that is. 

VL1+ W (8) 

The values of ^fp     have been plotted in Figure 17 against the blade pas- 
sage aspect ratio.  For each point, a value of Ko was evaluated.  For 12 
of the 2k  cascades, the values of j^- were in the range 1.0 to 2.0; cas- 
cades 7 and 26 had low values of K«f and cascades 18 and 22 had extremely 
high values.  In obtaining the best fit of the data, the results from cas- 
cades 7, 26, 18, and 22 were disregarded.  An arithmetic mean of the re- 
maining 20 values of  Kg» is 1.6, and this value has been used in the fi- 
nally selected correlation shown in the figure.  In view of the fact that 
it is difficult to explain why a stator mean section of 0.7-in. blade 
height from a stage of 17-Btu/lbm work output and a 1.0-in.-height rotor- 
root section from a stage of 27-Btu/lbm output should have a high total 
loss and a low profile loss coefficient compared to the other cascades, it 
must unfortunately be concluded that for these cascades, valid profile 
loss coefficients have not been obtained.  The following correlation is a 
reasonable fit of the experimental data: 

1 + 
i.c(* J (9) 

Correlation of Profile Loss 

Although there is some uncertainty as to what constitutes the profile loss 
of each of the cascades tested, it was decided to proceed on the basis 
that the lower of the values of V«^ and *rft)f>is in fact the profile loss. 
At the start of the present program, a correlation for total loss of the 
following form was used: 
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(11) 

(     Zl     ^   for  »a«-h     ^   e: . 3      -«■ y..  va i ucs  or   verocity   ra t  O 

inc^sid^  th     U        bui   tLrW'"^  J^  •eVel   0f ^   ^""V nr«f!ia.   i YX '   t:he   scatter of points would  be  reduced   if 
bl^e     BT We

T
r^re?Uced -ing  the correction based on   the aerody^aj 

ci^ty '.The^e  Theref0re'   a   revlsed  ve'-sion of  the  reduced   loss   cLffi- 

-        y»>(o.C-»O.SCbspA) 
(12) 

was plotted against velocity ratio as shown in Figure 18.  The expected 
ncrease of loss with velocity ratio is clearly evident.  The points cor- 

respond, ng to cascades 18 and 26 have previously been identified as hav no 
he most questionable values of profile loss, and these ^nts also He ' 

furthest from the finally selected linear variation of V^ wi th ^ 
Therefore, the correlation of profile loss is as follows-*     "vi * 

where (fron Figure 2) 

f(tjäs0.«+S-CdO  if ^ >0.08 
(13) 

and   (from Figure   18) 

^)-. 0.007+0.044C^) 
The res.dual scatter of the various test points shown in Figure 18 may 
simply represent experimental accuracy in the determination of the perfor- 
mance of the actual blading.  On the other hand, it could indicate the 
presence of an add.tional factor influencing profile loss besides the four 
employed ,n the correlation.  An obvious parameter of importance in the 
control of blade boundary-layer thickness is the rate of suction surface 
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diffusion,   defined as   t fie   nondimens i ond I   Mach  number   reduction   specified 
over   the   latter part   of   the   suction   surface  divided   by   the   fractional   sur- 
face    length  over  which   the   diffusion   occur1.. 

Diffusion   rate was   therefore  plotted   versus   row,   veloc ity   ratio   i or  (.ach  of 
the   cascades.      It   can   be   seen    in   Figure   19   that   the   rate  of   diffusion 
tended   generally   to   increase   with  overall   velocity   ratio.      However,   a 
fairly  wide   range  of   diffusion   rates   was  employed   for   cascades   with   simi- 
lar   values   of   velocity   ratio.      Hence,    the  diffusion   rate   represents   an   in- 
dependent   parameter  which   could   have   affected   the  measured   profile   losses. 

Two  kinds   of   effect   on  profile   loss   could  have  occurred.     First,   it   is   pos- 
sible   that   diffusion   rate  alone   caused   the  observed   variation   in   reduced 
profile   loss   coefficient.      Second,   the  correlation  of   profile   loss  with 
velocity  ratio may  have  been   fundamentally   valid,   with   the  efroct  of  high 
diffusion   rates  being  simply   to  elevate  the   level   of   the  correlation  shown 
in  Figure   18.     Both of   these  possibilities  were  accordingly   investigated. 

Figure  20  presents   the   variation  of   reduced   loss  coefficient   with  suction 
surface  diffusion  rate.     Although   there   is  clearly  a   trend   toward  high 
losses  when   the diffusion   rate   is   high,   the  amount   of   scatter   of   the   test 
points   is  greater  than   that   seen   in  Figure   18.      Hence,    velocity   ratio was 
retained as   the basic  correlating parameter. 

Tc   investigate   the  second  possible  effect  mentioned  earlier,   a  best   straight 
line was  fitted  to  the  data  of  Figure   19,   separating   the  cascades   into  two 
equal   groups  of  relatively higher or   lower diffusion.      In   11   cases,   cas- 
cades   having  high or   low diffusion   rates  also  had  respectively  high or   low 
reduced profile   losses.     However,   in   13  cases,   the opposite  relation held. 
It  was   therefore concluded   that   no contribution   to  the   scatter   shown   in 
Figure   18 occurred as a   result  of  diffusion  rate.     Hence,   the  profile   loss 
correlation   given   in  Equation   13   was   retained  unchanged. 

The  Final   Correlation 

Based  on   the  derived correlations  of    «t       and   '^ ,   the   final   correlation 
for  row  total-loss coefficient   based  on cascade   loss   is   as   follows: 

7r    o.c+o.iCasfaL     i'Kiul -"- 
0.007 + 0.044 (*J (IM 

In   the   case  of   rotor  blading,   tip  clearance   loss  would   have   to   be   included 
in   the   correlation.     Since   the   source  of  a   tip  clearance   loss   correlation 
can  only  be  stage  tests,   it  will   be  assumed   that   tip  clearance   loss  can  be 
treated   in  the manner originally  assumed   in  Equation  U. 

In   investigating  the correlation   in   greater  detail,   it   is   evident   that   the 
contributions   of  both  velocity   ratio and aspect   ratio are  considerably 
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different   from  those  assumed   in   the  preliminary aerodynamic   design.     Over 
the   range  of   velocity   ratios   tested,   from approximately  0.1   to  1.0,   the 
original   correlation   (Equations  2   and  3)   assumed  a   loss   increase of  ap- 
proximately  200 percent       hereas   the  final   correlation  predicts an   increase 
of  approximately  350  pe-        *.     On   the other  hand,   for   the  range of  passage 
aspect   ratios  consider- the experimental   program   (from  9   to  1),   the 
original   correlation  assumed  a  250-percent   increase   in   loss.     The new 
correlation  predicts   only  a   50-percent   increase over   the  same  range. 
Hence,   the   relative   importance of  aspect   ratio has  been  considerably  de- 
emphasized,   and   that   of   velocity   ratio  has  been   increased,    in  the  final 
results.      However,   only  one   secondary   flow driving  force   (that  from pres- 
sure   to suction  surface at   the end walls)   is  present   in planar cascade 
tests,   and  only  relatively   small   quantitie* of  flow are  subjected  to  this 
force  when   a  uniform  profile   exists  at   the   inlet   to  the  row.     A  recent 
USAAVLABS   report   (Reference   10)   reproduces experimental   data   from Refer- 
ence   II   that   show a  doubling  of   the  end-wall   loss   coefficient   in  the case 
in  which  the  row  inlet  boundary-layer  thickness   is   less   than   1   percent  of 
the   blade   height.      It  must   be   concluded,   therefore,   that   the   ^actor&'t'Ariü 
derived as   an aspect   ratio correction  from planar  cascade  tests will   un^^V* 
derestimate   the detrimental   effects  of   low aspect   ratio  in  a   turbine stage. 
In   the case  of  stator  blading,   additional   secondary   losses  might  reasonably 
be  expected  because of   the   radial   static  pressure  gradient   (which  is  demon- 
strated  to be significant   in   the  cascade  tests  of   leaned stators  discussed 
in Appendix   IV).     For   rotor  blades,   the  totaI-pressure  profile existing at 
the   stator  exit will   influence  the   level   of   loss.      It   is   therefore pro- 
posed   that   the correlation  facton^foti aspect   ratio effects   in a stage en- 
vironment   be  expressed as   Q^L^* /jMffiK/,  where   K^ and t^R are ad- 
ditional   secondary   loss   factors;   tne^^factors  c^n  be  derived only from 
stage   test   data.     In   the  case  of   rotor blading,   t'he performance of  the 
rotor   is   known   to depend on   the detailed performance of  the   stator  row. 
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ACHIEVABLE  STAGE   EFFICIENCIES 

INTRODUCTION 

It   is well   known   that   the  direct   use of  cascade   loss   data  to evaluate   the 
efficiency  of  a  corresponding   turbine  design  can   lead  to  highly optimistic 
predictions  of  actual   stage  Performance.     The   reasons   for   this   phenomenon 
are  not   fully  understood.     One  factor   is   undoubtedly   the presence,    in   the 
typical   stage  environment,   of   signiricant   radial   transport of   low-momentum 
fluid,   due  to  the  static  pressure gradients  at   the   stator exit and   the  cen- 
trifugal   forces   in   the   rotating  row.     A  second  major   factor  was   inadvertently 
demonstrated   in   the course of   the cascade   test   program.     This  was   the  ef- 
fect  mentioned earlier  of a  substantial   increase   in   row  loss   level   when a 
thickened-wa 1 I   boundary   layer  entered   the  cascade.      In   this  case,   an   irregu- 
larity   in  the   inlet   section  was   identified as   the   source  of   the  boundary 
layer.    Additional   factors,   which can be expected   to contribute  to the 
difference between  stage  test   data and predictions   based  solely on   isolated 
cascade data,   are:     radial   flow components   introduced by  the annulus   geome- 
try,   blade row  interference effects dependent  on   interblade  row gaps,   intra- 
blade  row effects  dependent  on blade  twist and   taper,  and  tip clearance  ef- 
fects  dependent on   the  detailed design of  the  blading.     Even  though   it   is 
not  possible  to consider   individual   effects   in  current prediction proce- 
dures,   it  is  convenient   to  group the  resultant   losses   into a  single  sec- 
ondary  loss. 

Before proceeding to the calculation of achievable stage efficiencies as a 
function of selected annulus blade height and corrected work output, it is 
necessary  to estimate   the additional   secondary   loss   factors K« and Kp, 

On   the assumption   that   the  values for  Kg and K|^ can be obtained  to con- 
vert   the desired cascade   loss  correlation   to one which   is  for  blade   rows 
in a  stage,   the correlation  could be used  to predict   the performance of 
any   turbine.     However,   in  the current  program only,   the nine original   de- 
signs  have been considered.     Hence,   the calculated achievable stage effi- 
ciencies which are  presented and discussed   later apply only  to a  series  of 
designs   in which  rotational   speed,   inlet mass   flow,   inlet   total   temperature, 
and   inlet  total   pressure are  held constant.     As  previously discussed,   each 
set  of  three designs,   of a  particular   level   of   stage work output,   can  be 
considered üS  alternative  turbines which  satisfy   the power and  speed   re- 
quirements of a compressor. 

POSSIBLE  VALUES  OF THE ADDITIONAL  SECONDARY   LOSS  FACTORS 

The  series of  tests   reported   in Reference   1,   which cover a  range of  blade 
row aspect  ratios and  stage efficiencies,   has  been  used as   the basis   for 
the  selection of   the factors Kj and K^ .     Considering  three stages  of  dif- 
fering annulus   height,   three  values of  stage efficiency are available  for 
the  calculation of   two empirical   factors,   assuming   that   these  factors  are 
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constant. Thus, .iny two tests will yield values for Wj andK^. assuminq 
that the derived correlation of the datum loss is applicable and that the 
aspect-rati(-dependent   correction   factors   are  as   follows: 

and 

for   stators (15a) 

for   rotors (15b) 

(The coefficient of the tip clearance term is based on the initially de- 
rived correlation, which i^> in agreement with the test results of Refer- 
ence   1,   where   tip   clearance   effects  were  also   investigated.) 

For   the  highest   and   lowest   aspect   ratio  stages   of   Reference   I,   values  of 
3 - *♦  and  k.2  were  obtained   f or K^ and K|| ,   respectively.      However,   these 
values  will   not  predict  witn  sufficient  accuracy   the   test   results  of   the 
intermediate aspect   ratio   ..tage.     By  considering   the  various  combinations 
of   stage   results,   it  was   concluded   that  an acceptably   good  f i t of   the ex- 
perimental   data would  be obtained with values  of   2  and  6 fcrKcandKf|, 
respectively.     With an assumed  value of 2  for |^«,   the  derived values of 
are   5-3,   5-9,   and   5-5  for   the   three  stage   tests*reported   in Reference   1, 
in  which   the   tip  clearance  was   held at   1.5  percent   of   the  rotor  blade 
height.     While  the  above   variation of  Kf^ might  be  considered  to be   rela- 
tively   large,   it  must   be  appreciated   that  a   10-percent   variation   in  one 
component   of   the   rotor   row   total   loss  can   in  some  circumstances   result   in 
a   change  of   stage  efficiency  which   is within   the   limits  of  experimental   ac- 
curacy. 

While  values  of   2   and   6  have  been  selected  as   the  most   probable  values   for 
the   row additional   secondary   loss   factors,   alternative  values  have  been 
assumed   for   the  reprediction  of   the  nine original   selected  turbines. 

STAGE   EFFICIENCY   PRECICTIONS 

It   must   be  emphasized   that   the   design-point   specifications   for   the   nine 
turbines  are   identically   those  used   to detine   the  cascades  on which  the 
loss   correlation   is   based.      The  common  specifications   for  the  nine  stages 
are   repeated  below; 

Mass   Flow  Rate 
Turbine   Inlet   Total   Pressure 
Turbine   Inlet   Total   Temperature 
Rotat i ona1    Speed 

5   Ibm/sec 
1^2   psia 
2,500 CF 
50,000   rpm 

The   originally   selected   annulus   geometries   together  with   the  selected   num- 
ber   of   blades   were   retained   for   the   final   phase  of   the   investigation.       It 
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could  be  argued   that   each  design  could   have   been   reevaluated  using   the   de- 
rived   loss  correlation  with   the annulus   dimensions   (in  particular,    the 
stage mean   radius)   and   number  of  blades   as   design  analysis   variables. 
However,   since   the  originally  selected  annulus   dimensions  are   representa- 
tive of   the   range  of   turbines   that   would  be  considered   if  annulus   blade 
heights  of   0.^,   0-7,   and   1.0   in.   were   respecified as  alternatives   for   the 
three   levels  of   corrected work output,   the  original   designs  will   satis- 
factorily   indicate   the   trend  of   efficiency   with   blade   height.      Thus,    the 
design-point   performance  of   the  original   nine   turbines  was   predicted. 

For  eacii  design   requirement,   five  design-point   analyses  were  performed. 
The  first   computer   run   employed   the  data   from   the  cascade   tests   without 
modification;    that   is,  Kj and  Kowere   set   equal    to  unity.      The   second   and 
third  runs  employed   the  derived  value  of K»(6.0)   with   K»set   equal    to   1 
and  then  2.     The   final   two  runs   retained   l<< equal   to  2  and  used  alterna- 
tive  values  of  U  and  8   for Kn •     Resulting  efficiencies   for   the   17-,   22-, 
and 27-Btu/lbni  stages   have  been  plotted  along with  chosen   stage   loading  as 
functions   of  annulus   height   in  Figures  21,   22,   and  23,   respectively.     These 
same  results  have  also  been  presented as   functions  of  corrected  work output 
in Figure 2^  for   two  pairs of  values of Kj    and Ko,   together with   the  coi— 
responding values  of   stage mean  radius   for   the  stages. 

When  the data  presented   in Figures  21,   22,   and 23 are considered as  a   group, 
the efficiency  of   stages  of  O.U-in.   annulus   height  is always   greater   than   that 
of the corresponding  stages of 0.7- and   1.0-in.   annulus  height.     Corresponding 
stages   in  this  context are stages   having  the  same work output   level   and  for 
which  the  same  values were assumed   for   the  stator and  rotor additional   loss 
factors.     There   is,   of  course,   the possibility   that actual   values  of   ^S 
and   Kn wi I I   depend  on  specific   features  of   the   individual   stage  designs. 
For example,   the   1.0-i n.-annulus  designs,   which are of  relatively   low hub- 
to-tip diameter   ratio,   might  be   less  sensitive   to any wall   boundary   layers 
at  stage   inlet.     Therefore,   it   is  of  some   importance  to compare  the  pre- 
dicted  efficiency  of   the  O.^-in.   stage  using   the  pessimistic  assumptions 
( Kj = 2  and Kn=  8)   with  the efficiency  of   the   1.0-in.   stages   predicted 
with  the  optimistic   secondary   loss  assumptions   ('^5=   I   and  K||=   1.0) .     At 
two of   the   three  work  output   levels,   the  0.k-in.   stages  still   have  higher 
efficiencies   than   the most  optimistic  efficiency  predicted   for   the   1.0-in. 
designs.     Only   in   the  case of   the  highest  work   level,   27  Btu/lbm,    is   the 
highest  achievable  efficiency  greater   than   that   for   the  O.^-in.   design's 
predicted  efficiency   based on   the  pessimistic   loss  assumption.      However, 
in  this  case  the  difference   in efficiency   is   less   than one-half  a  percen- 
tage point.     Therefore,   it   is   reasonable  to conclude  that   for   the  design 
specifications   considered,   the   lowest   blade   height   in   the   range  considered 
will   produce   the  most   efficient   turbine  stage. 

The  variation  of   the   stage   loading  factor   is   shown   in  each  of   the   three 
figures.      In  each  case,   the  stage   loading   factor,        StJi^- ,    is  approxi- 
mately  2.0  for   the   1.0-in.   design  and   1.0   for   the   larger  diameter   designs 
using  the  O.U-in.   blade  height.     Thus,   the  conclusion  to be  drawn   is   that 
the   inherent   benefits  of   reducing   the  stage   loading  factor  are  greater   than 
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the detrimental effect of the lower aspect ratios which accompany the selec- 
tion of a higher mean radius design in the range of blade heights considered. 
It is worthy of note that the results presented in Reference 1 are not neces- 
sarily in disagreement with this conclusion.  Although reducing an annulus 
height from 1.07 to 0.37 in. produced a very large efficiency drop in that 
case, the stage loading factor actually increased rather than decreased. 
The lowest heiqht design in that case has a substantially lower corrected 
inlet f low M Jo/^ than the large annulus stage, whereas in the current in- 
vestigation a common value of corrected inlet flow is used in each of the 
nine designs. 

Considering the data of Figure 2k,  which presents what might be considered 
the most optimistic and most pessimistic predictions of stage efficiency as 
a function of corrected stage work output, it will be seen that the effi- 
ciency is predicted to be not greatly dependent on work output, provided a 
mean radius is selected that maintains a particular value ofd|§TAM^y*, 
The figure illustrates the uncertainty of the prediction of the efficiency 
level with an approximate 5-percentage-point spread with the assumed varia- 
tions of the additional secondary loss factor; the most optimistic effi- 
ciency for a 1.0-in.-height stage is less than 86 percent, and the most 
pessimistic efficiency for a O.^-in. stage is within 1 percent of that 
value. The higher efficiency of the O.U-in.-height stages for a particu- 
lar assumption is fundamentally due to the higher mean radius of the de- 
sign. Thus, the trade-off between turbine efficiency and overall physi- 
cal dimensions remains an imoortant aspect of turbine selection.  A stage 
loading parameter, »•X^'Vu , of 1.0 has produced the highest values of 
predicted efficiency at each work output level in the current investiga- 
tion. To achieve that loading level, it was necessary to increase the out- 
side diameter of the turbine by as much as 30 percent compared with the 
more highly loaded designs having 1.0-in. blades.  Because of the variation 
in stage hub-to-tip diameter ratios and the change in hub diameters, the 
disk rim speeds  have been increased by an even greater percentage. 

CONCLUDING REMARKS 

Despite the uncertainty concerning the relative magnitude of secondary loss 
in planar cascades and in stages, and hence the uncertainty in which levels 
of efficiency are achievable in the small turbines of interest to USAAVLABS, 
the current investigation provides the basis for the eventual determination 
of achievable efficiency levels.  It should also be emphasized that the re- 
sults of the design analyses presented herein are for a particular value of 
the turbine flow parameter corresponding to a flow rate of 5 Ibm/sec, an 
inlet temperature of 2960 OR, and an inlet total pressure of 142 psia.  Thus, 
the principal result of the investigation must 3e regarded as the deriva- 
tion of a loss correlation, even though there i» uncertainty concerning the 
value of the empirical constant in the secondary loss term.  For designs 
of lower mass flow or higher inlet pressure levels which are of interest 
to the designers of high-performance, small gas turbine engines, it is 
reasonable to conclude that blade heights of considerably less than 0.4 
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In.   will   stfll   correspond  to optimum  designs  even  though   their  efficiencies 
are   lower  than   those  that would be obtained   in   larger  capacity   turbines 
having  the  same  value of  stage   loading  factor. 
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CONCLUSIONS 

1. A correlation of   total-pressure-loss coefficients for  low-aspect-ratio 
turbine blading has been obtained.     The correlation contains an empiri-r 
cal  factor  relating the magnitude of aspect-ratio-dependent  secondary 
loss measured  in planar cascades  to the  secondary flow loss  in  turbine 
stage blading. 

2. Even  though the   level  of achievable efficiency   is dependent on  the ad- 
ditional  secondary  loss factor  introduced  into the correlation,   the 
current   Investigation has shown that  the benefits of the reduced  stage 
loading factor outweigh the detrimental   effects of reducing the blade 
height   in the range considered. 

3. The most probable  level  of efficiency for a stage having a O.U-in.   an- 
nulus  for  the selected design-point  requirements,   irrespective of   the 
level  of corrected stage work output,   is 87 percent.    This   is approxi- 
mately S percentage points higher than designs of comparable  inlet flow 
capacity,   in which a   1.0-in.  blade height   is selected  in order  to 
achieve high-blade-row aspect ratio but   in which the  level  of  the stage 
loading factor   Is approximately doubled. 

k.    The cascade test program has shown that  the  level of loss  in  low-aspect- 
ratio and highly   loaded rows  is extremely sensitive to small   distur- 
bances of  the main flow field.     Small   irregularities  in the end wall 
which produce boundary-layer separation,  small  tip clearance  leakages, 
and small  quantities of flow entering the cascade normal  to an end wall 
were found  to  increase the level  of  total-loss coefficient by as much 
as a factor of  5.    These results were an unexpected byproduct of  the 
experimental  program,   in that neither  the small  discontinuity  in some 
of the porous-wall  configurations nor  the small   leakage flows  that  re- 
sulted from imperfect assemblies of particular cascades would have been 
previously  considered to be of such  large  importance. 

5.    The tests of   leaned cascades, although   limited to two leaned standards 
for one stator cascade profile geometry,  have shewn that the  introduc- 
tion of a  relatively small  force normal   to the end walls significantly 
affects  the  level of   loss,   its distribution with height,  and the varia- 
tion of tangential and through-flow velocity components.    Although the 
row that was   leaned 20 deg with respect   to the end walls had a   level  of 
total   loss which was more than 50 percent higher than that of  the nor- 
mal  cascade,   the  indications are that   leaned stator blades could be 
used to advantage  in a turbine stage to suppress the secondary flows 
and  losses  created by  the strong radial   gradient of static pressure 
across  the stator exit annulus. 
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RECOMMENDATIONS 

3. 

A  series  of   stage performance   tests  should  be undertaken   to validate 
the principal   conclusions  of   the   investigation and  to provide more 
data  on  the additional   secondary   loss   factor assumed   in   the derived 
correlation of  the  total-pressure-loss  coefficient. 

As  part of   the stage  test program above,  or as a separate   investiga- 
tion,   the  effects of  stator   lean   in an annular  cascade and/or   in a 
complete  a tags should  be  further   investigated.     Any  such  program  should 
be   integrated with a  thorough analytical  analysis  so  that   the  results 
of   the   investigation might  be applied to the optimization of stage per- 
formance generally. 

While further cascade testing with a high quality of   Inlet  profile 
would  not be recommended due to   the fact  that  the secondary  losses 
would not necessarily be  representative of stage performancs,  a more 
detailed evaluation of partiuclar cascades with various  standards of 
inlet   total-pressure profile   is  a   logical  and useful   extension of  the 
original   program.    The results  of  such an   investigation would provide 
a  better understanding of   the secondary flow effects,  which undoubtedly 
have a  significant   influence on   the  level  of efficiency   that  is  achiev- 
able   in a  small   turbine having   low-aspect-ratio blading. 
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Figure 2.     Effect  of Trai 1 ing-Edge Thickness  on Overall 
Pressure-Loss  Coefficient. 
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Design Radius = '♦.O in. 
Inlet Angle - 0.0 deg 
Exit Angle - 63.6 deg 
Design Exit Mach No. = 0.626 
Pi tch - 0.503 in. 
Chord = 0.715 in. 

Figure 5.  Stator Mean Section, 17/0,^ (Scale = 10:1) 
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Figure 6.  Rotor Sections, 17/0.^ (Scale = 10:1) 
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Figure 23.    Radial  Variation of Allowable and Actual  Rotor Metal 
Temperatures   (Minimum Required Number of Coolant 
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TABLE   1. NUMBER OF BLADES 

1                                                                                                                                                  1 

Corrected Work Annulus 
Output Height Number of Number of 

(Btu/lbm) (in.) Stators Rotors 

17 
0.7 

50 
^40 

^7 
38 

1.0 •• 29 28 

22 O.k 
0.7 

50 
38 

1.0 * 32 31 

27 O.k 
0.7 
1.0 

50 
^0 
35 

V7 
35 
31 

1         _      , ,     . 
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TABLE   11. BLADE   CHORD LENGTHS 
I                                                                                                                                                1 

Corrected Work 
Output 

(Btu/ibn) 

Annu1 us 
Height 
(in.) 

Chord Length   (in.) 
Stator 

Mean 
Rotor 
Mean 

Rotor 
Root 

17 

22 

27 

0.^ 
0.7 
1.0 

0.^ 
0.7 
1.0 

o.u 
0.7 
1.0 

0.715 
0.660 
0.750 

0.733 
o^o 
0.725 

0.830 
0.BU0 
0.750 

0.773 
0.880 
0.810 

0.850 
0.800 
0.860 

1.070 
1.010 
0.920 

0.790 
0.930 
0.850 

0.855 
0.910 
0.910 

1.130 
1.060 
1.000 

l                                                                              1 
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TABLE V.     PRESCRIBED SURFACE HACH NUMBER DISTRIBUTIONS   -  STATORS 

Blade 
Height 

Corrected Work 
Output 

Suet ion Pressure 
Fractional Hach Fractional Hach 

(in.) (Btu/lbm) Length Number Length Number 

o.u 17 0.0000 0.2200 0.0000 0.2200 
C.2000 0.7600 O.kOOO 0.3500 
0.5000 0.7600 1.0000 0.6260 
1.0000 0.6260 - - 

22 0.0000 0.2000 0.0000 0.2000 
0.2500 0.9^15 O.kOOO 0.3100 
0.5000 0.9h\S 1.0000 0.8097 
1.0000 0.8097 - - 

27 0.0000 0.1800 0.0000 0.1800 
0.3000 1.1000 o.uooo 0.3M)0 
0.7000 1.1000 1.0000 0.9909 
1.0000 0.9909 - - 

0.7 17 0.0000 0.1600 0.0000 0. 1600 
0.3000 0.8000 O.MWO 0.2800 
0.7000 0.8000 1.0000 0.7190 
1.0000 0.7190 - - 

22 0.0000 0.1200 0.0000 0.1200 
0.3500 0.9000 0.3500 0.2300 
0.6700 0.9000 0.5500 0.3^00 
1.0000 0.8207 1.0000 0.8207 

27 0.0000 0.1000 0.0000 0.1000 
0.M)00 0.9600 0.3000 0.1900 
0.6800 0.9600 0.6000 0.3700 
1.0000 0.8880 1.0000 0.8880 

1.0 17 0.0000 0.1200 0.0000 0.1200 
0.3500 0.8000 0.3000 0.1900 
0.8200 0.8000 0.6000 0.3600 
1.0000 0.7^0 1.0000 0.7^0 

22 0.0000 0.1000 0.0000 0.1000 
0.3500 0.8900 0.3000 0.1700 
0.8200 0.8900 0.6000 0.3500 
1.0000 0.8320 1.0000 0.8320 

27 0.0000 0.0900 0.0000 0.0900 
O.kOOO 0.9600 0.3000 0.1600 
0.8500 0.9600 0.6000 0.3M)0 
1.0000 0.9020 1.0000 0.9020 
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TABLE VI.  PRESCRIBED SURFACE MACH NUMBER DISTRIBUTIONS - ROTOR MEANS 
i   ■   -                                                        I 

Blade 
Height 

Corrected Word 
Output 

Suet ion Pressure 
Fract iona1 Mach Fractional Mach | 

(in.) (Btu/lbr) Length Number Length Number 

0-U 17 0.0000 0.3500 0.0000 0.3500 
0.1500 1.0200 O.kOOO 0.5200 
0.6000 1.0200 1.0000 0.8577 
1.0000 0.8577 - - 

22 0.0000 0.3200 0.0000 0.3200 
0.2000 1.0750 0.3000 o.uooo 
0.6700 1.0750 1.0000 0.9040 
1.0000 O.POM) - i 

27 0.0000 0.3625 0.0000 0.3625 
0.2000 1.1750 0.3000 o.uooo 
0.7300 1.1750 1.0000 0.98 8 
1.0000 0.9818 - 1 

0.7 17 0.0000 0.2780 0.0000 0.2780 
0.1700 0.7000 0.3000 0.3000 
o.uooo 0.8350 0.5000 0.3890 
0.6UOO 0.8350 0.5000 0.3890 
i.uc?n 0.7201 1.0000 0.7201 | 

22 0.0000 0.3000 0.0000 0.3000 
0.1000 0.S800 0.3000 0.3000 
0.3S00 0.9150 0.6000 0.5100 
0.6800 0.9150 1.0000 0.8030 
1.0000 0.8030 - - 

27 0.0000 0.2200 0.0000 0.2200 
0.1000 0.5^00 0.3000 0.2600 
0,3500 1.0100 1.0000 0.9130 
0.7100 1.0100 - ! 
1.0000 0.9130 - 1 

!  i.o 17 0.0000 0.2600 0.0000 0.2600 
0.1000 0.6000 0.3000 0.2800 
0.3500 0.8200 1.0000 0.7180 
0.6U00 0.8200 - - 
1.0000 0.7180 - 1 

72 0.0000 Ü.35O0 0.0000 0.3500 
0.1000 0.6000 0.U300 0-3500 
0.5000 0.9^00 1.cooo 0.8U00 
0.7300 o.^oo - ! 
1.0000 0.8^*00 

" J 
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TABLE VI - Cunt i n u e d 

Blade 
Height 

Corrected Work 

Output 
Sue' i on Pres *j *" ' 

Frac t ior>a 1 Mach F rac t i ona1 HJch 
(in.) (Btu/lbr) Length N'u" ber Lt-nqt h Vj-'ber 

27 0.0000 0.3/OC " J "i. .3200 I 
0.1600 0.7000 :. ^oo 0.3200 
0.6000 1.0900 , .ooo: 0.9660 
0.6700 1.OQOO - " 
1.0000 0.9660 - 1 

( 

0.7 17 0.0000 0.^00 o.ooc: .:.„.: 
0.1000 0,8200 0.3000 0.^800 
0.6000 0.8200 1.0000 0.6510 
1.0000 0.6510 - - 

22 0.0000 0.^800 0.000G G.-.800 
0.1000 0.9000 0.300C 0.5000 
0.6500 0.9000 1.0000 0.73^0 
1.0000 0.73^0 - - 

27 0.0000 o.^oo 0.0000 0.^500 
0.2000 1.0000 0.3000 0.^500 
0.6800 1.0000 1.0000 0.8530 
1.0000 0.8520 - - 

1.0 17 0.0000 0.5000 0.0000 0.5000 
0.1000 0.7300 0.7500 0.5000 
0.6000 0.7300 1.0000 0,5790 
1.0000 0.5790 - - 

22 0.0000 0.6000 0.0000 0,6000 
0.1000 0.8600 0.7500 0.6000 
0.6000 0.8600 1.0000 0.6900 
1.0000 0.6900 - - 

27 0.0000 0.7000 0.0000 0,7000 
0.1000 1.0200 0.7500 0,7000 
0,S600 1.0200 1.0000 0.8170 
1.0000 0.8170 

.   ....   n 
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1     TABLE VIt.     PRESCRIBED SURFACE  HACK  NUMB ER  DISTRIBUTIONS   - ROTOR ROOTS     1 
r                                                                                                                                                              i 

Blade 
Height 

Corrected Worl« 
Output 

Suet ion Pressure               i 
Fract ional Math Fractional Mach     { 

(in.) (Btu/lbm) Length Number Length Number 

0.7 17 0.0000 O.kUOO 0.0000 O.MtOO 
0.1000 0.8200 0.3000 0.U800 
0.6000 0.8200 1.0000 0.6510 
1.0000 0.6510 - - 

22 0.0000 0.^00 0.0000 0.4800 
0.1000 0.9000 0.3000 0.5000 
0.6500 0.9000 1.0000 O.JlkO 
1.0000 0.73M) - 1 

27 0.0000 0.U500 0.0000 0.4500 
0.2000 1.0000 0.3000 0.4500 
0.6800 1.0000 1.0000 0.8530 
1.0000 0.8520 - - 

!   i.o 17 0.0000 0.50QP 0.0000 0.5000 
0.1000 0.7300 0.7500 0.5000 
0.6000 0.7300 1.0000 0.5790 
1.0000 0.5790 - 1 

22 0.0000 0.6000 0.0000 0.6000 
0.1000 0.8600 0.7500 0.6000 
0.6000 0.8600 1.0000 0.6900 
1.0000 0.6900 - i 

27 0.0000 0.7000 0.0000 0.7000 
■\. 1000 1.0200 0.7500 0.7000 
0.5600 1.0200 1.0000 0.8170 
1.0000 0.8170 - j 

i 
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TABLE VIII. BLADE GEOMETRIC  DATA 

Odd Cascade Numbers   1-17   - Stator Heans 
Even  Cascade  Numbers  2-18 -  Rotor  Means 
Cascade Numbers 21-26 -  Rotor  Roots 

Blade Corrected Werk Aspec Rat io      1 
Cascade Heiqbt Output Pitch/Chord Blade Passage 

1 Number (in.1 (Btu/lbm) Pi tch (s) Rat i o  (s/c) (H/c) (H/o) 

1         1 o.u 17 O.S03 0.703 0.S60 1.795 
2 o.u 17 0.535 O.o92 0.518 1.538 

1        3 O.k 22 0.5^0 0.737 0.5^6 1.870 
'        k o.u 22 0.575 0.6?6 o.wi 1.282 

5 0.^ 27 0.579 0.698 0.U82 1.980 
6 o.u 27 0.705 0.659 0.38^4 0.930 
7 0.7 17 O.U63 0.702 1.060 U.700 

1       B 0.7 17 0.U88 0.555 0.778 2.780     1 
9 0.7 22 0.51*2 0.732 O.SUd U.830 

10 0.7 22 0.571 0.676 0.875 3.016 

1    ii 0.7 27 0.613 0.730 0.833 '♦.85i* 
12 0.7 27 0.700 0.680 0.693 2.60i*     i 
13 1.0 17 0.5^2 C    23 1.333 5.800 
\k 1.0 17 0.561 0.6SJ !.235 ^4.970 

1      >5 1.0     . 22 0.560 0.772 1.380 7.190 
16 1.0 22 0.578 0.672 1.163 5.060 
17 1.0 27 0.575 0.767 1.333 8.630     | 
18 

i              4- 
1.0 27 O.6U9 0.705 1.087 k.GkO 

21 0.7 17 0.510 0.5^ C.753 2.825 
22 0.7 22 0.512 0.563 0.770 2.965 
23 0.7 27 0.637 0.601 0.660 2.Udo 
2U 1.0 17 O.M*9 0.528 1.178 5.896 
25 1.0 22 0.U76 0.523 1.100 5.967 
26 1.0 27 0.5'*7 0.51*7 1.000 5.397 

*Cascade" s  19 and 20 are discussed  in Append x   IV. 

1                       ^3 
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TABLE    IX. DESIGN VALUES OF TOTAL-TO-STATIC PRESSURE RATIO 
I                                                                                                                                                                             I 

Cascade  N jnber CMU (%)„ 
1 1.3022 I.U66I 
2 1.6173 1.9379 
3 1.5396 1.771'« 
U 1.6987 2.070^4 
s 1.8732 2.1351 
6 1.8538 2.3^76 
7 l.i+IM 1.52i*3 
8 \.k\2k 1.5792 
9 1.5568 1.6913 

10 1.5289 1.7192 
I 1 1.6695 1.8078 
12 1.715^ 1.9152 
13 I.W+68 1.52^3 
\k I.U098 1.5552 
15 1.57'»3 1.673! 
16 1.5873 1.7675 
17 1.6950 1.8078 
18 1.8201 2.1089 

21 1.329^ 1.5552 
22 1.U307 1.6913 
23 1.6072 1.8929 
2^ 1.2550 1.^25'* 
2S 1.37^ 1.6207 
26 1.5505 1.9379 

■Cascades IQ  and 20 are  c i scusse d   i n  Append!x   1 V. 

1                                       - ,                                                                                                       1 
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1           TABLE X.      EXPERIMENTAL RESULTS- -TCTAL-PRESSURE- -LOSS   COEFFICIENTS 

!                                 ■                                                                                                                                                                               _ I 

Local Loss  C oe ^ t i c * e ^ t S    3 t                             S . t t  1 ^ P     T ,. k   ■ 

I 

Cascade 
Number 

Immers ion Depths   (: n.)                             *1 dc ha^^t 
Loss 

"T ,    T    .                     { 

A B C D 

A   = 

1 . O.^-ln.- Heigh1.   Cj^-viade 

B  = C   = D   = 
0.050 0. 100 0. ISO 0.200 

1           ' 0.085 0. 1 16 0.08U 0.081 . . O^c 0.090      | 

i          3 0.080 0.098 0.075 0.068 0.05^ 0.081        | 

1        5 0.096 0.089 0.105 0.13^ 0.07' 0.102       1 

2 0.091 0.07^ 0.056 0.062 0.05-* 0.07^       I 
1        k 0.077 0.080 0.057 0.070 0.05^ 0.070 

1        6 0. Ml 0.067 

I I. 

0.059 

0.7-in.- 

0.05-« 

Height  Cascades 

0.0^5 0.081       l 

A  x B  = C  = D  = 
0.050 0. 150 0.250 0.350 

|        7 0.123 0.090 0.085 0.065 0.073 0.09^       j 
9 0.076 0.061 0.057 0.051 0.088 0.063       1 

11 0. 102 o.osu o.og^ 0.088 0. 12^ 0.093       1 

|       8 0.100 0. 1U6 0. 119 0.098 0. 1 17 0.119       1 
10 0.07^ 0.089 0.112 0.080 0.089 0.091 
12 0.06^4 0.079 

III. 

0.107 

1.0-in. 

0.096 

-Heigh.   Cascades 

0.069 0.087      j 

A  » B  = C  - D = 
0.071 0.?\k 0.357 0.500 

1       ,3 0.088 0.097 O.065 0.066 0.067 0.081       | 

I       15 0. (08 0.076 •J.077 0.078 0.092 0.086       j 

17 0. 152 0.  IW4 0.IU2 0.136 0. IM o.us 

1       ]k 0. 1 10 0. 1^9 0.161 0. 12^ 0. 121 0. 1U1 

\       "6 0. 1U6 0. 190 0.199 0.180 0.135 0.181     j 

\       l8 0. 118 0. 180 0.222 0.'73 0.219 0.176 
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1 

TABLE  X   - Cort inued 

Local Loss Coefficients at Suction Test 
Cascade 
Nufnber 

Irmersion Depths   (in.) Hidchannel 
Loss 

Total 
Loss A B C D 

IV. 0.7-i n.-Rotor Root   Section Cascades 

A   = B  = C   = 0  = 
0.058 0. 150 0.250 0.350 

2I 0.160 0. I?«* 0.200 0.U5 0.161 0.17^ 
22 0. 110 0. 1W 0.215 0.152 0.150 0.159 
23 0.139 0. 126 0.180 0.190 0.109 0.156 

V. 1.0-i n.-Rotor Root  Section Cascades 

A  ' B  « C  = D » 
0.071 0.2\k 0.357 0.500 

tk 0.U51 0.323 0.385 0.330 0.3^3 0.378 

25 0.382 0.531 0.U59 0.393 0.388 O.kSO 
26 0.39^ 0.326 0.3^5 0.221 0.563 0.33'* 

i                                                                                                                                                 i 
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TABLE  XI .     SUCTION SURFACE  DIFFUSION RATES 
1                                                                                                                                    I 

M        - M M max        ex max     1 
Cascade Number (Mex)(4s/s) * ex       1 

1 0.U28I 1.2139 
2 O.U73> 1.1892 

\               3 0.3256 l. 1636 
|                          t* 0.5732 l.19i*3 

5 0.3670 1.1113   | 
6 0.7288 1.2019   1 
7 0.3755 1.1123   i 
8 O.W«32 1.1596 

1               9 0.2928 1.0966 

i             10 0.U359 1.1398 
1             11 0.253^ 1.0810 

12 0.366*» 1.1061 
13 0.3862 1.0720 
\k 0.39'*6 1.11*21 
'5 0.3872 1.0693 
16 0.'t409 1.1190 
'7 0.U287 1.061*1 

|            ,8 0.3890 1.1281* 

i            2, 0.61*90 1.2590 
22 0.61*62 1.2258 
23 0.51*28 1.1731» 
2k 0.6520 1.2611* 
25 0.6159 I.2U73 

1             26 0.561*7 1.21*83 

«Cascades   19 and 20 are discussed in Appendi x   IV. 

_        .                                                               ... 
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TABLE   XII.     CONTRIBUTION OF   MIXING LOSS TO   FULLY MIXED  LOSS COEFFICIENTS 
i                                                                                                                                                                                l 

Mini ng/ Mean-L in« Mi xi ng/ Mean-Line Mixing/ 
Cascade Total Total Loss Mean-Line Loss Mean-Line     'i 
Number Loss Loss (Sol id) Loss (Suet ion) Loss 

1 0.0897 n.o}^ 0.0815 0.02U5 0.0761 0.0237         1 
!          3 0.0806 n.0360 0.0676 0.0296 0.05^ 0.0386 

\         * 0.1017 0.ni3 0.1337 0.07'*8 0.0707 0.1259         1 
7 0.0937 0.0181 0.0651 0.0138 0.0730 0.0329 
9 0.0629 0.0350 0.051'* 0.0389 0.0877 0.08^ 

j        1 I 0.0926 0.0821 0.0879 0.0762 O.^^ 0. I0'*7 
13 0.0807 0.0260 0.0657 0.0289 0.0673 0.059^ 
15 0.0855 0.0877 0.0777 0.OB7U 0.0920 0.1707        | 

1        »7 0.1W*6 0.1307 0.1363 0.1233 O.I'«!! 0.3203         I 
t          2 0.07'*0 0.01432 0.0619 0.0307 0.05'*3 0.0276        | 
j          k 0.0701 0.0599 0.0699 0.0372 0.0536 0.0373 

i       * 0.08)1 0.0703 0.0S37 0.0335 0.0'«53 0.0331         1 
!         8 0.1188 0.0253 -.098i4 0.0193 0.1169 0.0171      ! 
\      »o 0.091'* 0.0^38 0.0795 0.0302 0.0887 0.0338        'i 

12 0.0868 0.0668 0.0959 0.0^28 0.0688 0.0320        | 
1        li* 0.IU07 0.02'«2 0.1237 0.0097 0.1211 0.0116        1 

16 0.181'« 0.0209 0.1802 0.0117 0.1350 0.0207        \ 
18 0.1759 0.0773 0.1733 0.0831 0.2188 0.0795        ä 

S       21 0. W 0.0'«37 0. I^ 0.0^68 0.1605 0.0268        j 
i        22 0.1589 0.03'*6 0.152'» 0.02'49 0.1500 0.02'»0        I 

23 0.1556 0.03'*7 0.1898 0.0332 0.1090 0.0275 
2** 0.378^ 0.0219 0.3296 0.0200 0.3'*27 0.0105        1 
25 o.'45no 0.0171 0.3927 0.0206 0.3877 0.0098     ! 

1        26 0.33^ 0.0209 0.2207 0.0317 0.5630 0.0117 
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1                                    TABLE XI II.     PERFORMANCE Or   LEANED   C ASCADES 

Streartube Number 1 2 i u r 
3 •3 

 ( 
! 

/ 

F low Angle,   deq 
S         0 deq   lean 72.8 72.2 72.2 ■ 2.2 72.8    | 

10 deg   lean 78.^ 77.-* 76. '- /'?••-' 7 5. 7 
-. ^     r 

71.5    1 
20 deg   lean 8^.8 "17     C 76.6 7U.8 72. S ' 'l . 67.^    ' 

Axial   Veloc i tv,   fps 
0 deq   lean 316 329 32- 3:0 * 2 ^ j • ">   0   .' 
10 deg   lean 212 231 23Q 277 :.-8 5 13 339 
20 deg   lean 86 218 2^9 282 32: 368 k\e 

Total-Pressure-Loss   ( ;oe ff i c ien 

0 deg   lean 0.076 0.061 0 .0S8 0.051 0.05B J 061 0.076 
10 deg  lean 0.121 o. m 0 . 1 12 0.057 0.073 0 106 0.062 1 

20 deg  lean 

| • 

0.^93 0. 180 0 .08U 0.076 0.077 0 ow 0.0U0    j 

i                                                                                                                                                                    i 
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APPENDIX   t 

ROTOR COOLING REQUIREMENTS 

INTRODUCTION 

An   investigation  of   the efficiency   limits  of   turbine  stages  operating at 
very high   inlet   temperatures  should   include an estimate  of   the  performance 
penalty associated with any  required coolant   flows.     The  severity of  this 
penalty   is  often  great  enough  that  an  aerodynamical ! y optimal   design will 
require considerable modification  to achieve  the best  overall   cycle effi- 
ciency.     For   this   reason,  a preliminary  cooling  investigation was  conducted 
as  soon as   the   tentative stage and blade aerodynamic  designs  were  estab- 
Iished. 

The  two parameters  of  greatest   importance   in  the aerothermodynamic  analy- 
sis are normally  the annulus  height and  the number of blades  chosen  for 
the design.     The  total   heat   transferred  from  the mainstream flow to the 
blades  is directly proportional   to the heat  transfer  surface area avail- 
able, and  thus  to the annulus height;   this parameter therefore  indicates 
the gross cooling that a design will   require.     For a given pitch/chord 
ratio, on  the other hand,  the chosen number of blades fixes  the blade chord 
and associated Reynolds number;  this parameter therefore governs boundary- 
layer behavior on  the blade surfaces and thus  the heat  transfer  rates  that 
will  exist.     In addition,  for a given blade shape,   the choice of blade 
number determines  the cross-sectional  area available for  coolant  passages 
and thus  the maximum gross cooling that  can be achieved. 

In the present  case,  annulus  heights and blade numbers have been chosen so 
as  to span a  reasonable range of aerodynamically efficient  stage designs 
with high specific power outputs.     It   is  still  of   importance,   however,   to 
consider  the   likely cooling penalties   in addition to  the experimentally 
determined aerodynamic   losses when evaluating  the overall   performance that 
the various  stages could be expected  to achieve  in practice.     This appen- 
dix accordingly presents a preliminary analysis of   three  representative 
stages of  differing annulus heights. 

ANALYSIS HODEL 

The objective of   the simplified analysis   is   to determine  the overall   cool- 
ing flew requirement of a given stage,   disregarding  the detailed placement 
of  the cooling passages within  the blade profile.    Thus,   the blade may be 
replaced with a circular cylinder of  equal   height,||  ,  and perimeter, p    , 
and  the following assumptions may be made: ' 

I.     The adiabatic wall   temperature,    «^  ,   is constant  and  equal   to  the 
row   inlet   relative  total   temperature at   the  hub   (i.e.,   the   re- 
covery  factor  is  unity). 
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2. The  external   heat   transfer  coefficient, «5 ,   is  constant  and equal 
to  the area-weighted mean of   the  coefficients about   the actual 
blade. 

3. The  net   radial   conduction of  heat   is  zero. 

k.     The metal   temperature,   ll^ ,   is a   function of  radius only. 

5.     The cooling configuration may  be  rep-esented as a number,  N^ ,   of 
equivalent  standardized holes  of  perimeter, ft  ,  and heat   trans- 
fer   coefficient.  £    . 

Since  there   is  no  net   ^adial  conduction,   the  steady-state  heat  balance  equa- 
tic.- at  any   radius   Y*   in   the annulus may  be  written 

*S PS t^- T*(r>]'lcf>c"c[rMrt-TcCr'S] (16) 

where   lc 00 is   ^^  radial   distribution  of  coolant   temperature.     This   func- 
tion must  satisfy   the  following equation: 

££ .<cPc[r*»Cr)-TcOrg 
1r w Co (17) 

where W   is   the flow  rate   in each passage.      Eliminating   T^n^V]) between 
these equations  yields 

= *\jl-rccrS} (18) 

where 

K    -     *s ^j Acre 
" wCpC<.P$-».Nc«cPc) 

This   equatt "i   has   the   familiar  solution 

(19) 

where    "CO  's   the  coolant   tenperature at   the   inlet   to the  blade.     Finally, 
by   inserting   this   result   into Equation   16,   the   radial   distribution  of  metal 
temperature as  a   function  of   the  number  of   cooling passages   in   the  blade 
may  be obtained: 

7^ 
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T,. (<;) ~ 1 r ~ P.s Ts + "'c. ~c Pc. ~T"cc -1$ ) 
~sPs+Hc_~Pcl_ [-~sPs~Pc Y" 1 ~'rl (20) 

e~<P IIICp('s~+Nc(cP~.tT.sJJ 
. .. 

Thus, the m1n1 murn acct.:ptable number of coo l 1ng pa ssa ges, Nc, , ma y be de-
termined from Equation 20 if the ma xim um allowa ble metal temper at ure, T:. 
is known as a function of radius. T.,: ma y, of cour se, be ca lcul at ed in de ­
pendently, since it can be assumed to depend on l y on t he ce~tri uga l s t r ess 
at a given radi us and t he part icul ar design life in ho ur s f 0 r t e given 
material. 

RESULTS OF THE ANALYSIS 

Although stator coolant flows are usually comparable in magnitude to those 
in the rotor, this analysis has been li mited to a s tudy o f three typi cal 
rotor rows, so that centrifugal stres s le vels may be used to f urni s h a 
clear criterion of allowable metal temperature s. 

Centrifugal stress at the root section has been plotted versus uncocled 
metal temperature in Figure 4 for each of the nine rotor designs. It will 
be seen that, with the exception of the most highly loaded 0.4-in.-annulus­
height design, all the rotors lie within a band paral lei to, and approxi­
mately 750°F higher than, the 1000-hr stress-to-rupture curve for the as­
sumed material, MAR-M200. Since the wall, coolant, and allowable metal 
temperature s are all known at the blade hub, Equation 16 may be used to 
obtain a lower limit to the required number of coolant passages: 

~ Pc [T~(o)-rcJ ( 2 1) 

It can be shown that cooling is most effective when each hole carries the 
minimum amount of coolant, insuring fully turbulent flow; this occ urs at 
a Reynolds number of approximatel y 10,000. Thus, 

Re -- 10000 -- (22) 

a nd i f the ho l e s are 0.02 1n. 1n d iameter, 

w \2 3) 

The corresponding coolan t conductance ha s been calculated by t he method of 
Re f erence ]. 
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^s 2.ss   eTü/FTM(t.R (2U) 

Surface conductances for the three chosen rotor rows have been calculated 
by  the method of Squire (Reference 8),   for  the laminar  regime,  and Trucken- 
brodt   (Reference 9), after transition to turbulent flow has  been predicted. 
Results are  tabulated below. 

Annulus Height,   in. 
Stage Specific Work Output.  Btu/lbm 
Suction Surface Length,  ft . 
Suction Surface Hean,£ ,  Btu/ft    hr 0F 
Pressure Surface Length, ft _ 
Pressure Surface Hean,£ ,  Btu/ft    hr    F 
Leading-Edge Surface Length,  ft 
,,,:-^-Edge Mean, J ,  Btu/ft    hr    |        o 

• -t* Surface Conductance,   Btu/ft     hr    F 

Assuming that the coolant  is bled from a  10:1 pressure ratio compressor 
of SO-percent  isentropic efficiency. 

o.u 0.7 1.0 
17 22 27 
0.0726 0.1051» 0.1370 
57U.i» ^39.3 397.9 
0.0629 0.0750 0.0882 
273.9 212.3 322.9 
0.0050 0.0067 0.0083 
900 750 1100 
63.10 67.25 92.12 

'CO Ä   |200   0R (25) 

Thus, from Equation 21. the minimum required number of passages for the 
O.k-,  0.7-,  »nö  1.0-in. designs are 28, 38, and 60, respectively. 

To determine if these are the required numbers of passages, radial distri- 
butions of allowable metal temperature were calculated from the material 
property curve of Figure *♦, assuming that stress is directly proportional 
to annulus area. 

where V   Y^pJ 

(26) xue ^VCAO^i-^Cnl)) 
^^is  metal   density,   lbm/cu   in. 

A    is annulus area,   sq  in. 

N   is   rotational   speed,   rpm 

C    is area  taper ratio 

76 

■»fc mmut^^mm^^^^^^ 

^ 



r 

£  is hub/tip ratio 

Actual metal  temperatures along the blade were then computed from Equa- 
tion 20 and were superimposed on the allowable temperatures.    The results 
have been plotted as a function of annulus height   in Figure 23*     It will 
be observed that the minimum number of passages proved to be clearly suffi- 
cient for O.U-in. and 0.7-in.  rotors and marginally sufficient  in the case 
of  the  I.O-in.  rotor.    Thus,  final  estimates of the percentage coolant flow 
requirements of each of  the rotors may be obtained from 

«C.-WTAL-     5,8600 <27' 

where  N^is the number of  rotor blades chosen for each roM.    Therefore, 
the predicted values,   in order of  increasing annulus height,  are 7.3 per- 
cent, 8.0 percent, and 10.3 percent,  respectively. 
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APPENDIX   It 

CASCADE  PROFILE- COORDINATES 

This append! ■   documents  the profile shapes of each of  the cascades  tested 
in  the experimental   program.     The blades are defined by  the Cartesian co- 
ordinates,   in   inches,  of  20 points  equally spaced along each surface.    Cir- 
cular arcs  were employed to complete  the   leading and trailing edges. 

The  foMcwing additional   information   is   included: 

1. Gas   inlet  and exit  angles 

2. Stagnation  point   location 

3. Suction and pressure  surface   lengths 

U. Prof ile area 

5-     Blade pitch and chord 

6.     Number of  blades 

Cascades   19 and 20,  omitted  from this  tabulation,  were   identical   in pro- 
file shape   to cascade 9. 
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PROFILE  COORDINATES  FOR CASCADE  NO.    I   (STATOR  MEAN] 

Blade Height  = 0.^   in. 

Stage  Corrected work Output   =   17   Btu/M 

Gas   Inlet  Angle  = 0.0 deg 

Gas  Exit  Angle = +63-6 deg 

Norma 1 i zed Sue t ion Sorrace Presio: t'   Sur' rc^ 
Length X y » > 

0.000 -0.261 0. 126 -0.2SL* 0.Ö7R 
0.050 -0.230 0. 157 -0.22S 0  059 
0. 100 -0. 1% 0. 178 -0.!9S 0. OkU 

0. 150 -0.15^ 0. 190 -0.165 0   G2M 

0.200 -0. 112 0.190 -0.135 0   Oik 

0.250 -0.072 0.178 -0.106 -0.GDI 
0.300 -0.035 0.158 -0.076 -0.017 
0.350 -0.001 0. \lk -o.ow -0.03^ 
o.uoo 0.029 0. 106 -0.019 -0.C52 
0.U50 0.059 0.076 0.008 -0.Ü7I 
0.500 0.086 0.0^4 0.035 -0.09' 
0.550 0. Ill 0.010 0.061 -0.112 
0.600 O.Mk -0.02U 0.087 -0.134 
0.650 0. 156 -0.059 0.112 -0.156 
0.700 0.177 -0.096 0.136 -0.180 

0.750 0.197 -0.133 0.159 -0.204 

0.800 0.217 -0.170 0. 181 -0.230 

0.850 0.236 -0.207 0.203 -0.255 
0.900 0.25*» -0.245 0.223 -0.282 
0.950 0.272 -0.283 0.2M* -0.309 
1.000 0.290 -0.321 0.263 -0.336 

"Stagnation" Point,   x -  -0.286.   y  -   0.100 

Suction  Surface  Length - 0.839   in. 

Pressure  Surface  Length -  0.672   in. 

Cross-Sectional  Area  ■  0.0822   sq   in. 

Pi tch •   0.503   in. 

Chord  -  0.715   in. 

Number  of   Blades  ■  50 
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PROFILE COORDINATES FOR CASCADE NO.   2   (ROTOR MEAN) 

Blade Height  * O.k  in. 

Stage Corrected Work Output «   I? Btu/lbn 

Gas   Inlet Angle ■ -26.57 deg 

Gas  Exit Angle  ■  -60.796 deg 

/ 

Normalized                           Suction Surface Pressure Surface 
Length                                 x                                   y x                                     y 

0.000                         -0.253                      0.193 -0.26^ 0.152 
0.050                         -0.2IU                      0.207 -0.2M) 0.123 
0.100                        -0.173                     0.209 -0.213 0.098 
0.150                         -0.132                      0.202 -0.185 O.O?** 
0.200                         -0.095                      0.185 -0.156 0.051 
0.250                         -0.060                      0.163 -0.127 0.028 
0.300                        -0.028                     0.137 -0.098 0.006 
0.350                           0.002                      0.110 -0.068 -0.015 
0.UO0                           0.031                      0.081 -0.038 -0.037 
0.U50                          0.058                     0.050 -0.009 -0.059 
0.500                           0.085                      0.019 0.019 -0.082 
0.550                    o. no               -0.013 o.o^8 -0.105 
0.600                         O.Mk                  -O.0U6 0.076 -0.129 
0.650                        0.157                  -0.080 0.10^ -n.153 
0.700                           0.180                    -0.115 0.130 -0.179 
0.750                         0.201                   -0.150 0.157 -0.205 
0.800                          0.222                   -0.185 0.182 -0.232 
0.850                           0.2^2                    -0.221 0.206 -0.259 
0.900                           0.262                    -0.257 0.230 -0.287 
0.950                         0.282                   -0.293 0.25'» -0.316 
1.000                          0.301                    -0.329 0.276 -O.}*^ 

"Stagnation" Point, x - -0.28i», y - 0. 18) 

Suction Surface Length - 0.822 in. 

Pressure Surface Length ■ 0.738 in. 

Cross-Sectional Area « 0.0759 sq in. 

Pitch • 0.535 in. 

Chord • 0.773 in. 

Number of Blades ■ kj 
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PROFILE COORDINATES FOR CASCADE NO. 3 (STATOR MEAN) 

Blade Height - O.k  in. 

Stage Corrected Work Output 

Gas Inlet Angle ■ 0.0 deg 

Gas Exit Angle ■ +67.8 deg 

22  Btu/'bm 

Normalized Suction Surface Pressure S jrface 
Length X y X y 

0.000 -0.255 0.137 -0.2^5 0.085 
0.050 -0.22U 0.170 -0.215 0.066 
0.100 -0.186 0.19^ -o. le** 0.051 
0.150 -0.\kk 0.206 -0.153 0.03'* 
0.200 -0.100 0.205 -0.123 0.018 
0.250 -0.057 0. 192 -0.093 0.000 
0.300 -0.020 0.168 -0.063 -0.017 
0.350 0. 118 0.138 -0.035 -0.037 
O.kOO o.oko 0.105 -0.007 -0.058 
0.U50 0.067 0.069 0.018 -0.081 
0.500 0.09« 0.032 0.0k2 -0.105 
0.550 O.Wk -0.005 0.066 -0.130 
0.600 0.135 -0.0M* 0.090 -0.155 
0.650 0.155 -0.083 0.113 -0.181 
0.700 0.17^ -0.123 0.135 -0.208 
0.750 0.192 -0.1614 0.156 -0.236 
0.800 0.210 -0.204 0.177 -0.2614 
0.850 0.227 -0.21*5 0.196 -0.292 
0.900 O.Zkk -0.286 0.215 -0.321 
0.950 0.261 -0.327 0.233 -0.35' 
1.000 0.277 -0.368 0.251 -0.381 

"Stagnation" Point,  x ■ 0.289,   y - 0.108 

Suction Surface Length • 0.885   in. 

Pressure Surface Length ■ 0.693   in. 

Cross-Sectional  Area ■ 0.081+9 sq   in. 

Pitch - O.5I4  in. 

Chord ■ 0.733   in. 

Number of   Blades - 50 
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PROFILE COORDINATES FOR CASCADE NO. *i (ROTOR MEAN) 

Blade Height - O.k   in. 

Stage Corrected Work Output - 22 Btu/lbm 

Gas Inlet Angle - -323 deg 

Gas Exit Angle ■ -57-26 deg 

Normalized Suet ion Surface Pressure Surface 
Length X V X y 

0.000 -0.321 o.\ke -0.318 0. Ill 
0.050 -0.281 0.172 -0.280 0.093 
0. 100 -0.237 0.189 -0.2U2 0.078 
0.150 -0.190 0.195 -0.20'» 0.063 
0.200 -0.IU3 0.191 -0   166 0.0U6 
0.250 -0.099 0.176 -Ü.I29 0.029 
0.300 -0.057 0.15^ -0.093 0.010 
0.350 -0.018 0.128 -0.057 -0.010 
O.UOO 0.018 0.098 -0.023 -0.032 
0.U50 0.05)2 0.067 0.010 -0.055 
0.500 0.086 0.033 0.0^3 -0.079 
0.550 0.118 -0.000 0.076 -0.I0^ 
0.600 0.IU8 -0.036 0.108 -0.129 
0.650 0.178 -0.073 0.139 -0.156 
0.700 0.206 -o.no 0.170 -0.1814 
0.750 0.23^ -0.I49 0.199 -0.212 
0.800 0.260 -0.188 0.228 -0.21*1 
0.850 0.286 -0.227 0.256 -0.271 
0.900 0.311 -0.267 0.2Sk -0.301 
0.950 0.336 -0.307 0.311 -0.332 
1.000 0.361 -0.3U7 0.337 -0.3614 

"Stagnation" Point, x » -0.3149. y " 0.127 

Suction Surface Length • 0.91*2 '". 

Pressure Surface Length - 0.820 in. 

Cross-Sectional Area ■ 0.0828 sq in. 

Pi tch ■ 0.575 in. 

Chord « 0.850 in. 

Number of Blades ■ 1*7 
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PROFILE COORDINATES  FOR  CASCADE  NO.   S   (STATOR MEAN) 

Blade  Height   =  O.k   in. 

Stage Corrected Work Output   =   27   Btu/lbr. 

Gas   Inlet  Angle = 0.0  deg 

Gas   Exit   Angle  = 69.55  deq 

Normalized 
Length 

0.000 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.350 
O.kOO 
0.U50 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 

Suction Surface 
X V 

0.289 0. 156 

0.253 0.193 
0.210 0.220 
0. 161 0.233 
0. 110 0.231 
0.062 0.216 

•0.019 0.190 

0.01? 0.156 
0.0U9 0.116 
0.078 0.075 
0.105 0.032 
0.130 -0.01 1 

0.15^ -0.056 
0. 176 -0.101 
0.198 -0.1*47 
0.218 -0.193 
0.238 -0.2U0 
0.256 -0.287 
0.27** -0.335 
0.292 -0.382 
0.310 -0.^30 

Pressure Sur<a; «■ 
X y 

0.275 0. 100 
0.21*0 0.080 
0.2Ö6 0.060 

0. 172 o.ouo 
0.138 Ü.02C 

•O.IO'* -0.000 

•0.07! -0.022 

0.039 -0.045 

•0.007 -0.069 
0.021 -O.O96 

0.049 -0.124 

0.077 -0.152 
0.1 ou -0.181 
0.130 -0.211 

0.155 -0.242 

0.179 -0.273 
0.202 -O.305 
0.22U -0.338 

0.2U5 -0.372 
0.264 -0.407 
0.2814 -0.441 

"Stagnation" Point,   x  -   -0.336.   y  -  0.124 

Suction  Surface Length  -   1.012   in. 

Pressure  Surface Length  »  0.792   in. 

Cross-Sectional Area - 0.1084 sq   in. 

Pitch -  0.579   in. 

Chord  ■  0.830   in. 

Number  of   Blades  «  50 
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PROFILE COORDINATES FOR CASCADE NO.   6  (ROTOR MEAN) 

Blade Height   ■ O.U  in. 

Stage Corrected Work Output 

Gas   Inlet Angle ■  \k.92  deg 

Gas  Exit Angle ■  -52.56 deg 

= 27 Btu/lb 

Normalized Suction Surface Pressure Surface 

Length X Y X y 

0.000 -0.U33 0.101 -0.U21 0.068 

0.050 -0.389 O.IM* -0.367 0.063 

0.100 -0.338 0.178 -O.315 0.058 

0.150 -0.281 0.200 -0.262 0.052 

0.200 -0.220 0.209 -0.210 0.0U3 

0.250 -0.160 0.202 -0.158 0.030 

0.300 -0.102 0.1814 -0.108 0.015 

0.350 -0.0U6 0.158 -0.059 -0.005 

O.kOO 0.006 0.127 -0.012 -0.029 

O.<*50 0.056 0.092 0.033 -0.055 

0.500 0.103 0.05^ 0.078 -O.O82 

0.550 0.IW9 0.013 0.123 -o.in 
0.600 0.193 -O.O28 0.166 -0.IU1 

0.650 0.236 -0,072 0.208 -0.173 

0.700 0.277 -0.116 0.250 -0.206 

0.750 0.318 -0.163 0.290 -0.2U0 

0.800 0.356 -0.210 0.330 -0.275 

0.850 0.39^* -O.258 0.368 -O.312 

0.900 0.U3I -0.307 0.U06 -0.3^9 

0.950 0.U67 -0.356 O.MO -O.386 

1.000 0.50U -O.U05 0.U80 -O.klk 

"Stagnation" Point, x ■ -O.k&k,   y - 0.07'« 

Suction Surface Length - 1.222 in. 

Pressure Surface Length ■ 1.058 in. 

Cross-Sectional Area ■ 0.1193 sq in. 

Pitch - 0.705 in. 

Chord ■ 1.07 in- 

Number of Blades ■ '♦I 
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PROFILE COORDINATES FOR CASCADE NO.   7  (STATOR MEAN) 

Blade Height '0.7  in. 

Stage Corrected Work Output «  17 Btu/lbm 

Gas   Inlet Angle ■ 0.0 deg 

Gas Exit Angle ■71.2 deg 

Normalized Suction Surface Pressure Surface 
Length X y X y 
0.000 -0.241 0.124 -0.231 0.078 
0.050 -0.211 0. 154 -0.203 0,06) 
0.100 -0.177 0.176 -0.176 0.046 
0.150 -0.138 0. 189 -0.148 0.031 
0.200 -0.097 0.191 -0.121 0.015 
0.250 -0.057 0. 183 -0.094 -0.000 
0.300 -0.020 0. 165 -0.068 -0.017 
0.350 0.010 0.139 -0.042 -0.034 
0.400 0.038 0.108 -0.017 -0.053 
0.450 0.062 0.075 0.006 -0.074 
0.500 0.084 0.041 0.029 -0.095 
0.550 0.105 0.006 0.051 -0.117 
0.600 0.124 -0.030 0.073 -0.140 
0.650 0.142 -0.066 0.094 -0.163 
0.700 0.159 -0.104 0.114 -0.188 
0.750 0.175 -0.141 0.133 -0.212 
0.800 0.190 -0.180 0.151 -0.238 
0.850 0.204 -0.218 0.169 -0.264 
0.900 0.217 -0.257 0.185 -0.291 
0.950 0.230 -0.296 0.200 -0.318 
1.000 0.243 -0.334 0.216 -0.346 

"Stagnation" Point,  x ■ -0.274,  y - 0.099 

Suction Surface Length • 0.819  In. 

Pressure Surface Length • 0.628  in. 

Cross-Sectional Area ■ 0.0775 sq  in. 

Pitch - 0.463  in. 

Chord ■ 0.66  in. 

Number of Blades  ■ 40 
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PROFILE  COORDINATES FOR  CASCADE   NO.   8  (ROTOR MEAN) 

Blade   Height   « 0.7   in. 

Stage  Corrected Work Output   =   I?  Btu/lbm 

Gas   Inlet Angle * 3^-98 deg 

Gas  Exit  Angle = 6^.08  deg 

Normalized Suction Surface Pressure Surface 
Length X y X y 
0.000 -0.351 0.038 -0.319 -0.008 
0.050 -0.328 0.093 -0.274 -0.010 
0.100 -0.295 0.142 -0.231 -0.010 
0.150 -0.251 0.181 -0.187 -0.011 
0.200 -0.198 0.206 -0.144 -0.015 
0.250 -0.IU0 0.214 -0.101 -0.022 
0.300 -0.081 0.208 -0.058 -0.033 
0.350 -0.025 0.190 -0.018 -0.048 
O.UOO 0.025 0.161 0.021 -0.067 
O.kSO 0.072 0. 125 0.059 -0.088 
0.500 0.113 0.084 0.096 -o. H2 
0.550 0.152 0.039 0.130 -0.138 
0.600 0.187 -0,007 0.164 -0.166 
0.650 0.220 -0.056 0.195 -0.196 
0.700 0.250 -0.106 0.226 -0.228 
0.750 0.279 -0.158 0.255 -0.260 
0.800 0.307 -0.210 0.283 -0.294 
0.850 0.33'» -0.262 0.309 -0.328 
0.900 0.359 -0.315 0.335 -0.364 
0.950 0.385 -0.368 0.360 -0.400 
1.000 0.410 -0.422 0.384 -0.436 

"Stagnation" Point,   x -  -0.364.   y  -  -0.003 

Suction Surface Length ■   1.026   in. 

Pressure Surface Length ■ 0.755   in- 

Cross -Sectional Area ■ 0.1358 sq   in. 

Pitch  -  0.488   in. 

Chord  -  0.88   in. 

Number  of  Blades  » 38 
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PROFILE COORDINATES  FOR CASCADE  NO.   9  (STATOR MEAN) 

Blade Height   = 0.7   in 

Stage Corrected Work  Output   ~ 22   Blu/lb 

Gas   Inlet  Angle *  0.0   deg 

Gas  Exit  Angle  =   7^.5   deg 

Norma1ized SUC t ion Surface Pressure Surface 
Length X V A v 

0.000 -0.259 0. 142 -0 2^2 0 090 
0.050 -0.228 0 178 -0212 G 072 
0. 100 -0.190 0.207 -C.182 0.053 
0.150 -0.146 0.223 -0 .S3 C 0 3^ 
0.200 -0.100 0.225 -0. 125 O.Oi^ 
0.250 -0.054 0.213 -0.097 -0.005 
0.300 -0.013 0.191 -0.069 -C.026 
0.350 0.021 0. 160 -0.042 -0,048 
0.400 0.049 0.123 -0.016 -0070 
o.^o 0.074 0.083 0.008 -O.O94 
0.500 0.096 0.042 0.033 -0 119 
0.550 0.117 0.000 0.057 -0.144 
0.600 0.136 -0.042 0.079 -0.171 
0.650 0.154 -O.O85 0.100 -O.I99 
0.700 0.170 -0.129 0. 120 -0.227 
0.750 0.185 -0.173 0.139 -O.256 
0.800 0.200 -0.218 0.158 -O.285 
0.850 0.213 -0.262 0.175 -O.315 
0.900 0.226 -0.307 0.192 -0.346 
0.950 0.239 -0.353 0.207 -0.377 
1.000 0.25» -0.398 0.223 -0.408 

"Stagnation"  Point,   x   »   -0.308,   y   -  0.112 

Suction  Surface  Length  ■ 0.936   in. 

Pressure Surface  Length  » 0 694   in. 

Cross-Sectional   Area   =  0  0989 ^q   'n 

Pitch  - 0.542   in 

Chord «  0.740   in 

Number  of   Blades   = 40 
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PROFILE COORDINATES FOR CASCADE NO.   10 (ROTOR MEAN) 

Blade Height * 0.7 in. 

Stage Corrected Work Outpv 

Gas Inlet Angle * 39.0 deg 

Gas  Exi t Angle - 66.02 

22  Btu/lbm 

Normalized Suctiocu -Surface Pressure Surface 

Length x , y X y 

0.000 -0.336 0.038 -0.29i* -0.017 
0.050 -0.319 0.095 -0.251 -0.020 
0.100 -0.287 0.1U5 -0.210 -0.020 

0.150 -0.2U3 0.183 -0.168 -0.020 

0.200 -0.190 0.209 -0.126 -0.02*4 

0.250 -0.133 0.220 -O.O85 -0.031 
0.300 -0.075 0.216 -0.045 -0.0't2 

0.350 -0.019 0.198 -0.007 -O.O58 

O.kOO 0.030 0.167 0.029 -O.O78 

0.1*50 O.OJk 0.129 0.064 -0.100 

0.500 0.11U 0.086 0.098 -0.125 
0.550 0.150 0.039 0.131 -O.I5I 
0.600 0.183 -0.008 0.162 -O.I78 

0.650 0.215 -0.057 0.192 -0.207 
0.700 0.2M» -0.108 0.221 -0.238 

0.750 0.271 -0.160 0.248 -0.269 
0.800 0.297 -0.213 0.274 -0.302 

0.850 0.322 -0.266 0.298 -0.336 

0.900 0.3i»7 -O.319 0.322 -0.370 

0.950 0.370 -0.373 0.345 -0.405 
1.000 0.393 -O.U27 0.367 -O.M»0 

"Stagnation" Point,   x - -0.344,  y - -0.009 

Suction Surface Length •   1.173   in. 

Pressure Surface Length • 0.834  in. 

Cross-Sectional Area - 0.1392  sq  in. 

Pitch ■ 0.571   in. 

Chord - 0.845  in. 

Number of Blades * 38 
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PROFILE  COORDINATES  FPU  CASCADE  NO.   II   (STATOR MEAN) 

Blade Height  »0.7   in. 

Stage Corrected Work Output  = 27 Btu/lbn 

Gas   Inlet Angle ■ 0.0 deg 

Gas Exit Angle » 76,375 deg 

Normalized Suet ion Surface Pressure Surface 
Length X y X y 
0.000 -O^^ 0.164 -0.271 0.109 
0.050 -0.258 0.207 -0.236 0.088 
0.100 -0.215 0.2^1 -0.202 0.066 
0.150 -0.164 0.259 -0.170 0.043 
0.200 -0.110 0.260 -0.137 0.018 
0.250 -0.058 0.245 -0.106 -0.006 
0.300 -0.011 0.217 -0.075 -0.032 
0.350 0.029 0.181 -0.046 -0.059 
0.400 0.062 0.138 -0.017 -0.088 
0.^50 0.089 0.091 0.010 -0.116 
0.500 0.113 0.042 0.038 -0.145 
0.550 0.135 -0.007 0.065 -0.175 
0.600 0.156 -0.057 0.091 -0.205 
0.650 0.175 -0.108 0.115 -0.238 
0.700 0.192 -0.160 0.137 -0.271 
0.750 0.209 -0.212 0. 158 -0.305 
0.800 0.224 -0.264 0.179 -0.340 
0.850 0.238 -0.317 0.198 -0.376 
0.900 0.251 -0.370 0.216 -0.412 
0.950 0.264 -O.U23 0.233 -0.448 
1.000 0.277 -0.476 0.249 -0.485 

"Stagnation" Point,   x • -0.347.   y  - 0.131 

Suction Surface Length ■  1.089  in. 

Pressure Surface Length ■ 0.804   in. 

Cross-Sectional  Area  • 0.1288 sq   in. 

Pitch - 0.613   in. 

Chord • 0.840   in. 

Number of  Blades  - 40 
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PROFILE  COORDINATES  FOR  CASCADE  NO.   12   (ROTOR  MEAN) 

Blade Height  - 0.7   ■". 

Stage Corrected Work Output  • 27 Btu/lbm 

Gas   Inlet Angle =   38.12  deg 

Gas  Exit Angle  *  67.39 deg 

Normalized Suet ion Surface    - Pressure Surface 
Length X y X y 
0.000 -O^ O.OUi* -0.346 -0.001 
0.050 -0.363 0. 113 -0.294 0.000 
0.100 -0.330 0.175 -0.244 0.001 
0.150 -0.279 0.22^ -0.193 -0.002 
0.200 -0.217 0.258 -0.143 -0.010 
0.250 -0.IU8 0.271 -0.094 -0.023 
0.300 -0.078 0.262 -0.047 -0.042 
0.350 -0.013 0.23^ -0.003 -0.067 
0.400 O.OM o.:9i 0.037 -0.096 
0.U50 0.090 0.139 0.077 -0.127 
0.500 0.133 0.083 0.116 -0.160 
0.550 0.173 0.024 0.153 -0.195 
0.600 0.209 -0.036 0.189 -0.231 
0.650 0.2Uk -0.097 0.223 -0.268 
0.700 0.277 -0.160 0.255 -0.307 
0.750 0.3O8 -0.224 0.286 -0.347 
0.800 0.338 -0.288 0.3)6 -0.389 
0.350 0.367 -0.353 0.344 -0.431 
0.900 0.39^ -0.UI8 0.370 -0.474 
0.950 0.U2I -0.483 0.396 -0.518 
1.000 O.kkS -0.549 0.421 -0.562 

"Stagnation" Point,   x   ■   -0.411,   y   ■  -0.010 

Suction Surface  Length  «   1.4l6  in. 

Pressure Surface  Length  ■   I.Of*  in. 

Cross-Sectional  Area   •■   0.l8l8  sq   in. 

Pi tch  »0.7   in. 

Chord  »   1,03   in. 

Number  of   Blades  *   35 
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PROFILE COORDINATES FOR CASCADE NO. 13 (STATOR MEAN) 

Blade Height = 1.0 in. 

Stage Corrected Work Output = 17 Btj/lbn 

Gas Inlet Angle ■ 0.0 deg 
0 

Gas  Exit  Angle  »  7^.7 deg 

Normalized Suet ion Surface Pressure Surface 
Length X y X v 

0.000 -0.273 0. 1U5 -0.255 0.097 
0.050 -0.239 0. 180 -0.222 0.079 
0. 100 -0.199 0.208 -0.190 0.061 
0. 150 -0.153 0.22^4 -O.I59 O.OI43 
0.200 -0.105 0.226 -0.128 0.023 
0.250 -0.058 0.215 -0.098 0.002 
0.300 -0.016 0.193 -0.069 -O.OI9 
0.350 0.020 0. 162 -O.Ohl -Q.Ohi 
0.^00 0.050 0.1214 -O.OI5 -0.068 
0.^50 0.075 0.082 0.010 -0.093 
0.500 0.098 0.0^0 0.036 -0. i 19 
0.550 0. 1 19 -0.003 0.061 -0. iUt, 
0.600 0.139 -0.0147 0.085 -0.173 
0.650 0.157 -0.091 0.107 -0.201 
0.700 0.175 -0.136 0.128 -O.23I 
0.750 0.192 -0.181 0.]k8 -0.262 
0.800 0.207 -0.22 7 0.166 -0.293 
0.850 0.222 -0.273 0.18*4 -0.325 
0.900 0.235 -0.320 0.201 -0.357 
0.950 0.2U8 -0.366 0.216 -0.390 
1.000 0.261 -O.I4I3 0.231 -0.k2i 

"Stagnation" Point,   x «  -0.319.   y   =0.117 

Suction  Surface  Length  a  O.965   '"• 

Pressure   Surface  Length  ■  0.728   in. 

Cross-Sectional  Area  =  0.1003  sq   in- 

Pi tch  «  0. 5'*l6   in 

Chord   »   0.75   in 

Number   of   Blddt-s   -   pq 
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Pressure Surface 
Y 

PROFILE COORDINATES FOR CASCADE NO.   \k  (ROTOR MEAN) 

Blade Height  -  1.0   in. 
Stage Corrected Work Output «  17 Btu/lbm 

Gas   Inlet Angle • 55.07 deg 

Gas  Exit Angle »  67-8  deg 

Normalized Suction Surface 
Length x ! y 
0.000 -0.331 f-0.0U9 -0.300 -0.075 
0.050 -0.323 ^.Ol** -0.259 -0.061 
0.100 -0.307 X.076 -0.218 -0.051 
0.150 -0.275 0.110 ^OJ^- -0.0M+ 
0.200 -0.232 0.177"\.       /   -0.135 -0.0U2 
0.250 -0.180 0.212 -0.093 -0.0M* 
0.300 -0.119 0.230 -0.051 -0.051 
0.350 -0.056 0.228 -0.011 -0.065 
O.UOO                           0.003 0.206 0.026 -0.082 
0.»»50                          0.055 0.171 0.063 -0.102 
0.500                          0.102 0.127 0.099 -0.125 
0.550                          0.IU2 0.078 0.133 -0.150 
0.600                          0.179                    0.026 0.165 -0.177 
0.650                           0.212 -0.027 0.196 -0.206 
0.700                           0.2U3 -0.082 0.225 -0.236 
0.750                          0.271 -0.139 0.252 -0.269 
0.800                          0.298 -0.197 0.278 -0.302 
0.850                          0.323 -0.255 0.303 -0.336 
0.900                          0.3W -0.311» 0.326 -0.371 
0.950                          0.372 -0.373 0.3^ -0.U07 
1.000                          0.395 -0.*»3I 0.370 -0.W* 

"Stagnation" Point, x - -0.3M), y - -0.089 

Suction Surface Length •  1.270  in. 

Pressure Surface Length • 0.8U3  in. 

Cross-Sectional Area ■ 0.15'*5 sq   «n. 

Pitch - 0.561   In. 

Chord - 0.81    in. 

Number of  Blades - 28 
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PROFILE  COORDINATES FOR CASCADE  WO.   15   (STATOR MEAN) 

Blade Height  ■  1.0 in . 

Stage  Corrected Work Output   » 22  Btu/lbm 

Gas   'nlet Angle » 0.0 deg 

Gas  Exit Angle -  76.9 deg 

Normalized Suction Surface Pressure Surface 
Length X y * y 

0.000 -0.2U6 eis: -0.217 0.092 
0.050 -0.218 0. 192 -0.188 0.073 
0.100 -0.182 0.222 -0.161 0.053 
0.150 -0.137 0.237 -O.^ 0.033 
0.200 -0.091 0.236 -0.107 0.012 
0.250 -0.0U6 0.221 -0.081 -0.008 
O.300 -0.008 0.\3k -0.057 -0.03« 
0.350 0.02k 0.160 -0.03'* -0.056 
O.kOO 0.0k9 0.121 -0.011 -0.081 
o.kso 0.071 0.079 0.010 -0.106 
0.500 0.09« 0.037 0.032 -0.131 
0.550 o.no -0.005 o.osk -0.157 
0.600 0.128 -0.0k9 0.075 -0.184 
0.650 o.i^s -0.093 O.O^ -0.211 
0.700 0.161 -0.137 0.112 -0.2k0 
0.750 0.175 -0.182 0.130 -0.268 
0.800 0.189 -0.227 0.146 -0.298 
0.850 0.201 -0.272 0.162 -0.327 
0.900 0.213 -0.318 0.177 -0.358 
0.950 0.22k -0.36^ 0.191 -0.388 
1.000 0.23k -0.U09 0.205 -0.UI9 

"Stagnation" Point,   x - -0.286,   y - 0.117 

Suction Surface Length ■ 0.9^0   in. 

Pressure Surface Length ■ 0.673   in. 

Cross-Sectional Area ■ 0.0973 sq   in. 

Pitch - 0.5596 in. 

Chord ■ 0.725  in. 

Number of  Blades ■ 32 
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PROFILE  COORDINATES FOR CASCADE  NO.   16  (ROTOR  MEAN) 

Blade height   »   1.0   in 

Stage Corrected Work Output 

Gas   Inlet  Angle  =   S8.^  deg 

Gas  Exit  Angle  =  69U  deg 

22  Btu/lbm 

Normalized Sue t ion Surface Pressure Surface 
Length y X y 

0.000 - -0.09-» -0#333 -0.123 
0.050 -0.^8 -0.J2U -0.289 -0.107 
0.100 -0.337 0.0U2 -0.2U6 -0.09» 
0.150 -0.30U o.iou -0.201 -0.079 
0.200 -0.262 0.160 -0.156 -0.070 
0.250 -0.208 0.205 -o.»»o -0.066 
0.300 -0.1U5 0.236 -0.06^ -0.066 
0.350 -0.076 0.2U7 -0.018 -0.071 
O.UOO -0.007 0.237 0.026 -O.O81 
0.U50 0.056 0.208 0.069 -O.O97 
0.500 0.112 0.»65 0.109 -0.119 
0.550 0.159 0.»13 0.1*48 -0.11*5 
0.600 0 200 0.056 0.181* -0.171» 
0.650 0.237 -0.003 0.218 -0.205 
0.700 0.27» -0.061» 0.250 -0.238 
0.750 0.303 -0.127 0.280 -0.273 
0.800 0.33» -0.19» 0.309 -0.309 
0.850 0.359 -0.256 0.335 -0.31*7 
0.900 0.38U -0.322 0.360 -0.386 
0.950 0.'*O9 -0.388 O.38I4 -0.1*25 
1.000 0.U33 -0.U5U 0.U07 -0.1*66 

"Stagnation" Point,   x  «   -0.375,   y   ■   -0.136 

Suction  Surface  Length  s   1.1*06   in. 

Pressure   Surface  Length  * 0.922   in. 

Cross-Secttnnal   Area  * 0.1922   sq   in. 

Pitch   =   0.5>776    m. 

Chord  =0.86   in. 

Number   of    Blades   =   31 
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PROFILE COORDINATES FOR CASCADE NO. 17 (STATOR MEAN) 

Blade Height - 1.0 in. 

Stage Corrected Work Ou'.put 

Gas Inlet Angle - 0.0 deg 

Gas Exit Angle * 78.3^S deg 

=  27  Btu/lbm 

Normalized SuCt ion S u r 16i c e Pr essure Surface 
Length X v X V 

0.000 -O.iS^ 0 162 -0 2'8 0 09' 
o.oso -0 22/ 0.205 -c :8y 0.076 

0.100 -0 189 0 236 -c 161 0 05^ 
0.150 -0. 1*42 0251 -0 13^ 0.033 
0.200 -0.093 0 2K9 -0 107 0 Oil 

0.250 -0.01*7 0.231 -0.080 -0 Oi 1 

0.300 -0.008 0 202 -0055 -0 035 
0.350 0.025 0. 165 -0 032 -0 061 

O.UOO 0.053 0. 125 -0.009 -0 087 

O.^O 0.075 0 08' 0 013 -0. 1 lU 

0.500 0.096 0.036 0.035 -0.i^l 

0.550 0.115 -0.008 0.058 -0 168 

0.600 0.133 -0.051* 0.078 -0 196 
0.650 0.150 -0.100 0.097 -0.225 

0.700 0.166 -0.IU7 0.115 -0 255 

0.750 0.181 -0. I91» 0.133 -O.285 

0.800 0.I91* -0.2*41 0.150 -O.316 

0.850 0.207 -0.289 0.166 -0.3*47 

0.900 0.218 -0.337 0.181 -0.378 

0.950 0.228 -0.385 0.195 -O.I4IO 

1.000 0.238 -O.U33 0.209 -0 M42 

"Stagnation'   Point,   x »   -0 293.   y ■ 0.12*4 

Suction  Surface  Length ■  O.985   '" 

Pressure  Surface  Length -  O.698   in. 

Cross-Sectional   Area  ■  0   105*4   sq   in 

Pitch  -•  0 57*45   in 

Chord  ■  0   75  in 

Number  of  Blades  ■ 35 
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PROFILE COORDINATES FOR CASCADE  MO.   »8  (ROTOR MEAN) 

Blade  Height  ■  1.0   in. 

Stage Corrected Work Output   « 27 Btu/lbm 

Gas   Inlet Angle ■ 59.8U deg 

Gas  Exit Angle « 70.20  deg 

Normalized 
Length 

0.000 
0.050 
0.100 
0.1 SO 
0.200 
0.250 
0.300 
0.350 
O.M)0 
0.U50 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 

Suction Surface 
X y 

-0.381 -o.ioo 
-0.367 -0.023 
-0.3U9 o.osi 
-0.320 0.122 
-0.278 0.186 
-0.221 0.238 
-0.152 0.271 
-0.075 0.279 
-0.001 0.259 
0.061* 0.220 
0.120 0.167 
0.169 0.108 
0.212 o.ow* 
0.251 -0.022 
0.286 -0.091 
0.318 -0.161 
0.3<*8 -0.232 
0.377 -0.303 
O.W* -0.376 
0.M0 -O.M^ 
O.U56 -0.521 

Pressure Surface 
X y 

0.3M -0.127 
0.295 -0.107 
C.2U9 -0.091 
0.201 -0.078 
•0.152 -0.071 
•0.103 -0.069 
•0.053 -0.072 
•0.005 -0.080 
0.01*1 -0.096 
0.085 -0.119 
0.125 -0.1U7 
0.161* -0.178 
0.201 -0.2II 
0.235 -0.21*6 
0.268 -0.281* 
0.299 -0.322 
0.328 -0.362 
0.356 -0.1*03 
0.382 -0.M*6 
0.1*06 -0.1*88 
0.1*30 -0.532 

"Stagnation" Point,  x - -0.390.  y • -0.11*8 

Suction Surface Length -   l.5*»2   In. 

Pressure Surface Length - 0.969  I" 

Cross-Sectional  Area  - 0  2208  sq  in 

Pitch - 0.61*86  in. 

Chord • 0.92  in. 

Number of  Blades - 31 
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PROFILE COORDINATES FOR CASCADE NO. 21 (ROTOR ROOT) 

Blade Height m 0.7   in. 

Stage Corrected Work Output - 17 Btu/lbi 

Gas Inlet Angle ■ kS.Z}  deg 

Gas Exit Angle ■ 60.9** deg 

)rmal ized Suet ion Surface Pressure Surface 
Length X y X y 
0.000 -0.390 0.006 -0.341 -P.049 
0.050 -0.380 0.068 -0.295 -0.051 
0.100 -0.349 0.123 -0.249 -0.047 
0. ISO -0.302 0.161» -0.204 -0.045 
0.200 -o.zks 0.191 -0.158 -0.045 
0.250 -0.184 0.204 -0.112 -0.048 
0.300 -0.121 0.205 -0.067 -0.054 
0.350 -0.059 0.195 -0.022 -0.063 
0.400 0.000 0.177 0.021 -0.076 
0.1*50 0.057 0.150 0.064 -0.091 
0.500 o. no 0.117 0.106 -0.109 
0.550 0.160 0.079 0.147 -0.129 
0.600 0.206 0.036 0.187 -0.152 
0.650 0.21* -0.009 0.225 -0.177 
0.700 0.287 -0.059 0.262 -0.204 
0.750 0.323 -0.110 0.297 -0.233 
0.800 0.?57 -0.163 0.331 -0.263 
0.850 0.389 -0.217 0.364 -0.295 
0.900 0.420 -0.272 0.395 -0.328 
0.950 0.450 -0.327 0.425 -0.363 
1.000 0.479 -0.383 0.454 -0.398 

"Stagnation" Point, x - -0.383. y - -0.036 

Suction Surface Length ■ 1.256 in. 
Pressure Surface Length • 0.9I<* in. 

Cross-Sect ion« I Area • 0.1700 sq in. 

Pitch - 0.51 in. 

Chord ■ 0.93 »n. 

Number of Blades • 32 
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PROFILE COORDINATES FOR CASCADE MO.   22  (ROTOR ROOT) 

Blade  Height  - 0.7   in. 

Stage Corrected Work Output  • 22 Btu/ibn 

Gas   Inlet Angle ■ 52.66 deg 

Gas  Exit Angle - 62.UI   deg 

Normalized Suction Surface Pressure Surface 
Length X y X y 
0.000 -0.382 -0.002 -0.330 -0.057 
0.050 -0.375 0.060 -0.285 -0.057 
0.100 -0.3^6 0.116 -0.240 -0.052 
0.150 -0.302 0.161 -0.195 -0.048 
0.200 -0.247 0.192 -0.150 -0.047 
0.250 -0.186 0.208 -0.105 -0.050 
0.300 -0.123 0.211 -0.061 -0.055 
0.350 -0.060 0.202 -0.017 -0.065 
O.UOO -0.000 0.183 0.026 -0.078 
0.t»50 0.056 0.155 0.068 -0.094 
0.500 0.109 0.121 0.109 -0.112 
0.550 0.158 0.081 0.149 -0.133 
0.600 0.204 0.037 0.187 -0.156 
0.650 0.246 -0.010 0.224 -0.182 
0.700 0.284 -0.060 0.260 -0.209 
0.750 0.319 -0.112 0.294 -0.239 
0.800 0.352 -0.166 0.327 -0.269 
0.850 0.383 -0.221 0.358 -0.302 
0.900 0.413 -0.277 0.388 -0.335 
0.950 0.442 -0.334 0.417 -0.370 
1.000 0.471 -0.390 0.445 -0.405 

"Stagnation" Point,  x • -0.374,  y • -0.045 

Suction Surface Length -   1.265   in. 

Pressure Surface Length • 0.900  in. 

Cross-Section«I Area - 0.1719 sq   in. 

Pitch - 0.512  in. 

Chord  - 0.91   in. 

Number  of  Blades - 38 
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PROFILE COORDINATES  FOR  CASCADE NO.   23   (ROTOR  ROOT) 

Blade Height  = 0.7   in. 

Stage Corrected Work  Ou:put   =  27  Btu/1^ 

Gas   Inlet Angle =  52.86 deg 

Gas  Exit Angle  »  63-7   deg 

Normalized 
Length 

0.000 
0.050 
0.100 
0.150 
0.200 
0.250 
0.300 
0.3S0 
O.UOO 
o.uso 
0.500 
0.550 
0.600 
0.650 
0.700 
0.750 
0.800 
0.850 
0.900 
0.950 
1.000 

Suet ion S Lir * a c e 
X y 

0.U39 -0.036 
0.U2I 0.038 
0.390 0. 108 
o^e 0.172 
0.290 0.223 
0.220 0.2S3 
0. IM* 0.263 
0.068 0.253 
O.OOU 0.227 
0.070 0.189 
0.131 0.IU2 
0.186 0.089 
0.237 0.032 
0.28U -0.028 
0.327 -0.092 
0.367 -0.157 
0.UO5 -0.22U 
O.M»l -0.291 
0.U76 -0.360 
0.510 -O.U29 
0.5M -O.^ 

P ressure   Surf def 

-U.392 
-0.337 
-0.28^ 
-0.230 
-0.176 
-0.122 
-0.068 
■0.016 
0.035 
0.085 
0. 133 
0.179 
0.22*4 
0.266 
0.307 

3^6 
383 

,UI8 
.'♦52 
U85 
516 

0. 
0. 
0. 
0. 
0. 
0. 

"Stagnation" Point,   x • -0.M»1.  y ■ -0.085 

Suction Surface Length -  1.535  in- 

Pressure Surface Length ■  1.085  '"• 

Cross-Sectional  Area ■ 0.2323 sq   in. 

Pitch • 0.637   in. 

Chord ■   1.06   in. 

Number of  Blades  -  35 

-C.083 
-0.075 
-0.06^ 
-0.056 
-0.05: 
-0.053 
-0.060 
-0.072 
-o.c : 
-o. n i 
-0.136 
-0.16U 
-0.195 
-0.228 

,261* 
302 
3l»2 
383 
1425 
«469 

-0. 
-0. 
■0. 
-0. 
•0. 
-0. 
-0.513 
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PROFILE COORDINATES FOR CASCADE NO. 2U (ROTOR ROOT) 

Blade Height  ■   1.0   in. 

Stage Corrected Work Output * 17 Btu/lbm 

Gas  Inlet Angle » 6S.U2  deg 

Gas Exit Angle  * 67*8  deg 

Normalized                           Suction Surface Pressure Surface 
Length                               x                                  y x                                   y 

0.000                           -0.382                      -O.IH» -0.3^                     -0.1U3 
0.050                        -0.380                   -0.(*8 -0.303                  -0.131 
0.100                        -0.363                     0.015 -0.262                  -0.115 
0.150                        -0.333                     0.071» -0.220                  -0.101 
0.200                         -0.291                      0.125 -0.178                   -0.090 
0.250                        -0.238                     0.165 -0.135                  -0.083 
0.300                        -0.178                     0.191 -0.091                   -0.078 
0.350                        -0.113                     0.205 -0.0^7                  -0.078 
O.UOO                          -O.OJ*7                       0.208 -0.003                    -0.08l 
0.1*50                           0.017                      0.200 0.039                   -O.O87 
0.500                           0.080                      0.180 0.082                   -0.096 
0.550                           0.139                      0.150 0.12<t                   -0.109 
0.600                           0.192                      0.111 0.165                   -0.126 
0.650                           0.238                      0.061» 0.20U                   -O.IU5 
0.700                           0.279                      0.011 0.2<*2                   -0.168 
0.750                           0.311*                    -O.Okk 0.278                   -0.191* 
0.800                           0.31*6                    -0.102 0.311                    -0.223 
0.850                          0.375                   -0.161 0.31*1                   -O.25I* 
0.900                           0.1*01                     -0.222 0.370                   -0.287 
0.950                           0.U26                    -0.283 0.397                   -0.322 
1.000                           0.1*50                    -0.31*1* 0.1*22                   -0.358 

"Stagnation" Point,   x - -0.376, y - -0. |1*6 

Suction Surface Length ■ 1.322 in. 

Pressure Surface Length ■ 0.878 in. 

Cross-Sectional Area - 0.\SUk sq  in. 

Pitch - O.M*88   in. 

Chord ■ 0.85   in. 

Number of  Blades ■ 28 
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PROFILE COORDINATES FOR CASCADE MO.   25  (ROTOR ROOT) 

Blade Height  -   1.0  in. 

Stage Corrected Work Output ■ 22  Btu/lbro 

Gas   Inlet Angle ■ 67.67 deg 

Gas Exit Angle - 69.M) deg 

Normalized Suction Surface Pressure Surface 
Length X y X y 
0.000 -O.U03 -0.136 -0.376 -0.162 
0.050 -0.U06 -0.063 -0.330 -0. Jl*7 
0.100 -0.392 0.007 -0.285 -0.128 
0.150 -0.363 0.075 -O^O -0.113 
0.200 -0.321 0.13U -0.19^ -0.100 
0.250 -0.26I» 0.179 -0. Il»6 -0.092 
0.300 -0.198 0.209 -0.099 -0.087 
0.350 -0.127 0.225 -0.050 -0.086 
o.uoo -0.051» 0.228 -0.003 -0.089 
0.1*50 0.017 0.219 0.0M» -0.096 
0.500 0.087 0.197 0.091 -0.107 
0.550 0.152 0.161* 0.137 -0.122 
0.600 0.210 0.120 0.181 -O.IUI 
0.650 0.260 0.067 0.223 -0.163 
0.700 0.303 0.008 0.261* -0.188 
0.750 O^I -0.053 0.302 -0.217 
0.800 0.375 •0.118 0.338 -0.250 
0.850 O.M)5 -0.I81» 0.371 -0.285 
0.900 O.U33 -0.252 0.1*01 -0.322 
0.950 O.kSB -0.320 0.1*30 -0.361 
1.000 Q.kSk -0.388 0.1*56 -0.1*01 

"Stagnation11 Point,  x - -0.1*01.   y - -0.168 

Suction Surface Length • 1.1*59  in. 

Pressure Surface Length • 0.961   in. 

Cross-Sectional Area ■ 0.2306 sq  in. 

Pitch - 0.1*763   in. 

Chord - 0.91   in. 

Number of Blades ■ 31 
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PROFILE COORDINATES  FOR CASCADE NO.   26  (ROTOR  ROOT) 

Blade Height   »   1.0  in. 

Stage Corrected Work Output ■ 27 Btu/lbm 

Gas   Inlet Angle ■ 68.80 deg 

Gas Exit Angle ■   70.20  deg 

Normalized Suction Surface *              Pressure Surface 
Length X y X y 
0.000 -O.^ -0.IU6 -0.404 -0.175 
0.050 -O.klk -0.064 -0.353 -0.161 
0.100 -0.l*2k 0.016 -0.303 -0.142 
0.150 -0.398 0.09^ -0.252 -0.126 
0.200 -0.355 0.164 -0.201 -0.114 
0.250 -0.291 0.215 -0.148 -0.107 
0.300 -0.215 0.246 -0.096 -0.103 
0.350 -0.135 0.261 -0.043 -0.105 
O.kOO -0.052 0.262 0.009 -0.110 
o.kso 0.027 0.247 0.061 -0.120 
0.500 0.104 0.219 0. 112 -0.134 
0.550 0.175 0.177 0.162 -0.152 
0.600 0.237 0.123 0.210 -0.175 
0.650 0.290 0.060 0.256 -0.201 
0.700 0.336 -(^«07 

7Ö.079 
0.300 -0.231 

0.750 0.377 0.341 -0.264 
0.800 0.UI3 -0.153 0.378 -0.301 
0.850 O.M»6 -0.228 0.413 -0.341 
0.900 0.U76 -0.305 0.446 -0.383 
0.950 0.504 -0.382 0.476 -0.427 
1.000 0.531 -0.459 0.504 -0.472 

"Stagnation" Point,   x  -  -0.427,   y ■ 

Suction Surface  Length *   1.645   in. 

Pressure Surface Length ■  1.059  in 

Cross-Sectional   Area  ■  0.2897 sq  in 

Pitch ■ 0.5472   in. 

Chord  ■   1.00   in. 

Number  of   Blades   ■  3' 

■0.183 
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APPENDIX   III 

TOTAL-PRESSURE   PROFILE   MIXING   LOSS 

INTRODUCTION 

The  daia obtained   in  the cascade  tests  consist   ot   distributions  of   total 
pressure,   static  pressure,  and  flow angle   in   the plane  traversed  by   the 
probe.     Since  the  traverse plane was   located  one cnord   length downstream 
of   the trai1ing-edge plane,   some   loss  due  to mixing of   the  tota   -pressure 
profiles   is   included   in   the measured  data.     However,   a  considerably 
greater  flow  length would have  been  required   to  eliminate all   variations 
in  the observed total   pressures,  particularly   in  the pitchwise  direc- 
tion.     Thus,   it   is   impractical   to measure  directly   the  fully  mixed   loss 
coefficients of  the cascades;  excessive duct   losses   in   the downstrear 
smoothing region would be unavoidable.    On  the other  hand,   simple mass- 
averaging of  the profiles observed at   the  traverse plane  is not   suffi- 
cient,  because the overall  mixing  loss can be considerable when  the  tra- 
versed profiles  show  large  totaI-pressure  variation.     Hence,   the addi- 
tional mixing  loss  occurring downstream of   the   traverse plane was  calcu- 
lated by an analytic procedure.    This appendix presents  the equations   that 
govern this mixing process and discusses  the  results  obtained when   the 
procedure was applied to the data from each of   the cascade tests. 

PROBLEM STATEMENT 

The traverse plane   is  designated station  I,  and a parallel  downstream 
plane at which fully uniform conditions may be assumed  to exist,   station 
2.     Conditions at  station   I  are defined by   the measured pitchwise   (££) 
and spanwise  (B )  distributions of total  pressure, f^f Qf*^ •  static Pres- 
sure,   r^Qfr^   •  and f lo* angle with respect   to the x-direct ion, A.^,^, 
and by the total   temperature, Tlj, assumed  to be a constant.    Assuming 
that   the flow  is   two-dimensional  and has  no component  of  velocity   in  the 
z-direction.   the four equations relating conditions at   the two stations 
are the following: 

I.     Co-servat ion of  momentum  in  the  x- di reel ion 
HS 

SA * tf *th.L Jjcl.tsfo^ 
where   3   's  pitch 

H   i s   span 

Conservation of  momentum  in   the  y-direction 
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Hs        2 

(29) 

3.     Continuity W V> ■ V   •   • • W  ■    V   T 

(30) 

'♦.     Conservation of  energy 

oz* roi (31) 

METHOD OF SOLUTION 

The downstream static pressure may be eliminated from Equation 28 by ap- 
plying the equation of state, the definition of total temperature, and 
Equation 3' 

(32) 

where it is assume« that the specific heat is a given constant. Then, by 
denoting the known definite integrals appearing on the right-hand sides of 
the first three equations byX|,X^. andUJ«, respectively, we may reduce 
the equations to the following simplified form: 

frViCoSfr 
(33) 

These equations have  the following solution,  as may be verified by direct 
substi tut ion: 

10^ 
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Qvc Sin y^" 

l3/^HVzC0Sp^ 
(3M 

where 

A a 

and 

Hence, the fuHy mixed static pressure can be obtaineH from Equations 32 
and 3U, and the fully mixed total pressure can be obtained from 

P02* ^ (^ 

fc. 

(1-   _^ ^9r.l(35, 

zSoTCfToi/ 

RESULTS 

A sK-.   . ^vuter program,  designated Program MIXLOS, was written  to per- 
form >htr above calculation.    The resulting fully mixed  loss coefficients 
were emoloyed without exception as the data for the new loss correlation. 
On the whole,  the contribution of the mixing process to the final   loss co- 
efficients was small;  in general,  the  increase in  loss varied between  I 
and 10 percent of  the overall   loss.     In several cases,  however, where the 
observed pressure and angle profiles were more severe,  the mixing  loss 
amounted to as much as 32 percent of  the fully mixed loss.     (Mixing  loss 
was defined as the difference between the mass-averaged total  pressure 
at station I and the total pressure at station 2 given by Equation 35.) 
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Table XII presents the fully mixed loss coefficients for each of the cas- 
cades, together with the percentages of these loss coefficients, which 
represented nixing loss downstream of the traverse plane. Data from each 
of the three naior tests are included.  These were the tests for the total 
losses, the mean-line losses, and the mean-line losses with boundary-layer 
sue t ion. 

In general, the percentage of mixing loss was found to increase with stage 
loading for both the stator and the rotor rows.  Mixing loss constituted 
more than 10 percent of fully mixed loss in only four cases.  Cascades 
S and 17. the most highly loaded 0.1*-  and 1.0-in.-height Stators, showed 
high nixing losses in all three tests.  The remaining two cascades exhibit- 
ing large nixing loss were the most highly loaded 0.7-in. stator and the 
high-deflection, 22-Btu/lbm, I.0-in.-height stator.  It is probable that 
all of these rows operated partially separated, particularly during the 
suction tests when additional diffusion was imposed because of the 
boundary layer bleed.  Hence, large mixing losses would be anticipated for 
these cascades. 

' « 
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APPENDIX IV 

PERFORMANCE OF LEANED CASCADES 

INTRODUCTION 

The secondary flows that occur :n the actual turbirr- stage environnent 
are often particularly severe at trie e«it fron the stator rows.  , irqe 
static pressure gradients, which result f'ron the high level of tanqt-ntial 
velocity, transport low-moment um fluid on the blade surfaces tcv.ard the 
hub jf the row.  When the accumulated loss cores subsequently enter the 
rotating row, large additional losses ran occur because of positive irul- 
dence o'i the highly loaded hub section and cent ri fugat ion of tK« irtw- 
velocity fluid. 

If this model of secondary flow is correct, an obvious remedy would be to 
reduce the driving pressure gradient by leaning the bladinq with respect 
to the radial direction.  Two leaned versions of the 22-Btu/lbm, 0.7-in.- 
height stator were accordingly included in the cascade test program.  Lean 
angles with respect to a normal to the end walls of 10 and 20 deg were 
specified for the cascades.  Profile shape, channel height, and test total- 
to-static pressure ratio were identical to those employed for cascade 9. 

RESULTS OF CASCADE TESTS 

The average total-pressure-loss coefficients for the cascades with 0, 10, 
and 20 deg of lean were 0.063, 0.092, and 0.109, respectively.  Corres- 
ponding values of exit flow angle for the three rows were 72.k,   75. ' . and 
Jb.B  deg. 

The detailed variation of measured performance is presented in Table XIII. 
The channel was divided horizontally into seven streamtubes of equal 
height, with the first streamtube located adjacent to the upper wall of 
the cascade.  Values of fully mixed flow angle and total-pressure-loss 
coefficient were calculated for each streamtube as described in Appendix 
III.  Meridional velocity was computed from the known exit dynamic head 
and flow angle.  Symmetry about the mean line of the unleaned cascade was 
assumed; the remainder of the data represents results from actual tra- 
verses. 

As the angle of lean was increased, considerably higher losses and flow 
angles at the upper wall and slightly lower losses and flow angles at the 
lower wall were observed. As mentioned earlier, the net result of these 
changes was to increase the average values of both deflection and loss 
level over those measured in the datum configuration.  In addition, the 
through-flow velocity distribution, essentially constant for the unleaned 
cascade, became highly skewed at the high angle of lean. 
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DISCUSSION OF RESULTS 

Although a  rigorous   treatment  of  nonisentropic  flow conditions Mithin a 
leaned blade  row   is  beyond the scope of   this  report,  a qualitative explana- 
tion of   the experimental   data may be attempted with the assistance of   the 
schematic   sketch  below.     The  horizontal   lines  represent   the walls  of   the 
cascade as   viewed   fror downstream.     Exit   flow proceeds   toward  the   left. 

de-to-Blade Star Ic 
respire   Grad'ent 

Hence,   the  pressure  surface of  the blade   is  on  the right  side of  the chan- 
nel.     Under  the  influence of  the blade-to-blade static pressure gradient, 
a fluid particle  is accelerated  in the direction  indicated by the arrow. 
Hence,   it   tends  to develop a downward velocity component.     Since  the par- 
ticle   is  constrained by  the  lower wall   from maintaining this  downward 
component,  a secondary static  pressure field arises which elevates  the 
pressure at   the   lower wall above that of   the upper wall.    This field has 
been   indicated  in   the sketch by  the circled signs. 

Thus,   the result of   leaning a planar cascade  is to create a spanwise pres- 
sure variation which tends to transport  the blade surface boundary   layers 
outward,  as  indicated by  the dashed arrows.    Therefore, accumulation of 
this   low-velocity  fluid  led to the very high total-pressure  loss and flow 
deflection  recorded near the upper wall.     The secondary flow in a   leaned 
planar cascade  is  thus  similar  to,  but opposite  in direction from,   that 
occurring  in an unleaned annular cascade.     In a  leaned annular cascade, 
however,   the result would have been to reduce  the  intensity of secondary 
flow  through cancellation of  the opposing pressure gradients. 
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