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s-Y 

An experimental investigation was made t o  determiae the .pef&eabiXi 
and strength character is t ics  of a number of sintered, porous,, bollo~ 
turbine rotor  blades and t o  determine the  effectiveness of %he bLade* 
fabrication method on permeability control. The te-s t  blades Were Tab@&+ 
cated by the American Electro Metal Corporation under ,a ,cont'ra'&t ~ 1 %  
the Office of Naval Research, Department of the Ravy, and .weye -sibial;tteh 
t o  the NACA f o r  tes t ing.  O f  the 22 t e s t  blades submitted9 ten  we.Pe sin& 
tered but not coined, f ive  were sintered and coined, and seven w p e  sin* 
tered and not coined but contained perforated reinforcements integral 
with the blade she l l s .  Representative samples of each poug of b i a d e  
were tested.  

Large variations in permeability in  both chordwfse and spanwise 
directions were found. Local deviations as  large as  155 t o  -85 percent 
from prescribed values were found in  chordwise permeability. Only one 
blade, an uncoined one, had a chordwise permeability Varirztion which 
reasonably approached t h a t  specified. Even f o r  t h i s  blade, local  deqia- 
t ions exceeded 10 percent. Spanwise permeability, specified t o  be held 
constant, varied a s  much a s  50 percent from root t o  t i p  Po 
coined and a coined blade. Previous NACA analyses have sho 
order t o  maintain proper control of blade w a l l  temperatuires, 
variations must not exceed +lo percent. Satisfactoey C!O~%~*O 

meability in  e i ther  the chordwise or the spanwise direction 
achieved in  the blades tested. 

Spin t e s t s  made a t  room temperature fo r  s i x  blades revealed %ha 
highest material rupture strength t o  be 8926 pounds per square inoh* 
This value i s  about one th i rd  the strength require& fo r  r O t C 3 r  ?al,ae8 SB 
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present-day tu rbo je t  engines. The lowest value of blade s t rength was 
1436 pounds per square inch. 

INTRODUCTION 

A program f o r  the  development of s in te red  porous materials  f o r  
transpirat ion-cobled turbine blades and f o r  the  fabr ica t ion  of such 
blades has been ca r r ied  on f o r  a number of years by t h e  Office of Naval 
Research and the  Bureau of Aeronautics. The program was s e t  up because 
of t h e  super io r i ty  of t ransp i ra t ion  cooling over other air-cooling meth- 
ods (espec ia l ly  a t  high turbine- i n l e t  temperatures) . This super io r i ty  
w a s  demonstrated by analyses made some years ago a t  t he  NACA Lewis lab- 
oratory.  Late i n  1950 the  Office of Naval Research, as p a r t  of t h i s  
program, placed contract  N-ONR-295 (01) with t h e  American Electro Metal 
Corporation (AEMC) f o r  t h e  fabr ica t ion  of s in te red  porous hollow turbine  
ro to r  blades.  The ONR requested the  NACA t o  supply drawings f o r  blades 
t h a t  would be su i tab le  f o r  experimental engine t e s t i n g  a t  t he  Lewis 
laboratory. 

Two proposed blade designs, thought t o  be  generally su i tab le  a t  
t h a t  time f o r  i n s t a l l a t i o n  i n  a modified j e t  engine used a s  a t e s t  Ve- 
h ic le ,  were submitted t o  the  ONR by the  NACA. The f i r s t  design was f o r  
a twisted and tapered blade; the  second, an untwiste4 and untapered 
blade. The f i r s t  design was eliminated by t h e  ONR because, a s  a f i r s t  
s tep,  t he  fabr ica t ion  problems appeared t o  be d i f f i c u l t .  Furthermore, 
the  time required f o r  development of twisted and tapered blades might 
be excessive, and fundamental information connected with making s in te red  
hollow blades would therefore be delayed. The second design, which was 
a modified form of t h a t  submitted t o  Stevens I n s t i t u t e  of Technology 
under an NACA contract  and reported i n  references 1 and 2 ,  was accepted. 
Blades fabr icated according t o  t h i s  second design, it was believed, 
would serve a s  an i n i t i a l  s t ep  toward development of hollow blades which 
might eventually be required. Moreover, knowledge gained i n  the  devel- 
opment of the  porous material ,  and i n  t he  fabr ica t ion  of t h e  blades 
themselves could probably be used f o r  other blade shapes and types. In 
t h e  engine t e s t s  of blades of t h i s  second design, s t rength  and tempera- 
t u r e  data could be obtained. In addit ion,  permeability or  cooling-air- 
flow t e s t s  could be made t o  check the  control  and l eve l  of permeability 
compared t o  specif icat ions;  indication of t h e  effectiveness of the  f ab r i -  
ca t ion process on control  of permeability could thus be found. 

A t  the  time the  blade designs were submitted, the  accepted cooling- 
air-f low c r i t e r i o n  was porosity.  As a consequence, porosi ty  specifica- 
t ions  were submitted with t he  blade designs by the NACA. Later research 
indicated t h a t  the  specif icat ions  should be made i n  terms of blade per- 
meability. This was determined before the  AEMC had reached the blade 
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fabrication stage  a an. 1953). Consequently, the blades were actual ly  
fabricated according t o  a permeability specification submitted by the 
NACA a t  t ha t  time. 

During the process of development and fabrication of the AEMC 
blades, improved types of transpiration-cooled turbine blades were de- 
veloped. However, it was believed tha t  information could s t i l l  be ob- 
tained on the porous metal strength and the degree t o  which permeability 
i n  the she l l  could be controlled by tes t ing  the AEMC blades. 

The AEMC transmitted 22 sintered hollow turbine rotor blades t o  the 
NACA i n  1954 fo r  experimental strength and permeability investigations. 
It is the purpose of t h i s  report t o  present the resu l t s  of the permea- 
b i l i t y  t e s t s ,  t o  determine the effectiveness of the fabrication method 
on the  control of permeability, and t o  compare the resu l t s  with speci- 
f icat ions.  In addition, resu l t s  of strength t e s t s  obtained by rotat ing 
the blades i n  a cold-spin t e s t  vehicle are  presented. 

SYMBOLS 

The following symbols are  used i n  t h i s  report: 

K1 permeability coefficient,  sq f t ;  f o r  - pi = 35562 - 2116~, 

lb2/f t4  
'a 

p s t a t i c  pressure, lb/sq f t  abs 

R universal gas constant 

T temperature, OR 

v flow volume per uni t  surface area and time, ft /sec 

IJ- absolute viscosity, lb-sec/sq f t  

p density, lb/cu f t  

z thickness of blade wall, f t  

Subscripts : 

a cooling a i r  

g gas side 

0 f o r  reference temperature of 518.7' R 
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APPARATUS AND INSTRUMEXTATIOPJ 

Blade Specifications 

A s  noted previously, t h e  second of two blade designs submitted by 
t he  NACAwas accep tedby  the  Om. A sketch of t h i s  blade design and its 
per t inent  dimensions a r e  given i n  f igure  1. Untwisted and untapered 
blades with a chord of 1.590 inches and a span of 4 inches were speci- 
f i e d .  Blades were-fabricated from AISI type 316 s t a in l e s s - s t ee l  powder. 
A porosi ty  of 30 percent i n  the  leading- and trai l ing-edge port ions of 
the  blade and a porosi ty  of 15 percent f o r  t he  other sections of the  
blade periphery were o r ig ina l l y  prescribed; these values were t o  be main- 
% a b e d  throughout the  blade span. 

W i l e  the  AEMC was developing i t s  blade-fabrication methods, 
transpirat ion-cooling invest igat ions  continued. It became apparent t h a t  
a method of prescribing blade cooling-air-flow charac te r i s t i cs  more ac- 
cura te ly  than t h e  use of porosi ty  was necessary. A method f o r  corre- 
l a t i n g  the  data  f o r  the  flow of a gas through a porous p l a t e  had been 
developed a t  t he  California I n s t i t u t e  of Technology ( r e f .  3) and adapted 
t o  transpirat ion-cooling work done a t  the  Lewis laboratory.  The term 
permeability coeff ic ient  , which spec i f ies  the permeability f o r  one mate- 
r i a l  thickness, was evolved. The permeability coef f ic ien t  divided by 
the  mater ia l  thickness is  generally used since,  a t  given pressure l eve l s  
on opposite s ides  of t h e  porous w a l l ,  an ac tua l  indicat ion of the  quan- 
t i t y  of flow through t h e  mater ia l  is given. For convenience, t h i s  quan- 
t i t y  i s  herein evaluated a t  a pressure drop through the  mater ia l  of 10 
pounds per square inch discharging a t  NACA standard sea-level  conditions . 

The permeability specif icat ions  given t o  AEMC as  mentioned i n  the  
INTRODUCTION were considered t o  be the  most reasonable avai lable  a t  t he  
time. The values given were those f o r  a s t a t o r  blade. These values of 
permeability coef f ic ien t  a r e  given i n  a subsequent f igure .  When these 
specif icat ions  were supplied, no method was avai lable  f o r  t he  determina- 
t i o n  of the  spanwise pressure d i s t r i bu t i on  i n  a ro t a t i ng  b l ind  porous 
passage and, consequently, no r e l i a b l e  spanwise permeability could then 
be specif ied f o r  a ro tor  blade. Moreover, it was believed t ha t  the 
s t rength  of porous s in te red  mater ia l  a t  elevated temperatures had not 
yet  been developed t o  t he  point  where appl icat ion f o r  hollow turbine  
r o t o r  blades was feas ib le .  Furthermore, specif icat ions  f o r  a s t a t o r  
blade would be adequate t o  determine i f  a controlled permeability var i a -  
t i o n  could be achieved by a ce r t a in  fabr ica t ion  process. It was f o r  
these  reasons t h a t  t he  stator-blade permeability var ia t ion  was se lected 
f o r  t he  specif icat ions .  
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Blade Fabrication Method and Test Blades 

The blade fabricat ion process as developed and followed by the  AEMC 
in  f u l f i l l i n g  the ONR contract f o r  the fabrication of sintered, porous, 
hollow turbine rotor  blades i s  described i n  d e t a i l  in references 4 and 5. 
A br ief  description of t h i s  process and of the types of t e s t  blades sub- 
mitted follows : 

A hydraulic-press, cold-molding die  was made. A predetermined amottnt 
of type 316 s tainless-s teel  power with an incorporated amount of phenolic 
binder was poured into the die. The knife, or core rod, comprising the 
inner cooling a i r  passage was inserted, and the remaining powder added. 
The die  assembly was jogged t o  s e t t l e  the powder, and baked a t  450' F t o  
cure the phenolic binder. The blade was then removed from the  die  i n  
the molded-and-cured form ready f o r  sintering. The blade was sintered 
a t  2280' F f o r  80 minutes in a hydrogen atmosphere. Ten blades were 
fabricated by t h i s  method a d  submitted t o  the NACA f o r  tes t ing.  One of 
these blades is shown. i n  f igure 2 ( a) . 

A second s e t  of f ive  blades was fabricated i n  t h i s  same way, but in 
addition, was placed in a separate die in  which the she l l s  were coined. 
The coining procedure was employed i n  order t o  reduce the blade permea- 
b i l i t y .  In  addition, coining increased the blade strength. A coined 
blade is shown i n  figure 2 (b) . 

A t h i rd  s e t  of seven blades had perforated reinforcements inserted 
into the original mold. The powder and phenolic binder were then poured. 
These reinforcements consisted of sheets of s ta inless  s t ee l  approximately 
0.015 inch thick with holes of 0.035-inch diameter spaced 0.020 inch 
apart .  Such reinforcements were located in  both pressure and suction 
surfaces. These blades were not coined. The use of the perforated rein- 
forcements integral with the blade she l l  was ostensibly t o  add strength 
t o  the she l l .  The geometry of the cooling-air passages of a l l  the blades 
was essent ia l ly  the same and a base view of a typical  blade is shown in  
figure 2(c) .  The cooling-air passage in the base region and i n  the a i r -  
f o i l  a r e  shown. 

Each of the 22 t e s t  blades described i n  the  foregoing paragraphs had 
i ts  base in f i l t r a t ed  with copper. The copper in f i l t r a t ion  was allowed 
t o  extend approximately 1/8 inch into the blade she l l  above the blade 
base. By t h i s  method, an increase i n  the strength of the material i n  
t h i s  section of maximum s t r e s s  was achieved. The t e s t  blades as supplied 
by the AEMC had blank bases a s  shown i n  f igure 2.  Fir-tree-type base 
serrations were ground by the NACA in  the bases of the blades used f o r  
spin t e s t s .  

Two blades, one coined and one not coined, were selected t o  be 
measured on a profile-measuring instrument a t  the Lewis laboratory. 
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When the measurements were compared with those originally specified t o  
AEMC, it was found tha t  a dimension through a cross section from outside 
suction surface t o  outside pressure surface a t  the midchord region ex- 
ceeded the specified dimension by about 35 percent. The leading-edge 
r a d i i  were also oversize. The chord lengths were within specified l i m i t s .  

Test Equipment 

Permeability investigation. - A detailed description of the appa- 
ratus  used f o r  measuring loca l  cooling-air-flow ra tes  through the walls 
of hollow transpiration-cooled turbine blades is given i n  reference 1. 
( ~ r o m  these flow rates ,  loca l  blade permeabilities can be obtained.) 
The blade t o  be tested was placed in a holder as shown i n  figure 3. The 
holder was connected t o  a controlled and metered a i r  supply. The a i r  
was f i l t e r e d  and supplied a t  room temperature. Local flow ra tes  a t  var- 
ious locations on the blade periphery were measured by means of small 
probes, or sampling tubes, contoured t o  f i t  specific locations on the 
blade surface. These probes were connected through rotameters t o  a mc- 
uum supply- A static-pressure tap located i n  the wall of the sampling 
tube permitted the adjustment of the pressure inside the tube t o  that  
of the ambient a i r  around the blade exterior.  Under these conditions, 
the  presence of the sampling tube against the wall of the porous blade 
is believed t o  have a negligible effect  on the a i r  flow through the wall. 

A static-pressure tap and a thermocouple located i n  the air-supply 
tube fmmediately upstream of the blade base were used t o  measure cooling- 
a i r  pressure and temperature. 

Strength evaluation. - In order t o  determine the strength of the 
porous blade material, single blades were instal led in  a turbojet-type 
ro tor  and spun t o  f a i lu re  a t  room temperature in  a spin r i g .  The rotor 
was suspended i n  an armored p i t  with the turbine shaft  in a ve r t i ca l  
position. The rotor  shaft  was connected t o  an a i r  turbine which rotated 
the assembly. In order t o  reduce the torque required t o  spin the rotor,  
the portion of the r i g  surrounding the rotor  was sealed and evacuated t o  
about 7 inches mercury absolute pressure during the spin t e s t .  The ro- 
t a t iona l  speed of the ro tor  was measured by an electronic tachometer. 
An automatic alarm system indicated blade rupture. 

Experimental Procedure 

Permeability investigation. - The loca l  cooling-air-flow r a t e  out of 
an area on the surface of a blade was obtained a t  room conditions by 
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placing a sampling tube against  t he  blade wall  a t  a par t i cu la r  location,  
equalizing t he  sampling-tube pressure with ambient pressure, and measur- 
ing t he  air-flow r a t e s  f o r  a range of pressure losses  through t he  blade 
w a l l  ( see  r e f .  1) . Flow r a t e s  were obtained i n  four planes located about 
3.25, 2.55, 1.75, and 0.75 inches from the blade root;  a t  each of these  
spanwise locations,  t h e  sampling tube w a s  positioned a t  seven chordwise 
loca t  ions on several  blades. These chordwise loca t  ions, expressed in 
percent of chord from the  blade leading edge, were a t  0, 18, 45, and 68 
percent chord on the  suction surface and a t  10, 34, and 62 percent chord 
on t he  pressure surface. 

The flow r a t e s  through the  walls of s i x  blades were obtained i n  t h e  
manner described above. The blades investigated consisted of th ree  un- 
coined blades (438, 459, and 464), two coined blades (603 and 610)) and 
one uncoined blade with perf orated reinforcements ( 710) i n t eg ra l  with 
t he  blade s h e l l .  These blades were se lected a t  random from those ava i l -  
able .  !The numbers i n  the  parentheses were assigned by the  AEMC and w i l l  
continue t o  be re fe r red  t o  in t h i s  repor t .  

Strength t e s t s .  - The s t rength of the  blade mater ia l  was determined 
by spinning blades t o  rupture i n  t h e  spin r i g  previously described. A 
t o t a l  of s i x  blades were spun t o  f a i l u r e ;  the  blades consisted of two 
uncoined blades, two coined blades and two uncoined blades with perfora- 
t e d  reinforcements. The blades investigated in the  spin  r i g  a r e  described 
in a subsequent t ab le .  

Each blade was individually spun t o  des t ruct ion i n  the spin  r i g .  
After t he  blade was i n s t a l l ed  i n  a su i tab ly  balance'd rotor ,  the  ro to r  
assembly was i n s t a l l ed  i n  t he  armored spin p i t  chamber. The air pres- 
sure i n  the  chamber was reduced t o  about 7 inches of mercury absolute 
and t he  ro tor  was accelerated slowly u n t i l  blade f a i l u r e  occurred. The 
speed of the  ro to r  a t  f a i l u r e  was recorded and the  r a d i a l  locat ion of 
the  f a i l u r e  was determined upon removal of the  ro tor  from the  spin 
chamber. 

Calculation Procedure 

Permeability evaluation. - The specif ied chordwise permeability 
d i s t r i bu t i on  w a s  calculated f o r  a pressure drop through t he  porous blade 
wall of 10 pounds per square inch discharging t o  NACA sea-level  condi- 
t ions .  In order t o  compare t h i s  specifica, t ion with the  experimental 
permeability data  f o r  the t e s t  blades, the  following calcula t ion proce- 
dure was employed. A modification of Darcy's l a w  was used: 

\ 
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Darcyls l a w  i n  t h i s  form employs a f ac to r  K ca l l ed  the  permeability 
coef f ic ien t  which is  evaluated a t  (pv), F 0 .  Since it is  necessary t o  
extrapolate  experimental data t o  zero flow m d  8evaluate t he  slope of t h e  
l i n e  a t  t h i s  point  t o  obtain K, a new tiefitattion of permeability f ac to r  
Kt w i l l  be used in t h i s  repor t .  A pressure drop through the  mater ia l  
of 10 pounds per squa re~ inch  discharging, ta  NflCA standard sea-level  con- 
d i t i ons  was a r b i t r a r i l y  chosen. If values of Ta and va f o r  a i r  a t  

standard sea-level  conditions a r e  substitut&?I i n  the  preceding eqwt ion  

a s  wel l  a s  the  corrected drop i n  pressqre iquared ( 3 ~ 5 6 ) ~  - (2116)2 f o r  
10 pounds per square inch, the  following expression r e s u l t s :  

This reduces t o  

-== 12,' 3 0 . 6 ( p ~ ) ~  x i n .  
T 

The loca l  permeability of d i f f e r en t  blades is compared on t h i s  ba s i s .  

Strength evaluation. - The rupture s t rength  of t he  blades was de- 
termined from the  blade density,  the  radius r a t i o  ( radius  from center of 
ro ta t ion  t o  an average l i n e  of t he  rupture gver the  radius  from center of 
r o t a t i on  t o  blade t i p ) ,  and the  speed of ro ta t ion  a t  which rupture 
occurred. A l l  measurements except density were obtained from the  experi- 
mental s t rength  t e s t s .  Density of $he t$aterial was obtained experimen- 
t a l l y  by evaluating t h e  densi ty  of the  a i r f s i l  sect ion of a coined and 
uncoined blade se lected a t  random. It was &ssume$ tha t  the  mater ia l  
densi ty  f o r  a l l  blades was t he  same a s  that ,determined f o r  the  two se- 
l e c t ed  blades. 

RESULTS AND DISCUSSION 

Permeability Eualuat ion 

Chordwise permeability. - Figure 4 -compa;res t he  experimentally ob- 
t a ined  chordwise permeability d i s t r ibu t ion  a$ a plane 1.75 inches from 
the  base f o r  e a c h  of the  six-blades '  tesked y i t h  the  specif ied chordwise 
permeability var ia t ion  shown a s  a dashed i i n e .  The r e s u l t s  f o r  t he  
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three  uncoined blades a r e  shown in f igure  4 ( a ) .  Only one of these blades, 
number 464, has a permeability var ia t ion  approaching t h a t  specif ied.  For 
t he  other two blades, the  trends of the curves a r e  opposite t o  t h a t  f o r  
the  prescribed d i s t r ibu t ion ,  pa r t i cu l a r l y  f o r  t h e  pressure surface.  

Figure 4(b) shows t he  permeability d i s t r i bu t i on  f o r  two coined 
blades (603 and 610) and indicates  t ha t  t he  coining process reduces t h e  
blade permeability loca l ly .  Coining should help t o  control  t he  l o c a l  
permeability. The reduction i n  permeability of the  coined blades as com- 
pared t o  the  uncoined blades ( f i g .  4 ( a ) )  i s  based upon the  assumption 
t ha t  t h e  permeability of t he  coined blades p r io r  t o  coining was  similar 
t o  t h a t  f o r  t he  uncoined blades. However, lack of uniformity i n  the  
permeability d i s t r ibu t ions  f o r  the  uncoined blades makes d i r ec t  compari- 
son of the  data  f o r  coined and uncoined blades uncertain. 

Figure 4 (c )  shows the  permeability d i s t r ibu t ion  f o r  blade 710, which 
was not coined but  contained perforated reinforcements i n t eg ra l  with t h e  
blade she l l .  It can be seen t h a t  an e r r a t i c  d i s t r i bu t i on  w a s  obtained. 
Local measurements indicated var ia t ions  from t h e  specif ied permeability 
of as much as 39 t o  -13.5 percent. Comparison of the  d i s t r ibu t ions  f o r  
t he  s i x  blades shown i n  f i gu re  4 indicates  very large  var ia t ion  i n  chord- 
wise permeability and i n  deviation from the  prescribed d i s t r ibu t ion .  
Since these blades were se lected a t  random from those submitted under the  
contract ,  it is obvious t h a t  sa t is fackory control  of permeability from 
blade t o  blade has not been achieved. Such chordwise var ia t ions  i n  per- 
meabil i ty would cause corresponding var ia t ions  i n  s h e l l  temperature dur- 
ing engine operation. Previous NACA analyses have shown t h a t  i n  order t o  
maintain proper control  of blade w a l l  temperatures, permeability varia-  
t ions  must not exceed 210 percent. Figure 4 shows deviations a s  l a rge  a s  
155 t o  -85 percent from those desired.  

Spanwise permeabilitx. - Recent analyses made a t  t he  NACA indicate 
t he  necess i ty  of a design spanwise var ia t ion of permeability f o r  ro to r  
blades.  Such var ia t ions  w i l l  depend upon t h e  blade profi,le-and the  par- 
t i c u l a r  appl icat ion f o r  which the  blade i s  intended. However, f o r  rea- 
sons given previously, a t  the  time the  specif icat ions  f o r  t he  blades 
reported on were given, a uniform spanwise var ia t ion w a s  prescribed. 
Since t h e  chordwise permeability t e s t s  reported i n  t he  preceding para- 
graph showed inconsistent  blade-to-blade r e su l t s ,  only two blades were 
se lected f o r  spanwise checks of permeability var ia t ion.  These blades 
were a coined blade (610) and an uncoined blade (438). The resulks shown 
i n  f i gu re  5 a r e  f o r  several  constant chordwise posi t ions  a t  four  spanwise 
s t a t i ons  on each blade. Because of s l i g h t  var ia t ions  i n  blade p ro f i l e s  
and t he  use of a s ingle  s e t  of sampling tubes, no data a t  the  leading 
edge of the  coined blade and at several  posit ions on the  uncoined blade 
were obtainable. The coined blade ( f i g .  5 ( a ) )  and the  uncoined blade 
( f i g .  5 (b ) )  generally showed a t rend of increasing permeability from root 
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t o  t i p .  One posit ion on each blade (position 1 on the coined blade and 
the leading edge on the uncoined blade) showed the opposite trend. The 
increase i n  permeability from root t o  t i p  was about 50 percent f o r  the 
coined blade and about 45 percent f o r  the uncoined blade. These resu l t s  
together with the f a c t  tha t  a uniform spanwise variation was specified 
show tha t  control of the permeability in  the spanwise direction has not 
been achieved. 

Spin Tests 

In order t o  determine the t o t a l  s t ress  imposed upon a rotat ing tur-  
bine blade, it is  necessary t o  consider centrifugal force, bending forces 
(imposed e i ther  by blade warpage, misalinement, or gas bending) and vi- 
bration. Since the blades considered i n  t h i s  investigation were spin 
tes ted  in  an evacuated chamber, gas bending forces and vibration did not 
a f fec t  the resu l t s .  Furthermore, calculations indicated tha t  the amount 
of warpage or misalinement of these blades made an insignificant contri-  
bution t o  the t o t a l  s t r e s s  imposed. Therefore, the resu l t s  of the spin 
t e s t s  presented in the following table  represent the effect  of centrifugal 
force alone: 

%istance i s  measured from blade base t o  platform t o  plane 
of f a i lu re .  

I 
Calculated 
centrifugal 
s t ress ,  

p s i  

1435 

2545 

6771 

4983 

8925 

5795 

Length of 
blade stub 
a f t e r  
fa i lure ,  

in. 
(a )  

0.23 

.22 

1.52 

.52 

.25 

.25 

Rotational 
speed a t  
fa i lure ,  

2740 

3620 

7064 

5274 

68 00 

5480 

- 
Blade 

438 

464 

603 

611 

7 12 

713 

Type of blade 

Uncoined 

Unc o ined 

Coined 

Coined 

Unc o ine d 
with rein- 
forcements 

Unc oine d 
with rein- 
forcements 
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The r e su l t s  indicated tha t  a l l  the blades f a i l ed  considerably below de- 
sign speed (11,500 rpm) . A typical  f a i l ed  blade is shown in figure 6. 
The maximum s t r e s s  a t  which a blade f a i l e d  was 8926 pounds per square 
inch. The root s t r e s s  i n  blades of t h i s  type a t  desigu speed i n  a cur- 
rent  turbojet  engine would be on the order of 27,000 pounds per square 
inch, about three times the maximum s t r e s s  achieved i n  the spin t e s t s .  
As would be expected, the r e su l t s  a l so  indicated that  the coined blades 
were stronger than the uncoined blades. The uncoined blades with rein- 
forcements exhibited strengths tha t  averaged about 5370 gounds per square 
inch greater than simple uncoined blades. It would appear from the re- 
s u l t s  of the spin t e s t s  t ha t  the addition of reinforcing s t r i p s  of the 
type used is beneficial .  It should be noted tha t  t h i s  trend cannot con- 
tinue under design conditions, since calculations indicate tha t  the type 
of reinforcing s t r i p  employed i s  v i r tua l ly  incapable of self-support at  
design speed. A t  low speeds the reinforcing s t r i p  is stressed f a r  below 
i t s  yield point, whereas the porous material is stressed nearly t o  i t s  
ultimate strength. Assuming adequate bond between the reinforcing s t r i p  
and the  porous material, the t o t a l  strength of the porous blades is 
therefore increased a t  lower speeds by the addition of these reinforcing 
s t r ip s .  

Particular a t tent ion should be given t o  the fac t  t ha t  the spin t e s t s  
were conducted a t  room temperature. If  such t e s t s  had been conducted a t  
a temperature comparable t o  tha t  encountered in  engine operation, it 
should be expected tha t  blade fa i lures  would occur a t  rotat ive speeds 
lower than those obtained f o r  the room-temperature t e s t s .  

The strength of the material in the t e s t  blades appears t o  be con- 
siderably below tha t  of t e s t  bars made of the same material and fabr i -  
cated i n  a manner similar t o  the t'est blades. Reference 4 indicates 
tha t  strengths of the order of 30,000 pounds per square inch or greater 
should be expected. The densit ies of the porous materials reported i n  
reference 5 were on the order of 5.9 t o  6.26 grams per cubic centimeter, 
whereas the density of the blade s h e l l  material in the t e s t  blades was 
about 4.42 grams per cubic centimeter. The l a t t e r  value was determined 
from density measurements made on a coined and an uncoined blade selected 
a t  random from the group of blades submitted t o  the NACA f o r  investiga- 
t ion.  Reference 6 shows that  the strength of porous sintered materials 
decreases rapidly with decreasing density. Although the porous material 
of reference 6 is not the same as  tha t  investigated herein, s i m i l a r  
trends in  material strength would be expected. It i s  believed therefore 
that  the re la t ive ly  low density of the blade she l l  material i s  a major 
factor  contributing t o  the low strength of the t e s t  blades. 

GENERAL DISCUSSION 

The present investigation involved shell-supported transpiration- 
cooled turbine blades tha t  were untwisted and had re la t ive ly  thick, un- 
tapered walls. The reasons fo r  fabrication of such blades were given in 
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the  INTRODUCTION. These blades permitted, f o r  the first time, actual  
spin tes t ing  of several shell-supported porous blades f o r  strength eval- 
uation. The blades a l so  permitted permeability evaluation of material 
fabricated by the  AEMC process and incorporated into an actual  blade 
configuration . 

As inferred from the  previous paragraph, features that w i l l  be re- 
quired in the f i n a l  design of shel l -supp~rted sintered-type transpira- 
t i o n  cooled blades a re  : 

(1) Thin walls (on the order of 0.020 t o  0.035 in. ) so tha t  adequate 
cooling of the leading- and trailing-edge regions of the blades can be 
obtained. This is  par t icu lar ly  necessary f o r  blade shapes contemplated 
f o r  transonic turbines in  which re la t ive ly  long and th in  t r a i l i n g  edges 
appear necessary from an aerodynamics standpoint- 

(2 )  Twisted a i r f o i l  sections from root t o  t i p  so tha t  sat isfactory 
aerodynamic performance of the  blade can be obtained. 

(3) Taper from root t o  t i p  in  the wall of the porous she l l  so tha t  
a reduction i n  uni t  centrifugal s t r e s s  in the blade s h e l l  is  obtained a s  
compared t o  tha t  f o r  a blade with a nontapered wall. Provision f o r  taper 
i n  the blade wall w i l l  fur ther  complicate the problem of providing ade- 
quate permeability control because permeability i s  a function of wall 
thickness. 

.In addition t o  the  features tha t  the blade should possess, the fo l -  
lowing character is t ics  must be exhibited by the porous material in  the 
blade shel l :  

(1) A rupture strength on the order of 30,000 t o  35,000 pounds per 
square inch a t  temperatures of about 1 0 0 0 ~  F 

(2) Control of permeability within the l i m i t s  specified, a s  dis- 
cussed previously 

( 3) Reproducibility of s h e l l  permeability from blade t o  blade 

The previously itemized features and character is t ics  admittedly 
contribute t o  the d i f f i cu l ty  of fabricating a shell-supported blade such 
a s  those made f o r  the reported investigation. In f ac t ,  it seems possible 
t h a t  t o  include a l l  the  necessary features i n  a shell-supported porous 
blade may prove t o  be so d i f f i c u l t  that attainment of sat isfactory blades 
may be impractical. If thought, however, t ha t  it is pract ical  t o  fabri-  
cate such blades, considerable research and development is  s t i l l  required. 

Because the cost of fabricating and investigating porous shel l -  
supported turbine blades is high and time consuming a s  compared with 



fabricating and Fnvestigating sample sheets and bars of porous material, 
it is believed tha t  thought should be given to  working with porous samples 
i f  fu ture  development of porous sintered materials f o r  such blades is 
contemplated. When porous samples can be produced t h a t  have sui table  
strength, thickness, permeability range, and permeability control it 
would then seem in order t o  attempt fabricakion of blades with the re-  
quired features fo r  t e s t  purposes. Caution must be exercised, however, 
t o  assure tha t  the use of porous samples w i l l  produce r e su l t s  tha t  a r e  
indicative of those tha t  might be expected with actual  taxrbine blades. 
A s  was pointed out previously i n  t h i s  report ,  the strength and density 
r e su l t s  obtained by the AEMC in reference 4 fo r  material samples w a s  con- 
siderably different  from tha t  a t ta ined f o r  the material from which the 
blades were fabricated, thus indicating tha t  sat isfactory agreement be- 
tween samples and blades was not a t ta ined i n  t h i s  instance. 

SUMMARY OF rnSuLTS 

The resu l t s  of t h e  flow and strength t e s t s  made fo r  a number of the 
sintered, porous, hollow turbine rotor  blades submitted by the AEMC under 
contract N-ONR-295 (01) a re  summarized a s  follows : 

1. Local chordwise permeability deviations a s  large as  155 t o  -85 
percent from the prescribed values were found. Of the s i x  blades tested, 
only' one (an uncoined blade) had a chordwise permeability variation which 
reasonably approached tha t  specified; loca l  deviations from specified 
values exceeding 10 percent were observed fo r  t h i s  blade. Previous W A  
analyses have shown that  210 percent is the maximum allowable t o  maintain 
proper control of the blade w a l l  temperatures. Satisfactory control of 
chordwise permeability an& duplication of chordwise permeability among 
blades by the fabrication process used has not been achieved. 

2. A spanwise permeability difference af the order of 50 percent 
from root t o  t i p  was observed fo r  both a coined and an imcoined blade. 

' Since constant spanwise permeability was prescribed, it is apparent tha t  
sa t i s fac tory  permeability control i n  t h i s  direction has not been achieved. 
The same permeability cr i ter ion a s  s ta ted in the  preceding r e su l t  must be 
met i n  order t o  hold blade-shell temperature variations t o  an acceptable 
range. 

3. Six blades were spun t o  destruction a t  room temperature in a spin 
r ig .  The material rupture strength obtained ranged from 1436 t o  8926 
pounds per square inch. This l a t t e r  value is about one th i rd  the strength 
required f o r  rotor blades in present-day turbojet  engines. Similar t e s t s ,  
if conducted a t  elevated temperatures, would r e su l t  in  blade fa i lures  a t  
lower rotat ional  speeds. 

Lewis Flight Propulsion Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, September 17, 1954 
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Section A-A 

External blade 
coordinates 

Interns1 blade 
coordinates 

Figure 1. - Porous turbine blade a s  specified by NACA. 
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I Survey locations Leading 
3 
1 4  Be----- 1 

(a) Blade 610, infiltrated and coined. 

0 1 2 3 4 
Spaawiae location, in. 

(b) Blade 438, infiltrated but unooined. 

Figure 5. - Spanwise permability distribu%ion for 
various chordwise locations. 



Figure 6 .  - View of broken porous blade mounted i n  spin t e s t  rotor.  
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Turbine Cooling 3.7.2 

Heat-Transfer Theory and Experiment 3.9 -1 
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PERMEABILITY AND SWNGTH MEASUREMENTS ON SINTERED POROUS HOLLOW TURBINE 
BLADES MADE BY TEE AMERICAM ELJ3CTRO METAL CORPORATION UNDER OFFICE OF 
NAVAL RESEARCH CONTRACT N-ONR- 295 ( 01) 

Abstract 

Large variations in permeability i n  both chardwise and spanwise 
directions were found, indicating tha t  sat isfactory control of permea- 
b i l i t y  was not achieved. Spin t e s t s  of s i x  blades a t  room temperature 
revealed maximum rupture strengths about one t h i r d  the strength required 
fo r  rotor  blades i n  present day engines. 




