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FOREWORD 

This report was prepared by the Aircraft  Engine Group of the General 
E l e c t r i c  Company, under contract NAS3-18021, for  the NASA Lewis Research 
Center, Cleveland, Ohio. Mr. Morgan Hanson was the NASA UTW Composite 
Blade Project Manager. 

This report covers the t e s t i n g  conducted on the f i n a l  design Under-The- 
Wing (UTW) composite fan blade. 
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1 .  SUMMARY 

This report presents the results of tests conducted on final design QCSEE 
composite fan blades. The test program was conducted to evaluate the blade's 
structural and dynamic capabilities and to evaluate the relationship of the 
blades capabilities with those anticipated from analysis and testing conducted 
on preliminary design blades. The purpose of the testing was also to make 
sure that the blade design satisfies static engine operating conditions and to 
obtain data to be used in setting engine operating limits. 

The final blade design incorporates the results of testing and analysis 
conducted on preliminary design blades in an earlier phase of the program 
(see References 1 & 2). The final blades also incorporate features making 
the blades operable ~ i t h  a variable pitch mechanism which allows the blades 
to rotate through both stall and flat pitch conditions. 

During this final phase of the program, a total of 38 QCSEE UTW composite 
fan blades were manufactured for component testing, processing and tooling 
checkout and engine use. Four of these blades plus one of the preliminary 
blades with a platform attached were used for component testing. 

The component testing included platform bench and whirligig testing plus 
blade frequency characteristics, strain distribution, bench fatigue, whirligig 
high cycle fatigue, whirligig low cycle fatigue, whirligig strain distri- 
bution and whirligig overspeed. 

The test results show that the blades have satisfactory margins of 
safety for the structural and aeromechanical requirements of the engine. 
The testing also provided the necessary data to indicate safe engine opera- 
t ion. 



2.0 IJNTRODUCTION 

The Quiet Clean Short-Haul Experimental Engine Program provides for 
the design, fabrication, and testing of experimental, high-bypass, geared 
turbofan engines and propulsion systems for short-haul passenger aircraft. 
The overall objective of the prosram is to develop the propulsion technology 
required for future externally blown flap types of aircraft with engines 
located both under-the-wing and over-the-wing. 

This report presents the results of tests conducted on final design QCSEE 
composite fan blades to evaluate the blades structural and dynamic capa- 
bilities and establish the blades suitability for engine operation. 

Testing conducted on preliminary design blades was reported in the 
QCSEE UTW Engine Composite Fan Blade Preliminary Design Test Report, NASA 
CR-134846 (Reference 2). Data from this earlier effort is applicable to 
this study. 



3.0 DESIGN CONFIGURATION 

3 .1  BLADE CONFIGURATION 

The f inished QCSEE Composite fan  blade is shown i n  Figure 1. It cons i s t s  
of a molded composite blade, a. molded c m p o e i t e  platform and a metal ou t se r t  on 
t he  dovetai l .  The molded blade configurat ion is shown i n  Figure 2 and is made 
up of a s o l i d  composite a i r f o i l  and a s t r a i g h t  bell-shaped composite dove ta i l .  
The doveta i l  i s  undercut a t  t h e  leading and t r a i l i n g  edges t o  permit b e t t e r  
t r ans i t i on ing  of t he  cambered a i r f o i l  s ec t i on  i n t o  t he  s t r a i g h t  dove ta i l .  The 
a i r f o i l  d e f i n i t i o n  is  described by 15  r a d i a l l y  spaced a i r f o i l  c ro s s  s ec t i ons  
which a r e  stacked on a common axin a s  shorn. i n  Figure 3. The doveta i l  a x i a l  
c en t e r l i ne  is o f f s e t  from the  stacking axis by 0.254 cm (0.1 in . )  t o  provide a 
smooth a i r fo i l - t o -dove ta i l  t r ans i t i on .  The molded blade is  provided with a re- 
duced leading edge thicknees t o  allow a f i n a l  coat ing of wire mesh/nickel p l a t e  
fo r  leading edge protect ion.  The blade leading edge protect ion is shown on the  
f inished blade drawing (see Figure 4). The platform construct ion i s  shown i n  
Figure 5. 

A summary of  t h e  a e r o  b l ade  pa rame te r s  is p re sen ted  i n  Table I .  The low 
r o o t  s o l i d i t y  of  0.98 i s  r e q u i r e d  f o r  r e v e r s e  p i t c h  o p e r a t i o n .  Except f o r  t h e  
l a r g e  t i p  chord (h igh  b l a d e  f l a r e ) ,  t h e  b l a d e  l e n g t h ,  t h i c k n e s s ,  and t w i s t  
d imensions a r e  s i m i l a r  t o  p rev ious  composi te  b l a d e s  which have undergone 
e x t e n s i v e  development and proof t e s t i n g .  

3.2 BLADE LAYUP/MATERIAL SELECTION 

The m a t e r i a l  s e l e c t i o n  and p ly  arrangement  f o r  t h e  UTW hybr id  composi te  
b l ade  i s  Labed on p rev ious  development e f f o r t s  conducted by General  E l e c t r i c  
and sponsored by NASA under Con t r ac t  NAS3-16-77. T h i s  work l e d  t o  t h e  s e l e c -  
t i o n  of  a  combinat ion of f i b e r s  i n  a  s i n g l e  b lade  t o  p rov ide  t h e  p rope r  
frequency response  c h a r a c t e r i s t i c s  o  s a t i s f y  STOL eng ine  c o n d i t i o n s .  F i g u r e  
6  shows t h e  g e n e r a l  arrangement  of t h e  p l i e s  i n  t h e  QCSEE UTW composi te  b l ade .  
The s u r f a c e  p l i e s  i n  t h e  lower r e g i o n  o f  t h e  b l a d e  z o n t a i n  S-g lass  f i b e r s  t o  
i n c r e a s e  b l a d e  f l e x i b i l i t y .  These p l i e s ,  be ing  n e a r  t h e  s u r f a c e  and having  
r e l a t i v e l y  low bending  s t i f f n e s s  and h igh  t e n s i l e  s t r e n g t h ,  p rov ide  h i g h e r  
s t r a i n - t o - f a i l u r e  c h a r a c t e r i s t i c s .  T o r s i o n a l  s t i f f e n i n g  p l i e s  i n  t h e  a i r f o i l  
r eg ion  of t h e  b l a d e  a r e  o r i e n t e d  a t  i 45' t o  p rov ide  t h e  s h e a r  modulus re- 
q u i r e d  f o r  a  h igh  f i r s t  t o r s i o n  frequency.  These p l i e s  c o n t a i n  boron towards 
t h e  o u t e r  s u r f a c e s  of  t h e  b l a d e  and g r a p h i t e  (Hercu le s  AS) i n  t h e  i n n e r  
r eg ions .  

P l i e s  of Kevlar-49 a r e  i n t e r s p e r s e d  throughout  t h e  b l a d e  w i t h  t h e  major- 
i t y  of them b e i n g  i n  t h e  spanwise ( r a d i a l )  d i r e c t i o n  of  t h e  b l ade .  S e v e r a l  
of t h e  Kevlar-49 p l i e s  i n  t h e  t i p  r e g i o n  of  t h e  b l a d e  a r e  o r i e n t e d  a t  90' 
t o  t h e  spanwise a x i s  t o  p rov ide  chordwise s t r e n g t h  and s t i f f n e s s  t o  t h e  b l ade .  
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Table T .  QCSEE - UTW Composite Blade Design Parameters.  

Aero Def in i t ion  

Tip Speed 

Tip Diameter 

Radius Rat io  

Number of Blades 

Bypass Pressure  Ra t io  

Aspect Rat io  

Tip Chord 

Root Chord 

TM Root 

T Tip 
M 

Root Camber 

T o t a l  Twist 

S o l i d i t y  

Tip 

Root 

Angle Change from Forward t o  Reverse 

Through F l a t  P i t c h  

Through S t a l l  

306 m/sec (1005 f t / s e c )  

180 cm (71 i n . )  

0.44 

18 

1.27 Takeoff 

2.11 

30.3 cm (11.91 i n . )  

14.8 cm (5.82 i n . )  

1.93 cm (0.76 i n . )  

0.91 cm (0.36 i n . )  

66.2" 

45" 





The resin system used in this program is a product of the 3M Company and 
is designated as PR 288. This is a resin system that has proven satis- 
factory for the needs of advanced composite blading. Some of its unique 
characteristics in the prepreg form are: 

has consistent processing characteristics 

can be prepregged with many different fibers including hybrids 

uniform prepreg thickness and resin content 

The general ply shapes, layup arrangement, fiber orientations and 
material in each ply of the blade is shown in Figure 7. This final design 
blade has essentially the same configuration and ply layup arrangement as 
tested with the preliminary blades. The material systems were changed to 
reflect the results of analyses and testing conducted on the preliminary 
blades. The preliminary blade materials are outlined in the QCSEE UTW Engine 
Composite Fan Blade Preliminary Test Report NASA CR-134846 (Reference 2). 







4.0 FABRICATION 

To assure production of high quality blades, a quality control pro- 
cedure was established. The following paragraphs describe the methods used 
to assure the required blade-to-blade consistency. All the materials used 
were procured to General Electric specifications. 

4.1 RAW MATERIAL CONTROL 

An established quality control plan for inspecting incoming epoxy pre- 
pregs at General Electric was employed on all materials procured under this 
program. This plan, which establishes the requirements and methods for selec- 
ting satisfactory prepreg material for use in composite blade molding activi- 
ties, includes the following operations: 

Checking inventory of incoming material and vendor's certifications 
for completeness and reported conformance to specifica~ion require- 
ment s. 

Logging in each lot and roll received. 

Visual inspection of workmanship. 

Sampling of material and verification of compliance with specifi- 
cation requirements, including physical properties, reactivity, 
and mechanical properties of a molded panel from each combination 
of fiber and resin batch. 

Handling, storage, and reinspection of out-of-date materials. 

Disposition of materials which fail to meet specification require- 
ments. 

Specific material properties which were measured and compared to vendor 
reported data on each prepreg lot are given below: 

Prepreg Data Laminate Data 

Fiber, g/m 
2 

Flexure str. at RT, 394 K (250' F) 

Resin, g/m 
2 

Flexure mod. at RT, 394 K (250' F )  

Solvent content, % wt Shear str. at RT, 394 K (250' F) 

Gel time, minutes at 383 K (230" F) Fiber content, % vol 

Flow, % wt Resin content, X vol 

Visual discrepancies Voids, % vol 

Density, g/cc 



4.2 BLADE MOLDING 

The basic sequence of operations involved in molding the QCSEE composite 
blades is outlined below, Each blade was layed up in halves and weighed prior 
to molding. Molding temperature was 383 K (230" F). After cooling and de- 
flashing, the blades were weighed and density measurements were taken. Along 
with the blade, go-by test panels were fabricated concurrently to verify 
mechanical properties. 

The fully assembled mold tool was heated to the prescribed 
temperature in the press such that all sections of the die were 
maintained at a uniform temperature. 

The press was opened and release agent was applied to the mold 
cavity surfaces and any excess removed. 

The assembled blade preform was loaded into the heated mold 
cavity. 

The press closed pt a fast approach speed until the top and bottom 
portions of the mold engaged. 

An intermediate clc,-i~, meed was selected for preliminary de- 
bulking of the blade preform. 

The dies continued to close at a preselected, slow rate. The 
movement continued until the die was closed and the prescribed 
molding loadlpressure attained. Figure 8 shows a typical rate of 
closure and load application curve for molding a PR 2881 
Type AS composite blade with a gel time of 60 ? 5 minutes at 
the constant molding temperature 383 K (230" F). 

The press was opened and the blade molding was rapidly trans- 
ferred into the postcure oven, thus preventing thermal contraction 
stresses from being set up in the part. The blade was allowed 
to hang freely in the postcure oven for the predetermined pro- 
cess time necessary to achieve full material properties. 

4.3 MOLDING INSPECTION AND FINISHING OPERATIONS 

After removing the blades from the postcure oven and trimming the 
resin Ilash, the following inspection operations were carried out. 

1. Measurement and recording of molded weight, volume and density. 

2, Recording of surface defects in sketch form and by photographs 
taken of both sides of the blade. 

3. Dimensional inspection and recording of the root and tip maximum 
dimensions. 





Although the blade form was molded well within the desired envelope 
tolerances, it was extremely difficult to mold the dovetail profile to the 
accuracy required. As a result, dovetail profiles were final machined to 
size. Foreign object protection systems were also applied to the blade. 
The principal finishing operation8 performed on the blades are listed below: 

1. Dovetail machining 

2. Application of wire mesh to leading edge 

3. Application of nickel plating to wire mesh 

4. Trimming blade to length and tip forming 

5 .  Outsert installat ion 

6. Platform installation 

7. Polyurethane coating 

4.4 NONDESTRUCTIVE EVALUATION 

All blades manufactured were subj ccted to through-t ransmission ul  trn- 
sonic C-scan (TTUCS) inspection in addition to holographic and root dye 
penetrant inspection. All blades supplied to verification test and for engine 
assembly successfully passed these inspections. All verification test blades 
were also posttest ultrasonically inspected. 

4.4.1 Through-Transmission Ultrasonic C-Scan 

The test technique, shown in Figure 9, is basically a measurement of 
sound attenuation due to both absorption and scattering. The through-trans- 
mission hpproach (as opposed to pure pulse-echo or reflection-plate 
pulee-echo/transmiesion approaches) provides for a more efficient energy trans- 
fer with a minimal influence of teat equipment configuration or material/ 
component shape. The scanner contour follows the airfoil with a master/ 
slave servomechanism. Even so, the attenuation values must be referenced to a 
specific ply stackup and process sequence employed in the manufacture of 
each component. 

High-resolution scanning (50 lines per inch index and 100 pulses per 
inch scan for 5,000 units of data per square inch), combined with 10 slladcs- 
of-gray ( 5 %  to 95% on the oscilloscope) recording on dry farrc-imllc paper, 
provides an "attenugraph" image which is read much in the sitme milnncr ilfi ;I 

radiograph. 





4.4.2 Laser Holographic Interferometrv 

The laser holographic facility, Figure 10, was also used to inspect the 
blades molded during this program. It is highly versatile in that the 
optical devices may be posjtioned to accommodate a variety of object types 
and field6 of illumination on panels, blades, and other contoured componente. 
Interferometry relies on secure blade fixturing and consistently reproducible 
stressing for the second exposure of a double-exposure hologram. Typical 
interferograms are presented in 1 igure 11. 

4 . 4 . 3  & Penetrant Inspection 

Dye penetrant inspection of the dovetail area was performed on each of 
the blades. This test was used to detect surface-connected root delaminations 
in the machined dovetail. The dye penetrant check also gives qualitative 
indications of root zone porosity. 







5.0 UTW COMPOSITE BLADE TESTING 

During the final design and manufacturing phase of the program a total 
of 38 UTW composite blhdes were manufactured. Twenty-two of these blades 
were allocated for engine build and spares, five for bench and whirligig 
testing, and eleven for process and tooling checkout and for verification 
test backup. One preliminary blade manufactured and tested in the earlier 
phase of the program was used for platform fabrication and verification 
testing. Table 11 summarizes the composite blade tests conducted during this 
port ion of the program. 

Whirligig testing is described in Section 6 of this report. Bench 
testing and results are given as foliows: 

5.1 BLADE FREQUENCY CHARACTERISTICS 

Frequency characteristics in the first five moJes of vibration were de- 
termined for 22 engine blades and 5 test blades. These frequencies were 
determined to provide a history of each blade's vibratory characteristics and 
provide backup monitoring of the blade manufacture. The test consisted of 
clamping the blade's dovetail in a steel holding fixture and exiting the 
blade using an electromagnetic exciter. Frequencies were determined using an 
oscilloscope to observe the change in the blade response while varying the 
frequency of the electromagnet until each of the first five natural fre- 
quencies were determined. A summary of the frequency data for each blade is 
presented in Table 111. 

This data shows close grouping of the first flexural frequencies but 
wider variation in the higher mode frequencies. Some of the variation is 
thought to be attributal to operator techniques since the data from blades 
tested the same day by a single operator tended to group more tightly than 
the total body of data. The frequency data agrees with anticipated fre- 
quencies for the final blade and is plotted along with whirligig frequency 
data in Figure 23. The higher value of the bench data from the extrapolated 
zero speed whirligig data reflects the differences due to the rigid clamping 
support of the base of the blade. 

5.2 PLATFORM BENCH TEST 

A final design platform was installed on preliminary blade QP004 for 
combined dynamic fatigue testing of blade and platform together and for 
static load testing of the platformlblade attachment. The static load test 
was performed in two phases; the first phase was directed toward determining 
the load to initiate bond failure at the platform to blade interface and the 
second phase was to determine the ultimate load capability of the platform 
for complete separation of a platform from the blade as a means of assessing 





Table 111. Engine & Test Blade Frequency Inspection Smmary, 

Frequency - Zero Speed, Hertz 

(a) Flexural Mode 
(b) Torsional Mode 



t h e  f a i l l s a f e  c a p a b i l i t i e s  of  the  p la t fo rm a f t e r  disbonding.  Wrap around 
s t r a p s  ( a t  t h e  l e a d i n g  and t r a i l i n g  edges of t h e  b lade)  incorporated i n  t h e  
p la t form's  des ign  a r e  in tended t o  provide t h e  p la t fo rm wi th  t h e  requ i red  
s t r u c t u r a l  c a p a b i l i t y  even wi th  a debond between b lade  and pla t form.  The 
l ead ing  edge s t r a p  is  shown i n  Figure  5. 

P r i o r  t o  f a b r i c a t i o n  of the  p la t form on Blade QP004, t h i s  b lade  had been 
previously  sub jec ted  t o  f i r s t  t o r s i o n a l  f a t i g u e  t e s t i n g  i n  the  Whir l ig ig ,  
which had f a t i g u e  damaged t h e  blade  t o  t h e  e x t e n t  t h a t  t h e  f i r s t  t o r s i o n a l  
frequency was reduced approximately 10% dur ing  t h a t  t e s t .  That damage was 
i n t e r n a l  t o  t h e  b lade  and d i d  not  a f f e c t  t h e  p l a t f o r m ' s  f a b r i c a t i o n .  

The blade  wi th  p la t form was subJected t o  bench f a t i g u e  t e s t i n g  by ex- 
c i t i n g  i t  i n  i ts f i r s t  f l e x u r a l  mode, similar t o  t h e  t e o t l n g  d e s c r i b ~ '  k i  
Sec t ion  5.4. I t  was t e s t e d  u n t i l  i ts  f i r s t  f l e x u r a l  frequency was reduced 
by 10% which occurred a f t e r  one m i l l i o n  c y c l e s  a t  193 rid/m2 (28 k s i )  double 
amplitude s t r e s s  and 0.5 m i l l i o n  cyc les  a t  241 MNlm2 (35 k s i )  s t r e s s .  This  
caused approximately 50% debond a t  the  p la t form t o  b lade  i n t e r f a c e  su r face .  
Tile blade was next prepared f o r  s t a t i c  load t e s t i n g  by p o t t i n g  the  a i r f o i l  
i n t o  a  Devcon block f o r  suppor t .  

The s t a t i c  load t e s t i n g  cons i s t ed  of e v a l u a t i n g  the  load-def lec t ion  
c a p a b i l i t y  of t h e  p la t form and determining the  load requ i red  t o  t o t a l l y  
s e p a r a t e  t h e  p la t form from the  blade.  A poin t  s t a t i c  loading was used t o  
s imula te  c e n t r i f u g a l  loading.  The s e t u p  is shown i n  Figure 12. An I n s t r o n  
t e s t i n g  machine a p p l i e d  an equal  compressive load t o  the  boctom of each s i d e  
of t h e  platform. The load was app l i ed  near  the  p la t form maximum overhang. 
Loading was stopped p r i o r  t o  f a i l u r e  of che end s t r a p s  t h a t  r e t a i n  t h e  p l a t -  
form t o  t h e  b lade .  Next, t h e  load was repos i t ioned  t o  bea r  on t h e  c e n t r i f -  
ugal  loading c e n t e r  of p ressure  f o r  each h a l f  p la t fo rm and the  loading 
continued u n t i l  t h e  end s t r a p s  f a i l e d  and t h e  p la t form ha lves  separa ted  
from t h e  blade .  A t e s t  load of 8.0 kN (1800 l b )  app l i ed  a t  the  p la t form 
maximum overhang p o s i t i o n  caused bond s e p a r a t i o n  of p la t form from blade.  
Figure 13  shows a  p l o t  of the  p la t form d e f l e c t i o n  a s  a  func t ion  of t h i s  
loading.  A f i n a l  t e s t  load of 1 7 . 1  kN (3850 l b )  app l i ed  a t  the  c e n t e r  of 
p ressure  of t h e  h a l f  p la t forms c a u s e d . t h r  end s t r a p s  t o  break and the  p l a t -  
form ha lves  t o  s e p a r a t e  from t h e  blade.  

The t o t a l  o p e r a t i n g  c e n t r i f u g a l  load of t h e  p la t fo rm is c a l c u l a t e d  t o  be 
5.3 kN (1200 l b )  a c t i n g  a t  the  p la t fo rm CG. The t e s t  load of 8.0 kN (1800 l b )  
app l i ed  a t  t h e  maximum overhang p o s i t i o n  and requ i red  t o  cause bond separa- 
t i o n  shows a  margin of s a f e t y  of over 2.0 on t h i s  load ing  when considered 
on an equ iva len t  moment b a s i s .  The loed of 17 .1  kN (3850 l b )  app l i ed  at  
t h e  c e n t e r  of p ressure  of the  p la t form shows a  margin of s a f e t y  of over  2.0 
on t h e  c a p a b i l i t y  of t h e  end s t r a p s  t o  r e t a i n  the  p la t form on the  b lade  
i n  t h e  event  of  t h e  p la t form debonding from the  blade.  These margins demon- 
s t r a t e  t h a t  t h e  p la t fo rm is  s a t i s f a c t o r y  f o r  engine opera t ion .  







5.3 BENCH STRAIN DISTRIBUTION 

A bench strain distribution test was performed on blade Qll for the pur- 
pose of determining the strain distribution in the first five natural modes 
of vibration. This data is useful in assessing relative vibratory strasses 
of the blade in conjunction with engine testing. Areas of maximum vibratory 
stress are combined with steady state stresses to set the limits for engine 
operation. 

The strain distribution test was run using a siren facility which pro- 
duces pulses of air that impinge on the blade to excite the blade at a con- 
stant force, on resonance, while strain gage readouts were recorded. The 
blade was instrumented with 42 strain gages as shown in Figure 14. Since 
this blade included a platform which covers the airfoil to root transition 
region, the stresses in this region could not be directly measured. Data 
from preliminary blade : sting were used along with the data from this test 
to determine the actual maximum stresses which in some cases are located 
under the platform. 

In order to ensure that no damage to the blade occurred during strain 
distibution testing, the levels of excitation were kept well below the fatigue 
limits of the blade. The two levels of strain used during testing were 625 
and 1250u cm/cm as measured at the maximum gage location. Strains at all 
gage locations were recorded as a percentage of the strain at the maximum 
gage locat ion. 

Table IV tabulates this data for the first five natural frequencies. 
The data shows that at the first flexural mode, the maximum measured strain 
location is on the convex midchord region of the blade immediately above the 
platform. Generally, the highest stresses were measured on the blade airfoil 
near the platform on both the concave and convex sides. The second flexural 
mode showed some shift in the maximum stress location but a very similar 
response of highest stresses in the airfoil near the platform. The maximum 
measured strain location in the first torsional mode was at the blade trailing 
edge on the convex side slightly above the platform. Considerably higher 
torsional stresses are expected at the root trailing edge undercut region as 
shown in the preliminary design test report, Reference 2. This was taken 
into consideration in assessing fatigue test results. The relative strains 
for the forth and fifth modes are also included in Table 1 V  for reference 
purposes. 

5.4 BENCH FATIGUE TESTS 

Bench high cycle fatigue tests were 
determine the blades' alternating stress 
first flexural natural frequency and Qll 

performed' on blades Q9 and Qll to 
capability. Q9 was tested at its 
at its first torsional natural fre- 

quency. 30th blades were complete with platforms. The tests were performed 
by clamping the blade dovetail in a rigidly supported holding fixture, and 
exciting the blade. Excitation was provided by a siren facility which pro- 
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Figure 14. Bench Test Blade Instrumentation, Blade S/N Qll. 





duces pulses of air that are directed at the blade. The frequency and magni- 
tude of the pulsating force is regulated until the desired resonant frequency 
is in the natural mode of interest. 

Test stress levels were selected in an attempt to identify the runout 
fatigue strength with no frequency drop and also to identify the stress level 
and number of cycles corresponding to a 5 %  frequency drop. Blade Q9 was in- 
strumented with eight single-element and one three-element rosette strain 
gages. Gages were located as shown in Figure 15. Strain gage location was 
based on strain distribution tests whereby areas of max strain are identified 
in each vibrational mode of interest. Tip deflection and strain gage readings 
were monitored while the blade was being excited. The maximum tip deflection 
at the trailing edge of the blade was maintained constant during each portion 
of the test and used as the control. This procedure is used, based on ex- 
perience which has shown that strain gages have limited cyclic life and could 
fail before completion of the test. For blade Q9, the initial peak double 
amplitude stress was set at 159 MN/m2 (23 ksi DA) at its maximum stress 
location for excitation is the blades first flexural mode. The maximum 
stress location was identified by analysis and strain distribution test to be 
on the convex side of the blade near the midchord location just above the , 
platform. Measured strains in the blade spanwise direction have been used to 
calculate stresses using a material Modulus of Elasticity of 10x10~ psi. 
This provides a consistent basis fcr comparing stresses during these tpsts as 
well as for setting scope limits and gage monitoring during later engine 
testing. Runout at each cyclic level of stress was one million cycles. 
Double amplitude stress increases of 55 MN/in2 (8 ksi) were used for sub- 
sequent levels of testing. Testing was continued until a 5% drop in blade 
frequency occurred. The results of this test are summarized in Table V. 
This testing shows that the blade can be subjected to a first flexural vibra- 
tory double amplitude max stress in excess of 207 llN/in2 (30 ksi) with no 
loss in frequency. 

Blade Qll was instrumented for strain distribution testing as described 
in Section 5.3. After completion of the strain distribution testing, the 
blade was bench fatigue tested in its first torsional mode. During fatigue 
testing gage Nc 21CX on the convex side at the trailing edge slightly above 
the platform was the primary gage monitored (see Figure 14). It was deter- 
mined from preliminary blade testing that the blades critical stress locations 
in first torsional mode was at the concave side trailing edge root undercut 
region. This region could not be strain monitored on blade Qll since it is 
covered by the platform. Correlation of blade Qll strains with those from 
preliminary blades shows stresses at gage No. 21CX to be at approximately 50% 
of the blades maximum stress. T3e trailing edge tip deflection was also 
monitored during fatigue testing to provide a relationshi? between strain and 
tip displacement to be used in the event the strain gages went out during 
testing. 

The results of this are as follows: 
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Table V .  Bench First Flexural High Cycle Fatigue Test Summery, Blade Q9. 

Double 
Amplitude 

Trailing Edge 
Tip 

x t i o n  

(inch) 

No. of 
Cycles 

x10 
6 

Frequency 
Hertz 

Start I End 



6 2  
a 3 x 10 cycles at 345 MN/m (50 ksi) double amplitude stress at t ! . e  

trailing edge undercut, with trailing edge tip double amplitude 
deflection of 1.3 cm (0.510 inch). The frequency dropped i om 
2 8 9  Hz to 2 7 9  Hz (3-112X). 

6 Followed by 1.4 x 10 cycles at 448 MNh-:2 (65 ksi) double amplitude 
stress trailing edge tip deflection was 1.6 cm (0.630 inch) and 
frequency dropped from 279 Hz to 274 Hz aL which point the test 
was stopped. 

The results of this test shcw that some loss in blade frequency occurs 
from a first torsional vibratory double amplitude stress of J45 K 1 m 2  (50 
ksi). An extrapolatioq of the data indicates that below a stress ~imit .-~f 
approximately 207 MN/m (30 ksi) double amplitude, no 103s in frequencv would 
occur in the first torsional vibratory condition. 

Damage in both blades Q9 and Qll consisted of delamiqation in the blade 
airfoil to root transient area and some debonding of the platform's lower 
attachment. Figure 16 shows the result of ultrasonic and die -.enetrani 
examinat ion of the root and dovetail of blade Q9 and Figure 17 shows this for 
blade Qll. 
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Figure 16. Posttest Evaluation, Blade S/N Q9. 
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6.0 WHIRLIGAG TESTING 

As a means of eva lua t ing  t h e  s t r e n g t h  c a p a b i l i t i e s  of t h e  QCSEE com- 
p o s i t e  b lade  under simulated engine  opera t ing  cond i t ions ,  s e v e r a l  w h i r l i g i g  
tests were conducted, These t e s t s  were conducted on two b lades  (complete 
wi th  platforms) and a r e  summarized a s  follows: 

0 Whir l ig ig  Dynamic S t r a i n  D i s t r i b u t i o n  - S/N 47 

0 Whir l ig ig  Steady-State S t r a i n  D i s t r i b u t i o n  - SIN 47 

0 Cycl ic  Test ing - SIN 46 and 47 

0 Overspeed Tes t ing  - SIN 46 

A l l  22 b lades  a l l o c a t e d  f o r  engine  use were a l s o  i n d i v i d u a l l y  proof- 
t e s t c d  i n  t h e  w h i r l i g i g  p r i o r  t c  d e l i v e r y  f o r  engine buildup.  

6 .1  WHIRLIGIG STRAIN DISTRIBUTION 

The o b j e c t i v e  of t h i s  t e s t  was t o  o b t a i n  r e l a t i v e  dynamic and steady- 
s t a t e  s t r a i n  l e v e l s  i n  s e v e r a l  l o c a t i o n s  on the  b lade  dur ing r o t a t i n g  w h i r l i -  
g i g  t e s t i n g .  This was accomplished us ing blade  47 which was instrumented a s  
def ined i n  Figure  18. A t o t a l  of 11 single-element s t r a i n  gages were used 
f o r  recording dynamic s t r a i n s .  Four of these  gages were designed t o  provide 
s t eady  s t a t e  (absolute  s t r a i n  l e v e l )  a s  we l l  a s  dynamic s t r a i n s .  

The Whir l ig ig  f a c i l i t y  used f o r  t h i s  t e s t i n g  is shown i n  Figure  19. A 
cover p l a t e  i n  f r o n t  of t h e  r o t o r  and feed-in f o r  the  a i r l i n e s  used i n  t h e  
dynamic s t r a i n  t e s t i n g  a r e  a l s o  seen. Figure  20 shows the  assembled b lade ,  
t runnion and d i s k  i n  the  f a c i l i t y  p r i o r  t o  i n s t a l l a t i o n  of ins t rumenta t ion  
wiring.  Figure  21  shows t h e  s e t u p  v i t h  t h e  cover p l a t e  i n s t a l l e d  and i n s t r u -  
mentation wir ing on t h e  blade,  t runn ion  and d i sk .  

For t h e  dynamic s t r a i n  d i s t r i b u t i o n  determinat ion,  the  instrumented 
blade  was exc i t ed  i n  the  f i r s t  t h r e e  modes of v i b r a t i o n  by i n j e c t i n g  a i r  
through p o r t s  i n  t h e  p l a t e  i n  f r o n t  of the  r o t o r .  The e x c i t a i i o n  f o r c e s  and 
r e s u l t i n g  s t r a i n  l e v e l  were obta ined by i n c r e a s i n g  the  a i r  p ressure  through 
t h e  nozzles .  

Figure  22 shows t h e  p red ic ted  Campbell diagram f o r  the  b lades  and t h e  
po in t s  on t h e  diagram used f o r  determining the  dynamic s t r a i n  d i s t r i b u t i o n s .  
The t e s t  cons i s t ed  of making medium r a t e  a c c e l e r a t i o n s  of approximately 2000 
rpmlmin t o  3326 rpm f o r  per-rev cond i t ions  of 2 / rev ,  3 / rev ,  4 / rev ,  6 / rev  and 
9/ rev .  The speed was held a t  each resonant peak f o r  s h o r t  pe r iods  of t ime 
(approximately f i v e  seconds) t o  o b t a i n  t h e  frequency content  on t h e  t ape  r e -  
corder.  The e x c i t a t i o n  a i r  was ad jus ted  f o r  each cond i t ion  s o  t h a t  no gage 
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responded t o  more than 69 M../m2 (10 k s i )  dur ing t h i s  p o r t i o n  of t h e  s t r a i n  
d i s t r i b u t i o n  t e s t i n g .  During t h i s  p o r t i o n  of t h e  t e s t i n g ,  t h e  r o t o r  was run 
oppos i t e  t o  t h e  normal engine d i r e c t i o n  t o  impart maximum energy t o  t h e  
b lade .  This  allowed a i r  e x c i t a t i o n  nozz les  t o  be d i r e c t e d  perpendicular  t o  
t h e  b lade  wi th  t h e  maximum r e l a t i v e  v e l o c i t y  between t h e  a i r  and t h e  b lade .  
Table V I  l ists t h e  r e s u l t s  of t h i s  t e s t  i n  t h e  form of r e l a t i v e  s t r a i n  l e v e l s  
f o r  each gage i n  the  IF, 2F and 1T modes. I n  the  f i r s t  f l e x u r e  mode, t h e  
h i g h e s t  s t r e s s  readings  were obta ined from gages SSOlCX, SS02CS and SDlOCX. 
Gages SSOlCX and SS02CX were on t h e  b lade  roo t  q u i t e  c l o s e  t o  t h e  o u t s e r t ,  
5.08 mm (0.20 i n . )  above t h e  o u t s e r t ,  and a r e  inf luenced by l o c a l i z e d  h igher  
s t r a i n s .  Gage SDlOCX was near  the  midchord convex s i d e  and is considered t h e  
most meaningful gage f o r  b lade  monitoring purposes. 

Table V I .  Whir l ig ig  S t r a i n  Dis t r ibu t ion .  

S t r a i n  Gage 
No. 

SSOlCX 
SSO2CC 
SSO3CC 
sso4cc 
SDOSCC 
SD06CC 
SDO 7 CC 
SD08CC 
SD09CC 
SDlOCX 
SDllCX 

R e l a t i v e  Dynamic S t r a i n s ,  % 

(a)  F lexura l  Mode 
(b) Tors ional  Mode 

The higher  s t r e s s e s  i n  t h e  r o o t  near  the  o u t s e r t  were not  o r i g i n a l l y  
a n t i c i p a t e d .  S t r a i n  gages on t h e  pre l iminary  blades  had no t  been placed a s  
c l o s e  t o  t h e  o u t s e r t  and d id  not  measure these  high s t r e s s e s .  R e s u l t s  of 
more r e c e n t  a n a l y s i s  and t e s t i n g  on another  program show t h i s  phenomena t o  be 
a  l o c a l i z e d  s t r e s s  concen t ra t ion  e f f e c t .  Although these  s t r e s s e s  a r e  h igher  
than a n t i c i p a t e d ,  they a r e  s t i l l  l e s s  than the  maximum s t r e s s  determined f o r  
t h e  a i r f o i l  convex s i d e  midchord l o c a t i o n  (us ing the  d a t a  from t h e  bench 
s t r a i n  d i s t r i b u t i o n )  1F t e s t  (Table IV). For t h e  second f l e x u r e  mode gage 
SS02CC [ lead ing  edge r o o t ,  concave s i d e ,  5.08 nun (0.20 i n . )  above the  out-  
s e r t ]  was t h e  h ighes t  s t r e s s e d  l o c a t i o n  wi th  SD06CC ( lead ing  edge lower 

0 



a i r f o i l ,  concave s i d e )  being t h e  second h ighes t .  S t r a i n  gage SDOBCC ( t r a i l -  
ing  edge lower a i r f o i l ,  concave s i d e )  was maximum i n  t h e  f i r s t  t o r s i o n a l  
mode. 

The d a t a  from t h e  s t r a i n  d i s t r i b u t i o n  t e s t i n g  a l s o  permit ted  exper i -  
menta l ly  de f in ing  t h e  Campbell diagram f o r  the  r o t o r  system. While s e t  up 
wi th  t h e  a i r  i n j e c t i o n  p l a t e ,  t h e  b lade  and t runnions  v i b r a t o r y  charac te r -  
i s t i c s  were f u r t h e r  explored and t h e  Campbell diagram determined,  Th i s  con- 
s t s t e d  of determining t h e  p o i n t s  where t h e  f i r s t  t h r e e  v i b r a t o r y  mode l i n e s  
( IF ,  2F and 1T) c r o s s  t h e  v a r i o u s  r o t o r  e x c i t a t i o n  l i n e s .  The exper imenta l ly  
determined Campbell diagram is shown i n  Figure  23. T ! h  ag rees  c l o s e l y  wi th  
t h e  p red ic ted  Campbell diagram and i n d i c a t e s  an accep tab le  aeromechanical 
design.  

Steady s t a t e  c e n t r i f u g a l  and bending s t r e s s e s  were a l s o  determined 
throughout t h e  f u l l   peed range using the  f o u r  s t eady-s ta te  gages.  For these  
runs ,  no a i r  e x c i t a t i o n  was used. The r o t o r  speed was increased t o  a  100% 
load cond i t ion  (3326 rpm; i n  increments of 20%. This  loading corresponded t o  
105% of mechanical des ign load. These d a t a  a r e  sunmarized i n  Table V I I  and 
p l o t t e d  i n  Figure 24, a s  s t r e s s  ve r sus  precent  load.  I n  o rde r  t o  compensate 
f o r  s t r a i n  gage output  as a  r e s u l t  of temperature e f f e c t ,  an apparent  s t r a i n  
t e s t  was conducted on t h i s  b lade  p r i o r  t o  going i n t o  the  whi r l ig ig .  This 
involved hea t ing  the  b lade  i n  an oven t o  393 K (248' F) and recording t h e  
s t r a i n  due t o  thermal expansion. These d a t a  were then fac to red  i n t o  t h e  
w h i r l i g i g  s teady-s ta te  s t r a i n  readings .  Blade temperatures were recorded 
simultannously with s t r a i n  gage readings.  The d a t a  shows t h a t  t h e  measured 
t e n s i l e  s t r e s s e s  i n  t h ~  roo t  r eg ion  were 87 t o  169 bibJ/m2 (12.6 t o  24.5 k s i )  
wi th  the  maximum measured s t r e s s  appearing near  the  leading edge on t h e  con- 
cave s i d e ,  adjacen: tl. the  o u t s e r t .  The s t r e s s  measured i n  t h e  a i r f o i l  
l ead ing  edge regir- i .  .:.-*ncave s i d e ,  s l i g h t l y  above the  p la t form was 145 IW/m2 
(21 k s i ) .  These s t r e s s  l e v e l s  a r e  c o n s i s t e n t  wi th  p r e d i c t i o n s  and i n d i c a t e  
a n  accep tab le  design. 

Table VII. Steady S t a t e  S t r e s s  D i s t r i b u t i o n  Summary. 

Steady 'S ta te  S t r e s s ,  bft4/m2 ( k s i )  
S/G No. 
X ~ o a d *  SSOl I SS02 SS03 I SS04 

* 
Average of t h r e e  runs  
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Figure 23. Experimentally Determined Campbell Diagram. 
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Figure 24. Steady-State Stress Distribution. 



6.2 CYCLIC TESTING 

Two b l a d e s ,  Q6 and 47 ,  were t e s t e d  i n  low c y c l e  f a t i g u e  (LCF) to  d e t e r -  
mine t h e  adequacy of t h e  b l a d e s  f o r  t h i s  mode of l o a d i n g ,  Each b l a d e  was 
t e s t e d  i n  t h e  w h i r l i g i g  f o r  a t o t a l  of 1000 c y c l e s .  Each c y c l e  c o n s i s t e d  of 
speedup t o  3506 rpm (116% mechanical  d e s j g n  load)  and r e t u r n  t o  i d l e  a t  450 
rpm. Temperatures  were monitored t o  e n s u r e  t h a t  t h e  b l a d e s  were n o t  over-  
hea t ed .  The t z s t  on b l a d e  46 was i n t e r r u p t e d  eve ry  100 c y c l e s  t o  conduct  a  
d o v e t a i l  i n s p e c t  ion.  

Bla+e  47 was LCF t e s t e d  fo l lowing  t h e  complet ton of  stress d i s t r i b u t i o n  
t e s t i n g .  Blade Q6 was LCF t e s t e d  fo l lowing  t h e  c o n p l e t i o n  of w h i r l i g i g  over-  
speed t e s t i n g  which is d e s c r i b e d  i n  S e c t i o n  6.3. 

P o s t t e s t  i n s p e c t i o n  of t h e  b l a d e s  c o n s i s t e d  of u l t r a s o n i c  C scann ing ,  
d i e  p e n e t r a n t  examinat ion and f requency  measurement. Die p e n e t r a n t  i n spec -  
t i o n  of b l a d e  47 showed s i g n s  of a c r a c k  i n  t h e  t r a i l i n g  edge d o v e t a i l  f a c e .  
U l t r a s o n i c  i n s p e c t i o n  showed no s i g n s  of de l amina t ion  and f requency  measure- 
ment showed r, l o s g  i I frequency.  It was concluded t h a t  t h e  b l a d e  was not  
s t r u c t u r a l l y  damaged. The u l t r a s o n i c ,  d i e  p e n e t r a n t  and f requency  i n s p e c t i o n  
o f  b l a d e  46 showed no s i g n s  of damage and no l o s s  i n  f requency .  The moly- 
coa t ed  aluminum o u t s e r t  of b l a d e  Q6 showed s i g n s  of wear and l o c a l  l o s s  of  
t h e  n o l y c o a t  a l o n g  a chordwise l i n e  t h a t  c o i n c i d e s  w i t h  t h e  t r u n n i o n  i n t e r -  
f ace .  T h i s  i s  shown i n  F igu re  25. 

6 .3  OVERSPEED PROOF TESTING --- 
Blade 46 was i n s t a l l e d  i n  t h e  w h i r l i g i g  f a c i l i t y  and was s u b j e c t e d  t o  an 

overspeed  test t o  e v a l u a t e  t h e  c a p a b i l i t y  of t h e  b l a d e  up t o  117% mechanical  
de s ign  speed.  The b l a d e  was ins t rumented  wi th  t h r e e  thermocouples.  T h i s  
t e s t  was completed s u c c e s s i u l l y  w i th  t h e  b l a d e  be ing  a c c e l e r a t e d  t o  3800 rpnl 
and he ld  f o r  5-1!2 minutes .  P o s t t c s t  u l t r a s o n i c  and d i e  p e n e t r a n t  i n s p e c t i o n  
r evea l ed  no  b l a d e  damage. 

6.4 HIGH CYCLE FATIGUE TESTING -- 

Blade 47 was h igh  c y c l e  f a t i g u e  t e s t e d  i n  i ts  f i r s t  f l e x u r a l  mode Jn t h e  
w h i r l i g i g  f a c i l i t y  t o  a s s e s s  b l aue  c a p a b i l i t y  under  v i b r a t o r y  l o a d i n g  com- 
b ined  wi th  c e n t r i f u g a l  s t e a d y - a t a t e  l o a d s .  T h i s  t e s t  was conducted fo l lowing  
t h e  low c y c l e  f a t i g u e  t e s t .  The h igh  c y c l e  f a t i g u e  t e s t i n g  was accomplished 
by ho ld ing  t h e  r o t o r  speed c o n s t a n t  a t  t h e  p o i n t  on a  Campbell diagram where 
t h e  e x c i t a t i o n  l i n e  c r o s s e s  t h e  d e s i r e d  mode l i n e  ( s e e  F i g u r e  23) .  One 
s t r a i n  gage  a t  a  h igh  r a d i a l  s t r e s s  l o c a t i o n  (gage SDlOCX of F i g u r e  18 )  was 
used t o  e s t a b l i s h  t h e  l e v e l  of l oad  e x c i t a t i o n .  The b l a d e  maximum s t r e s s  was 
t aken  as t h e  midchord convex l o c a t i o n  a t  a  p o i n t  s l i g h t l y  above t h e  t o p  of  
t h e  p l a t f o r m  as determined from bench t e s t s  on t h e  f i n a l  and p r e l i m i n a r y  
b l ades .  The o t h e r  gages  were monitored w h i l e  t h e  b l a d e  was be ing  e x c i t e d  t o  
f a t i g u e  o r  u n t i l  t h e  d e s i r e d  number of c y c l e s  had been reached.  A l l  gages  





were monitored during a c t u a l  cyc l ing  i n  t h e  event t h e  s t r a i n  gage being used 
f o r  c o n t r o l  shculd f a i l ,  then a  gage a t  a  l e s s e r  s t r a i n  l o c a t i o n  would be 
used t o  e s t a b l i s h  t h e  l e v e l  of load e x c i t a t i o n .  

The b lade  was exc i t ed  a t  a  2 l r e v  crossover  speed of 2320 rpm. The 
i n i t i a l  peek double amplitude s t r e s s  was taken a t  122 MN/m2 (17.7 k s i )  a t  t h e  
maximum s t r e s s  loca t ion .  The maximum s t r e s s  l o c a t i o n  was i d e n t i f i e d  t o  be a t  
t h e  l o c a t i o n  of gage lOCX on s t r a i n  d i s t r i b u t i o n  b lade  Q L 1  a s  d i scussed  i n  
Sec t ion  5.3. S t r a i n  gage number SDlO on b lade  47 was monrtored f o r  c o n t r o l  
a t  46% of maximum blade s t r e s s  a s  determined f o r  t h i s  l o c a t i o n  i n  t h e  bench 
s t r a i n  d i s t r i b u t i o n  t e s t .  Blade r a d i a l  e l a s t i c  modulus was taken a s  10 x  lo6  
p ~ i  a s  wi th  t h e  bench t e s t  b lades .  The b lade  s u c c e s s f u l l y  completed 3  m i l -  
l i o n  c y c l e s  wi th  no l o s s  i n  frequency. Double amplitude s t r e s s  was increased 
t o  181 M N / ~ ~  (26.3 k s i )  and the  b lade  t e s t e d  f o r  another  3  m i l l i o n  c y c l e s ,  
again  wi th  no l o s s  i n  frequency. A t  a t h i r d  l e v e l  of 253 M N / ~ ~  (36.7 k s i )  
t h e  frequency dropped from 76.7 t o  76 Her tz ,  a f t e r  3  m i l l i o n  cyc les .  A t  347 
kllJ/m2 (50.3 k s i )  t h e  frequency dropped t o  74 Hertz a f t e r  1 .6  m i l l i o n  cyc les .  
These d a t a  a r e  repor ted  i n  T. b l e  VIII. P o s t t e s t  d i e  p e n e t r a n t  r e s u l t s  a r e  
shown i n  Figure  26. The pla t form was removed from t h e  b lade  t o  permit  de- 
t a i l e d  u l t r a s o n i c  inspec t  ion of t h e  lower a i r f o i l .  This  i n s p e c t i o n  showed 
t h e  b lade  t o  be delaminated i n  t h e  a i r f o i l  t o  r o o t  t r a n s i t i o n  region.  The 
molycoated aluminum o u t s e r t  of b lade  47 showei s i g n s  of wear and some l o c a l  
l o s s  of t h e  molycoat along a  chordwise l i n e  t h a t  co inc ides  wi th  t h e  t ruvnion 
i n t e r f a c e ,  somewhat l e s s  severe  bu t  s i m i l a r  t o  b lade  46. 

Table V I I I .  Whir l ig ig  F i r s t  F lexura l  High Cycle F a t i g u e  
Test  Summary, Blade 47. 

Double 
Amp1 i t u d e  
Max. S t r e s s  

M N , ' ~ ~  ( k s i )  

No. of 
Cycles 
x 106 

I Frequency 
Speed Hertz 

rPm S t a r t  1 End 

The r e s u l t s  of t h i s  t e s t  and t h e  bench high cyc le  f a t j g u e  t e s t s  were 
used t o  v e r i f y  t h e  s t r e s s  range diagram f o r  the  b lade ,  F!~owII i n  F igure  27. 
This diagram i s  i n  agreement wi th  t h e  p red ic ted  strrss range diagram shown i n  
Reference 1. The region of t h e  diagram enclosed by d o t t e d  l i n e s  was i n v e s t i -  
ga ted by t h e  t e s t i n g  i n  t h i s  program and w i l l  be used i n  e s t a b l i s h i n g  engine  
opera t ing  l i m i t s .  
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Figure 26. Posttest Evaluation Blade S/N 97. 
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These d a t a ,  a long wi th  t h e  des ign a n a l y s i s ,  shows s a t i s f a c t o r y  margin 
f o r  s a f e  engine operat ion.  

6.5 BLADE PROOF TESTING 

The 22 b lades  planned f o r  use  i n  t h e  engine were i n d i v i d u a l l y  proof s p i n  
t e s t e d  i n  t h e  w h i r l i g i g  f a c i l i t y .  Each blade w2s acce le ra ted  t o  3400 rpm and 
he ld  a t  t h i s  speed f o r  15 seconds. P o s t t e s t  inspec t ion  was conducted and 
consis ted of v i s u a l  inspec t ion  and d i e  pene t ran t  examination of t h e  b lade  
d o v e t a i l  f a c e s  and r o o t  undercut region. No damage was found. Table I X  
lists t h e  s e r i a l  numbers of t h e  proof t e s t e d  blades .  

Table I X .  Blades Whir l ig ig  Proof Tested. 

(15 seconds a t  3400 ~.pm) 



7.0 CONCLUSIONS 

The completion of the QCSEE f ina l  design composite blade t e s t  program 
provides the fo lhwing conclusions: 

Blade frequencies nd mode shapes are c lose  to predicted and are 
within the design to! ermce.  

The f i n a l  blade and platform design s a t i s f i e s  a l l  aeroelast ic  and 
structural strength requirements of the program demonstrating 
su i tab i l i ty  for engine operations. 
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