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EXPERIMENTAL DETERMINATION OF TRANSIENT STRAIN

IN A THEFMALLY-CYCLED SIMULATED TURBINE BLADE

UTTLIZING A NON-CONTACT TECHNIONE

by Frederick D. Calfo and Peter T. Bizon

Lewis Pesearch Center

SUMMARY

A non-contacting techniqus to &sxperimentially determine
strain is described. This technique was used to measure
leading edge strain in a thermally cycled simulated turbine
blade. The blade was suhject2d to cyclic heating (3
minutes) and cooling (1 minute) by moving it into and out of
a Mach 1 hot gJas stream so that metal temperatures ranaing
from 1370 9K (2000 ©9F) +o 300 ©°K (E0 °F) were obtained. The
technique employed a commercially available non-contacting
electro-optical extensometer *o measure transient
displacement betwearn parallel platinum-rhodium wire targets
which were mounted cn the blade leading edge. The sensing
portion of the extensometer system was designed to "track"
the blade targets during the complete cycle incluiing the

transitions between heating and cooling., Calibration
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reasurements showed the instrument could measure the
displacement to ¢+ 0.04% of the gage length (the distance
between tha targets). A maximum total strain o7 1.27%
occurred at the end of heating. After 1C seconds of heating
the total leading edge strain was about R80% of the maximum
strain. The minimum total strain at the end of cooling was

0.31%. Strain results were raeproducible within 4%.

INT RODUCT ION

A major goal of the fatigue research heing conducted at
the Lewis Research Center is the development and a2valuation
of life prediction methods which would be applicable to
aircraft gas turbine engine components such as blades and
vanes. A number of papers (refs. 1-7) descr-ibe this work.
These studies include: (1) development of life prediction
methods utilizing laboratory data obtained for a wide range
of materials, and (2) evaluation of these methods throuah a
variety of burner rig studies on simulated engine componants

such as turbine blades.

Life predictions must be made by enqgine designers prior
to the construction of a complex piece of hardware, The
basic input for any life prediction analysis is the strain
history at the critical location of the component such as
the leading edge for many turbine blade configurations. A
designer of a turbine blade ccmputes this strain history by

ORIGINAL PAGE \\.:
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using the geometry, material properties, and an assumed
tempearatur: history based on previous experience, Obviously
the computed strain history for a turbine bladas has in it
its own uncertainties anil anproximations haced on the irput
assumptions. In attempting to verify a 1life prediction
method such as Strainranje ?artitioning (SRP) (refs. 1-5),
it is important to be able to separate out all possibhle
sources of uncertainties ani approximations, so0 that *he
"pieces" can be cvaluat=d separately, The ahility to
measure accurately the straip history a+t the critical
location of the componant provides a means of 21limina*ing
one of the uncertainties. The measurements such as those of
this investigation will permi* an evaluation of our ability
to compute inelastic strains encountered in a simulated
turbine blade subjscted to conditions that might occur in an
engine. 1In addition, use of these specitic measured
strains, along with *he characteristic fatigque life
relationships (SRP lines) for B 1900 alloy and an
appropriate damage rule, should permit us to nredict the
ftatigue life of this simnlated turbine blade, Comparison of
this predicted lif= with actunal 1life as determined in a test
facility can then be used to provide an indication of the
effectiveness of the life prediction method. The
application of the measured results reporta2d herein to this
life prediction problem is not, however, a part of this
report.

JGINAL PAGE 1°
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various experimental strain measurement methods
currently available are not adequate for obtaining the
accurate data needed for this type of investigation which
involves high temperatures. Tor example, temperatures of
1370° K (2000° F) as well as hold time at temperature
eliminated considaration of foil or wire strain gages (ref,
8) for the present stuiy. Furthermore, the need to
determine strain at the leading adge of the blade eliminated
the possibility of applying methods which measure average
strain over the cross section such as non-contact
capacitance displacement sensors (ref. 9). The requirement
that strain be measurel for the complete cycle limited the
usefulness of extensometer systems capable of measuring
strains sensed outside of the hot zone of *he specimen (ref.
10). Other non-contacting *echniques (refs. 11-13) have
been successful in accurately measuring small dimensional
changes of a specimen under tension, but have been applied

only to static tests.

The purpose of this investigation was to measure the
leading edge strain of a simulated turbine blade moving into
and out of a hot gas stream., This report pra2sents a
detailed description of th2 experimental measurement method
and principle of operation of the commercialiy available
electro-optical extensometer employed as well as the strain

data obtained. .

The turbine blade studied in this investigation wvas a
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solid, cambered, airfoil desian. It was moved into and out
of a high velocity hot gas stream tc zimulate the thermal
fatigue loading experienced by blades in aircra€t gas
turbines., The blade was held in a Mach 1 gas str=am for
three minutes and theéen moved cut for one minute so that
metal temperatures ranging from 1370 9k (2000 ©°F) to 300 O«

(80 °F) were obtairned.

The leading edge strain of the simulated turbine blade
throujhout the cycle wis determined in the following manner.
Two parallel wire targsts were mounted on the lealinag edge
of the blade. A non-contacting electro-optical extensometer
measured the displacemant (change in length bhetween the
targets) throughout the cycl= and convertel this *o an
electrical signal which was recorded on a stripchart. Th»
ratio of the displiacem2nt at temperature ¢o9 tha distance

between the targets at room temperature gave the strain.

This work was conducted using the U.S. customary system
of units. Conversion to International System of Nnits (SI)

vas made for reporting purposes only.

ORIGINAL PAGE I* APPARATUS AND PROCEDURF
OF POOR QUALITY

Test Specimen

The geometry of the simulated turbine blade is shown in

figure 1(a). The blade was precision cast from nickel-base
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alloy B 1900. Figure 1(bh) shows the bhlade with the two
parallel 0.15 cm (0.060 in,) diameter platinum-rhodium wire
targets mountel on the leading edge 1,42 cm (0.561 in,)
apart. High temparatur=2 braze material was used to fasten

the wire tarqgets to the leading edge.

As seen in the cross section ot fiqure 1(a), the
airfoil desian had its mass concentrated alony the mid-chori
region. Tiais rcqgion controlled the average elongation of
the blade, thus rastraining both the leading and trailing
edges during the thermal cycle. During heating and cooling
internral thermal gradients were generated which caused
constraints on the expansion and cor*raction of elements of
material bv adjacent material 2lements. Tn addi¢ion, thare
was an impnsed external constraint of the otherwise free
thermal exnansion and contraction of the blades by the end
grips wnich prevented the blaile from warping. These end
grips, as shown in fiqgure 1, also permitted application of

tensile loading to simulate centrifugal forces.

Test Facility

The facility used for thermal tatigue testing of the
simulated turpbine blades is shown in figqure 2. The
schematic in figure 2(a) shows an overall viewv including tke
strain sensing instrumentation. Fiqure 2(b) shows a

photograph of the facility and identifies some of the
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instrumentation. Figure 2(c) shows a close-up of the
specimen with the burnar and cooling nozzles. The burner
used rnatural ygas fuel. External air-coolina of the tost
section could be accomplished using +he nozzle to the rear
of the specimen., However, in the *ests described harein,
cooling occurred primarily by radiation and coniluction
through th2 grips. A hydraulic loading fixture was used to
apply tensile loads to the specimen end grips. The burrer
gas stream operated a* “ach 1 velocity with a mass flcw of
about 0.5 kg/sec (1 1lb/s>¢c) at 15C60v K (241709 F), The
loading fixture was capahle of aprlving a maximum of Ry,000
N (20,000 1lb) of load to the specimen. A mors detailed

description of tne hurner may te tound in reference 1u,

The specimens were securely clamped to heavy platens
riding in larqge bearinag blocks (figq. 2(a,b)) which wera
connected to the loading fixture. This clamping method
prevented the thermal bowing which is usually present in
cambered airfoils subjected to thermal loadina. Tt also
prevented the airfoil specimen from warping like an
unrestrained blade to relieve thermral stress., The larqe
bearing blocks allowed 1isplacemenr along a line parallel to
the leading and trailing edge axes. This was Jjones to
stablize the specimen ani also +o greatly simplify any
subsaquent stress analyses. The entire loading fixture was
pivoted by means of an 21lectrically actuated hydraulic

cylinder so as to move the specimen into and »sut of tha

ORIGINAL ¥ iy
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burner strezm (shown scheamatically in fig. 3). In this way,
the burner operated at stealy-state while the specimen wvas

thermally cycled.

Test Cycle

The simulated turbine blade was cycled by moving it
intc and out of a Mach 1 burner gac stream operating at
15909 K (2400° F). This tempcratur< wac determined using a
water cooled taermocoupl> probe. The blade was moved in%o
the burner gas strean and heated ¢there for three minutes
with the leadinyg 21ge of +he specinmen at right angles to the
burner stream. This was followed hy one minute of cooling
after the specimen pivoted out of the burner stream,
Transfer time betweer heating and cooling positions wvas less
than three seconds. Blade metal temperatures measured with
chrcmal-alumel thermecouples ranjed between 30009 K (B0O F)

and 1370 9K (2000 ©°F).

Strain Measuring Systenm

A commercially available electro-op*ical extensometer
vas applied to experimentally detecmine +h2 leading edge
strain of the simulatei turbine blade as it was cycled hy
moving it into and ou%t of a burnar ctream. The system is
capable of measurinag the relative position of two parallel

targets that were mounted nerpandicular to the leading edge
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of tha blade. Strain is then determined as the ratio of
this relative position or displacement a* temperature to the
distance between the targets at ambient temperature

conditions.

The electro-optical extensome*er consists of hoth
optical and electronic componcnts. The optical systenm
consisting of lenses and prisms is used for acquiring,
viewing, and producing an optical image of the targets for
use by the electronic components, Aan image analyzer tube in
conjunction with other 2lectronic components is used +o
produce a dc voltage that is directly precportional to the
target displacement. A calibration is neceesary to
determine the proportionility constant betwesn displacement

and dc voltage output,

Electro-optical eguipment apd_procedurg. - The system
employed in this investijation is shown schematicaliy in
figure 4. Figure 4 (a) shows the overall system consisting
of an illumination scurce for backl_ghting the targets, an
optical head containing the optical and viewing components,

and an electronic control module,

Several diffsrent target illumination arrangaments were
investigated, when it was observed that nen-unitorm lighting
of the tarqgets result=d in a linearity srror. Non-linear
results were avoided by usinog a reflector-type quartz-iodine

lanp operated from a dc power source, The lamp, mounted to

IGINAL PAGE -
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pivot with the test rig, wvas located along the viawing axis
approximately 15 cm (£ in,) behind the targets, Due to
space limitatiors, backligh*ing was used to illuminate the

targets, causing them to appear in =ilhouette.

The optical head (fiy. U (a,h)) consists of lenses and
mirrors togjether Wwith the image analyzer saction. The image
aralyzer consists of a photomultiplier tube, deflection
yoke, and associated electronic circuitry. The optical head
was mounted sccurzly to the test frame within the test
facility (as showa in fig. 2(a)) remairing focused on the
simulaved turbine tlade during the complete thermal cycle.
The mounting fixturc was designed to achicve ma2chanical
stability for the optics durirj the pivoting of the test
rig. The optical head was positioncd so that the viewving
axis intersected near tne center of the target plane and was
perpendicular to the dircction ot taryet change. The
distance from the front of the optical head to the targets

was about 25 cm (10 in.) .

Figure 2(a,b) shows the location of controls,
indicator, and conuectors mounted or the optical head. The

target size_and_calibrator adjusting_krob was used to adjust

the instrument to accommodate different target sizes, and

simulate target change. The calibrator_slide permitted the

calibrator dial to be positioned within targe¢ ranqge, after
vhich the calibrator lockput was used to retain the set-up.

Use of the calibration controls is explained in the

PP C—— - —



S

PAGE 11

Calibration section of this revort. The yievar allows
observation to be made through the optical system for alweing
the optical head at the targets. The interconnections are
used to intercornec!t the optical head and the alectronic
modules., The optical head was mounted to a motocized XYZ7
table to provide a means for positiorning the nead locally
vithin the test cell, or remoiely using the alectronic

module,

Figure 4(b) schematically shows the optics lncated in
the optical hrad. The image reducing svetaem proviies
resolution tr. measurement of +5.08 micromaters (+#200
microinches: o #7.04% of 2 rominal cgage leprgth of 1.3 cn
(0.5 in.). Lans 1 was used ¢o cause the image of the two
backlighted targets to be directed to ths prism systenm,

This lens, at a 25 cm (10 in.) working distance from ¢he
turbine blade, was able to fccus on a fi2ll of viaw of about
1.8 cm (0.7 in.) diameter. The vignette mask eliminated any
stray light rays a1long the optical center lins from passing
through the optical system. A blue optical filter was
included in front of the lens system to remova the black
body radittion of the targets and turbine blado at

temperatures up to 13709 K (20009 F),

Prisms 1 and 2 ar2 mechanical'y coupled to each other
and to Lens 2 s> as to mova laterally on the center line
axis. The calibrator 41al, showvwn in figure 2(a) meas'res
the lateral motion of the prisme. Prism 3 ir fixed., oOnly

IGINAL, PAGP I©
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the 2dges of the target image pass beyond the prism system.
Lens 2 raintains cthe focus of the image as the prisms are
moved along the axis. Lens 3 focuses the image on the front

face of the photocathoie,

Alignment of the optical system with respect to the
targ2ts ard illumination source was performed as follows:
Visual acquisition of the targcts was obtaired and the
targets centered in the field of view using the viewer (fig.
2(a)) in the deprassed position. Target centering and
focusinag was facilitatzd using the YYZ positioning table.
With the viewer depressed, the optical head was aligned so
that both targets were overlapped within the field of view
as shown in fiqure 5., It was found that targets of
different lenjyth aided in the alignment procedure. For best
accuracy and to accommodate near maximum tarqget change, the
width of the overlapped portion should be about 25% of the
total field of view. The width of the target overlapped

region may be adjusted by rotating the target_size_adjusting

knob (fig. 2(a)). When the viewer is pulled outward and the
correct illumination obtained, a "ready" indicator on the
electronic module should light, Lack of such an indication

means the target illumination level should he increased.

Interrally, th2 optical head had the capability to
compensate if the viewing axis did not intersect the exact
center of the target plane. This was accomplished by

providing a bias voltage on the deflection yoke to
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electronically position th= target image on the photocathode
#0.127 cm (#0.050 in.) along the axis of displacement or
+0.25 cm (+#0.100 in.) perpendaicular t» the axis of
displacement. The optical portion ¢f the instrument located
within the test facility wis e¢xpocsed to an environment of

285-3109 K (50-100° ¥), and 0-65% relative humidity.

Once the set-up and aligament have been completed aal
operations are performed outeside the test facility using the
electronic control module (fi5. U(1)). The tunction of the
electronic contrel moduls is %o nrovid= a voltage that
corresponds to the relative position ot the targets in the
field of view. A ¢, ferential amplifier accepts the output
voltages from the optical head and proviiles i voltage which
| is proportional to the re¢lartive nncitions of +he tarqgets on
the turbine blade. Thic latter voltage is recorded on a
stripchart for the complete +est cycle, The electronic
module also has position meters for indication of target
location with respect to the field of view. ANy necessary
change in target image location is achieved by obhserving the
position meters and adjusting the uptical head by using the

electronic module to reposition the XYZ table.

Principle_of operation. - This section describes the

measuring principle involved in the electro-optical

extensometer system. As was no*2d in the previous section,
the optical head contains lenses and prisms which are
arranged to produce a superimpnsed optical image of the

AL PAGE 18
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targets in the field of view. This is schematically shown
in figure 5 wnere the overlapped portion of the targets
appear as a dark band on a light background when observed
through the viewer. The contrast change at the two dark to
liaght boundaries of tha band represent double oontical

discontinuities to the measuring systenm.

The superimposea target image is focused on the
photocathode by a lens. Wherever light falls on the
photocathode, electrons are emittcd from the inner surface.
Thus, an electron image is formed or an aperture plate
within the image analyzesr tube. An applied electric field
accelerates the electronr image down the tube and focuses the
electron image on the aperture plate. The aperture plate
intercepts almost all of the image and only passes the part
of the imaje that falls on the measuring aperture. The
photomultiplier, located behind the aperture, sees only that
part of the image that passes through the aperture. Thus
the current output of the photomultiplier is a linear
function of the intensity of a small portion of the optical

image.

An oscillater provides a deflecting magnetic field
which moves the electron image up and down across the fixed
aperture. The oscillator signal current level is
proportional to the position of the electron image at the
aperature at any given time. A 1discontinuity detector

monitors the outout cf tne photomultiplier tube. The output
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of the photomultiplier is sharply changed when a
discontinuity sweeps across the aperture. This change in
output instantly causes tha discontinuity detector to notify
logic circuitry that a "boundary" has bheen "crossed". The
logic circuitry interrogates the deflection system as to
where the electron image was when the discortinuity was
detected. This interrogatel signal is presented as an
electrical current directly proportional to the position of
a target within the tield of view. Each of the two
discontinuities is sampled in like manner. Fach
discontinuity current level is updated with a new sample
30,000 times per seconi--the fregquercy of the sweep
oscillator. The logic ciccuitiy presents the two electrical
signals which are proportional tc tne displacement of each
target to a differential amplifier, This amplifiar provides
an output that is proportional to the differential motion of
the two targets. This nutput can be displayei on any
conventional recording ins¢rument. Any adiitional details
concerning the principle of operation of electro-optical

displacement gages may be found in reference 15.

Calibration. - The extensometer output provides the
relative displacement between the two targets as a function
of time. It is necessary to calibrate the system to relate
these relative displacements to absolute valua2s. This is
done by simulating a target change by using the calibration

controls provided on the optical head. After the optical

ORIGINAL PAGE 15
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head is aligned, the targets properly adjusted, and the
"ready" indicator light illuminated as detailed in the
Equipment and Procedure Description section, the calibration

can be performed.

The calibrator dial (fig. 2(a)) preovides readout in
0.00025 cm (0.0001 in.) increments of simulated target
change. I!Inlockiny the calibrator locking knob and sliding
the calibrator dial assemhly in the Airection away from the
targets provides a slight motion (0.0025 cm (0.0010 in.) or
less) of the needle, With the n=2edle slightly deflected the
calibrator assembly may be locked in position. By turning
the tarqget size aljusting crank clockwice and then
counterclockwise, any system error resulting from mechanical
backlash can be eliminated. Fotating the bezel on the
indicator so that the "zero" mark is directly below the

needle establishes the optical zero point.

After allowingy at least 45 minutes warm-up time for
complete thermal stabilization of the electronics, the
"zero" potentiometer on the control module can be adjusted
to obtain an electrical output of zero. PFPor maximum
accuracy, the electrical readout device (DVM, recorder,

etc.) should have a resolution of one millivolt or less.

To establish the system gain or scale factor (volts/cm
(volt/in.)), the calibrator dial (previously set to zero)

should be observei and the target size adjusting crank
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rotated countarclockwisz to obtain a dial indicator reading
of 0.1240 cm (0.0489 in.). This sinulates a 0.076 cm (C.030
in.) target size change for this instrument, With this
value a dial indicater error rno greater than 127

microcentimctars (50 microinches) evists,

With the taraet change simulated, the "span"
potentiometer can be aljustad to provide a convenient output
voltage. Ir this investigation 2.0 volts for the 0.076 cm
(0.030 in.) target size change was used. By turning the
target size adjustina crank clockwise, and then
counterclockwise, the system can aqein bhe returnedl to the
optical zerc setting. Tha above stens should be repeated
until both the optical and clectrical zeros and calibration

points are stable and reproiucible.

RESULTS AND DYSCUSSION

The total leading edge strain for the B 1900 alloy
simulated solid turbine blade as a function of time for a
typical stable cycle is shown in figure €. A number of
cycles wer2 run anl studied for data reproducibility. This
study showed that the results were reproducible within 4%,
A maximum total strain of 1,27% occurred at the end of
heating. After 10 seconds of heating +he leadinqg edge
strain was about 80% of the maximum strain, The minimum

total strain at the end of cocling was 0.31%, The
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electro-optical 2xtensometer tracked well as the loading
fixture pivoted to move the blade into arnd out of the hurner
stream. 1This is shown in figure 6 by the smooth curve
generated as the specimen cycled from heating to zooling.
Since the blade wis not constrainecd in the diraction of
strain measur2ment, th2 large strain at steadv state reveals
that the btlade maintained large thermal gradients Jdurinag
this portion of the cycle. Large temperatura qradients were
indeed obsorved by using an optical pyrometer and infrared
photography of tha pressure surface at steady state. These
temparature n2asursment methods showed temperature gradients
of over 200° K (300° ¥) when the leading edne temperature

was 1370° K (2000° F).

During an ambient temperature calibration of the
extensomet>r, *nhe¢ system's relative displa~em=nt measurement
was related to the absoluta valuss obtained by a micrometer.
The calibration produc2d an error no qgreater than 127
microcentimeters (5C microinches). The displacem=2nts during
the complete heating and =ooling cycle were m=2asured to

+0.04% of the 1.42 cm (0,561 in) gage lenqath.

The data acquisition for the blade specim2n was good
ufter a few preliminary problems were resolved. Sinc2 the
strain measurements were obtained remotely, it was
‘ impossible to adjust the instrument set-up during the test.
} It vas therefore, essential to provide a rigidly mounted
l illumination source since it was required to pivot with the

O b
INA‘J P‘\Gr' J
%%‘1%003 QuALITY




-

PAGE 19 !

test rig. Movement of the source durina cycling initially
illuminated the tarqete nop-uriformly which resulted in
linearity errors (output voltage was not linaar with
displacement). Saveral lighting arrangements were
investigated. Linear r2sultc were obtained by using a lamp

operating from a dc power source riagidly attached to the

test frame. r

After determining the optimum operating procedure for
the instrument, it was smploved with relative ease., The
problems normally encounter=d with more conventional gage
methods such as culibration drift or other effects due to
severe environmental chanas, were =liminated since the

instrument was external to *he test speciman 2nvironment.

The results from both *hke simnlatel blade measuremernt
as well as the amhient timpoerature exrensometer calibra*ion
indicate that it is teasible to use this strain measurement
method on other more comwvlicated structures, such as turbhine

blades ccntaining holes and/or slots for cooling.

CONCLUDING REMARKS

The measurement procedure and the principle of
operation of a commercially available non-contacting
electro-optical extensometer applied to a simulated turbine

blade are detailed. Total leading edge strain resulting
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from cyciing a solid blade (3 minutes heatinqg and 1 minute
cooling) oy moviny it int» and out of a Mach 1 hot qas
stream varied betwcen a maximum of 1.27% at the end of
hedating to a minimum of 0.31% a4 the end of zooling., Strain
results were reproducible within 4%, Mectal t2mperatures nf
the hblade ranged from 3009 K (B0° F) to 1370° K (2000N° F),
Approximately B0% of th= maximum total strain was obtaineq
after 10 seconds of Leating. Displacements {iuring the
complete heoating and cooliny cycle were measured to +0,0U%
of the 1.47 cm (0.561 in.) gage length. This strain
medsiseacnt technigque shoull significantly aii in obtaining
the accurate straiu measurements reeded at critical
locations of comglicated s+tructures, As such it should
prove to he extremely usz2ful in the development and
evaluation of a thecry for pradicting the thermal fa*igue

lite of structural components.

Lewis Fesearcn Center
National A=ronautics ani Spacn Administration,
Clev=lard, "2hio, DATE

505-01
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Figure 1, - Simulated turbine blade,
(All dimensions are in cm (in, ). )
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Figure Z - Facility for thermal-fatigue testing of simulated turbine blades.
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Figure 2 - Continued.

P T

i  Bearing
e block

Loading
platen

P
— i e

sorim § (j i

-
block % i !!
:

“-*\Li

() Section of facility showing heating and cooling nozzles; specimen is in
heating position,

Figure 2 - Concluded.
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Figure 3. - Schematic of facility showing the specimen located in the heating and cooling positions,
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Figure 4. - Schematic description of electro-optical system.
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Figure 5, = Schematic of superimposed target image in viewer for backlighted targets,
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Figure 6. - Total leading edge strain for simulated turbine blade of
B-1900 alloy.
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