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CYCLIC STRUCIURAL ANALYSES CF AIR-COOLED GAS
TUBBINE BLALDES AND VANES

by Albert Kautman and Reymond E, Gaugler
NASA Lewls Research Center
Cleveland, Chio 44135

ABSTRACT

Te cresp-fabligue behavier of a fully
impingement-cooled blade for four cyclic cages
was analyzed by using the Elas 55, finite-
element, nonlinear structural computer program,
Expected cyclic lives were calculated by using
the method of Strainrange Partitioning for re-
versed inelastlic strains and time fractions for
ratcheted tensile creep strains, Strainrange
Partitioning was also applied to previous re-
sults from a che-dimensionsl cyelic analysis of
g Iilm-impingement-cooled vane, The analyses
indicated thet Strainvenge Pertitioning is mor-
applicable to a constrained airfoll such as the
film-implngement-cooled wvane than to the rel-
atively uncongtrained fully impingement-cooled
airfoil, e
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INELASTIC STRATINE can be ipduced in airfolls as
g result of high thermel stresges during engine
sransients and creep during sbeady-gtate opers-
{tion, Repetition of inelastic straining under
normal engine operabion resulbs in progressive
creep-fatigue demage end eventual failure by
cracking, A mejor difficulbty in applying cyclic
life predictlon methods such as Strainrange
Partitioning (1 4o 3)* to a turbine blade is
that the computablon of inelastic strain cycles
i & formidable undertaking,

In advanced alreraft engines, the high-
pressure-gtage turbine blades and vanes involve
geomebriez and enviromments that reguire the use
of three-dimensionsl, finite-element, stress
anglysis progreams, UNonlihear, structurasl anal-
yels compuber programs are necesserily complex
and, for large problems, use substantial amounts
of computer btime and storage,

One-dimensional stress analyszes based on
strength-~of-materials theory have heen extensiv-
ely used in the design and cyclic analyses of
covled burbine blades because of their relative
simplicity and because nonlinear three-
dimensionsl structural programs have not been
available until recent years. The one-
dimensional analyses were adequate, provided
the section analyzed was a chord width away
from the end and the spanwise metsl temperature
gradients were reasonably linear, In (4) and
(5), sbrain hysteresis loops were computed from
one~dimensional programs for air-cooled vanes
and blades with airfoil aspect ratios of ap-
proximately 2, However, e one-dimensional
stress analysis would be of questionable velid-
ity for cooled blades having aspect ratios of
the order of 1 and nonlinear spanwise temper-
ature gradients, as is discussed in {(6).

Strainrange Partitioming, whick has been
developed abt the NASA Lewis Research Center by
Manson, Halford, and Hirschberz, is a method
for caleulabting low-cycle fatigue life under
conditicns of conplete inelastic strain revers-
al. The inelastic strain hysteresis loops are
divided into four beszis componentsz:

(1) Tensile plastic straln reversed by
compressive plastie strain, Aepp

(2) Tensile plastic strain reversed by
campresgsive creep strain, Lepe

(3) Tensile creep sbrain reversed by com- Kaufian
pressive plasbic sbrain, Aecp

*umbers in parenthesis designate

References at the end of paper. 2
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{4} Tensile creep strain reversed by com-
pressive creep strain, &e,,

In cazes where gcouplete inelastic strain revers-
al does not take place, addliional considerabilon
must be given to the unreversed compeonent of
strain through a ductility exhaustion or time
fractions approach.

The purposes of this study were, first, to
demonstrate the use of an advanced, nonlinesr,
shress analysis computer program in caloulabing
blade life and, second, to evaluate the effects
of airfoil thermal and mechanical loading con-
ditione and geometry on the inelastic strain
eycles and the general applicability of the
Strainrange Partitioning method., It is not the
intention of this paper to verify the accuracy
of the Biralnrange Partitioning method since
thie 1is beyond the limited experimental infor-
mation available and the accuracy of some of
the analytical results,

An impingement-cooled blade was analyzed
for an assuwned cycle between effective gas tem-
peratures at midepan of 1089 K (1598° F) to
1859 K (285C° F) with & coolent temperature of
533 K (500° ¥}, The cycle consisted of accel-
erebion and deceleration transients of 4 sec-
onds each and & 30-minute hold time at the high-
temperatire part of the cycle, Transient metal
temperatures were computed from & quasi-bthree-
dimensional lheab transfer analysis program.

The thermal transients and chordwise btemperature
gradients were subsegquently altered to increase
the severity of the thermal loading, and the
mechanical loads were removed to simulate a vane
problem, Inelastic strains were compubed from
a three-dimensional, finite-element computer
progrem for the sclution of nonlineay problems
involving creep and plasticity (7) and (8).
Cyclic life was calculated from Strainranpe
Partitioning relations for the reversed porbtion
of the strain cycle and by time fractions for
the unreversed steady-sbate creepr portion, In
all, the design case and three parametric cases
were analysed for bthe impingement-cooled blade
configuration,

Strainrange Partiticning wee elso applied
to the ineleastic strain hysteresis locps com-
pubed for the desipgn case of a film-impingement-
cooled vane in (4) by a one-dimensionsl stress
analysis program, The predicted lives at crit-
icel. loceticns cof this vane were compared with
experimental resulbs from cyclic tests in a
sbatic cascade faciliby at the NASS Lewis Re-
gearch Cender rsported in (4),
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ANALYTTCAL: PROCEDURE

The hest transfer, stress analysis, and
life predictbion methods used for the
{mpingenent-cooled blade study are described,
The strain hysteresis leoops for the film-
impingement-cooled vane were computed by using
experimental and calculated transient temper-
abures and & one-dinenslonal cyelic stresg an-
alysis program based on a kinemable hardening
rule, These are described in (4) and will not
be further discussed herein,

TRAVSIENT TEMPERATURE ANATLYSIS - A quasi-
three~dimengionel, time~dependent, thermal an-
slysis computer program (9) was used to calcu-
late the trensient temperabture distribution for
the eyclic streeg-sirain anelysis. The program
computes the temperature and coolant flow dis-
tribution for a bLurbine blade cooled by impinge-
ment and eressflow cohvection,

The blede gelected for this analywis was
a cast shell alrfoll with an impingement insert,
Fig. 1 shows m schematic cross-secbional view of
the blade, Chord length and blade gpen are both
5,8 em (1.5 in,}, and the wall thickness is tap-
ered fram 0.127 cm (0,050 in.) at the hub to
0.075 em (0,030 in,) at the tip., The impinge-
ment insert is also tapered to maintain g uni-
form coolant-channel widbth, The forward regicn
of the blade ie cocled by impingement, and the
spent impingement air flows chordwise through
the trailing edge, cocling that region by forced
convection.

Input to the program includes & descripbion
of the geomebry, an estimate of total coolant
flow, the coolant supply pressure and temper-
ature at the hub end of the insert, the hob-gas-
side heat bransfer ceefficient distribution, the
gas botal temperature distribution, and the zas
gtatic pressure at the trailing edge. For &
transient calculation, tables of coolant supply
pressure, hob-gas temperatures, hot-gas static
pressure at the trailing edge, and wheel speed
as a Punctlon of time are required,

The blade to be analyrzed was divided into
radial sections by chordwise planes and the lay-
ers were treated individually, except that
thermal commmicgbion between gections was main-
tained in the three-dimensional heat conducbion
equebtions, The coolanb-channel flow for each
layer was treated as one-dimensional compress-
ible flow with friction, heat transfer, and mass
addition. Fig., 1 shows how & leyer is divided
into caleculation sbations and the arrangement
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of nodes ab a station,

The calceulabionsl procedure requiresg that
an initial steady-state solution be determined,
The calewlaticns begln at the hub end of the
blade and are marched radially threugh the
blade, layer by layer, At each layer, the mean
pregsure and temperature in the coolent insert
ig caleulated, assuming adiabatic flow with
friction. These conditions are then used, along
with the latest coolant-channel, pressure dis-
tribution, to caleulate the impingement Jet
flows and heabt trangfer coefficlents, Using
the new heat transfer data, the well conduction
finite difference eguabioneg and the coolant-
channel enerpgy equabtions are sclved for & hew
temperature ilstribution, and the coolant-
channel momentum esguation is scived for a new
pressure digbribubion, This 1s then used to
recaleulate impingement flows, and the calou-
lations are repeated until four successive
pressure distribubions match within a specified
tolerance band, This procedure is repeated for
each layer of the blade, For the initial steady
state, aflter all layers are complete, the total
coolant used is compared with the initial es-
timate, If they do not match within tolerances,
the inlet flow is adjusted and the caleulations
are repeated, Once the steady state has been
establicbed ag an initial condition, the tran-
sient caleulabions are started, The program
zolves the transient finite difference eguabicns
for conduchbion in the blade wall and the time-
dependent energy and momenbun equations in the
coolant channel.

STREGS AWALYSIE METHOD - Anelyses were
performed with a modified version of the Elas 55
compuber program for the in-core solubion of
structural problems involving time-independent
inelasticity and thermally ectivated, time-
dependent inelssticity, The theoreticel back-
ground and capabilities of this program are
discussed in (7) and {8). The main plasticity
and creep equebiong are described in the appen-
dixz, Elas 55 wae extended to accommodabe probe-
lems involving rctabing machinery snd reversed
inelastic strain,

Plasticity computations are based ocn the
von Miser yield condition and associated flow
rile and agsume isobropic hardening., The or-
iginal version of Blas 55 used a viscoelastic
Kelvin model to compute creep strains, However,
this medel was found to be inadequate to cor~
relate the creep characteristics of vhe nickel-
base superalloy blade material, cast IN 100,
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To increase the accuracy of the creep computa-
tions, a secondary creep rabte term was added te
the ereep equabtlons and the Kelwin model was
used essentially to calculate the primary creep
strains,

Te evoid introducing instabilities, the
creap compubtations for steady-state hold times
have to be performed in fine time increments,
However, thie incrementael approasch reduces the
accuracy of the calculated creep strains because
the correlated creep characteristics are being
extrapolated to strain levsls several magnitudes
smaller than is warranted by the experimentsl
data,

The analytical results were related to uni-
axial stress-strain and creep daba by cambining
the stress and strain components in terms of ef-
fective (von Mises) stresses and streins, De-
termining the signs of the effective plastic and
ereep strains presented s problem since both
equations {A2) and (AlZ), in the appendix, al-
ways glve posibive values, Therefore, signs
were allocated to bthe effective sirain inere-
ments based on the siens of the normal stresses
with the greatest magnitude during the time in-
crement,

The program caleuwlates averapge stresses and
strains at the centroid of each element, Ther-
gl load vectors were based on nodsl point tem-
perstures obtained from the heat transfer anal-
yuls,

STRESS-STRATN DTAGRAM - The sbtress-strain
curve for a virgin material during the first cy-
cle 1s not representative of the stress strain
behavior for subsequent cycles and may give rise
to substantial errors if used for cyclic life
prediction. Extensive cyclic tests of blade and
vene materisls have shown that, for a given
sbrain range, the cyclic stress-strain hystere-
sig loop will abtain a stable Fform after z rel-
atively smell number of cycles, as typified by
the loops showm in Fig, 2.

Neither isctropic nor kinematic hardening
specify this type of stress-strgin behavior; in
fact, neither of these hardening models will
give a stable eyelic stress-strain diagrem un-
less the strain hardening parts of the diagram
are straipght and parallel lines., The type of
stress—-strain response exhibibted in Fig, 2
¢ould be more accurately represented by Mroz or
mechenicsl sublayer models, as discussed in
{10). %he major drawback in using either the
Mroz or mechanical sublayer models in large-
scale problems such as cyclic leoading of tur-
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bine blades is that the storage requirements for
these models are much grester than those for
isobrople hardening, It is of inberest that
(10) also demonstrates that kinematic hardening
con give less accurate resulis than isobropilc
herdening under multiaxial Llosding,

To represent the actusl cyclic stress-
strain diagrem by an isotropic hsrdening model,
8 rectengular diegrem wibh the same plastic
strain range was assumed, ae shown in Fig, E,
The yield strength was selected so that the
plastie strain energies represented by the en-
closed nreag of the isotreoplc and actual stress-
strain diagrams were kept approximstely the
came. The yleld strengthe are both temperature
and strainrenge dependent. Temperabure depend-
ence effects were obioined from cast IN 100
monobonic stress-strain curves presented in
(11). Strainrange effects were determined from
the results of cyclic stress-strain tests at
1200 K (17009 F) of cast IN 100 thin-~wall tubu-
lazr specimens performed at the Lewls Research
Center by using the technigques descrived in (12).
These date are plotted in Fig, 3 in terms of
stress end plastie strain ranges with zero mean
stresses and strains. The cyclic frequency was
0.5 Hz,

To epply the stralnrange corrections, the
problem had to be run flrst with estimated
vield stresses to cbbain = preliminary solution,
The yield strengths gt the elements thal ex-
hibited yilelding were then corrected on the ba-
gis of Fig, 3 and the problem was rerun, Ee-
cause of the compubing time involved, it was not
possible to carry this process throueh to a com-
pletely iterated solution, If the stresses at
the most critical locations agreed reasonably
well with the daeta of ¥Fig, 3, the iteration was
stopped at the second solubion., In no case was
the problem cerried beyond & third iteration,

STREBS AWALYSIS FROCEDURE - 'Whe airfoil
ghell was modeled by using 165 eight-node hexa-~
hedral elements in five spanwise layers with a
total of about 1200 unsuppressed degrees of
freedom; the meodeling around the eirfoil cross-
gection is illustrated in Fig, 4, Elade taper
and tilt were accounted for in determining the
coordinates of the mesh network,

The load-time history wes set up so that a
eycle consisted of 24 increments of temperatures
and mechanical loads; the labter included both
centrifugal and gas pressure loading, A hold
time of 30 minutes was applied at the high-gasz-
temperature part of the cycle., To obtain a sol-

Kaufman
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ubion for a cycle, the problem was run for an
edditional half cycle and the sbrainr cycle or
hy steresis leop used for life predictlon was
debermined from the inelestic strains after the
rgt half-cycle, The program was too costly
in compubing time to extend the cyeling beyond

1%-cycles.

The program was stopped and restarted 2O
times for each case to change loads, temper-
pbures, time increments, and materiel proper-
ties and to storxe the sccumulated solucion in
case of g breakdown of the compubter system,
About 200 000 words of core memory on the
Univac 1110 computer were required to run the
problem, Bach sclubtlion required approximstely
5 to 7 hours of compubing btime,

LIFE PREDICPION - Cyelic lives to crack ine
itiabion were caleulated by using Strainrange
Partitioning when completely reversed inelastic
strain cycles were obtained, ¥For the unreversed
straine (rabchebing), a linesr-exhaustion-of-
duchility concept should be used. In the pres-
ent case, the only significant ratchet strains
were Creep sbrains induced Avring the 30-minute
steady-state hold time, Theretfore, the amount
of damage due to creep ductiliby exhaustion was
baged on time fractions (time of stress te rup-
ture et same stress) and the monotonic creep
rupture data in (11). This mebthod was simpler
and probably moxe sccurabe than using ductility
exhaustion based on the creep strain increment
during the Tirst cycle,

The Shreinrange Fartitioning relation prée-
gented in Fig, 5 for cast IN 100 alloy were
uged for the lmpingement-ccoled blade, The cye-
lic dtresg-strein behavior shown in Fig, § and
the Stralnrvange Parbitlioning relation in Fig, 7
for cast Mar M 302 alloy were used in the con~
pubations for the film-implngzement-cooled vane,
These data were obiained from eyelic tests of
tubelsr specimens prepared from the same mater-
ial billet as was used to Pabricabe the vanes,
Date from teste conducted in & vacuum are re-
porsed in (13), Additional data obtained from
tests conducted in alr are elso shown in Fig, 7;
these show consgiderably lower lives than the
deta of (13) and were, therefore, used for the
vane life pradiction. In (2) it is demonshbrated
that the Strainrange Partitioning relations are
relotively insensgitive to temperature for ma-
teriels whose dactiliby is nov a strong Hunchbion
of temperature; however, such is not the case
for Mar M 302, To meke the Strainrange Par-
titioning relations presented in Fig. 7 usable,
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they were corrected by the procedure deseribed
in (14), This procedure consiste of mulbiplying
the strain ranges by the ratio of the ductility
at the tempevature where inelastic straining in-
ibially occurved during the cycle to the duchbil-
ity at the uniaxisl specimen Zest temperabure,

A problem arises in applying the one-
dimensional. stress anelysis results for the
Pilm~impingement -cooled vane to life prediction
at stress risers since the analysis only com-
pubes nominel stresses and strains, The nominal
strain ranges have to be multiplied by strain
concentration factors at nodes sdjascent to dis-
continuities, such as the film-cooling slots end
the dnside well in the leading-edge region where
chordwise fins were present, as iliustrated in
Fig, 8, These sbrain concentration factors in
the presence of inelastic strains were caleulat-
ed by the Neuber method described in (15) that
wsed XK. = K?/KU, vhere K, 1s the strain con-

centraticn factor, K, 1s the theoreticsl stress
concenbration facktor and X is the ratio of

g
the actual to nominal stress range,

RESULTS AND DISCUSSION - IMPINGEMENT-COOLED
BLADE

METAT, TEMPERATURE GRADIENTS - The chordwise
temperature distributions and the tranzient
thermal responses abt the leading end treiling
edges are swimarized in Figs, 9 and 10, respec-
tively, for vhe four conditions thabt were con~
gldered; a design condifiion and three paramet-
rie veristions,

Uasge 1 was the desipn condition, Temper-
atures at the leading edge were relatively low,
as shovm in Fig, 9(a); the hottest temperatures
cecurred in the treiling-edge region., The max-
Lmwn chordwise temperabure difference at mid-
span was about 111 X (200° F), During the ac-
celevation and deceleration transients, the
leading-edge temperature was lower than the av-
erage midspan btemperabure (Fig, 10(a}), indicabt-
ing that the theimal stresses at the leadiuxm
edge would aluzys be tensile,

In cage 2 the severity of the thermal load-
ing was increased by increasing the steady-state
temperature by an arbibrary amouwnt of aboub
111 ¥ (200° F) at the leading edge and decreas-
iug it on the pressure side between the mid-
chord and the lesding edge, as shown in
Fig, 2(b). 'This doubled the meximum chordwise
temperature difference at midspan bto aboub 222 K
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(400° ¥), The trancient response for case 2 was
also made more severe by reducing the leadlng-
edge temperabture about 111 K (200° F) at the
low-temperature part of the eycle, As a resuld
of these changes, the leading-edge temperature
curve in Fig. 10{b) erosses the average temper-
eture curve, resulting in compressive thermal.
sbresses .t the steady-sbabe condition and fen-
gile thermel stresses at the beginning and end
of the cycle,

A third condition {case 3) was anelyzed
with the same thermal load conditions az case 2
but with a1l the centrifugal end gas presswrs
loading removed, This changed the problem teo
one of a cantilevered vane, Since vanes evre ex~
posed to higher gas temperatures and, therefore,
have to withstand higher metal temperatures than
blades, & fourth condition {case 4) was consid-
ered in which ell the metal temperatures were
raised 56 K (100° ¥) from case 3, Figures 9(c)
and 10{e) show the airfoil temperature distribu-
tions and transients for pree 4, .21 centrifugel
and gas pressure loads were alsce removed for
case 4 to simulate a vane, '

STRAIN CYCLES - The c¢omputed gtrain cycles
for cases 1 to 4 at three sirfoll locabtlons are
presented in Fig, 11, Loecations A, B, and C
wer( gelected as generally the most critical lo-
cabions in the leading-zdge, tralling-edge, and
pressure-side midchord regions, respectively.
The meost eritical span posibion was usually at
30 percent of the span length a2 measured from
the alrfoil base, In these cycles, alwmost all
the inelastic strain abt the steady-state condi-
tion wae due to creep, bubt plastic flow predom-
inated in the transient parts of the wwyele, The
compubabions showed that the transient times
were too chort to induce significant creep
glrains,

There was no inelastic strain reversal in
case 1, Since the leading-edge thermal stresses
in case 1 were tensile, and therefore additive
to the centrifugal stresses, the leading-edge
location A in Fig., 11(a) exhibited tensile creep.
In all four cases, location B was a hot epot and
location € was & cold spob; therefore, the creep
sbraing were always compressive at lotation B
and always tensile ab locablon C in cases 1
to 4, Compressive creep sbrains were not judzed
to be a danger to the structural integrity wibth-  Kaufman
oubt inelastic strain reversal and were not con-
gidered in determining airfoil life, although
they might eventrally cause trailing-edge bowing 10
in vanes,
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When the lésaing-edge temperature was in-
ereased for ousss £ to 4, compressive creep ce-
curred ot locabion A, The only cordition undex
which theve was completely reversed ineleastic
straining was 4in case 2 where the compressive
crzep at locabtion A was reversed by tensile
plastic strain during deceleration (Fig, 11(b)).
"he largest tentlle creep sbrains also oceurved
in case &,

A comparison of Fig, 11{e¢) and (d) shows
that the main effect of incressing the metal
temperatures 56 K {100° F) was Lo zause a large
inereese in the plastic strain levels for the
hot leading and trailing edges., Despite the
hicher temperstures, there was 1ittle change in
the creep strain increments partly beceuse of
the lower yileld stresses and, therefere, lLower
gstress levels that resulted, Howsvsr, the ac-
caracies of the creep sbrain compubations are
problematic because of the exbrapolation of the
correlated creep characteristice to extremely
small strains and time increwents, as was dis-
cugsed in the STRESS ANALYSIS section, Yor this
veason the relaxed stresses ab the end of the
hold time were considered to be a more relisble
basis on which to determine 1life than the ratch-
ebed creep strain increments.

LIFE - Predicted cyelic lives for cases 1
to 4 are summarized in btable L{a). AlL the
compubed lives were determined from rupbure dus
to tensile 2reep by time fractions, except for
thz leading edge in case Z, where Strainrange
Partitioning wae applied, In all four cases bthe
most critical locabtion was abt or near locabtion
Cin Fig, 11, which approximately coincided
with the lowest temperabure chordvise position
in Ple. 9(b) to (d).

In case 1, the predicted blade life weas
480 cycles st location C, The next most criti-
cal location was ab the leading edge, where the
life would be 640 cycles,

The only sipgnificant strain reversal oc-
ewrred in case 2 at the lesding edpe. However,
the predicted gyclic life based on the Strain-
renge Partitioning relation for the plastic
tensile~coupressive creep strain oycle iz over
100 000 cyeles ror the inelsstic strain range
at location A (Fig, 1l(b)). Thus, increasing
the leading-edpe temperature resulted in s huge
improvement in leading-edge lLife for this con-
flgwation, This is in line with the temper-
ature phasing benefits discussed in (14}, which
sugzested that it mizht be beneficial to forece
the leading edge inbo comprersive oreep by

Kaufman

11



s B e i i B e o s s i, i i e o e e et e e il 5 s reener R

proper phasing of the temperatures at the edge
and interior of the blude, The overall predict-
ed improvenent in blade life indlcated in

tabile L{n) for case 8 (760 cycles ws compered
with 480 cycles for case 1) mmy be due to the
redu tion of gbout 17 X (30° F) in the averuge
steady-stete temperature shown by comparing
Figs, 10(a) and (b). Increasing the severity of
the tempersbure gradient and transient response
did not appear to deleteriously affect the blade
life, 7These predictions are in gualitative
agreement with resulbs of cyclic teste of
impingenent-cocoled asirfoll specimens in the
thermal fabigue facility described in (158},
These tests disclosed that a thin-wall, hollow
girfoll with no stress concenbtratlions, no webs
o act as heat sinks, and ne steady-stete hold
time was selwost imwune to low-cyele fabtigue
fatlure even with leading-edse temperstures as
high as 1311 X (1800° F) and chordwise btemper-~
ature pradienss as high as 556 X (1000° ¥,

The predicted results for cases 3 and 4 are
whi v ld be inbuitively expected, Removing
the biade mechanical leoads and veducing the
problem to that of a canbilevered vane in case 3
resulbed in o substanbiel Improvement in the
airfoil life, Increasing the temperabure levels
by 56 K (100° F) in cese 4 resulted in a reduc-
thon in life from 2200 cycles for case S to
1000 cycles for case 4,

HESULLS AND DISCUSSICN - FILM-IMPINGEMELNT-
COOLED VANE )

METAL TEMPERATURE GRADIEUTS - Trensient
temperabture disgbributions shown in Fig, 12 were
obbtained from experimental data and theorebical
heat transfer anelyses for cycles over an effec-
tive gzaes temperabure range of 922 tc 1644 K
(1200° to 2500° ¥) with a coolant temperature of
8il K (1000° ¥). 'The vane het spobs were at the
upstream sides of the pressure and sucblon sur-
face film-cocling slobe (locabtionz B and C).

The leading-edge sbaemation point was hotter
than the bulk temperature of the vane during
the accelerabion part of the cycle and colder
during deceleration, The inside wall ab loca-
tion A in the leading-edpge reglion was the zold
spot during most of the deceleration,

STRAIN CuCLES - The computed nowmlpsl Kanfinen
inelastic-sbrain versus bempersture loops st the
mosd critical locabions are showm in Fig, 13 for
the fifth cycle. The inelastic strains were 19
predominately plastic since the transient times



were very short and the cycles did not include
any steady-stete hold times., These leops were
obtained from the nominel tetsl straln cycles
presented in (4) by subtracting the elasbic
strain components,

The vane airfoll wae modeled for the stress
analysis with four layers of elements across
the wall, DLoeablon A in the leadivng-edge re-
glon was at the inmost element and adjacent to
the ¢hordwise fins, The fing could not be con-
sidered in the one-dimenslonel stress anslysis
and, therefore, the compubed inelastic strain
range for locatilon A was mltiplied by & strain
concentration sactor for life predietion. Lo~
cation B' in Plg. 13 was oh the downstream side
of the pressure-surface, film-cooling slob and
should not be confused with location B in
Flg, 12, which is a hot spob on the upstream
side. The sominal inelastlc strain range for
locabion B in Fig, 13 did not take into account
the discon tnuity due to the adjacent film-
cocling slot and, therefore, was alsc mulbtiplied
by a strain concentration factor, By Heuber
methods (15), the strain concenbration factors
were calculated as 3,91 for the chordwise fins
at location A and 5.59 for the corners of the
film-cooling slote at locetion B',

LIFE - The predicted lives presented in
table 1{b) were obtained from the Strainrange
Partitioning relation shown in Fig., 7 for ten-
cile plasticity reversed by compressive plastic-
ity for the wvane alloy Mar M 302 in en air en-
viromient, Since the ductility of this maberial
is influenced by temperature in a known manner,
the inelagtic strain renges presented in Fig., 7
as & function of cyclic life were corrected, ac-
cording to the effect of temperature on ductil-
ity, by using the method of (1.4). A factor of
0.477 for location A and a factor of 0.283 for
location B' were applied to the strain ranges.
These correction factors were based on the ratio
of the ductilities abt the temperaturss where
tensile inelastic straining initially occurred
(1035 K (1400° F) at location A and 839 K
(1050° F) at location B') to the duebtility at
the tesh temperature of 1273 K (1832° F).

The predicted life for complete fracture of
80 cycles at location & 1s scmevwhat greater than
the crack initiation life indicated by the ex-
perimental evidence., At the end of 60 cycles Keufman
(20 at the anslytical condition and 40 abt less-
severe conditions) one of the test vanes was
gsectioned for inspection of the inside surface 13
gt the leading edge. This inspection revealed

REPRODUCIBILITY (b
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cracking at the base of many of the chordwise
fins (Llocation A}, as shown by the photomicro-
graphs of Fig, 14, 'The wide o¢rack seen in

Fig, 1l4{a) almost propagated to the outside sir-
tace; other signs of crack initiation are vig-
ible in Fig, 14(b). The greater predicted life
for locatlon A mey be due to the fact that the
Maxr M 302 test specimens used to obtain the data
in Fig, 7 were cest smooth, machined, and pol-
ished; the internal surfaces of the vane would
have much rougher surfaces and, therefore, low-
er Lives.

The predicted life of wight cyeles at loca-
tion B' is consistent with the experimental re-
sults, although the exact :nmbér of cycles at
which failure began is unrnown, Fabtigue cracks
were found on the downstrean side of tlhe
pressure~surface, film-cooling slots after the
60 cycles of testing. Similar cracks were found
in 69 oub of 72 vanes of this coufiguration
(Fie, 15), many of which had undergone less than
40 cycles in a research burbojeb engine operat-
ing at essentially the same conditions, The
legding-edge crack shown in Fig., 15 was revealed
by metallographic inspection to have initiated
at the inside surface and propageted through
the wall,

The severity of the fabtigue problem for
the film-impingeméent-cooled airfoil confisura~
tion was caused by the presence of thes web,
which remained cold during acceleration and hot
during decelerabion and constrained the move-
ment of the airfoil walls, Even if the effects
of the stress risers were neglected, the in-
elastic strain ranges for locations B! and A
were large enough that failures would have been
predicted in 53 and 270 cycles, respectively.
The thermal gradients and levels shown for the
film=-inpingement-cooled vene in Fig, 12 appear
to be no more severe than those shown in Fige,
9(c) and 10(c) for case 4 of the impingement-
cooled airfoil.

SUMMARY OF RESULTS

The inelastic strain cycles and the cyclic
lives to crack initiation of an impingement-
cooled blade under various thermal and mechanic-
al loads and of a film-impingement-cocled vane
were celewlated from eyelic stress analysis pro-~
grams, using computed transient metal temper-
asures and either a Strainrange Partitioning or
time fractions approsach, where esch was applic-
able, The results of these analytical studies

Kaufman
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can be summarized as follows:

1, The life predictions mude by using
Strainrange Partitioning snd time fraction meth-
ods were generally consistent with, although
not completely verified by, limited experimental
evidence from cyclic tests in research cascade
tacilities of the ssme or similer cooling con-
firurations,

2. The Strainrange Partitioning aspproach
appears to be applicable to & constrained alr-
foil consbtruction, such as in the film-
impingement-cooled vane, In a constrained air-
foll it is relatively easy to induce large in-
elastic sbrains and strein reversel during the
transient parts of the cycle.

3, Time fractions were more applicable for
life prediction with the fully impingement-
cooled blade than Stralnrange Partitioning, In
a thin-wall, hollow ailrfoil construcbion with
no webs, such as exists in the impingement-
cooled blade, it is difficult to induce inelas-
tic sbeain reversal even under severe thermal
transients, The damage due to inelastic straln
hysteresis was of minor consequence compared
with the monotonic creep ratchebing damage,

4, Incressing the severity of the thermal
trangients and gradients for the impingement-
corled blade did not deleteriougly afrect the
predicted lives,. Ralsing the leading-edge tem-
perature sbove the aversge span-section temper-
ature actually increased the predicted life of
the leading edge by putting it in compression.

5. As expected, removing the airfoil mech-
anice) loads to simulate a vane while maintain-
ing the same thermsl loads increased the pre-
dicted life. However, changing the thermal
loads by incveasing the metal temperature levels
56 K (1009 F)} resulted in a reduction in pre-
dieted airfoil life of about 50 percent,

APFEYDIX - FLASTICITY-CREEP STEESS ANWD STRAIN
EQUATIONS

Effective strass is represented by

- 3
=af/2 8. 8., AL
o 7 51553 (A1)

and the effective ylastic strain increment is
represented by

CdeP =

g
[l
[y

o de” | (A2)

Kawfman
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where dEE ,jQ i5 the incremental plastic strein

vectar and Si;j igs the stress-rdeviation tensor.

The components of Si p ape
(o + o+ o)
_ LM T 9y r
B, = a, ~ {A3)
o
(0 4+ o+ 0,)
L (Ot Gyt Ty _
Sy = g, . — (A4)
{g., + o, + 0,)
5, = o, -~ O % (45)

3
where 02 Oys and a, denote tlie normal stress

components in the directions of the global axes
and

g = AS
o Ty (16)
Sz = Txz (A7)
vz = Tyz (48)

with © ,7 , and T  denoting the shear
Xy~ Xa zy

components.
The unisxiel secondary creep rate is ex-
pressed in exponential form

éC = Aﬂ'n (AQ)

where A 15 3 consbant end n is a funetion of
temperabure.
The multiaxial secondary creep rate is

. n-1

e, = S AF 8, (410)
g = L

At the end of time + +the creep strain is

K , K
- — (BT /a0
¢ _ 93 - (-:-n" . C .
iy = =2 [1 © ]“"‘5:13“‘ (A11)
I,
i

where ¢, , ahd E';j are the stress and creep
ij i

Kawfman
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gtrain vectors and E§3 and ngj are the
Kelvin model spring and dashpot constants, re-
spectively.

The effective incremental ¢reep strain is

given by
e 2 . c
= afZ. de ALE
e ‘/3 deij oy (a12)

which is analogous to equabion (A2) for the in-
creamenbal plastic strain,
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Table 1, = Predicied Cyelic¢ Lives

(a) Impingement-cocled blade

Leading~edge Pressure-surface Other critical
Case _location A location C __docations

Humber of cycles to failure

1 640 480 o
2z bx100 o000 1700 2780
3 eem—aw- 2200 ———
4 eeeee—- 1000 ———

(p) Pilm-impingement-cooled vane

Leading-edge Fressure-side
location A locabticn B!

Humber of dycles to fallure

€60 “s

Bpressure surface adjacent to location C. Loca-
tions A and € are at 30 percent of span end are
shovm in Fig., 11,

Strainrenze Partitioning used., Other lives were
based on time fraction due to creep.

Cotrainrance Partitioning used, Locations A and
B are shown in Fig. 13,
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Figure 1. - Cross section of impingement-cooled blade.
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Figure 2. - Cyclic stress-strain behavior.
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Figure 3. - Cyclic stress-strain behavior of cast IN 100 at 1200 K (1700 F)
Frequency, 0.5 Hz; AW, = 0.5785 Ao A,

Figure 4, - Finite-element modeling of airfoil cross section for
impingement-cooled blade. Airfoil chord length, 3,81 cm (1,50 in. );
airfoil span length, 3,81 cm (1.50 in, ),
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Figure 5. - Partitioned sirain range versus life relations
for cast I 100 alloy at 1200 K (1700° F), Frequency,
0.65 Hz. (NASA Lewis data by G. R. Halford.)



STRESS RANGE,

INELASTIC STRAIN RANGE, cm/cm

Ac, ksi

%0 600
60 g a0
ms-
@ g%
k1] Jl1ln| | i J

103 &0}
PLASTIC STRAIN RANGE, Ac, cm/cm

Figure 6. - Cyclic stress -strain behavior of Mar M 302 at 1273 K
(1832F), (From ref. 13.)
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Figure 7. - Partitioned strain range versus life relations
for Mar M 302 alloy at 1273 K (1832° F),
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Figure 8, - Film-impingement-cooled vane,
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Figure 12. - Metal temperature cycle at midspan for film-
impingement-cooled vane,
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Figure 15, = Fatique cracks in film=impingement-cooled vane,

NASA-Lewis
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