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THERMAL-ETRUCTURAL MIESION ANALYSES OF AIR-COOLED GAS TURBINE BLALES

ALBERT KAUFMAN and RAYMOND E. GAUGLER
HABA-Lewis Research Center
Cleveland, Ohlo L4135

ABSTRACT

Cyclic temperunture and stress-strain states in
covled turbine blades were calculated for & nimulated
mission of an advanced technelogy aireraft engine,
TACTL (three dimensional heat transfer) and MARC (non-
linear structural nnulynia) computer programs wero
used to analyze impingement cooled oirfoils, with and
without leading-edge film cooling, Creep was the pre-
dominant damoge mode, particularly arsund ilm cool-
ing holea., Redinlly angled holes exhibited lesa creep
than holes normel to surface. Iaam-type analyses of
8ll-impingement cooled airfoils guive foir agreement
with MARC results for initial erecp,

INTRODUCTION

E-9720

Cooled airfoils in high-pressure turbine stages
ol advanced aireraft engines are subject to ercep dur~
ing steady-stote operation and plastic flow during the
thermal transients., In order to caleulate the airfoil
cyelle lives, % is necessary tc determine the trans-
ient and steac, .state temperatures end the accumulated
inelnatic strains over the entire engine mission,

In recent years, nonlineer finite siement pro-
grame such as MARC {1,2) have hecome mvallable for the
three dimensional enelysis of structures involving

. cyclic creep and plasticity, Aside from e limited use
as enalytical research tools, these nonlinear pro-
grams have not been utilized in turbine blade design
because of the extensive work and computing times in-
volved, Quentitutive aceuracy with nonlinear, finite
elepent progroms ls at present precluded because of
the lack of cyclic turbine meteriel properties, par-
ticularly eyclie ereep properties, and by the neces-
slty to limit the analyses to o few cycles due to the

computing times required,

The primary purposs of this study was to gain o
greaster unerotanding of blade damage modes, film
cooling hole effuevo and effacts of omall changes in
gas profile on cooled blades in advenced engines
through the use of a nonlinear three dimensional
structural spalyols program, A sesondary purposg wos
to eveluate the appliecability of a simpler one di-
mensionnl bemn-type program representative of most
current blade cyelic annlysis practice.

The airfoil temperatures and stress-strain states
in the three impingement cooled rotor bledes (twe with

lending-edge film cooling holes} were studied using

an advanced transient thermsl pnalysis program, TACTL
{3), ond the MARC nonlinear structursl analysio pro=-.
gram, The thermanl-gtructural analyses were hased on
o mizsion which simulated the takeoff, climb, cruise
and descent conditions of an asdvanced technology air-
craft engine. Alrfoll temperstures, stresses, strains
and predlcted creep lives ere compared for four cases:
the two lemding-edge film cooled blades with a typical
gas temperature profile and the blode without cooling
holes with bolh typical and nlipghtly flatter gas tem-
perature prafiles.

ANALYTICAL PROCEDURE

Conditions of Analyses

The analyses were based on the operating condi-
tions of a first stage turbine blade in an advanced
high=bypass ratio turbofan engine being studied for
use in the 1990 time period. The blade alrfoll is
3.8 em in both span and chord and has a hub-to-tip
radius ratio of 0.85. The primary blade cooling
pystem analyzed was an all-impingement cocled con-
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flguraticn vhich used an internol incert from which
coolant alr flowed through un array of holea to im-
Pinge on the inner ourface of the blade chell, In
two capes, 4 single row of film cooling holed at the
leading edge wap nloo econsidered, The acoumed blade
moterinl woo cnot IN 100 alloy, Btress-strain and
ereep rupture propertics for thio nlloy were ob-
tained from (h).

The nnoumed Tlight miooion for thic engine eon~
victed of a 5 second trancient from idle to moximun
talkeoff, o § minute hold ot moximum tokeoff, o 30 min-
ute hold ot moxizum climb, a 90 minute hold at cruise
and & 5 gecond translent from cruise back to idle.
The micsion cyele wao divided inte 3k time increments
for the analysis. Two gas temperaiure profiles were
considered in thin study: o typlenl und n pomowhnt
flatter profile. For the profile which represented
typieal gas conditions, the blade relative effoctive
g0 temperature at midspen eycled hetWoen 6757 € at
idie and 1h00° C at maximum takeoff, The flatter gao
profile cycled betWeen midopan tempevatures of 669° ¢
at 1dle and 1378° C ot moximum takeoff. At maximum
takeoff, the gan inlet total preosure wap 2858 kPa,
The coolant~-ta-gas flow ratio at enen operating peint
wag held osgcentially eenstont for all the cooling con-
flgurations wnder study (0.116 to 0,218 at maximum
tokeoff),

Four analytical eases were otudiod (toble I} an
all-impingement cooled aoirfeil uoing both the typienl
(A} snd fintter {B) gas profilec and two impingement
cooled airfoils with £ilm eccoled leading edges using
gas profile A. The configurations with film cooled
leading edges Led a single row of 0.05 om diameter
helen spaced 10 diameters opovt) one contiguration
had the holes normal to the ourface and the other had
the holes angled 30° to the ourfece in the spanwioo
direction.

Annlytica) Methods

Translent and steady-state temperatures were come
puted with the TACTL thermal anelysio program. TACTL
was developed at the NASA Lewils Research Center to
compute time-dependent three dimennienal temperature
distrivutions in airfeils cnoled by impingement and
crossflow conveetions. Cocolant oide heat tronofer co-
efficlents were calculated in the program using pub-
tlshed correlations, The program also has the capa-
bility te handle limited film cooling, using o corre-
lation for effectiveness bmsed on reducing the film
cooling holes to un equivalent slot. Temperature gra-
dients around the hele and the effect of hole angle
were not considered. The calculated metal temperatures
ere gotimated to be accurate within obout T¢° €, based
on the experimentally determined anecouracy of the cor~
relations used to caleuidte hent transfer coefficients,

Airfol) stress-strain stotes ms a function of
mispion time were computed using the MARC nonlinear,
finite~element struectural enalysis program, This pro-
gram has the eapability of performing cyelic plastic
ané creep strain calculations in s series of time in-
crements for a series of engine missions. In the
analyses presented in thic paper, the computations
were continued until the atart of descent on the sec-
ond migsion cyele in order to climinate from consid-
eration the nonrecurring plaestic strain induced dur-
ing the imitiel mission, Although MARC has an inte~
groted thermpl onalyzer option, it requires specifi-

~eation of the coolant temperature and heat transfer
coefficient at each nodul point, &inee the TACTY pro-
gram would have to be run to get this information, it
was declded to bypass the MARC thermal analyzer and

uoe the output metal tenperatures from TACTL dircctly.

Plastic otvoin tchavier wap based on the inere-
mentul theory of plasticity uodng the von Minen yiold
eritorion. Although o number of hardening rules wers
conoidered, ineluding kinematie hurdening, there wac
never sufficient otresc raeveroal during the deoeent
part of the minsion to cause reversed plostia Tlew,
It io pessible thot peme plantie otrain reversnl
would heve teen ecsleulated if the misoion eyele hod
ineluded the thrust reveronl or cool dewn peridens of
the flight or lecal tempernturs gradients around the
holes had teen tnkon into ncctunt. Materdal treep
belavior was reprocented by n ven Mioes yield eri-
terien ond the crecp rute, €4, by an exponentinl ercep
lew of the form €, = AgR where A and n are de-
rendent on temperature and independent of the otrecs,
¢, Cantrifugal apd gas proscure lowds and locul
metal tomperatures from TACTL for each miocion incre-
ment wore ipput apd caleuloted otresees and ptraing
output at each of 27 OGnusolan integration points in
each element. The centrifugel londing ineiuded the
mano of the impingement incert and o tip cap., Al-
though temperature-gtreng-ntrain rosults are pre-
sented for the inner and outer purfuces of the airfoil
shell in thils paper, these resulto actually ccre from
calenlationsl stations Inside the wall ot a distance
from the ourfece of about 1) percent of the local wall
thicknena,

Btructurel onalyuses were also performed unipg o
one dimensional, heom~type program (5). The one di-
menoional anulyses were baved on the name thermal and
mechanienl loading eycles and materinl properties as
were used in the MARC analyses and included the ef-
fects of centrifugnl rectoring moments,

Finite Flerent Annlyeoin

The finite element model of a leading-edge film
teeled alrfoll confipurntion {case 3} is illustratod
in Fig. 1. The airroil configurations were modelled
with 20 node, isoparwietric, three dimensicnal ele-
ments. The finite clement network for the leading=
cdge film cooled airfoll had W6 elements with h05
nodes and the all~impipgement cooled airfeil hed 39
¢lements with 349 nedes. Nodes at the hub of the afr-
feil model were fixed in the rodial direetion. Be-
cause of whe grent nmount of computer time required
for the analyses, a finer mesh than thaet shown in
Fig: 1 was not femsible., FEoch minsion cycle required
from 15 to 20 hours of accumulated Univee 1110 com-
puter time., Although these computer times could be
reduced cubstontially with some of the faster ma-
chines wvailable, the use of nonlinesr, three dimen-
alonnl structural progrome oo practical design tools
is prebably dependent on further advances in computer
technology. :

Because of limitations of computer storage and
speed, only one leading edge hole was modelled. - A
check of the accuracy of the analysis for the film-
ceoled model of Fig. 1 with the hole axis normal to
the purface (cnse 3) was obtnined by sublecting the
airfeil to o uniformly distributed mechanical stress
in the spanwise direction &t s uniform temperoture.
An elostic stress concentration factor of 2.85 was
obtained for a calculational station 0,003 cm from the
hole rimj this compares to a theoretical stresg eon-
centiration feetor of 3.0 at the rim of a central hole
in a plete cubjected to o unlexianl mechanical load.

An error is introduced into the nnalysis by only
modelling one hole sinee the presence of adjacent
holes tends to reduce the stress concentration factor
and the locel wall etiffness. In Peterson (6), the
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theoreticol streso concentrution factor for o plate
with n pingle row of holeo and & tensile lond in the
direction of the line of the holes isc shown to be 2.9
for a ppreing of 10 diameters compured to 3,0 for a
oingle hole. In order to glve conolderation to thene
effects, the film eooling hole in the finlte element
model vac placed at one oixth of the opan helght from
the airfoil hub raother thon nt one~third span which
would be o clightly rore eritienl cpan locntion., The
one-oixth opun penition was slsu o comewhat mora eon-
vonient loention for modelling o radinlly angled hole.

RESULTS AND DISCUBSION

Cyelie Metal Temperatures

Computed airfoll lending edge stagnation point,
srailing edge and average (dofined ao welghted tem-
peratures of the creas oection) temperntures at mid-
span are nkown in Fig. 2 nn o function of elapsed
time during the micoion for cases 1 and 3. The thor-
mel eycles for cases 3 and } are identical tecausg of
the aopumptions used in the heat trunusfer procedure,

A mumber of features nre common to the midspan
retal temperature transiente for nll four caseo.
Throughout the mission th: leeding-edge inside wanll
temperature wao colder tlan the average temperature;
thorefore, the thermal stivsses were alwoys tensile
and additive to the centrifugal stressen. The outside
vwall temperaturés at the lesding end trailing edges
were always hotter than the average temperature durdng
takeoff, ¢limb ond cruicé indicating compreasive ther-
mal strespos ot thest locations. At maximum takeoff
condiiion, where the gas pressure wan highest, the
temperature difference between the lending edge inside
and outside ourfaces was about 150° © at midspan,

The maximum metel temperature reeched during the mis-
sion wos pbout 2050° ¢ for all four cases apd occurred
at maximum takeoff.

fhe thermol response for case 2 was similer to
that chown for case 1 in Fig. 2(n) except for o re-
duction in the leading edge, tralling edge and aver-
age midspan temperantures of mbout 11° C at the take-
off, climb and cruise hold time conditions; the over~
all bulk temperature did not change when comparing
cnses 1 and 2. Compared to all-impingement cooling
{Fig. 2(a)), £1lm cooling (Fig. 2(b)) resulted in o
leading edge outside surface temperature sbout equal
to the avoroge temperature at ¢limb, and colder than
the average temperabture throughout the descent. The
average midspan and bulk temperatures of the film
cooled airfoll, although lower at maximum tekeoff and
clinb, were ebout the same at crulse compared to the
sll-impingement coeled alrfoil (Fig, 2{(a)). Typiecal
metnl temperature contours at cruise for the outside
surfaces of the airfoll pressure and suction vides are
presented in Fig, 3 for case 1, which was used as the
baseline case. : :

Effective Stress-~Strain Distributions

Typicul effective stress and inelastic atrain
contours for the end of crulse on the second cycle are
shown in Pig. W for case 1 at the surfaces where the
maximum values occurred, As expected, the maximunm
gtresses were ab the inside walls where temperatures
were coldest and et the airfoil hub in the all-
impingement cooled configurations {Fig. W{a)} where
centrifugel stresses Were higheat and at the hole rim
in the film cooled configuraticns,

Results of the annlyses indlcated, as will be
discussed later, that the predominant demege mode for

dll four canep was c¢rgep. The location of moximun
ereep ptrain (hencoforth enlled the "eritiecsl lgenw
tion") wan at the inside wall of the ledding a2dge re-
glon nt the 33 percent npan helght for enses 1 (Flg,
h{v)) ond 2 ond adjacent to the hole rim for cepes 3
ond k. The eriticnl locmtions for the nll-impingemont
cooled configurantions ware olightly to the ouction
side of the lesving edge in cepe 1 and slightly teo
the presoure oide of the leading cdge in ense 2, The
effective total straino at the eritiesl locotion were
either the higheot or c¢lose to the highest total
ntrain values in the afirfoils, Cose b was unupual in
that the eritienl locntion shifted from the suetlcn
olde of the film eocoling hole on the first cyele Lo
the pressure side of the hole on the ceecond cycle.

The plactie stroins for all cases werc only ine-
curred during the tokeoff trancient on the initial
misoion, 'The highest plastic strainas occurred ot tha
leading edge at 33 percent opin on the outside surface
for the all-impingement cocled blades (Fig, h(e)) and
on the inoide surface at the hole rim for the film
eooled blades.,

Effective Strain Cycles

Effective total straln-temperature eyclep for the
eritical airfoil locations are presented in Fig., 5 fer
the perlod between the end of cruise for the first and
pecond missionn. The highent total ntraine were
reached during meximum takeoff. The totel strain
leveln, ronges and rotchoting vere considerably
greater Tor the film cooled cosew 3 and U than for the
all-impingement cooled ceses 1 and 2, Even though
the total strain levels change under repented cycling
due to tlie creation of residusl stralns, the total
strain range tends to be conctant.

Accumulated effective ercep atrains at the criti-
cal locations are ghosm in Fig. 6 up to the end of
cruide of the Accond mission ecyele where the analysis
terminated, The lergest creep strain changes took
place during eruise for cases 1, 2, and I ond during
the maximum tekeoff hold time for ease 3. TProgress-
ive stress relnxation under cycling caused o 35 to
45 percent reduction in the creep straoin inerement
for cases 1 to 3 and & 72 percent reducticn for case i
during the second mission cycle #s compared to the
firct eycle, Although case b shows the highest creep
strain level in Fig. 6, the creep Increment for the
second eycle was less than case 3 because of the
greater creep relaxation.

The stroin cyeles shown in Figs. 5 and 6 are
suzmarized in Table II., Also presented are the maxi-
mum effective totol strains renched on the first cy-
ele; these values should be approximately equivalent
to the total strain ranges for a cycle where the an-
gine 18 shut down at the completion of every misoion.

Using cose 1 as o basis of comparison, the mejor
affect of the fletter gas temperature profile was to
decrease the creep strain range per cycle about 20
percent., There wes also an incresse in total strain
range for cese 2, but the total strain levels for
toth all-impingement cocled cases are teo omall to
have ony sigrdficant effect on blede life. Leading
edge film cooling holes in case 3 incrensed the creep
strain range by 100 percent and the total strain
range by 230 percent for the candidate mission and
150 pereent for an engine shutdown after esch mission.
Angling the holes 30° radinlly to the surface (case )
resulted in smaller total strain and creep strain
increments per cyele than having the holes normal to
the surface {case 3}. The incereases in strain ranges
in case b compared to case 1 were 39 percent in creep
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otraln, 220 percent in totnl straln for the mionian,
u?d %ao pereont for an engine ohut dewn ofter cach
mioolon,

Comporison of 1D and 3D Analyses

One dimencional beimetype snnlyses “ere nloo
rorformed for caoes 1 and 2 for the 33 percent olre
foil upan section, The maximum total and creep
otrain changen per cyele from the two analytienl
rmethods are compared in Table II,

The eritical airfoil location from the one di-
menoichal apnlyoln was to the suction slde of wne
lending edge reglon (lceaticn B in Fig. T}, wherean
the eritienl locutiens from +the MARC analynes werd
comewhat eloser to the leading odge (locotisn A for
cage 1 end location € for case 2 in Flg, 7). Using
the one dimensionnl analysin, computed creep otrain
increments per cyecle up te the fiftieth eyele are
shown in Fig., 7 at locations A and B for came 1, nnd
lozations B apd € for caog 2, Compurioon of thece
raoulto with the computed creep strain incromento
Trom MARC for the first two cycles indicate fair
agroement, The one dimensional analysio predicto
somevhat higher creep ntrains for the initial eycle,
but exoggerates the amcunt of stress relaxation with
the rooult that lowoer creep otrain increments vere
predicted for the second cyole. The olower ptress
reluxation shown by the three dimensional annlynis
wan probably caused by the grenter conptraints due to
the multi.axial stress-strain state.  Fig., T indi-
cates that the mission snnlysen should be earried
out to at least the third cycle in order to attnin a
reagnonably otable stress and creep otrain state.

The calculated maximum total strain rangeo from the
beom-type anolyses were ubout twice the three di-
mensional resulto, primarily due to predicting higher
residusl strains on unlonding.

Conpidering the relative simplicity and rapid
golution time of the one dimensional program, these
regults indicute that 1t ean be used with folr ae-
euwracy for structursl anelyses of all-impingement
cooled alrfoll shells when ercep is the mejor damege
machiinism, However, this methed cannot tazke into
account directly the otress concentration of film
cooling holes., Use of a stroin concentretion factor
ealeulated by the Neuber method resulted in crecp
ptrains for the first eycle that were 50 percent
lover thun the creep strains caleulated fyem the
three dimensional unnlyses of cases 3 ond k.,

Life Analvses

Strain eyeling fatigue data for IN 100 at 927° ¢
presented in (7) indicate that the fatigue life from
repeated cyeling over the total strain ranges shown

“in Table IT would be virtuslly infinite for cases 1
and 2. The fatigue lives for coses 3 and b would be

at least an order of moagnitude greater than the pre- .

dicted creep lives as determined from o ductility ex-
haustion nppronch (8) where the lives were cotimated
from the number of cycles that would be required for
the creep strain increment during the second cycle
+o exhaust the creep rupture duetility. Therefore,
creep is probably the dominont damsge mode for all
the cases atudied.

Crack initiution life predictions are presented
in Table II on & nondimensionelized hLasis with re-

. speet to case 1. The predicted life for any case is
taken simply ao the reciprocal of tha ratio of the
creep strain increment for thet case to the creep
strein inerement for cage 1. The Justifications for
extending results computed for two cycles over the

engine Mfetime are twofold, Firat, the nondimen-
sionniized lives bosed en the initiel oycle were
vithin 6 percent of thone taned or the ceceond cyele
for engen 1, 2, and 3 (thie wac not truo of cage b
because of the change in eritieal lecation); end cec-
ond, the one dimensional mnolysnc for caces 1 and 2
nhoved that the nopndimenojonulized creep life of cnoce
2 bused on the riftieth eycle wao enly 15 percent
grenter than the life bused cn the senond eyele. The
effeet of uping o tint4or gau temperature prefile in
cane 7 wao to inercucy the cyelic ereep life of the
tll-impingement cooled nirfoil akout 21 porceatl. The
intredustion of lending-edge £ilm cooling heleo with
the holes oriented normuil to the nirfol) surface ro-
sulted in o reduetion of 50 percent in cyulle arcep
1ife; however, thim deon not tuke into ageount the re-
ducod ouwsceptibllity to hot corronion dawage due totihe
roduced leading edre tompevstures, Angling the film
cooling holos 30° radinlly to the purface reoulting
in o 28 poreont reduction in eyclic life compared to
tha broe ull-impingement cooling eonfiguration.

BUMMARY OF RESULTS

The resulto of the micolon annlysen of impinge-
ment eccoled airfoils with and without lesding-edpe
fiim cooling can be pummarized as folleows:

1. Creep wap the predominant damage mode and the
leading-cdge inolde wall wus the predicted distress
location for all of the nirfoll configurations apa-
lyzed, Plastic straino were incurped only during the
tokeolf tranoclent on the initinl mission cycle., FPre-
dicted foatigue lives buned on the maxlmum total strain
rangen were at lenst an order of magnitude prenter
than the predicted dreep lives ns determined from a
duetility exhaustion approonch.

9, The use of n flotter gas temperature profile,
which reduced the maximum gan temperatures st the
rotor inlet by 22° €, resulted in a predicted 21 per-
cent improvemen” in creep life for the all-impinge-
ment cooled nirfolls.

3. The introduction of leading-cdge £ilm cooling
holes was detrimental to the creep life slthough it
lowered the lending-edge temperntures (thus reducing
the susceptibility to hot corrosion damage). TFor the
pame metal temperatures, a hole with the axis angled
radinlly was leoo detrdmental than o hole with the
uxis normnl to the surface.

I, One dimensicnal otruectural anslyses gave falr
agreement with the three dimensionsl annlypes for the
all-impingement cooled cape; however, they did not
give satinfactory results when used, in conjunction
with & Neuber strain cencentration factor, for the
i1 cooling cases, The best agreement between the
twe analytical methods wos in Initielly calculating
the maximum crecp stroips and in predieting the air-
foll distress location in the lesding-edge region, nl-
though not in the same loeation within that region,
The one dimensional analyecs appear to exaggerate the
creep stralp relaxaticn for subsequent cyecles and the
recidunl total strains.
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TABLE I, = ANALYTICAL CADED
Cage AMrfoil cooling Can temperature
numbor configurations prafile
3 ALl impingement A
2 All impipgement B
3 Lending=-cdge film-cooling A
holes normnl to purface,
remaindes of girfoil
impingement cooled
L Leading-edge film-cooling A
holes 30° te surfaes,
renainder of airfoil
inmpingement cooled
Gae tawperature, ¢
Profile A Profiie B
Idle 5h6-680 555-669
Max, takeoff 2169-1h00 1187-1378
Max, elimb  11M0-13k2 1136-1321
Cruise 1085-130h  1102-128)
TABLE II. -~ RESULTS OF MISSION STRAIN AIIALYSES
Cape | Maximum effective Maximum effective Maximum effective Predicted
total strain range, total strain range, n creep otrain nondimensional
idle to max, tokeoff, [max. tokeolf to shutdown, inerement, eyelie livesh
em/em em/em 2nd cyecle,
em/em
1 “0.00141 0,0023h 0. 0o0h8k 1.00
(,0027T) (.oookat)
2 0.00162 0.002i8 0.00039% 1.21
(.00250) {.000351)
3 0. 00468 0, 00602 Q. 000970 0,50
L 0.00h53 0.00523 0. 000871 .72
Yestimate based on moximum effective total strain during 1st cycle between max. takeoff
b and idle.

SNumbers in parentheser refer to results from one dimensional beem=type analyses.
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Figure 3. - Airfoil metal temperature distribution at cruise for case 1.
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STRESS, STRESS, STRAIN, STRAIN,

MPa MPa cmicm cmicm

1 67 6 1 -0.2926-4 6 69E-3
2 * 1T % 2 L16E-3 7 B45E-3
i1 8 286 3 .262€-3 8 .990E-3
4 16 9 38 4  ABE-3 9 .114E-2
5 192 0 M 5 .553E-3 10 .1BE-2
oA (L ll 4 e S e
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@) EFFECTIVE STRESS, INSIDE (b) EFFECTIVE CREEP STRAIN,
SURFACE, PRESSURE SIDE. INSIDE SURFACE, SUCTION SIDE.

STRAIN,
cmlcm

1 -0.585E-5
2 .106E-4
3 L ZE-4
4 43%E-4
5  L601E-4
vomef 6 766E-4
T .93E-4
8 .110E-3
9 .126E-3
0 .142€-3

(c) EFFECTIVE PLASTIC STRAIN, OUTSIDE SURFACE,
PRESSURE SIDE.

Figure 4. - Stress-strain contours at end of cruise, 2nd cycle for case 1.
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Flgure 5, - Effective total straln-temperalure cycles {or

critical airfoil locations,
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EFFECTIVE CREEP STRAIN, cmicm
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Flgure 6. - Effective creep strain as a function of time for critical

alrfoil locations,
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F-3720H

CREEP STRAIN INCREMENT PER CYCLE, cmicm

YT TR AR R T 4 ] & & 4. L N - N o lra b . = ™
- 33 percent SPAN HEIGHT
10x10 B-“ :
8l A ‘“'C
.2 ONE-DIMENSIONAL ANALYS|S RESULTS AT B
——~—= THREE-DIMENSIONAL ANALYSIS RESULTS AT A
6 —-——  ONE-DIMENSIONAL ANALYSIS RESULTS AT A
Hl— -
2—.
0
fa) CASE 1,
8x10™
10
_— ONE-DIMENSIONAL ANALYSIS RESULTS AT B
o ——==== THREE-DIMENSIONAL ANALYSIS RESULTS AT C
———o— ONE-D|MENSIONAL ANALYSIS RESULTS AT C
4_ R
2l— Tl L-d L] == £
0
1 2 3 5 10 20 50
CYCLE
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Figure 7, - Comparison of creep strain computations from one- and three-
dimensional structural analyses.
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