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Abstract
The paper presds the results of work aimed at tlievegigation of the load spectra. Thevestigated object
was a PW5 gliderequipped with aving-spar root deflection measurement and accelerometer. The records of
the loads were made during several flitggks: thermaflying, soaring, vaveflying and aerobatics. He
resuls of the investigation are presented lmd spectra in the fo of the Markovmatrix. A secondsubject
concerns the extrapolation of the load spectrum recordedgdinmvestigations for extenddtme operation.
The third problemreporteds the comparison of the calatiéd damage accumulation effeeduced by dferent
load spectra

Introduction The Markov matrixused for the LS is a square array,
Information about the load spectrum (LS)iscessary for comprising 32 x 32 cells. The cell with the indgxcontins
estimation of agliderd speratioml life. As it is well known ~ the number of load changésm thei-th level to thg-th level.
the LS contains data on the number of load cycles at a givérhe diagonal containing the cells with the indek is called
range ofload factor variation. Sucimformation is crucially A@i agonal 0 atedd To applyethisi nmatrixy the

important for the glider certification procedure signal recorded during the flight should be filtered and
. transferred from the form o 2columnarray (i.e. Time and
Load spectrum evaluation Signal Value according to a sampling fregocy of the digital

The first step for the LS estirtian is load recording during recorder)to the form where the signal ispresented only by
thegl i der 6s oper ateiPWhglider, designed hife SeguerRe 6tfocal Extremes. Following the ocal
at theWarsaw University of Technologthe system for the LS Extremes sequee for the whole flight coursé,is possibé to
data collection is shown in the Fig! 1The system consists of fj|| -up the Markov matrixwhich, then, covers the whole

the following three basic element information about the load spectrutaringthe flight.
AEl ectronic accelerometer An exanple of sich a matrix is shown in Figh. In this
AWing spar root defl ecti on ssml® sa@ethe signal from the wing spar root deflection
ADigital data recorder sensor (recalculated on the Load Levels scale) ff@m2 was

Figure 2 presents the sample tiowmurses of two signals used here as the inpdata.
recorded during a short flight (aerodrome circle) consisting of:  Other timecourses of the load signals, regired in
winch towing, period of smooth gliding and soraerobatic  different kinds offlights underwent the same procedure. The
evolutions. The upper signalcomes from the img spar root  output is shown in the Fig in the formof sample Markov
deflection sensorwhile the lower signah, comes from the matrices determined for Thermal flighBoaring flight, Wave
accelerometer. flight and Aerobatic flight. The light color indicates the active
Those signals can be correlategl presenting them in the zone ofthe Markov matrix, i.e. the square which is the
same diagram (the accelerometer signal madkeithe vertical  envelope of rows and columns containing at least one signal
axis and the signal from the wing spar root deflection sens@hange. The dark color indicates the zone of small load
on the horizontal axis). It can be clearly seen that in someariations nean, = 1. The followirg features are noted from
areas of the diagram (Fig. 3) those two signals are correlatgqg. 6:
while in the other areas they are not correlated. It can be seethat, as expectedhe lagest active zone of
More ddailed analysiof Fig. 3 shows ughat the first non  the matrix is produced during the Aerobatic flight
correlated zone si associated with the period of winch ¢ The wave flight produces also a large active zone, but it is
launchingand the other one is associated with the groungy,e to the rotors influence mainly ihe first stage of the
operations, especially the takéf and landig run. During & fight Laterin the flightit is very smooth and the number of
free flight, it can beobserved the full correlation between the |534 changes increases mainly near the dark zone.

signals, and the correlation forrauis linear _ _  The smallest active zone was produced during the Thermal
The best way for load spectrum evaluation consistS (g  |n this case it was quite a smooth flightjust a

UISirt])g thed I;)/Iarkov transfer matrikiM.  This method was ecreation flight over the airfield. During cross counthytts
elaborated by German scientfs{ig. 4). this active zone is lgre r . From auttheor 6s
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difference between the active areas of the matrix concernimgpectra An example of thisnalysis conducted for 8 thermal
Thermal flight or Soaring flight is ndarge flights (where the total operation time was 91ihutes in the
The Markov matrix creates the bager easy processing of air), is presenteth Fig. 9 the char containirg two curves. The
the load spectra. Hawy the set of Markov matrixes obtained lower curverepresents the mean value of tNE, ,, The
for several flidits or several flight missiong, is possible to  upper curve represents the upper values of the cumulative
produce a new matrix as a sum of all single matrices. Thigsumber of load changes per hoNC,, ,, This curve is
matrix presents the cumulative load spectruon €ertain  generated by addir@s (three standard deviations) to the mean
operation time (i.ethe total nurber of flight hours spent \gye for eachZLL. The curves obtained in this way create a
during the LS recording session). o basis for load spectra extrapolation.
The load spectrum in the form afMarkov marix is very In the case foan incremental load spectrumyo concepts
useful. For examplet is easy to transfer this form of the LS 4 e extrapolation were considered:
to one of the traditional (i.encremental) forms, represented AMethod I: Expanding the range afLL for TestData mean
by theDn, and the cumulative number of occurrences. Beforgajyes up to the limit specified by the rules for a given type of
this operation it is necessary to apply the Rainflow @ogn the glider (Fig. 1D In this casgthe values at the vertical axis

Algorithm when the Markov mtrix is calculated® ~ are calculated using therfnula given in the upper chart.
Sequentiallyeliminating the values along the diagonal lines Amethod I1: Extrapolating the Tedbata range by means of the
starting from the first pairfo | i nes c1Do ¢ 0 nh @Und Bafculafed from the TéSata approximation formula

and counting a sum of the values in teenaining cells of the  (Fig. 11). This formula is produced using the data formed by
matrix, it is possible to obtain the number of occurrences fothe pair of numbers: thélLL (or £n) and by theNC,, w

different values of the Load Level incremeRiL. The result tiplied by 1000; (as assumed here the Modeled Pafied
of this operation is shown irhe table situated in the Fig. = 1000 h).

Presentedn the table aréhe numbers of occurrences oL The appication ofthe Markov matrix tothe load spectrum
equal to atdast 1, or at least 2 and so on. In the casgresentation allows foextrapolation of the Tedata for the
considered herehe absolute value of thALL was taken into  Modeled Period of operation, using stochastic methods
account. This means that the concept @Symmetrical model (Method I1l). Such an extrapolation was made by the author
of the load spectrum is investigated here. using a special computer pragn. The idea of extrapolating
The wble in Fig. 7 contains also the values ofh, procedure is as follows. Suppose that our interest is focused
calculated for given values dlLL. It allows us to present the on the standard flight mission (with a recurrent sci), for
measured load spectrum in the traditional form De, versus  example the Thermalying over the airfield (without any nen
NC,,, whereNC,,, is the cumulativeumber of occurrences per Standard behavior, i.e. intiona aerobatics). Suppose that
hour. Instead of the curve interpolating the Tata it is W€ have recorded the loadsring such a flight and obtained
possible to apply a broken line. This method produces th&'® Markov matrixwhich is treated as the inpdata matrix. If
chart call edinR@T Whick wab usaedgim themtherearea number of occurrences in the déM;, then inthe
past for load spectra lcallation. next flights we may expedhat thisnumber of occurrences

If the positive and negative values BfL are separated;, ~ Will be redistributed around the ceMM; according to the -2
is possible to introduce the concepiafsymmetrical model of dimensional Gass distribution (Figl2).
the load spectrum (Fig. 8). Theblein that figurecontains the This redistribution takes place for éacell of the data
values of numbers of the load changes separatelyefgative ~ input matrix and can be simulated numerically. ~As a
and positiveOLL (or for the corresponding values 8i). The temporaryoutput weobtain a matrix of the values calculated

load spectrum obtained using this method is shown in the cha#f Superposition of all redistributions. This process may be
in Fig. 8. As it can be seetthe left and right branches of the '€Peated several times. At the ene obtain an outpematrix

chart are not exactly the saméhis means that takig into with the simulated load spectrum for other flighThe process

consideration the absolute values of tié , the resulting load is stochastic, so eveoutput is different.

spectrum is more conservative and overloads the constructig of coursen the case of single fllghtme probabilityis low
during fatigue tests. that the simulated load spectrum will be exactly the same as

any spectrum measured in flightBut in the case when the
input-matrix is a cumulative matrix for a seriekflights, and
we sum the outputs from the simulation process up ¢o th
Modeled Period of Operatiothe probabilityis high that the
final result will be similar to the spectrum measdirffor the
same periocand depends on the cumulative number of flight
hours for the inputmatrix.

Load spectrum extrapolation
When the load spectrum farcertain time ofoperation is
obtained,the main problem consists in extrapolation of this
spectrum for the Modeled Period of OperatiorMP; (in
general MP = 1000 flight hours)The extrapolatiormay be
ach@e\{ed using_several methoc_is?l’he first method is a As an example of such an extrapolation methtidee
statistical analysis of the cumulativecurrences per hoWCy, i\ 1ations were madelt was assumed in the prograimat

at a given[LL performedon the series of reaaled load (egistribution of the celMM; value can be performed in the
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range covering +2 cells (in rows and in columns) of the For damage calculationsve need information about the

Markov matrix. values ofN. This is a serious probletvecause th data are
Three quas{zaussian probability distributions were difficult to obtain. One bthe best ways for storing tluata is

applied (Fig. 13). The algorithm of redistribution was repeatethe Haigh diagram. Figarl6 presentshe diagram published

20 times for a single program run. As a restiiteeoutput by Kenschefor the composite used for the wing spar Web.

matrices were obtained. Figure 14 presents the -maditix ~ The dark color indicatethe useful zone of this diagrawhen

and one of the wtput matrices. It can be seen that the activehe wing spar web is calculated for the sties®l limit in

zone ofthe outputmatrix increased, as compared to thput  terms of the factoK ., = 16 km®”.

matrix. The cumulative number of occurrene¢so increased This diagram wasused for calculation of damages

(approximately linearly as the simulated operation time produced by different load speatr For this purposa special

passejl Together with the MMsthe 3D images of values arraywas createdFig. 17) containing the damadgij values

distributionsare presentedh the input and otput matrices.  for the unitary Markov matrix (all cell values equal 1, except

When applying a liner scale for the vertical axisjmost the f o r-DiAddgonal o) .

same shape of ® images resulte(the number of occurrences As it can be seen in Fig.7 the damage valubij depends

differed only). The dferences become visible after changingstrongly on the position of the cell in the Markmatrix. In

the linear scale inta logarithmic scale andsuch images are the linear scalepnly values in the cells situated far enough

displayed inFig. 14. from -Dhagdfal 0 ar e-chari Applizdtien i n
Figure 15 presents the comparison between the loadrapecof the logarithmic scale reveals that the difference between D

for 1000 hours of operationobtained using different v a| ues f orDi mgamatl be cA BIM,s,0ora n d

extrapolation methal This is a result of the Rainflow MM, is about 10 orders.

Counting Algorithm application tohe data written as the That is why the positions of the cells in the matrix

Markov matrices. _ _ containing the LS is important. Even if the number azd
The load spectrum used for PSVglider fatigue tests . 5 ges in theDiaagloinal vedrs trled

(application of he Stafiej LS evaluation methidand the 666 cells do not produce significant values of damage, as
loactincrements  derived from thetandard load spectrum omnared with theells containing small numbehsit situated
Kosmos 2 are used as the referendeis very important to ¢ o fDomgddal o. That is also
emphasize here, that both these reference spectra cover @llo trymKosmos 2 the values in 4 cells under and over the
flight missions not only Thermal flights ! ADi agonal 6 are neglected.

It can be seen that the biggest number of load changes for Having the array of damagB; values for the unitary
each[LL-value results from Method |. Method Il generatesy oy matrix it is very easy to calculate taecumulated
the spectrum, for which the Stafigpectrum looks as a Sep jamagecD for the load spectra written as a Markov matrix.
envelope. The results of Method IIl are the lowest, but therheprocedure consists of the following two steps:
number of loads (starting frodLL = 7) increases as the 1 wyltiply the valuesMMij andDij in the whole range of
probability distributioni n  tMMe edi st ri buti on indices? jgvériﬁti%o
becomes more flat. 2.Sum up all results.

. In the case ofhetraditional (incremetal) form of the load

Load spectrumand fatigue effect spectrum, it is necessary to write this egtrum into the

The comparison between load spectra using only thgiarkov matrix. As in the incremental kind of spectruime
cumulative number of occurrences is insufficient. Much morensormation about reference level of loads is Idsting the

useful is a comparison using the fatigue dam@gemuldion  gpectrum creation. Thughis operation may be performed
CD. The basic theory here is the Palmgkéiner hypothesis. only in an approximate way.

The PalmgreiMiner formula adapted for the Markov matrix — Tpe Fig.18 displays the algohitn of he method applied by

applications is written below. the author:
23 _22ng 1. Having the load spectrum curwarite it & the stepwise
Chb=gaab;=aa N =1 spectrum.
=1 j=1 i=1 =1 2. For each stair levefjnd the appropriate dgonal line in

the Markov matrix.

Instead of load cyclesye now havethe load changes (load 3. Distribute the total number of load changes focheatep
increments). One occurrenceof load change between the along the diagonal linaccording the Gauss distribution.
levelsi andj plusone occurrencef load change between the Figure 19 presents the comparison between damage
levelsj and leveli produceone load cycle The symboIN in  accumulationgor the different methods of extrapolation. The
the above formulandicates the number of load changes toanalyss is made for the wing spar web basanl the Hgh
failure, while the symboln indicakes the number of loads diagmam presented in the Fig6. As a referenceharsshowthe
changes in the spectrum. results calculated for reference spectra No 1 and No 2.
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Method | produces thmost restrictive load spectruwhich  LL=31) are considered. Alternatively, in the secaade this

yields the highest value of damaggumulation. load program was divided into two separate block of loads:
Method Il yields the resulivhich is placed a little bitnder  from LL=3 to LL=19 and from LL=19 to LL=31.
the damageaccumulation value of Reference LS No 2t is As it can be seen fnm the bardiagram in Fig22, damage

necessary to emphasitieat application of this dsapolation accumulation in the firstaseis 183 times higher then in the
method is hazardousecause it isan extended extrapolation secondcase. This also meanthat forthe same fatigue effect
and the shape of extrapolation curve strongly depends on tlfiee. damageaccumulation value) the secordad-program
topology of the inputdata (see Fig. 11). The solution to this should be repsted 183 times. Alternatively, the secdodd
problem would be the prepecification of certain values at progran may be replaced with 2-%283 = 110 cycles from
oL, (for example 16load changes). LL=3 to LL=31.

The results from Method 1l depend on the assumed Of courseall the presented results strongliepend on the
probability distribution. Although the results arauch lower input data (i.enumber of loads to failure in the High diagram)
than those from Methods | and it is still a conservative and on the operational range of stress (or strains). In the case
damageaccumulation evaluation method. The conservatism obf a more flat distribution of the number of loadsfailure in
the method is visible in the chart (Fig. 20) presenting théhe High diagramthis substitution ratio it be different (i.e.

comparison between the following results: the number of extremamplitude load cycles will be bigger).
9 Test LS the damagaacumulation for TesData;
1 Prop-Test L$ the damagaccumulation for multiplication General conclusion
of the Test LS value by 65 (i.e. Ratio between a 1000 The idea ofKensche concerninglider-structure fatigue
hours and the total flightme for the Testlata); test§ to substitute certain numbers of the extreangplitude

1 Met IlI-1, Met 1Il-2, Met 11I-3 - the damageaccumulation  load cycles for thewhole load spectrumseems to be

for Method 111 with different probability distributions. interesting, safe and reasonable.

Although the number of load changesdumulated number Since the results of load spectra investigations for different
of occurrences) is highest fétrop-Test LS all results fron  flight missins depend onewveral parameters,e. weather
Method IIl are much higher thathe Prop_Mag result. The condi ti ons, pilotds experience
main problem here is a propechoice of probability aware that the measuring equipment has been instalied, t
distribution. It can be made having a larger T2ata base. load spectra presented in tfpaper should be considered as

The last problem is the number of etreamplitude load Sample ones valid for specific condit®
cycles (i.e.cycles between -gh and 3ist load level) which
may be used as some kind of a substitute for theldal References
spectrum. Calculations were made on the same basis as 'RodzewiczM. , Przekop A., oOResearch
previously (i.e. the same array of elementary fatigue damagéafigue tests of the P9  Wor | d  C| Techsical goaring e r , 0

for the unitary Markov matrix derived from the igh diagram VO §4k No. 1, pages 159|;|2000; Rei nk W F Ko SMOS
presented iffrig. 16). ossira - el nke . i Ko S

C . he d lation f inal FUR LEI CHTF L U®sRJ&IEStafidung Hamburg,
omparing the amagsxumu ation for a singie déreme DGLR-Jahrbuch I, Bonn 198

amplitude load cycle with the damagecumulation for two Sstafiej W., o6zagadnienia zwi Nz
different load spectra, the Adequate Number of Extremeo pci NUe® ekspl oatacyj nychzZesgytyybow:
Amplitude Loads (ANEAL) was calculated. Naukowe Politechniki RzeszowskMj 29, Rzeszéw 1987

In case of the Reference LS Nothe ANEAL =229 for “Kensche Chr. W. ,Propgbsalfor a certification procedure of

1000 operational hoursvhile the number P the highest e€xt ended s ai TephhiclfSeariigVof. €&, Nor2eAprd
amplitude loads is 152. It means that only this part of th@002 o _
spectrum, which contas high increments of the loadserts a DEUTDSI,rgarl]ESI;zolnr\llr(earllzl\\lll(l)znugéuf]e”erl]g%s GFK VE013 VEREIN
decisive influence on the damageccumulation. The A 2 DRE, can 19/

: f the ANEAL value for 12000 . I h Dimensionierungsrichwerte far den Segel und
comparison of the value for operational NOUrSy oo rsegelflugzegbay IDAFLIEG, Marz 1988
with the 1-step &tigue test proposed by Kensthe shown in 'Kensche Chrw. , flnfluence of Composi
Fig. 21. The ratio between number of load cycles is here 3,6%.n Li f et i me Pr e d iTechnical SBaaringVbl. 1$,ai | p |

This value is a bit more conservative than the scatter factoto.3,1995

which should be applied to fatigue calculationstlie case .Rychlik 1., AA new definition
when only one gecimen is tested. U8 the results are intended Me t h iérnational J. Fatigue9, pp 1197 121, 1987 )
to apply to whole statistic population of the glidgpe. ‘Wai bel G., Schleicher A., -fASaf.

Figure 22 contains a comparison of damageumulation S @1 | pTecanical SaaringVol. 26 No. 2, April 2002

for two alternative loagbrograms for the fatigue testdn the
first case 10 000 of exteme amplitude cycles (from LL=3 to

TECHNICAL SOARING 5 VOLUME 31, NO. t January 2007



I i Aerodynamic & mass loads

Accelerometer

Wing spar root
deflection sensor

Figure 1 Basic system for load spectrum measuring
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Figure 2 Sample timecourses of recordesignals
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Figure 3 Correlation of the signals
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Figure 4 Recording the load signal in the Markmatrix.
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Figure 8 Incremental types of LS derived from MM (asymmetrical concept

-_:g‘ 10000
2 Mean value 8
- c
2 & & 1000
B [}
8 mean value+3c B
% ESTI ation § o 6089.6x-29736
= 2 = ox
g concepts of number of loads 2 d '
» 2
: 2 y = 2488x34277
ES s 1
g A

| ! LL

! ﬂ 3q | © 0.1

€5 €3 0 2 4 6 8 10 12

Occurrences per hour for a certain value of ALL

Figure 9 Analysis of occurrences for givédLL values

TECHNICAL SOARING 9 VOLUME 31, NO. & January 2007



Values extrapolated for the Modeled -Period Values extrapolated for the Modeled-Period
. Ny m™1000 b

Nip up‘ 1000
}Pmpomonal changes Ay _
Test-Data
(mean values+ 3a)
Curve of approximation formula
Extrapolated values
UEE B calculated from approximation
(mean values) An(-} An(+)

formula
An: N An: max

Cumulated number of load changes

]
]
1
V
[l
1
1
]
1
[}
[}
1
v
[
1
[
1
Iy
v

Cumulated number of load changes

Extreme values according load Extreme values according load-
envelope

envelope

Figure 10 Method Ii extrapolation by TedData range

Figure 11Methodlliext r apol at i-Data+By t he
rescaling

approximation formula.

0"-diagonal MMQ cell
08
\ |

| 06
.III-3
i 0.4 a2
02 g

H . . 0

Figure 12ldea of stochdi: extrapolation. T2 s 4

Figure 13 Probability distribution assumed in the program for
the MM cellvalues redistribution.

Figure 14 Result of stochastic extrapolation

VOLUME 31, NO. & January 2007 10 TECHNICAL SOARING



