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Summary

Material fatigue is the basic factor limiting aircraft’s durability. It comes from the fact that changing
loads affect aircraft structure as well as from the fact that aircraft’s mass restrictions do not allow for
diminishing stress to the level when material fatigue does not occur. Estimating fatigue durability of a
particular structure as well as its actual fatigue damage degree is possible when the history of loads
affecting the structure is known.

Accuracy of loads monitoring influences the accuracy of indicated fatigue wear. In case of older
structures, which have been maintained according to safe life principle, the number of hours have been
commonly used as a fatigue wear indicator. After aircraft structure reaches flying time estimated by the
produces, it is considered as fatigue wear and it is no longer in service. In case of a lack of results of loads
spectrum measurements, results of tests conducted for other aircraft (of similar structure and assignment)
can be used. For this purpose, average loads spectrum has been elaborated for particular aircraft groups,
for example, HELIX, FELIX, FALSTAFF, ENSTAFF, TWIST(10). In the case of small aircraft, the data
from FAA (2) report have been often used.

This article describes the way of fatigue wear estimation for PZL-130 Orlik aircraft on the basis of
historical data from flight recorders.
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1. LOAD SPECTRA OF THE PZL-130 ORLIK POPULATION

The PZL-130 Orlik has been designed and is operated according to the ’safe-life’ approach. The
aircraft’s flying time is the parameter that controls operation of each aircraft. All the Orlik
airplanes operated by the Polish Air Force are furnished with digital flight recorder S3-1. Flight
recorders delivered data for the whole population of the Orlik aircraft operated by the Polish Air
Force and are available for fatigue-wear assessment of aircraft structures.

While designing the operational maintenance of this aircraft, no account was taken of
advantages and capabilities offered by furnishing the aircraft with digital data recorders. Data from
recorders were used in post-flight briefings as instructive material. For many years, no data-
protection system has been designed and developed to satisfy the needs of aircraft’s structural
integrity research. Furthermore, the data-processing software performs the recorded-data
compression that consists of data reduction. The n, signal in the compressed data sets shows the 1
Hz frequency (Fig.1).
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Fig.1. N, Spectra Data Base

Owing to the efforts made by the Air Force Institute of Technology in Warsaw, the Orlik
operational data that cover the total time of operating these airplanes by the Air Force of Poland
have been captured. The collected database includes over 36,000 files, each representing a single
flight. The actual data capture rate has been estimated at approximately 80%. Unfortunately, all the
data are in the compressed form, hence, all the signals are available at the sampling frequency of 1
Hz. It turned out in practice that the sampling frequency of 1 Hz is sufficient to reconstruct loads
that affect the aircraft structure except for ground manoeuvres and the moment of landing.

Prior to starting the analyses the database was cleared of files with erroneous (incorrect) data.
Furthermore, portions of the recordings that illustrated the aircraft on-ground manoeuvres (not to
be used in further work) were eliminated from further analyses.

Since the recorders on the Orlik aircraft do not record the weigh-on-wheels signal, the take off
and landing moments are hard to find base on n, signal only (fig.2). Some other recorded signals
were used to find the take-off and landing instants. Algorithms to find the take-off and landing
instants were developed. The following inputs are used in these algorithms:

e pressure height,
airspeed,
engine torque,
oil pressure,
undercarriage (landing gear) lowering.

e here take off and landing
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Fig.2. The n, signal for one flight
The rest of data representing all other flight phases were processed with a cycle-counting

algorithm. Different algorithms were used. The one used in this study was the rain-flow counting
method.
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2. AN ALGORITHM TO FIND FATIGUE WEAR
2.1. The safe S-N curve

Fatigue calculations were made with the S-N curve method. The safe S-N curve is based on the
mean S-N curve after some extra safety rates have been introduced in the equation that describes it
[4]. The most essential objective of applying the safe S-N curve is to take into account the
statistical scatter in fatigue life. The mean S-N curve was the basis to find the safe S-N curve for
the material 2024 T3, the notch factor 4; =2, and the mean value o, =0 [16].

The numerical relationship for the mean S-N curve is described with the following dependence:

log N =12-3.33log(S,, —84.83) (1)
or
12-log N
S, =10 3% +84.83 2)
where:

N —life (number of cycles)
Seq — equivalent amplitude of the cycle determined with the following formula:

0.68
o
Seq = O nax (1 _ﬂ] (3)

(o}

max
where:

Omin — Minimum stress in the cycle (in MPa),

Omax — Maximum stress in the cycle (in MPa).

The safe S-N curve was accepted for the calculations, one that was originated by means of
displacement downwards by the value of 45 MPa because of the statistical scatter in results of
fatigue tests. Furthermore, introduced was an additional factor that increased the equivalent-cycle
amplitude by 30%.

The analytical form of the safe S-N curve is expressed with the following formulae:

log N =11.62-3.33log(S,, —30.6) 4)
or
11.62-log N
S, =10 3% +30.6 (5)

2.2. Estimation of stress in the structure

The level of stress to which the structure is exposed proves of essential significance to the
structure’s life. The stressed skin forming the lower surface of a wing box has been recognized as
critical area in the Orlik’s structure (and in those of other aircraft, too) because of its susceptibility
to fatigue failures. Correlation between the stress and the g-load affecting the Orlik can be
estimated on the grounds of:

e strain gauge measurements, and
e numerical calculations.

In the year 2000, Air Force Institute of Technology took part in directly taken measurements of
loads for the Orlik aircraft. One of the strain gauges was placed in the localization critical from the
viewpoint of fatigue life, i.e. on the lower part of the wing spar.

133



Andrzej Leski, Stawomir Klimaszewski, Marcin Kurdelski

Three recorded parameters, and how they change, have been presented in Fig. 4.
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Fig. 3. The mean and safe S-N curves for the material 2024T3
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Fig. 4. Changes in the courses of signals — an original drawing

Basing on Fig. 4, the correlation between the g-load and the stress can be written down with the
following formula:

Ao, =22.5MPa-(An.) (6)
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where:
Ao, - change in stress in the critical localization.

The FEM model of the Orlik has been generated in the EADS PZL “Warszawa-Okgcie” S.A.
using the MSC Patran and the MSC Nastran software. It is a global model that allows of the
estimation of how critical areas are localized throughout the Orlik’s airframe structure, and of
stress values in the indicated areas. To find local values of loads, these areas should be considered
in more detail, which means local models should be introduced.

Fig. 5 presents a FEM model consisting of approximately 3.5 thousand tri and quad surface
elements that make up the skin of the wing modelled, and approx. 4.5 thousand two-node bar
elements that compose the primary structure. Because of the way of feeding loads into the model,
no consideration has been given to mass components such as the undercarriage, assemblies, fuel
tanks, etc.
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Fig. 5. The FEM model of the PZL-130 Orlik

Presented are results of numerical calculations gained after the FE model had been loaded with
the pressure distribution suitable for point A of the manoeuvring envelope n,= 6 g, V=400 [km/h],
and Q = 2400 kg.

The stress distribution upon the lower wing portion for the Y direction has been presented in
Fig. 6.

With the FEM calculations applied, the relationship between the stress and the g-load takes the
following form:

Ao, =2TMPa-(An_) (7)

2.3. Estimation of fatigue damage in the course of flight

The fatigue calculations methodology presented in [2] distinguishes the manoeuvres-induced
fatigue of the structure from that provoked by gusts. In spite of different nature of each of these
effects, their impact upon the structure remains very similar — they both produce fatigue of
materials. No flight data recorder distinguishes manoeuvres-induced loads from those effected by
gusts. Calculations of fatigue failures were made for each of the aircraft loading spectra
(normalized to the amount of 1000 flight hours). The safe S-N curve was applied to do
calculations.
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A fatigue failure that occurred during the flight was found following the Palmgren-Miner linear
cumulative damage hypothesis.

D, =Y+ ®)

where:
Dy — in-flight fatigue failure,
N;— the number of cycles for individual aircraft for total flight time normalised to the amount of
1000 hrs,

N - the number of fatigue cycles to failure at some specific loading level, where
i - the number of amplitude levels and mean values used while counting the cycles.
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Fig. 6. Stress distribution for the lower portion of the wing skin

2.4. The GAG (ground-air-ground) cycle induced fatigue failure

It has been presumed that the GAG cycle means some change in stress in the critical airframe
localization (the lower portion of the wing skin) somewhere between the maximum stress recorded
during a flight (6gmax) and the minimum stress that occurs while on the ground or in the course of
flight (6ommv). The change in the mean stress level for the ‘on-ground’ and ‘in-flight’ positions of
the aircraft results from the change in the configuration of loads that affect the aircraft structure.

If during the flight negative g-loads occurred, the stresses induced thereby enabled evaluation
of ogmn. If during the flight there were no suitably low g-loads, value of 6gmnv was based on the
change in the load configuration.

In Figure 7 a portion of data recorded during test flights and illustrating the very moment of
landing has been presented. The blue line corresponds to the change in stress in the lower part of
the wing spar. This localization is very close to the area for which fatigue analysis is carried out.
The figure 7 shows changes in stress during the landing allow us to conclude that the change in
load configuration during the landing results in the reduction of mean stress by approximately 12.5
MPa.
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Fig. 7 The courses of signals during the landing
The GAG cycles induced fatigue failure were calculated using the safe S-N curve (Fig 3).

2.5. Total fatigue damage

Total fatigue damage of the airframe is found as a sum of failures during the flight, on-ground
manoeuvres, the landing, and those induced by GAG cycles. Summation requires that account is
taken of aircraft’s flight hours and data capture rate y. Furthermore, the landing and GAG cycles
induced failures depend on the number of landings performed by the aircraft. The total fatigue
failure can be found from the following formula:

T 1 1
D= m;DL—}_;(DLG +D;p, +Dgy) 9)

where:
Dy — damage to aircraft structure during the flight,
Dgac — GAG cycles induced damages,
Dy — damages effected by manoeuvres on the ground,
Dy p — the landing attributable fatigue failure,
T — aircraft’s total flight time [hours], found from the aircraft documentation,

y - data capture rate.
Fatigue failures effected by manoeuvres on the ground

With the courses of 7, recorded during actual flights one can find that values of recorded cycles
and frequencies thereof suggest that fatigue failures effected by manoeuvres on the ground should
be ignored during the Orlik operation/maintenance.

D=0 (10)
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The landing attributable fatigue failure

The landing attributable fatigue failure is difficult to estimate using the recorded parameters.
The signal sampling frequency in the flight data recorder is too low to reliably describe the nature
of the landing by means of changes in n,. Also, finding the vertical speed during the landing (by
means of differentiating the pressure height signal) does not give reliable results. Basing on [2] the
following has been accepted:

D,,=N,-6.04-10°° (11)

where:
Dip — the landings induced fatigue failure,
Np — the number of aircraft landings.

3. RESULTS AND CONCLUSIONS

The calculations made on the basis of the algorithm presented above allowed for fatigue
damage determining of the whole population of in-service aircrafts. The data from years
1996+2007 have been used for the calculations. Figure 8 presents fatigue damage for the chosen
group of 15 airplanes. Simultaneously, the same figure presents the flying time of these planes.
The intensity of particular plane usage can be estimated from the comparison of fatigue wear and
flying time.
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Fig. 7. Results of calculations of fatigue wear
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On the basis of the conducted analysis the following conclusions can be formulated:

a) There are significant differences in intensity of usage, flying time and fatigue wear among
OZL-130 Orlik aircrafts.

b) On the basis of service life determined by flying time, the use of Orlik aircrafts is not
optimal from structural durability point of view.

c) Fatigue damages from maneuvers in the air have the greatest share in structure fatigue of
Orlik aircraft.

d) Increasing the frequency of recording and processing nz signal will allow for taking into
account the influence of gust on fatigue wear.
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