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ABSTRACT

In 1976-1977 a full-scale fatigue test on
a saitlplane wing was carricd out in the Labora-
tory of Light Structures of Helsinki University
of Technology. The wing was of glass fibre con-
struction, with carhon fibre reinforced wing
spar caps. The fatigue test program consisted
of portions representing ground loads due to
ground runs, ground-air-ground cycles in
launching and landing, and gust loads duc to
atmospheric turbulence in flight. Gust loads
duc to atmospheric turbulence were calculated
by using a power spectral method according to
the mission analysis criterion. The mission
profile consisted of parts representing launch-
ing, circling in thermals, flight over start
and finish lines, and various types of cross-
country flight. In calculating the response
of the airplane to gusts, the elasticity of the
airplane was taken into account by using an un-
steady aeroelastic calculation method. The
fatiguc testing program covered a flight time
of 4000 “ours with a safety factor four. The
fatipgue vest was divided into 40 blocks, each
block representing 400 hours of flight.
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INTRODUCTION

In 1973 a complete full-scale static and
fatigue test was made at Helsinki University of
Technolopy, Finland, on a PIK-20 sailplane wing,
based mainly on a similar investigation of the
"Cirrus' sailplane (References 7,12). The re-
sults of this test were successfully applied to
the development of early versions of the PIK-20.
However, it later bhecame apparent that the re-
sults of this early test could not be applied
to the more recent models of this airplane, for
two reasons. First, the method for calculating
the load spectrum was found to he very conserva-
tive, and consequently the strain level of the
wing was very low. Second, in the new models of
the airplanc, extensive use was made of a new
material -- carbon fibre -- in the primary struc-
turc of the wing. It thus seemed that a new
full-scale fatigue test might be useful. This
paper presents a short summary of the new full-
scale fatigue test; a more detailed exposition
will be found in Ref. 10.

The test was performed in 1976 and 1977 at
the Laboratory of Light Structurcs of Helsinki
University of Technology on a PIK-20D sailplane
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wing. This wing is made of glass fibre/epoxy
composite with spar caps made of carbon fibre/
epoxy. The same wing was used for hoth static
strain tests and the fatigue test. For the
static tests, loads were calculated according

to OSTIV Airworthiness Requirements for Sail-
planes. lor the fatipuc test, loads due to
atmospheric turbulence were calculated by power
spectral methods according to the mission
analysis criterion proposed by the lederal
Aviation Agency (Reference 4; sce also Reference
117. Load spectra duc to ground runs and ground-
airv-ground cycles were calculated hy using the
same methods as in the previous test (Ref. 7,
12§

In the prescnt case, atmospheric turbulence
is the main source of fatigue loads during
flight. Fatigue due to maneuvering is less
important, since the sailplane in question is
rarely used for acrobatics. Thus, special em-
phasis was put on obtaining a realistic load
spectrum due to atmespheric turhulence. The
power-spectral method used for the PIK-20D wing
fatigue test is subsequently discussed in more
detail.

LOAI SPECTRA
DUE TO ATMOSPHERIC TURBULENCE

ln power-spectral methods, the magnitude
of any load (e.g. strain at a given location
on the wing) is assumed to be a random
function of time (see Fig. 1), satisfying
certain assumptions. According to FAA
proposal (Ref. 4), for cach flight segment
the frequency of exceedance N of a load x

can be written as follows:
| Y=Y
IR | ]
(1) N{y)= N, |P. expl-'==) + P exp(-—)
X U IAb1| I |Ab2
(see Lq. (4-2) on p. 16 of Ref. 4], wherc
Y is the value of the load x in
question
Y1 is the value of x in the reference
flight condition (usually level
flight)
A is the amplification factor
N is the zero-crossing frequency of x
ox
P ,P_ are proportions of time flown in
148 P
non-storm (CAT) and storm turbulence,
respectively
b],bz are gust intensity parameters

(average turbulence intensities)
for non-storm and storm turbulence,
respectively).

In equation of form (1} can be written for any
load of interest. In Eq. (1), NxEY) denotes
the number of such cvents per unit time when the
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A random load

Figure 1.

load x exceeds the value y in a positive di-
rection (marked by small triangles in Fig. 1).
Furthermorc, NO is the number of such events
per unit time When the increment y-y, of x
crosses the value zero in a positive direction
(marked in Fig. 1 by small circles).

The amplification factor A is defined as
the ratio of the intensity o of the load to
the intensity o, of the gusthvclocity, or

Lff:m@x (w)dw]h’z
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the power-spectral density function
the load x,

the power-spectral density function
gust velocity, and

the circular frequency (rad/s)
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The zero-crossing freguency is calculated from

the formula
o 1 l/‘m z d ]”2
(3)  No= 5o I w0’ ufw)deo

Depending on the mathematical mode used, a
number of alternative formulas can be derived
for the power-spectral density function BW of
the gust velocity. In the present casc, the
von Kdrmin spectrum

8 2
o2 [1+303390L/v)]

(4)  Bulw)=

"M/6
[1+(1.339muv)2] /




was used as suggested in the FAA proposal
(Ref. 4}. 1In Eq. 4, V 1s the velocity of
flight (TAS) and L the scale of turbulence.
Houbolt (Ref. 5) suggests slightly lower values
for L than the FAA proposal; in the present
case, 200 m was considered an appropriate
value.

The power-spectral density function ¢ of
the load x is obtained from the cauation

(5) B fw)= |[Hliw)| B ,lw)

where H is the transfer function between the
gust velocity w and the load x. For the prescnt
investigation, the power-spectral densities of
loads and transfer functions werc calculated
using the AEPAC aeroelastic program package
developed at the Helsinki University of Technol-
ogy {(Ref. 8). Details of these calculations

arc presented elsewhere (Ref. 9) and will not

be discussed here.

By substituting printouts of the ALGPAC
programs in Egs. (2) and (3), amplification
factors A and zero-crossing frequencies N
could readily be calculated for all loads " of
interest by simple pumerical quadratures. In
practice, it is impossible to extend the inte-
grations to infinity, as written in Egs. (2) and
(3). However, because the power-spectral density
of the gust velocity decrecases rapidly with the
frequency, the integration can be cut off at a
finite value of w. In the present case, the
value 5 Hz was chosen for the cutoff frequency;
this value is close to the upper validity limit
of the AEPAC method.

Amplification factors and zero-crossing
frequencies werc calculated for upper surface
strains at the main spar at four spanwise wing
stations. The most severely loaded of these was
taken as the basis of the fatigue spectrum.

THE FLIGHT PROFILE

In a fatigue analysis carried out accord-
ing to the mission analysis criterion, Eq. (1)
must be written separately for each segment of
the flight profile. Frequencies of exceedance
thus obtained must then be weighted by times
spent in each individual profile segment, and
summed up to obtain the total frequencies of
exceedance for the complete flight. In the
present context, the phrase '"flight profile'
as used in the original formulation of the
mission analysis criterion is somewhat mis-
leading. This is because the flight of a
transport airplane proceeds in much the same
way from flight to flight, whereas the flight
profiles of a sailplane are quite different
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for every individual flight. Here, the flight
profile must be interpreted as the average, or
typical flight profile of an airplane throughout
its whole service life.

To obtain a realistic flight profile for a
modern glider, a survey was made among users of
the PIK-20 sailplane in Finland. The results
of this survey are summarized in Tables 1 and 2,

Table 1 Use of PIK-20 sailplanes in Finland

in 1976

) Time ot tlight Percent of total
Type of flight :
h time of flight

Cross—-country 790 37
Cloud flying 135 1
Other 1361 62
Table 2 Method of launching of PIK-20 sailplanes

in Finland in 1976
Method of Number of E Percent of total
launching launchings number of launchings
Winch 457 i 28 ‘
Aero tow 1203 T2

Prior to constructing the flight profile, the
transfer function H was calculated at 16 points
throughout the flight envelope of the airplane
(see Fig. 2) to obtain an overall picture of
loads due to turbulence in different flight con-

ditions. These calculations were performed for
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Figure 2. The flight profile
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the airplane both with and without water ballast;
the case with no ballast proved to be critical

in all cases. Thus, in all subsequent gust-
spectral calculations, no water ballast was
assumed. Based on these preliminary calculations,
on the survey referred to above, and on a number
of discussions with glider pilots, seven points

on the flight envelope were chosen as represecn-
tative of the flight profile, as shown in Fig. 2.
The percentage shares of the seven chosen flight
conditions were selected on the basis of discus-
sions with glider pilots. It became apparent

that during a cross-country flight, about 70 per
cent of the time is spent in straight flight and
the remaining 30 per cent in circling in thermals.
The straight flight portion was divided into
three parts with differcent mean flight speeds as
follows: a) normal straight flight between
thermals at 140 km/h (60 per cent), b) high-speed
straight flight at 180 km/h (5 per cent) and

¢) flight at high altitude and at high speed at
200 km/h (e.g. under a cloud strcet) (5 per cent)
These values are, of course, only representa-
tive, and may vary greatly depending on weather
and piloting technique. As a result of the
survey referred to above, cloud flying was
completely omitted from the analysis. As
Ref. 12, one hour was chosen for the mean
time of flight. This choice 1s on the con-
servative side with regard to the results of
the survey, which gave 1.3 hours for the

mean flight time. This is because the load
spectrum becomes more severe, the shorter the
flight time.

in

TURBULENCE INTENSITY PARAMETERS
The FAA proposal for the factors P
bh,, and b, in Eq. (1) is hased on fligh
record da%a for three large transport airplanes
(Lockheed Constellation, Lockheed Electra, and
Boeing 720B). As far as the authors are aware,
no systematic investigations have been under-
taken to determine the corresponding factors
for sailplanes. Some measurements have been
made in Hungary by Gedeon (Ref. 3), but it is
difficult to use Gedeon's results directly in
this context, since his method of analysis
differs from that used in the present investi-
gation.
Previous NASA tests have given values roughly
1l m/s and 2 m/s for the average gust velocity
intensities of clear air turbulence and cumulus
clouds, respectively {Ref. 6). In the light of
these results, the average gust intensity of 1.4
m/s given by Gedeon (Ref. 3) for circling flight
in thermals seems to be quite realistic. Thus,
for the thermal circling portion of the flight
profile, the value 1.4 m/s was used for bl’ P
being put equal to unity and I’2 equal to zero.

S
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For other parts of the flight profile,
values of P etc. given by the FAA proposal were
used (e.g. “see Figs. 5-3 and 5-4 on pp. 34-35
of Ref. 4). Whether or not turbulence inten-
sity paramecters obtained for transport airplanes
can be used for sailplanes is, of course, a
matter for discussion. We hope that the syste-
matic flight test program currently under prepa-
ration at the Laboratory of Light Structures of
Helsinki University of Technology will cast more
light upon this problem.

The turbulence intensity parameters used
for different parts of the flight profile and
the corresponding strain amplification factors
and zero-crossing frequencies are summarized
in Table 3.

Table 3 Turbulence parameters, zero-crossing frequencies, and stramn

amplification tactars ‘ar the PIK-Z00 flight protile

I.:'rofiLe segment by by Py Py ‘ Nig | A
més m/s Vs | [Seslfimis] |
_a.l_m_lal_mching 116 |23 | 06es | oooass 2w oome |
a Aero low 114 232 | DBGS 000395 | 2762 0ok
b Start line 1.05 251 0292 naazng 2655 01038
¢ Finish line 17 230 0Bha 0.004BE 270 01037
4 Thermal tlight 1.40 10 no 2203 0057z
e Normal crass—country | 105 253 0292 | D.DD20L 2133 00Bm
f  Fast crass-country 105 ZAD 0.236 no01eS 2368 | 00433
g Flight in cloud streets | 107 ?TGJ_UF)S | 0aomn __ELBB .ﬁ%? |

THE FATIGUE TEST

The fatigue spectrum was constructed by
assuming an airframe life of 20 years and 200
hours of flight per year. The scatter factor
was put equal to 4 in accordance with the FAA
recommendation (Ref. 1)}. Thus, the final
fatigue testing program corresponded to an
airframe life of 80 years, or 16,000 hours of
flight.

The fatigue testing program was divided
into 40 blocks, cach corresponding to 400 hours
of flight (see Fig. 3). Each block was divided
into 5 scgments: a) a ground loads due to
ground runs and takeoff runs, b) ground-air-
ground load cycles due to liftoff and touch-
down in acro-tow launching, c) ground-air-
ground load cycles due to liftoff and touch-
down in winch launching, d)} gust loads in winch
launching, and ¢) other gust loads due to atmos-
pheric turbulence. Repctition of segments in
this order made it possible to closely simulate
the load sequence in actual flight. Parts d)
and e), which together comprisc 80 per cent of
the whole program, were discussed in the pre-
vious three chapters. Only the mean load factor




is different in the construction of parts d) and

el. Part a) of the block was constructed using
the load amplitude distribution proposed by
Gedeon (Ref. 2) assuming an average of 0.5 bumps
per meter and an average length of 100 m for
takeoff and landing runs (Ref. 12). Parts b)

and ¢) were constructed assuming that 50 per cent

of launchings were by acro tow and 50 per cent
by winch launching. These figures differ
markedly from those obtained in the survey re-
ferred to above, but the fifty-fifty basis seens
to be more reasonable because a large number of
sailplanes use only winch launching, and be-
cause winch launching imposes more severe loads
upon the airframe than aero tow launching. As
the mean flight time was one hour, the number
of load cyecles for groups b} and ¢) was 200 for
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each.

The manufacturer wanted to test whether
or not the strain level could be increased
from that used in strctural calculations. For
this reason all load factors of the actual air-
plane were finally multiplied by the factor
1.44, Thus the mean load factor in flight,
for example, was taken to be 1.44 instead of
1.0,

In actual testing, the loads were applied
to the wing using a hydraulic multipurpose
loading machine. The loading machine was con-
trolled by an instrument tape recorder using a
preprogrammed magnetic tape. One 400 hour
block could be run in 47 hours, and the whole
test took 80 days to complete. During the test
the deflection was measured continuously in
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Figure 3. PIK-20D fatigue testing program (400 hours block)
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order to detect eventual fatigue. A subsequent Atmospheric Turbulence." Washington, D.C., ;
static test showed that the wing had adequate 1964. NASA Technical Report TR R-199. |
static strength. However, with respect to the

increased strain level, the wing failed at a 7. Keturi, S., "Lujitemuovisen purjelentokoneen
somewhat lower load than expected. Subsequent siiven staatiset ja dynaamiset lujuuskokeet,"
investipations revealed that the wing may have Helsinki, 1974, M. Sc. Thesis, Helsinki

been partially fatigue damaged due to extensive University of Technology, Department of

static testing at the increased load level cven Mechanical Engineering.

before the actual fatigue test had begun.
8. Mai, H. U., "AEPAC - The Aeroelastic Pro-

CONCLUSIONS gram Package." Otaniemi, 1978. Helsinki
University of Technology, Lab, of Light

Although there are still a number of pro- Structures, Report. _
blems to be solved in the present method, it is i
obvious that it can give a more realistic load 9. Mai, H. U., "Application of a Low-Frequency b
spectrum for an elastic sailplane than the Acroelastic Element method to the Harmonic [
methods used previously for fatigue testing of Gust Response Analysis of a Ilexible Air- i
sailplanes. The method also makes it easier to plane.'" Paper presented at XVIth OSTIV |
account for different flight conditions in Congress at Chateauroux (France), July 20 k
different weather conditions. te 29, 1978, ;

Compared with a powered aircraft, a sail-
plane flies only for short times at speeds at 10, Nystrom, S., "Statiskt och dynamiskt
which maximum load factors can occur. Thus, hdllfasthetsprov for en segelflygplan-
the loading program contains only very few high svinge." Jamijirvi, 1977. M. Sc. Thesis,
loads. To ohtain a realistic result by the Helsinki University of Technology, De- '
fatigue test the wing should be used as little partment of Mechanical Engineering.
as possible for static testing prior to the
fatigue test so as to avoid premature Tatigue 11. Payne, B. W., and Cox, R. A. '"Application
damage. of Power Spectral Methods to Aircraft Gust

Clearance," Aircraft Engineering 41(1969)11, :
pp. 17-24.
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