National Aerospace University "Kharkiv Aviation Institute"

Ministry of Education and Science of Ukraine

On the rights of the manuscript

SUN YIFANG
UDC 629.735.33.025.1.015.4

DISSERTATION

SCIENTIFIC GROUNDS TO PROVIDE LIFETIME OF REGIONAL
PASSENGER AIRPLANE WING STRUCTURAL MEMBERS

Scientific specialty — 134 Aviation and aerospace technol ogy

Field of science — 13 Mechanical engineering
Applied for the Doctor of Philosophy degree

The dissertation contains the results of my own research. The use of other authors'

ideas, results and texts have references to the relevant source

Sum_ Yrfong Sun Yifang

Scientific adviser — Oleksandr Hryhorovych Grebenikov, Doctor of technical

sciences, Professor

Kharkiv — 2025



ABSTRACT
Sun Yifang. Scientific grounds to provide lifetime of regional passenger airplane
wing structural members — qualifying scientific work on the rights of the manuscript.

Dissertation for obtaining the scientific degree of Doctor of Philosophy in the
field of knowledge 13 — Mechanical engineeringon, scientific specialty
134 — Aviation and aerospace technology. National Aerospace University “Kharkiv
Aviation Institute”, Kharkiv, 2025.

The dissertation is devoted to the decision of a scientific and technical problem
of manufacturing new competitive aviation equipment by studying the method for
strength design and fatigue life extension of the fitting joint between the center wing
section and the outer wing section of a regional aircraft. With the rapid development
and application of regional aircraft, this technical problem needs to be solved
urgently. The choice of goal is due to the need of aircraft manufacturers to implement
wing strength design and fatigue resistance design at all stages of the aircraft life
cycle and update existing design methods taking into account the current level of
science and technology to increase the competitiveness and safety of their
developments.

The wing root connection area of a regional aircraft is the key part of the load
exchange balance between the wing and the fuselage. The design requirements of
structural strength and durability, structural load transfer efficiency, assembly
coordination requirements, and detail processing are very high. Different docking
methods have different force transmission methods, which will have a significant
impact on the service life and assembly process of the aircraft. Therefore, the fitting
joint design between the center wing section and the outer wing section has always
been one of the important links in aircraft design.

The development trend of the fitting joint between the center wing section and
the outer wing section of a regional aircraft in the world 1s reviewed and analyzed,
and the design of the fitting joint is summarized and classified, and the advantages

and disadvantages are compared and analyzed, which provided a reference for the



selection and design of the fitting joint of different regional aircraft. After summary
and analysis, the design method of the fitting joint at the root of the wing is proposed.
According to this method, the form of frame fitting joint with comb-shaped profile
is selected to create the fitting joint model by CATIA.

In order to judge the rationality of the strength design of the fitting joint, an
effective solution for the design, quality and static strength calculation method of
the fitting joint in the modelling stage is proposed for the first time. This method is
based on the calculation of stress caused by the discreteness of force transmission
between units. This calculation method obtains a simplified hyperstatic joint model
based on the geometric characteristics and force transmission characteristics of the
cross section at each node in the flange connection design. During the calculation
process, it is determined that the curves of bending moment and axial force obtained
by the force method, and the force load distribution of each part of the model to
further analyze the static strength. The calculation results obtained are compared
with the requirements of the airworthiness standards to determine whether the design
requirements are met. At the same time, the finite element ANSYS software 1s used
to propose an indirect method for calculating the stress and strain state of the fitting
joint for the first time. The stress and strain results calculated by the indirect method
are compared with those calculated by the direct method, and the results are basically
consistent. The indirect method has the advantages of small calculation amount and
fast calculation speed.

In order to further improve the fatigue life of the fitting joint, the influence of
the depth and angle of the extruded arc groove on the fatigue life of the wing panel
is further studied through experiments and finite element simulation methods on the
basis of existing research. The study shows that for wing panel with functional holes,
the extruded arc groove can extend their fatigue life. This is because the residual
stress generated after the extrusion process offsets the effect of part of the load to
reduce the characteristic stress. The fatigue life of the wing panel with functional

holes is affected by the depth of the extruded arc groove. When the depth is



0~0.15 mm, the fatigue life is not extended much; when the depth is 0.15~0.3 mm,
the fatigue life is greatly extended; when the depth is greater than 0.3mm, the fatigue
life is extended slowly. The fatigue life of the wing panel with functional holes is
also affected by the angle of the extruded arc groove. The fatigue life increases with
the increase of the angle until the optimal angle is 120°. The use of the optimal
extended arc groove can extend the fatigue life of the studied wing panel by more
than 2.34 times.

In order to further improve the fatigue life of the fitting joint, the effect of
extruded annular groove on the fatigue life of the wing panel with functional holes
1s studied by experimental methods. The study shows that for aircraft wing panel
with functional holes, the extruded annular grooves around the functional holes can
improve the fatigue life of the wing panels. The depth of the extruded annular groove
has an effect on the fatigue life of the aircraft wing panels with functional holes.
With the increase of the depth of the extruded annular groove, the fatigue life of the
wing panels changes in an inverted "V" shape. When the groove depth is 0.26 mm,
the fatigue life of the aircraft wing panel with functional holes is the longest, which
can be increased by 2.35~32.9 times.

The effect of extruded annular groove on the fatigue life of double shear joints
of wing panels is studied by experimental methods. The results show that the
extruded annular groove can improve the fatigue life of double shear joint. The
fatigue life of double shear joint with the extruded annular grooves is about 2.28
times that of double shear joint without the extruded annular grooves. Anti-fretting
paste can also improve the fatigue life of double shear joints. The fatigue life of
double shear joint coated with anti-fretting paste is about 1.28 times that of double
shear joint without anti-fretting paste.

Keywords: regional aircraft, wing, fitting joint, double shear joint, strength,
stress-strain characteristics, finite element analysis, experiment, the extruded arc

groove, the extruded annular groove, anti-fretting paste, fatigue life.



AHOTALIA

Cynp Idan. HaykoBi oCHOBM 3abecreyeHHsI pecypcy KOHCTPYKTHBHUX
€JIEMEHTIB KpUJia PET10HAIbHOTO MAacaKUPChKOTO JiTaka. — KBamidikariitna HayKkoBa
poOoTa Ha mpaBax PyKOIIHCY.

Hucepramiss Ha 3000yTTS CTyIleHs JOKTopa ¢inocodii B ramdy3i 3HaHb
13 — MexaniuHa 1HXeHepis, 3a cremiainpHicTIO 134 — ABiariiiHa Ta pakeTHO-
KOCMIYHAa TeXHika. HaiioHaJlpbHUN aepOKOCMIUYHHUM YHIBEPCUTET «XapKiBChKUM
aBlaIliiHUM 1HCTUTYT», XapkiB, 2025.

Jlucepraliis  OPUCBAYCHA  BUPIIICHHIO  HAyKOBO-TEXHIYHOI  MPOOJIEeMH
BUTOTOBJICHHSI HOBOI KOHKYPEHTOCIPOMOXHOi aBlallifHOT TEXHIKA IUIIXOM
JTOCTIJDKEHHST METOJly PO3paxyHKy Ha MIIHICTh 1 TIOJOBXKEHHS BTOMHOT
JIOBrOBIYHOCTI (DITUHIOBOIO 3’ €AHAHHS MK LICHTPOIUIAHOM 1 B1JI’€MHOIO YaCTHHOIO
Kpuja perioHajbHOro JiTaka. 3 OypXJIMBUM PO3BUTKOM 1 3aCTOCYBaHHSIM
pErioHalIbHO1 aBialli I TeXHIYHA MpodiieMa NMoTpedye TEPMIHOBOTO BHPIIIEHHS.
Bubip wmetu 3ymoBlIeHHUN HEOOXIJHICTIO aBlaOyIIBHHMKIB BIPOBAKYBaTH
MIPOEKTYBAHHSI MIIIHOCTI KpHWJjia Ta OMOPY BTOMHU Ha BCIX €Tarax KUTTEBOTO LUKITY
JiTaka Ta OHOBJIIOBATH ICHYIOY1 METONU MPOEKTYBAHHS 3 YpaxyBaHHAM Cy4acHOTO
PIBHS HAyKHU 1 TEXHIKH IS TABUIIICHHS KOHKYPEHTOCITPOMOXKHOCTI CBOIX PO3POOOK.

30Ha 3’€THAHHS KOPEHEBO1 YaCTUHU KpHUJia PET1I0HATBHOTO JIITaKa € KIIFOYOBOIO
YACTUHOK PO3MOAUTY HaBaHTAXEHHS MDK KpWioMm 1 QrozenskeM. Bumoru a0
KOHCTPYKTHUBHOI MIIIHOCTI Ta JIOBTOBIYHOCTI, €()€KTUBHOCTI Mepeaadl CTPYKTYPHOTO
HaBaHTAXXEHHS, BUMOTH JI0 YB’SI3KW CKJIQJJaHHS Ta 0OpOOKHU AeTajel y»e BUCOKI.
Pi3Hi MeTonu CTHUKyBaHHA MAalOTh Pi3HI METOAM Tepenadi 3yCWUIsA, 10 MaTuMe
3HAYHUH BIUIUB HA TEPMIH CITYKOU Ta MPOIIEC CKIaAaHH JiTaka. ToMy KOHCTPYKITis
3’€JHAHHS TEHTPOIUIaHA 1 BIJ’€MHOI YaCTUHU Kpuja 3aBkKau Oyja OAHIEID 3
BaXIMBHX JIAHOK y MTPOEKTYBaHHI JIITaKiB.

Po3msiHyTO Ta mpoaHanizoBaHO TEHIEHI1I0 PO3POOOK (ITUHIOBHX 3’ €AHAHBb

MIXK HEHTPOIUIAHOM 1 BIJI’€MHOIO0 YaCTHMHOIO KPHWJIa PEriOHANbHOIO JIITaKa y CBITI,



y3arajJbHeHO Ta KJIacU(IKOBAHO KOHCTPYKI[itO (DITHHTOBOTO 3’€IHAHHS, a TaKOX
MOPIBHSHO Ta MPOAHAJII30BAHO MEPEBAru Ta HEJOIKH, HAIaHO PEKOMEHAAIIIT 00
BUOOpY Ta MPOEKTYyBaHHS 3’€JHAHHsS ILIEHTPOIIaHa 1 BiJ’ €MHOI YaCTMHMU KpHJia
pI3HUX perioHaNbHUX JiTakiB. [licas miaCyMKiB Ta aHaji3y MPOMOHYETHCS METOJ
POEKTyBaHHs (PITHHIOBOTO 3’ €THAHHS B KOPEHEB1i yacTHHI kpuia. BiamosigHo 10
IILOTO METOAY BUOUpPA€ETHCS (hopMa 3’ €THaHHS paMHu 3 rpeOiHYacTUM MpodineM Ass
CTBOPEHHS MOJiei (PITUHTOBOTO CTUKY MK IICHTPOIUIAHOM 1 BiJI’€MHOIO YaCTHHOIO
KpuJia.

JIns cy/KeHHST TIPO PaIlioHaJBHICTh PO3pPaxyHKY Ha MIIHICTh (PITHHTOBOTO
3’€JHAHHS BIIEPIIIE 3aPOMOHOBAHO €()EeKTUBHE PIIICHHS PO3PAXYHKY KOHCTPYKII,
SKOCT1 Ta CTAaTMYHOI MIIHOCTI 3’€QHAHHS Ha €Taml MojaemoBaHHA. Llel Meton
3aCHOBAaHMI Ha PO3PaXyHKY HAMpPyTH, BUKIUKAHOI TUCKPETHICTIO Mepeaadl 3y CHILIs
MK By3namu. Lleli MeTox po3paxyHKy I03BOJISIE OTPUMATH CIPOIICHY MOJEINb
TINEepCTaTUYHOTO 3’€IHAHHS HAa OCHOBI TE€OMETPUYHHX XapaKTEPUCTUK 1
XapaKTePUCTHUK Mepe/iadil 3y CHITb KOXKHOI BY3JIOBOT CEKIIiT B KOHCTPYKITT (pJIaHIIEBOTO
3’¢HaHHS. Y TIpolleci PO3PaxyHKY BHU3HAYEHO KPHWBI 3TMHAILHOTO MOMEHTY Ta
MOB3JIOBKHBOI CHJIM, OTPUMaHI METOJOM CHJI, 1 PO3MO/IIJT CUJIOBOTO HAaBAHTAKEHHS
KO>KHOT YaCTHHU MOJIENI VISl TOAAIBIIOTO aHalli3y CTaTUYHOI MIITHOCTI. OTpuMaHi
pe3yJIbTaTh PO3PAXYHKIB TMOPIBHIOIOTHCS 3 BUMOTaMU CTaHJAPTIB JILOTHOI
MPUIATHOCTI JJI1 BU3HAYCHHS BIJMOBIIHOCTI BUMOTaM KOHCTPYKIIii. Y TOM e 4yac
nporpamMHe 3a0e3nedyeHHs KiHleBUX eiaeMeHTIB ANSYS BHUKOpPUCTOBYEThbCS st
TOTO, MO0 BIEpIIE 3aMpPOTIOHYBAaTH HEMPSIMUN METOJ PO3PaxyHKy HaIpyKeHO-
nedopmMoBaHoro craHy (iTuHroBoro 3’eaHaHHSA. Pesynbrat Hampyra Ta
nedopmMariii, po3paxoBaHi HEMPSIMUM METOJOM, TOPIBHIOIOTHCS 3 PE3yJIbTaTaMH,
pPO3paxOBaHUMHU TMPSIMUM METOJIOM, 1 pPEe3yJIbTaTdH B OCHOBHOMY BiJIITOBIJAIOTh.
[lepeBaramMu HENpPsIMOTO METONY € HEBEIHKHA 00’€M OOYMCICHHS Ta BUCOKA
MIBUAKICTH OOYHCIICHHS.

3 MeTo MOAAJBIIOr0 MiBUILEHHS BTOMHOI JOBIOBIYHOCTI (DITHHTOBOIO



3’€JHAHHS, BIUIMB IJIMOMHU Ta KyTa EKCTPYIOBaHOI JyroBoi KaHAaBKU Ha
JIOBrOBIYHICTD IaHeN1 KpuJja J0JAaTKOBO BUBYAETHCS 32 JOIMOMOTOI0 €KCIIEPUMEHTIB
1 METOIIB MOJICTIOBAHHS KIHIIEBUX €JIECMEHTIB Ha OCHOBI ICHYIOUHX JOCIIIKCHb.
JlocmiiKeHHS TIOKa3ye, M0 I KPUJIOBUX TTaHeeH 13 PyHKIIIOHATbHUMHA OTBOPaMU
EKCTPYy/IOBaHA JyroBa KaHaBKa MOXKE TIOJOBXKHUTH TepMiH ix ciyxOu. Ile
MOSACHIOETBCA THUM, IO 3aJMIIKOBA HAINpPyra, IO YTBOPIOETHCS MICHS TMPOIECY
eKCTpY3li, KOMIIEHCY€ [0 YaCTUHU HABAaHTAXEHHS i1  3MEHIICHHS
XapaKTepUCTUYHOTO  HampykeHHs. Ha  JOBroBiyHICT, TaHem Kpwia 3
(GYyHKIIOHATPHUMU OTBOPAMHU BIUIMBAE IIMOMHA E€KCTPYIOBAHOI IyTOBOI KaHABKH.
Axmo rubuna cranoBuTh 0 ~ 0,15 MM, BTOMHA JIOBrOBIUHICTh HE 301JIBIIYETHCS,
akmo rmomHa craHoButh 0,15 ~ 0,3 MM, BTOMHA JOBTOBIYHICTH 3HAYHO
MOJIOBXKYEThCA;, KoM TiuMOuHa mnepeuirye (0,3 MM, BTOMHa JOBTOBIYHICTH
IPOAOBXKYETHCS MOBUIbHO. Ha MOBroBiuHICTh MaHedl Kpwia 3 (QyHKIIOHATBHUMHU
OTBOpaMH TAKOXK BIUIMBAE KYT €KCTPYIOBaHOI AYroBOi KaHaBKHU. 31 301JIbILIEHHAM
KyTa JOBTOBIYHICTH 30UIBIIYETHCS A0 ONTUMaibHOTO KyTa 120°. Bukopucranus
ONTUMAJIbHO TOJOBXKEHOI JYroBOi KaHABKU MOXE 30LIBIIUTH BTOMHUM pPecypc
JOCJTII>KYyBaHOT MaHelNi Kpuiia Outbil HIXK y 2,34 pa3u.

Jlns  momanmpIIoro IMOKpAIIeHHS BTOMHOI JIOBTOBIYHOCTI  (PITHHTOBOTO
3’€HAHHS JOCIIDKEHO CEKCIEPUMEHTATbHUMH METOJAMH BIUIMB EKCTPYIOBAaHOI
KUJIbLIEBOI KAHABKM HAa BTOMHY JOBIOBIYHICTH MaHeNl Kpuia 3 (QyHKIIOHATbHUMHU
orBopamMu. JlochipkeHHS TOKasye, IO JUid TaHeled Kpuwia JiTaka 3
(YHKIIOHATBHUMHU  OTBOpPaMHM  €KCTPYJIOBaHI  KUIbLIEBI KaHAaBKM  HAaBKOJIO
(GYHKITIOHATBHUX OTBOPIB MOXYTh MOKPAIIUTA BTOMHY JOBIOBIUHICTH IaHENEH
kpusa. [7TmOmMHA eKCTPYIOBaHOI KIJIbIIEBOT KaHABKHM BIUIMBAE Ha JOBIOBIYHICTH
naHeseil Kpuia Jitaka 3 (QyHKIIIOHAJTbHUMUA OTBOpaMH. 31 30UIBIIEHHSIM TITUOWHU
EKCTPYIOBAHOT KUIBIIEBOI KaHABKHU JOBTOBIYHICTH TMaHENEH KpWia 3MIHIOETHCA Y
BUINISA1 niepeBepHyToi OykBU «V». Komu rmmbuHa xaHaBkU cTaHOBUTH 0,26 MM,

JIOBrOBIYHICTb MaHEeJ KpuJjia JiTaka 3 (yHKI[IOHAIbHUMH OTBOPaMH € Hai10BIIIOIO,



Ky MOYKHA 30UThIIUTH B 2,35-32,9 pasu.

ExcrniepymMeHTaIbHUMU ~ METOJaMHU  JOCHIIKEHO  BIUIMB  EKCTPYIOBaHOI
KUTBIIEBOI KaHaBKW Ha JIOBTOBIYHICTH ABO3PI3HUX 3’ €QHAHL TaHENCH Kpua.
Pesynbpratu mokas3yoTh, 10 €KCTPYAOBaHI KUTbLIEBI KAHABKH MOXKYTh MOKPAIIUTH
JIOBTOBIYHICTh JIBO3PI3HUX 3’€HaHb. J[OBroBiUHICTH MBO3PI3HUX 3 €AHAHBL 13
eKCTPYAOBAaHUMHU KUTbLIEBUMHM KaHaBKaMW MPUOIM3HO B 2,28 pa3u MEpeBHILYE
JIOBIOBIYHICTh JBO3PI3HUX 3 €JHAHb 0€3 EKCTPYJAOBAaHUX KIJIbIIEBUX KaHABOK.
AHTH(GPETHHIOBA TTACTa MOXKE TMOKPAIIUTH TEPMIH CIIY»KOM JTBO3PI3HUX 3’€/IHAHb.
JIOBroBiYHICTb JIBO3PI3HMX 3’€qHAHb, IOKPUTHX AaHTU(PETUHIOBOIO IACTOIO,
npuOIu3HO B 1,28 pa3u MmepeBUIy€e JHOBTOBIYHICTh JBO3PI3HUX 3’€IHAHb 0€3 ITl€i
ITacTH.

KitrouoBi ciioBa: perioHaabHUM JiTaK, Kpuio, (ITUHTOBE 3’ €/THAHHS, TBO3PI3HE
3’€JHAHHS, MILIHICTb, HAPY>KEHO-Ae(OpMalLllifHI XapaKTEPUCTUKH, AHAIII3 METOAOM
KIHIICBUX CJICMEHTIB, CKCIIEPUMEHT, EKCTPyJ0BaHa JTyroBa KaHaBKa, EKCTPYIOBaHA

KUTbIIeBa KaHaBKa, aHTU(PETUHIOBA ITACTa, BTOMHA JOBIOBIYHICTb.
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LIST OF CONDITIONAL DESIGNATIONS
CAD\CAM\CAE - computer-aided design, computer-aided manufacturing,
computer-aided engineering.
3D — three-dimensional.
FCWS — fitting of center wing section.
[P — intermediate panel.

FOWS — fitting of outer wing section.

SOWS — stringer of outer wing section.

LPOWS — lower panel of outer wing section.

BJRES — butt-jointed rib edge strip
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INTRODUCTION

Reasons for choosing the research subject. The global air transport market
shows a steady growth trend, which leads to an increase in the demand for regional
aircraft. Ukraine is one of the few countries in the world that has industrial and
scientific and technological potential and a complete production cycle for the
creation and manufacture of modern aviation equipment. In the aviation industry,
the introduction of advanced technologies is very intense. The requirements for
aviation and environmental safety, efficiency and reliability are constantly growing.
This requires the development of new methods of design, production and testing to
create new samples of aviation equipment that are better than existing similar
equipment.

The fitting joint design of the center wing section and the outer wing section is
one of the important links in aircraft design. Different docking methods have
different force transmission methods, which will have a significant impact on the
service life and assembly process of the aircraft. Foreign countries have accumulated
a lot of experience in aircraft design. By analyzing the docking forms and structural
characteristics between the center wing section and the outer wing section of foreign
aircraft, it has important reference significance for my country's aircraft design
research. In addition, the wing root connection area of regional aircraft is a key part
of the load exchange balance between the wing and the fuselage. The structural
strength and durability, structural load transmission efficiency, assembly
coordination requirements, and detail processing are very high. Therefore, it is
urgent to develop a calculation and analysis method for the fitting joint between the
center wing section and the outer wing section of a regional aircraft. In the early
stage of regional aircraft design, it is of great practical significance to carry out
detailed fatigue strength design and certain life extension design of the fitting joint
between the center wing section and the outer wing section to ensure flight safety

and the competitiveness of the domestic aviation industry.
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Goal and tasks of the study. The goal of this research subject is to develop a
method for strength design and fatigue life extension of the fitting joint between the
center wing section and the outer wing section of a regional aircraft to increase the
service life of new domestic regional aircraft. In order to achieve the set this goal,
the following tasks must be solved:

- Summarize the types of fitting joint between the center wing section and the
outer wing section of existing regional aircraft and analyze the design features and
design methods of fitting joint;

- Develop new methods for strength calculation and analysis of the fitting joint
between the center wing section and the outer wing section of a regional aircraft by
means of existing scientific knowledge and simulation technologies;

- Work out new methods for increasing the fatigue life of the fitting joint
between the center wing section and the outer wing section of a regional aircraft;

- Implement the methods for designing the fitting joint between the center wing
section and the outer wing section and methods for extending the fatigue life in the
design and production of promising regional aircraft in the process of production
and education at the National Aerospace University "Kharkov Aviation Institute"
and in the process of design and production of Chinese aircraft.

Research object — The fitting joint between the center wing section and the
outer wing section of a regional aircratft.

Research subject — Scientific grounds to provide lifetime of regional passenger
airplane wing structural members. It includes strength design and analysis method
of the fitting joint and the method for extending the fatigue life of the fitting joint.

Research method. Theoretical analysis, finite element simulation and
experiment were adopted as research methods to solve the above tasks. The design
type, method and principle of the fitting joint between the center wing section and
the outer wing section of the international regional aircraft are investigated. An

effective solution is proposed for the design, quality and static strength calculation
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method of the fitting joint in the modeling stage and an indirect method for
calculating the stress-strain state of the fitting joint. The influence of the depth and
angle of the extruded arc groove on the fatigue life of the wing panel is studied by
experimental and finite element simulation methods. The extruded annular groove
and the application of anti-fretting paste have been confirmed as effective methods
for extending the fatigue life of the wing double shear joint.

Scientific novelty of the results

1. For the first time, an effective solution for the design and static strength
calculation of the fitting joint in the modeling stage is proposed. The method and its
application are introduced by taking the preliminary analysis and design calculation
of the flange connection design of the center wing section of a regional aircraft as
an example.

2. For the first time, an indirect method for calculating the stress-strain state of
the fitting joint between the center wing section and the outer wing section of a
regional aircraft is proposed. The indirect method obtains the stress-strain state of
the fitting joint through two finite element calculations. The results are consistent
with those calculated by direct method.

3. The influence of the depth and angle of the extruded arc groove on the fatigue
life of the wing panel is studied in detail by experimental and new finite element
simulation methods. The results show that the extruded arc groove can improve the
fatigue life of the wing panel and the optimal extruded arc groove depth and angle
are obtained.

4. For the first time, the extruded annular groove is proposed to extend the
fatigue life of the wing panel with functional holes, and it is verified by experiments.

5. For the first time, a method of the extruded annular grooves in combination
with anti-fretting paste to extend the fatigue life of the double shear joint of the wing
panel is proposed. The study shows that the combination of the extruded annular

grooves and anti-fretting paste can improve the fatigue life of the double shear joint
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of the wing panel.

Publications. The main results of the thesis work were published in 8 scientific
works, including 4 articles in ukrainian scientific specialized publications, 3 articles
in the collection of scientific works included in SCOPUS, 1 report was published in
the Scientific and Technical Conference.

Personal contribution of the acquirer. All the main results that constitute the
essence of the dissertation work were obtained by the author himself. Together with
the scientific supervisor, the tasks were formulated, the main results were analyzed
and interpreted, and the scientific conclusions were formulated. In the co-authored
report [1], the applicant proposed to develop a new method to ensure the specific
resource characteristics of structural elements and study its effectiveness,
considering the consideration of fretting coatings on the contact surface to reduce or
eliminate the influence of fretting corrosion. In the co-authored articles [2-3], the
applicant used the CAD/CAM/CAE system to create an assembly joint model and
used the ANSYS system to analyze the characteristics of its stress-strain state using
the finite element method. The author's personal contribution was to create a three-
dimensional model of the fitting joint and perform finite element analysis. According
to the results of the stress-strain state analysis, the force distribution of the four rows
of bolts was obtained by calculating the average stress of the cross section between
the bolts. In the co-authored article [4], the applicant studied in detail the effect of
the extruded arc groove on the fatigue life of the wing wall panel with functional
holes. The author's personal contribution was to calculate the optimal depth and
angle of the extruded arc groove through finite element simulation. In the co-
authored article [5], the applicant proposed an effective method to solve the design,
quality and static strength calculation of the joint in the modelling stage. The author's
personal contribution is to simplify the connection joint by segments. In the personal
article [6], the influence of interference on the mechanical properties of the bolted

connection structure was studied. The appropriate interference fit for the aircraft
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wing bolt connection structure can significantly improve the stress distribution of
the hole edge structure and reduce stress concentration. In the co-authored article [7],
the applicant verified the effect of extruded annular groove on the fatigue life of the
perforated wing panel through experiments. The author's personal contribution is to
develop the test plan and implement the test. In the co-authored article [§8], the
applicant studied the performance of z-pin and rivet reinforced composite T-joints
through experiments and finite element simulations, and compared the
reinforcement effects of z-pin and rivets.

Approbation of dissertation materials. The main contents and results of the
thesis work are carried out at the seminar of the Department of Aircraft and
Helicopter Design of the Aerospace University "Kharkov Aviation Institute" (2019
—2025).

Connection of work with scientific programs, plans, subjects. The subject
of the dissertation work is directly related to the implementation of the state budget
subject No. DR 01130001047 “Methods of creating advanced aircraft designs for
20 local airlines using information technologies” and No. DR 0118U004041
“Methods of integrated design, construction and modeling of efficient aviation
equipment using modern CAD\CAM\CAE systems”, which are agreed upon in
accordance with the Order of the Cabinet of Ministers of Ukraine of December 27,
2008 No. 1656-p “On approval of the development strategy” and implementation of
the strategy for the development of the domestic aviation industry until 2024. This
dissertation work is supported by the National Scholarship Council of China (No.
201908360296).

Practical significance of the obtained results. The practical value of the
dissertation work is mainly as follows:

1. The design type, method and principle of the fitting joint between the center
wing section and the outer wing section of international regional aircraft are

investigated, the difficulty analysis of the root connection design of the regional
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aircraft wing, the load transfer characteristics analysis, the root rib arrangement
method and its characteristics analysis, and the comparative analysis of different root
fitting joint design schemes are given, and a flexible compensation design method
for alleviating structural assembly stress is proposed, and the feasibility of the
relevant flexible compensation design method is verified by experimental results.

2. For the first time, an effective solution for joint design, quality and static
strength calculation method in the modelling stage are proposed. The method and its
application are introduced by taking the preliminary analysis and design calculation
of the flange connection design of the center wing section of a regional aircraft as
an example. The method is based on the calculation of stress caused by the
discreteness of force transmission between units. The calculation method obtains a
simplified hyperstatic joint model based on the geometric characteristics and force
transmission characteristics of the cross section at each node in the flange connection
design. During the calculation process, the following are determined: the curves of
bending moment and axial force obtained by the force method, and the force load
distribution of each part of the model, in order to further analyze the static strength
reserve. The calculation results obtained are compared with the requirements of the
airworthiness standards to determine whether they meet the design requirements.
For components with large static strength or that do not meet the requirements, it is
recommended to change the design parameters additionally to ensure the effective
design of the connection between the center plane and the aircraft wing and
subsequent recalculation. The calculation method has practical value as a
preliminary engineering analysis.

3. For the first time, an indirect method for calculating the stress-strain state of
the fitting joint between the center wing section and the outer wing section is
proposed. This indirect method obtains the stress-strain state of the fitting joint
through two finite element calculations. In order to prove the validity of the

calculation results, the stress-strain state results calculated by the indirect method
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are compared with those calculated by the direct method. The results show that the
calculation results of the indirect method are consistent with those of the direct
method. Therefore, the indirect method is a very feasible method for obtaining the
stress-strain state of the fitting joint. Compared with the direct method, the indirect
method has the advantages of small calculation amount and fast calculation speed.

4. The influence of the depth and angle of the extruded arc groove on the fatigue
life of the wing panel with functional holes is studied by experimental and finite
element simulation methods. The study shows that for wing panel with functional
holes, the extruded arc groove can extend their fatigue life. This is because the
residual stress generated after the extrusion process offsets the effect of part of the
load to reduce the characteristic stress. The fatigue life of the wing panel with
functional holes is affected by the depth of the extruded arc groove. When the depth
1s 0~0.15 mm, the fatigue life is not extended much; when the depth is 0.15~0.3 mm,
the fatigue life is greatly extended; when the depth is greater than 0.3 mm, the fatigue
life is extended slowly. The fatigue life of the wing panel with functional holes is
also affected by the angle of the extruded arc groove. The fatigue life increases with
the increase of the angle until the optimal angle is 120 °. The use of the optimal
extended arc groove can extend the fatigue life of the studied wing panel by more
than 2.34 times.

5. The effect of extruded annular groove on the fatigue life of the wing panel
with functional holes is studied by experimental methods. The study shows that for
aircraft wing panels with functional holes, the extruded annular grooves around the
functional holes can extend the fatigue life of the wing panels with functional holes.
The depth of the extruded annular groove has an effect on the fatigue life of the
aircraft wing panel with functional holes. With the increase of the depth of the
extruded annular groove, the fatigue life of the wing panel changes in an inverted
"V" shape. When the groove depth is 0.26 mm, the fatigue life of the aircraft wing

panel with functional holes is the longest, which can be increased by 2.35~32.9 times.
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6. The effect of extruded annular groove and anti-fretting paste on the fatigue
life of the double shear joint of the wing panel is studied by experimental methods.
The study shows that the extruded annular groove can increase the fatigue life of the
double shear joint. The fatigue life of the double shear joint with the extruded annular
groove is about 2.28 times that of the double shear joint without the extruded annular
groove. Anti-fretting paste can increase the fatigue life of the double shear joint. The
fatigue life of the double shear joint coated with anti-fretting paste is about 1.28
times that of the double shear joint without anti-fretting paste.

The extruded arc grooves, the extruded annular grooves, application of anti-
fretting paste, these methods of extending fatigue life of the wing have been applied
in actual engineering with good results. The results obtained in the thesis work have
been applied in the educational process of the National Aerospace University
"Kharkov Aviation Institute" and in the process of design and production of Chinese
aircraft.

The structure and scope of the dissertation. The paper consists of an abstract,
introduction, five chapters, a general conclusion, a list of resources used, and an
appendix. The full paper is 175 pages long, including 137 pages of text, 14 tables,

106 figures, 71 references, and 3 appendices.
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CHAPTER 1
STRUCTURAL ANALYSISOF FITTING JOINT BETWEEN THE
CENTER WING SECTION AND THE OUTER WING SECTION OF A
REGIONAL AIRCRAFT

Regional aircraft typically operate aircraft, such as regional jets and turboprops,
with a seating capacity ranging from 19 to 130 seats, on short to medium-haul routes.
Regional aviation demonstrated its strongest traffic growth over the last three
decades. At the beginning of 2020, the regional aviation world fleet was performing
scheduled connections of roughly 9300 units representing more than 30% of the
worldwide commercial fleet. Over the next 20 years, regional air traffic is expected
to increase at an average yearly rate of over 4.5% (compared to a 4% rate expected
in total commercial aviation), generating a market demand of over 8200 new
regional aircraft (including the large regional aircraft) with a market value of about
€390 billion (averaging €19.5 billion per year). For such a huge market demand,
regional aircraft require higher technical guarantees. The wing root connection area
of a regional aircraft is the key part of the load exchange balance between the wing
and the fuselage. The design requirements of structural strength and durability,
structural load transfer efficiency, assembly coordination requirements, and detail
processing are very high. Different docking methods have different force
transmission methods, which will have a significant impact on the service life and
assembly process of the aircraft. Therefore, the fitting joint design between the
center wing section and the outer wing section has always been one of the important
links in aircraft design.

According to the requirements of design, manufacturing and use, wings often
need to be arranged with a certain number of detachable and non-detachable
separation surfaces. The detachable separation surface is called the design separation

surface, and the non-detachable separation surface is called the process separation
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surface. The design separation surface is used to meet the requirements of
transportation, fuel tank testing, storage space, etc., the process separation surface is
used to meet the requirements of blank supply, parts manufacturing, assembly, etc.
In order to meet the design requirements of different aircraft, the wing separation
surface connection forms of different aircraft are different. Most transport aircraft,
such as aircraft B747, L-1011, B787, A320, etc., set the separation surface at the
junction between the outer wing section root and the center wing section on the side

of the fuselage [1], as shown in Fig. 1.1.

A\
)
v

\ Fuselage ¢
Oute"vVirjg_ o >

X - 00 s
w7 Center s~
V4

Separation
surface

Separ ation
surface

Fig. 1.1 The separation surface between the center wing section

and the outer wing section

Considering the requirements of aerodynamic efficiency, handling stability and
maintainability, the basic layout of the current international advanced regional
aircraft adopts a layout with a large sweep angle, a certain dihedral angle and a lower
wing. The longitudinal parts such as the wall panels and beams of the wing box pass
through the fuselage. The wing box structure is designed with a separation surface

according to the design, manufacturing and assembly requirements. It is generally
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divided into the center wing section and the left and right outer wing sections with
the root docking rib (also often called the first rib, hereinafter referred to as the root
rib) as the interface [2]. Usually, the center wing section is first connected to the
middle fuselage structure (including the wing floor longitudinal beam, keel beam
and the front and rear beam frame of the middle fuselage and the wing frame
structure) at the component assembly stage to complete the wing-fuselage interface
connection, and then the outer wing box and the center wing middle fuselage
combined section are connected to the wing root at the final assembly stage, and
finally the fitting joint between the center wing section and the outer wing section is
formed. The design feature of this fitting joint is that the assembly process mainly
considers the coordination complexity of the balanced treatment of the wing-
fuselage connection and the wing root docking, the convenience of reference
positioning and attitude adjustment, and the efficiency of component assembly and
final assembly. The typical fitting joint between the center wing section and the outer
wing section is shown in Fig. 1.2. The fitting joint mainly connects the center wing
section box and the outer wing section box, as shown in the wing root connection
area in Fig. 1.2. It can be seen that the load on the wing is transferred to the fuselage

by this fitting joint, which is one of the most important components on the aircraft.
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Fig. 1.2 Typical wing-fuselage structural connection interface
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The fitting joint is related to the design and use requirements of the aircraft, the
structural form and size of the wing and other factors. The fitting joint between the
center wing section and the outer wing section is the key area for the exchange and
balance of wing-fuselage loads. From the perspective of structural strength, the
components in this area are subjected to a high level of complex state loads, and the
components are large in size, highly complex, and have complex deformation
coordination relationships. The design requirements for static strength, fatigue,
damage tolerance, etc. are very high. As far as assembly connection is concerned,
constraint contradictions are formed due to the complex connection assembly
interface, limited spatial accessibility, and the complex interface and wing attitude
adjustment movement freedom. At the same time, when the large-size wing is
horizontally measured and adjusted in complex three-dimensional space, it is
difficult to control the tolerance of the docking area, the interface matching is
difficult, the probability of exceeding the tolerance is high, the local gap detection is
difficult, and forced assembly stress is easy to generate, and the compensation
requirements are high. There are also difficulties in making holes and installing
large-size fasteners with large thickness and complex laminations.

In general, the fitting joint at the root of the wing of regional aircraft shows the
characteristics of many constraints, high requirements, and complex interfaces, so
the wing root connection design is the focus and difficulty of regional aircraft
structural design. The design of the fitting joint between the center wing section and
the outer wing section is one of the important links in aircraft design. Different
connection methods have different ways of transmitting force, which will have a
significant impact on the service life and assembly process of the aircraft. The
engineering field has also conducted analysis and experimental research on the local

detailed structure of the root connection [3-8].

1.1 Introduction to typical fitting joint between the center wing section and

outer wing section of aregional aircraft
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The docking forms of the wing-fuselage joints of a regional aircraft can be
roughly divided into two categories: one is the centralized docking form, and the
other is the decentralized docking form. The centralized docking form is mainly used
for beam-type wings and multi-web-type wings of mid-wings. The wing beam joint
is docked with the fuselage frame joint. The docking point is the separation surface
of the wing and fuselage. Its docking form is the same as the docking form between
the beam wing and the fuselage. This structure is rarely used now.

The decentralized docking forms mainly include frame fitting joint with
multiple single joints, frame fitting joint with comb-shaped profiles, fitting joint with
a butt-jointed rib edge strip integral profile, fitting joint with a T-shaped integral
profile and fitting joint without profile. The decentralized docking structure layout
can make the internal space utilization rate of the fuselage high, the structure weight
light, and the economy good. It is widely used in modern aircraft [9].

1.1.1 Framefitting joint with multiple singlejoints

Frame fitting joint with multiple single joints includes multiple dispersed joints.

These dispersed single joints are connected to single joints set along the wing-

fuselage connection section.

Fig. 1.3 Frame fitting joint with multiple single joints
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The single joint is connected to the skin and long stringer of the wing wall panel
through shear bolts, and the corresponding joints of the two wing sections are
connected through tension bolts. This fitting joint form has been applied on aircraft
such as P2V-7, YS-11, DC-6 and DC-7. The fitting joint form is shown in Fig. 1.3.
1.1.2 Framefitting joint with comb-shaped profiles

The wing panel is connected to the comb-shaped profile joint through multiple
shear bolts, and the beam flange 1s also connected to the beam flange joint through
shear bolts. The comb-shaped profile joint and the beam flange joint overlap to form
a frame fitting joint with comb-shaped profiles. The profile joint and the beam flange
joint have tension bolt grooves, and the two sections of the wing panel and the beam
flange are connected as a whole through tension bolts. The web ends of the two
sections of the beam are provided with strengthening columns, and the columns and
the webs are connected as a whole through bolts, as shown in Fig. 1.4. This form of
fitting joint 1s applied to the docking of the upper wing, lower wing and each section

of the mid-wing aircraft that penetrates the fuselage.
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cover
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Fig. 1.4 Frame fitting joint with comb-shaped profiles
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1.1.3 Fitting joint with a butt-jointed rib edge strip integral profile

The BJRES integral profile is a butt-jointed rib edge strip. The lower edge strip
of the BJRES integral profile is connected to the wing panels and strengthening
strips (there are even fuselage frame reinforcements) of each section through shear
bolts. The upper edge strip of the BJRES profile is directly connected to the upper
edge strip of the wing wall panel long stringer or connected in shear by bolts using
a transition joint, as shown in Fig. 1.5. This form has been used in aircraft such as

L-1011, B707, B727 and B737.
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(b) Fitting joint with double BJRES integral profile
Fig. 1.5 Fitting joint with a BJRES integral profile
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1.1.4 Fitting joint with a T-shaped integral profile
Fitting joint with a T-shaped integral profile is to butt the lower edge strip with

the skin and the lower edge strip of the long stringer through the T-shaped profile.

Generally, this fitting joint form is more common on the lower wing surface. This
structure is simple, the force transmission path is clear, and the reliability and fatigue

resistance are relatively good, as shown in Fig. 1.6.
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Fig. 1.6 Fitting joint with a T-shaped integral profile
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1.2 Analysis of thefitting joint between the center wing section and outer wing
section of atypical aircraft

With the increasing use of composite materials in modern aircraft, the
requirements for wing docking structures are also getting higher and higher.
Complex docking forms will affect the fatigue life of composite wings, because if
composite structures are connected by conventional bolts, the stress concentration at
the edge of the holes is more serious than that of metal structures, which has a greater
impact on the safety of the structure. In order to minimize bolting and riveting
connections, and avoid drilling and cutting fibers, advanced aircraft have derived
structural forms that meet the requirements of composite wing docking based on the
above-mentioned docking structures, and their advantages are outstanding. The
following analysis of the wing docking structures of B777, B787 and A320 provides
technical support for the design of regional passenger aircraft in my country.
1.2.1 Analysis of thefitting joint between the center wing section and the outer
wing section of B777

The upper wing surface of B777 uses BJRES profiles to connect the outer wing
section and the middle wing wall panels, the upper web of the upper edge strip is
connected to the fuselage side wall panel, the lower web is connected to the wing rib
web, the upper edge strip 1s connected to the skin on both sides, and the lower edge
strip 1s connected to the long stringers on both sides. The outer wing section and the
upper wall panel of the central wing are docked through the upper edge strip and the

upper long stringer.
The lower wing surface uses T-shaped profiles, the lower edge strip is a L-

shaped extruded profile, the vertical edge plate is connected to the wing rib web, and
the horizontal edge strip is connected to the wall panels on both sides. The outer
wing section and the lower wall panel of the center wing section are docked through

the lower edge strip and the lower long stringer joint, as shown in Fig. 1.7.
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Fig. 1.7 The fitting joint between the center wing section

and the outer wing section of B777

This type of fitting joint has the following advantages.

1) The structure is simple and clear, the reliability and fatigue resistance are
relatively good, and it has inherent damage safety.

2) Both the tensile and compressive forces are converted into shear forces of
the butt bolts, and the shear forces are transmitted by the BJRES profile edge strips.

3) The force transmission route is direct and short, the bolts are mainly
subjected to shear force, and the fitting joint area structure basically transmits loads
by extrusion, so the fitting joint area structure has a relatively long service life.

This type of fitting joint has the following disadvantages.

1) The processability is relatively complex, and mechanical processing and
forming are relatively difficult, and the assembly accuracy requirements are
relatively high.

2) The thickness of the siding skin at the joint is relatively large.
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1.2.2 Analysis of thefitting joint between the center wing section and the outer
wing section of A320

The fitting joint of the A320 series aircraft is more complex than that of Boeing
aircraft. It uses 5 independent cross-shaped fitting joints to dock the fuselage, outer
wing section, and center section. The outer wing section upper wing surface uses a
cross-shaped profile to dock with the long stringer of the center wing section upper

wall panel, and uses a butt profile to connect with the long stringer. The lower wing
surface uses a T-shaped profile to dock the lower wall panel, and uses a long stringer

joint to overlap the lower edge strip, as shown in Fig. 1.8.
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Fig. 1.8 The fitting joint between the center wing section

Fitting joint

and the outer wing section of A320

Compared with the fitting joint of Boeing aircraft, the upper wing docking

structure is simple to assemble, but the force transmission route is complex and the
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structure is heavy. The docking method adopted by the lower wing is simple and
practical, but under the long-term action of the wing load, cracks are prone to occur
in the docking area, affecting the service life of the aircraft.
1.2.3 Analysis of thefitting joint between the center wing section and the outer
wing section of B787

The B787 Dreamliner is a new generation of main passenger aircraft developed
by Boeing in the United States. It adopts a large number of advanced technologies,
and the use rate of composite materials has exceeded 50 %. Most of the structural
parts of the outer wing section and central wing of the B787 aircraft are made of
carbon fiber composite materials. Compared with the metal wing, the weight is

greatly reduced, thereby effectively improving the economy of the aircraft.
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Fig. 1.9 The fitting joint between the center wing section

and the outer wing section of B787

The fitting joint between the center wing section and outer wing section of the
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B787 aircraft is shown in Fig. 1.9. It not only inherits the BJRES profile docking
structure of traditional Boeing aircraft, but also improves some docking details. The
use of BJRES profiles on its lower wing surface has the following advantages.

In order to avoid the brittleness of the composite material causing uneven load
bearing on each nail hole and resulting in greater stress concentration, mechanical
connections and multiple nail connections are reduced. The lower wing surface

connection bolts bear double shear force, which is more reliable than the single shear
force of the bolts of the T-shaped profile. At the same time, the fitting joint is

installed at the lower part of the upper wall panel butt girders, which enhances the
force transmission characteristics of the upper BJRES profile, weakens the rigidity
of the wall panel butt girders, increases the flexibility of the butt area, and improves
fatigue life of the fitting joint structure.

The double BJRES fitting joint structure of B787 has more outstanding

advantages. However, the BIRES profile fitting joint structure of the lower wall plate
has higher assembly accuracy requirements than the T-shaped profile structure, and

the processability is more complicated.
1.3 Design method of fitting joint between the center wing section and the outer
wing section of aregional aircraft

1.3.1 Load transfer characteristics and structural design principles of fitting
joint

The aerodynamic load and inertial load acting on the wing surface are

accumulated along the span direction. The resultant force on any section can be
characterized by three components: shear force, bending moment, and torque.
Finally, the load balance is achieved in the root rib section through the center wing
section structure or the interface between the root rib and the fuselage structure,
where the upper and lower bending moments are self-balanced on the center wing

symmetry plane, and the torque is balanced with the fuselage load through the root
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rib and fuselage side wall connection structure and the central wing and floor
longitudinal beam and keel beam connection structure, and the wing shear load is
balanced with the fuselage inertial load. Considering aerodynamic efficiency, in
order to improve the lift-drag ratio characteristics and critical speed of aircraft, the
current aircraft wing aerodynamic design adopts a larger aspect ratio and a larger
sweep angle, which will result in larger bending moment and torque in the wing root
area. Under the most critical vertical 2.5g overload condition, for the wing root,
because the accumulated head torque of the wing surface is in a positive
superposition relationship with the shear force of the rear beam web, the shear force
of the rear beam web at the wing root is very large. In order to better diffuse the
concentrated load, advanced regional aircraft structures usually arrange a
"trapezoidal plate" on the rear side of the rear beam. The front end of the trapezoidal
plate is connected to the center wing rear beam, usually coplanar with the root rib,
and connected to several fuselage frames (2 to 3) on the upper side, which can
achieve load diffusion and balance between the wing and the fuselage in a larger
area. It will significantly reduce the load concentration in the rear beam connection
area and the structural weight of the rear beam frame, which is more beneficial to
the structural durability. At the same time, the trapezoidal plate is coplanar with the
root rib plane and can be regarded as a backward extension of the root rib structure.
The torque on the root rib web surface can be balanced with the inertial load from
the rear fuselage through the trapezoidal plate shear force, achieving torque diffusion
in a larger range, reducing the torque transmitted to the central wing box and the
floor longitudinal beam and keel beam interface, making the overall structure more
efficient and reducing the structural weight.
1.3.2 Method for defining theroot rib position

When optimizing the wing-fuselage connection structure, a key design point is
to consider the layout of the root ribs that coordinate with the surrounding interface.

The layout of the root ribs needs to consider the separation surface position between
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the center wing section and the outer wing section, the structural coordination
relationship and load transfer efficiency between the root ribs and the fuselage
sidewalls, the direction of the root ribs, and the load and weight they carry in the
wing-fuselage connection structure. The general principles for determining the
orientation of the root ribs are as follows.

1) Fully consider the intersection relationship between the wing and fuselage
surfaces, and try to make the structure of the wing-fuselage connection area more
compact and efficient.

2) The smaller the angle between the root rib and the tangent of the fuselage
side wall, the better, so as to reduce the out-of-plane load component and secondary
bending moment at the interface.

3) Reduce the demand for fairing size by the root rib slat structure, reduce the
size and weight of the fairing structure, minimize lift surface loss, and reduce drag.

4) Fully consider the space requirements for wing root docking holes and
fastener installation to ensure necessary accessibility and work efficiency. For thick
and complex interlayers, the space requirements for automated tools need to be fully
considered.

According to the above principles, there can be many arrangements and
parameter definitions of the root ribs. However, the definition of the root rib
arrangement of advanced regional aircraft has evolved through history, and there are
currently two main types as follows.

1) The first rib is perpendicular to the ground and parallel to the fuselage
symmetry plane. At a certain position, the fuselage side wall transitions from the
original arc shape to a plane shape parallel to the fuselage symmetry plane. At this
time, the plane projection shape of the central wing is a rectangle. Traditionally, this
turning point is usually the intersection of the floor beam reference and the fuselage
curved surface, which can better balance loads at nodes, as shown in the second

definition method in Fig. 1.10. For new composite fuselage structures, which are
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more sensitive to out-of-plane loads and consider the sensitivity of automated
manufacturing to excessive local curvature, this turning point may be the maximum
width of the fuselage, as shown in the first definition method in Fig. 1.10.

2) The fuselage as a whole maintains a cylindrical structure, and the root rib is
perpendicular or not perpendicular to the ground and not parallel to the fuselage
symmetry plane. Its position is determined based on the three-dimensional space
curve formed by the intersection of the wing and the fuselage aecrodynamic shape
surface. Considering the spatial characteristics of the wing installation angle, the
root rib is slightly away from the fuselage symmetry plane in the front beam
direction and slightly close to the fuselage symmetry plane in the rear beam direction.
At this time, the plane projection shape of the center wing section is a trapezoid with
a wide front beam and a narrow rear beam. The fuselage can maintain the arc of the
barrel section, or consider the local structural step difference to perform local small-
scale modification, as shown in the third definition method in Fig. 1.10. A variant of
this scheme is to deflect the lower side of the root rib inward in the direction of the
fuselage symmetry plane, which will further reduce the tangent angle between the
root rib web and the fuselage barrel section, reduce the local bending moment at the
fuselage connection interface, and the envelope size of the middle fuselage section
is small, which is convenient for transportation, as shown in the fourth definition

method in Fig. 1.10. The fuselage of the "Beluga" aircraft A350 adopts this scheme.
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Fig. 1.10 Several typical root rib plane definition methods

1.3.3 The connection inter face between the center wing section and the outer

wing section

Theoretically, under the premise of ensuring structural safety and processability,
the connection between the upper and lower wall panels of the front and rear beams
can be in various forms. However, after long-term practical optimization, the main
connection methods of the root of the transport wing can be divided into two
categories, namely, the sleeve-type connection and the butt-type connection.
1.3.3.1 The sleeve-type connection

The sleeve-type connection is connected by overlapping. The root rib
connection structure is assembled in place on the central wing section or the outer
wing section. The outer wing section box structure moves to the side of the center
wing section during attitude adjustment and is sleeved on the root rib docking
structure [2]. In order to ensure the horizontal measurement and attitude adjustment
of the wing, this connection method must leave freedom for the movement of the

outer wing section box, so a certain nominal gap needs to be left between the fixed
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structure and the movable structure. After the structure is adjusted in place, padding
is added for compensation. The advantages of the sleeve-type connection are
compact structure, small width of the connection area connection structure, light
weight, and direct force transmission, but its disadvantage is that the limited nominal
gap constrains the approach path of the wing attitude adjustment. In particular,
considering the wing's dihedral angle, installation angle and swept attitude,
according to the specific root rib assembly plan, the wing movement path under
specific conditions needs to be specially set, thereby affecting the docking assembly
efficiency. Another disadvantage is that under the in-place condition, the
measurement of the padding gap of the fitted structure in the front and rear beam
areas 1s more complicated than that of the beam fitting joint type. The internal
nominal gap padding amount is large [10]. The large padding amount around the
root rib affects the assembly efficiency. At the same time, when the padding
thickness is large, it also affects the structural strength and durability [11-12].
1.3.3.2 The beam butt-type connection

This scheme is to connect the root of the front and rear beams with the root rib
connection structure, as shown in Fig. 1.11. The upper and lower wall panels are
overlapped with the upper and lower edge strips of the root rib. When overlapping,
considering reducing the restrictions on attitude adjustment, the upper and lower
wall panel mating surfaces are both on the lower side of the edge strip, and the wing
box can achieve attitude adjustment approach through the path of inward-forward-
upward (according to the design characteristics, if the front and rear directions are
not constrained, the forward step can be omitted). Considering the flat structural
characteristics of the wing, when overlapping on the upper and lower edge strips of
larger size, the efficiency advantage of the overlap structure should be utilized,
thereby reducing the structural weight, and also reducing the requirements for the
size of the fairing and the impact on aerodynamic performance. Fitting joint is used

in the front and rear beam areas to reduce attitude adjustment restrictions, and at the
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same time, better compensation characteristics are achieved in this area at a lower
weight cost, that is, the corresponding mating surfaces can be accurately measured
under open conditions, and the connecting strips can be matched and processed, and

the assembly quality is easy to ensure.

Fig. 1.11 Schematic diagram of a typical wing assembly attitude
adjustment approach path

1.3.4 Design method of outer wing section root connection

The wing root connection can be divided into beam connection and panel
connection.
1.3.4.1 Beam connection

The goal of beam connection design requirements is to ensure that the shear
force of the beam web and the axial force of the beam flange can be effectively
transmitted to the connected structure. At the same time, it is considered that in the
actual structure, the web shear load level is low and the flange axial load is large.
And for axial loads, especially tensile loads and local secondary bending moments,
they will have a significant impact on the durability of the structure. Therefore, it is
recommended to use double shear connection in areas where axial load exists. It is
beneficial in improving the extrusion strength of nail holes, the allowable stress of
the connection structure, and reducing the local secondary bending moment and

structural durability. In summary, beam connections are generally divided into three
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areas.

1) A prefile is arranged inside the upper edge strip to form a double shear
connection structure with the connecting strip plates on the upper wall plate and the
web.

2) The connection method between the lower edge strip, the lower wall panel
and the prefile is the same as the upper edge strip.

3) The main shear load transfer area of the beam web is a single shear
connection, except for the local area close to the edge strip that forms a double shear
connection due to the presence of the prefile.
1.3.4.2 Panel connection

The connection of the wall panels takes into account two aspects: the tensile
and compressive normal stress load of the wall panel skin and the torsional shear
flow load along the wing section. The connection method is similar to the beam
structure, that 1s, the relatively low shear load component has no special
requirements for the structural connection, and the main consideration is the
influence of the higher tensile and compressive normal stress load and the local
secondary bending moment on the structural strength and durability. In traditional
metal models, the wall panels often adopt Z-type long girders, I-type long girders,
J-type long girders and other structural forms. In this way, the structure adopts an
integral double shear connection structure at the wall panel connection, that is, the
structure on one side of the skin adopts a single shear connection, the independent
edge strip of the long girders adopts a single shear connection, but the overall
connection of the wall panel constitutes a double shear, as shown in Fig. 1.12 (a).
The local stiffness of the structure is large, and the adverse effects of the secondary
bending moment can be effectively controlled as a whole. For the upper wall panel
structure controlled by stability, the end support coefficient is also increased, thereby
increasing the critical stress of structural instability. However, this type of structure

has many coordinated interfaces for connection, and assembly coordination is not
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easy. If the traditional BJRES structure is adopted, the parts processing is difficult,
the assembly coordination and padding workload is large, and it is easy to generate
assembly stress under improper processing conditions [6], or generate high
additional internal stress under deformation coordination conditions.

Another double shear structure is that the wall plate and the edge strip are
matched on one side. The long stringer gradually bevels to the root of the wing to
transition to a T shape, and then connects through a connecting profile. Therefore,
in the structure involved in the root docking, whether it is the skin side or the long
stringer web docking area, it is a double shear structure, as shown in Fig. 1.12 (b).
For the lower wall of the wing, because it mainly bears tensile loads, the design
concept is to try to smoothly transition the load to the two-dimensional plane
docking structure configuration, which will simplify the optimization of structural
stiffness, better achieve the coordination of the rigid center, reduce the local
secondary bending moment, and optimize the distribution ratio of the nail load, so
as to better ensure the strength and fatigue characteristics of the structure. The typical
structural details are shown in Fig. 1.13. Reference [5] also conducted finite element
analysis and experimental research on different detail design configurations, and

gave a better detail design principle considering the distribution of nail loads.
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In the process of panel docking design, the hole making, fastener installation
and fastener replacement in the root connection area under maintenance conditions
have relatively high requirements for accessibility and space, which will affect the
assembly efficiency of aircraft, structural safety and subsequent maintenance
characteristics. Therefore, the current development trend of the root docking of
international advanced civil aircraft panels is to simplify the hole making and
fastener installation methods as much as possible in structural design (especially for
the upper panel connection area), including:

1) The top edge strip is eliminated from the connection area purlin to make the
hole making path on the skin-side wall panel structure or web structure unobstructed.

2) For some new composite wing aircraft, integral connection is adopted, and
even fasteners are not installed on the web of the long stringer. Under the premise of
meeting the structural connection requirements, the coordination efficiency and
assembly efficiency of the mating surface are further simplified, the tolerance and
lightning protection gap control requirements are met, and the hole making and
fastener installation costs are reduced (as shown in Fig. 1.12 (b)).

In summary, for the root connection structure of large regional aircraft, the
design idea is double shear connection, end beveling, rigid center alignment, and
margin control. The design of double shear connection mainly considers improving
the extrusion strength of nail holes in key areas, reducing secondary bending
moments, improving structural durability, and having failure safety characteristics.
The main consideration of end beveling is to optimize local stiffness, slow down
interface mutation, reduce secondary bending moment, and optimize structural
weight. Margin control is very critical for the root connection area. Considering the
high structural safety requirements of the root connection area, the difficulty of
structural crack/defect inspection and repair, and the high difficulty of structural
maintenance operation, the structural design of the wing root connection area should

have sufficient margin in both static strength and fatigue strength. For regional
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aircraft structures, the minimum fatigue strength margin of the metal structure
corresponding to the controlled stress level under the specified fatigue life conditions
is recommended to be no less than 0.1. An appropriate weight penalty is used to
ensure structural safety and durability, while reducing subsequent maintenance costs
and safety risks.

1.3.5 Flexible compensation design method

For the wing root fitting joint, the forced assembly stress caused by the
incomplete matching between the complex coordinated interfaces is always difficult
to avoid, and the structural detail design must strive to minimize these stresses and
their effects.

To achieve this goal, the following 4 measures can be taken in design and
process.

1) Precise control of the mating interface and related benchmarks for parts
manufacturing and assembly: when manufacturing parts, the processing and
treatment processes must be optimized so that the shape accuracy of the
manufactured parts is controlled within the allowable tolerance range. At the same
time, when assembling, the complexity and efficiency of the outer wing section
docking interface are fully considered to ensure the contour requirements of the
components at the docking interface as much as possible.

2) The local stiffness characteristics of the wing root docking structure are fully
considered to fully ensure the connection stiffness along the main load direction,
which is beneficial to the load transfer efficiency and durability of the structure. At
the same time, a good stiffness transition is carried out to optimize the nail load
distribution in the connection area.

3) Fully release the structural stiffness perpendicular to the main load direction.
For the wing root connection, it means fully releasing the structural stiffness along
the height direction. This is also the fundamental reason for the two-dimensional

connection recommended in the previous article. As shown in Figs 1.12 and 1.13,
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the root ribs of the upper and lower wing panels are two-dimensional plate structures
in the docking area. Under the condition of maximizing the accuracy of parts and
assembly, if there is an internal gap, under the preload of the fastener, due to the low
out-of-plane stiffness of the plate structure, flexible compensation can be provided
to comply with the structure with larger stiffness. The assembly stress caused at this
time will be significantly reduced, which fully guarantees the stress corrosion
characteristics and durability of the structure. References [6] and [7] confirmed the
load-bearing superiority of this design through test results and simulation analysis
respectively.

4) This flexible compensation will be more meaningful when the front and rear
beam structures are connected in the same way. At present, the wing structure of
advanced regional aircraft adopts a C section beam structure. When the wing root is
docked, the mismatch of the beam root is inevitable due to the combined influence
of various reasons such as manufacturing accuracy, assembly accuracy, attitude
change, temperature change, etc. the mismatch of the root of the beam is inevitable.
When tightening the connection, if there is a gap inside, the beam web provides a
higher stiffness in the height direction, and a high transfer stress is generated in the
R zone where the beam flange and the web transition. Under the action of complex
external loads, stress corrosion and fatigue problems are prone to occur [13-14]. For
composite beam structures, delamination of the R zone will occur. The
recommended solution is to cut off part of the web and flange in the root connection
area or cut a seam between the flange and the web of the beam. By separating the
flange and the web in the structure, flexible release is achieved, solving the problem
of high assembly stress caused by the difficulty of interface matching of large-size
beam structures. Then, the structure is reconnected using a profile with a precisely
prepared mating surface, and the integrity of the structure is restored without
increasing the assembly stress.

Reference [15] also confirmed this conclusion through finite element analysis
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and experimental research on the local connection area of the root of the wing upper
wall panel.

When the wing roots of a domestically-made regional aircraft using the above-
mentioned design were docked, there was a local gap error in the connection of the
lower wall panel during the first assembly. After applying external force to fit the
lower wall panel of the outer wing section with the connecting edge strip, the
assembly stress caused on the wall panel was measured to be approximately 10 MPa,
which did not exceed 3% of the allowable stress. The impact on the static strength
and fatigue strength was evaluated to be acceptable, confirming the effectiveness of

the relevant design method, as shown in Fig. 1.14.

Fig. 1.14 Strain measurements of the wing root during the forced assembly attempt

1.4 Analysis and discussion

For the wing structure that is developing rapidly internationally, the wing root
scheme is generally similar to the requirements of the traditional structure, but there
are typical characteristics of the composite structure under load.

Try to avoid the composite structure from bearing out-of-plane loads and
complex stress states, including out-of-plane loads and interlayer additional loads
caused by forced assembly [16]. Due to the structural characteristics of layered

composite materials and the weak interlayer interface, the ability of composite
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materials to withstand out-of-plane loads is very low. Therefore, in the connection
area at the root of the wing, the additional bending moment and the additional load
state that may be caused by deformation coordination should be controlled as much
as possible, and a connection structure with a reasonable slope transition and a
simple force transmission route should be adopted. This is also the main reason why
the wall panel connection scheme has developed from a three-dimensional spatial
connection structure to a two-dimensional one in the current new composite civil
aircraft structure connection.

The thickness tolerance of the composite structure formed based on the curing
of the layers is large, and the size variation range of the thicker structure is large,
which may constrain the wing assembly attitude adjustment and have an adverse
effect on the assembly. The commonly used treatment method is to design a
machineable layer (sacrificial layer) on the inner surface of the wing lower wall
panel, and accurately control the mating surface through machining based on the
assembly reference to ensure the assembly requirements.

Reverse preparation technology for mating surfaces. Consider the connection
profile at the flange of the front and rear beams, which needs to be matched with the
three interfaces of the beam flange, beam web, and root rib web. The traditional
matching grinding assembly method is inefficient and has poor precision. The more
advanced manufacturing method is to reconstruct the mating surface of the
connected structure by three-dimensional space scanning under the condition that
the components are in place. The data is transferred to the finishing platform in a
digital way. The matching surface of the profile with appropriate margin is matched.
The matching surface of the profile structure has high precision, high processing
efficiency, and is completed in one time. It has been verified in practice that after
adopting this method, the matching accuracy can be improved to within 0.1 mm,
which is beneficial to the safety and durability of the structure. The assembly process

of the wing wall panel and the frame of the A350 also adopts this technology [17].
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High reliability fastening connection design for complex connection areas. For
the root connection area, even the traditional all-metal structure has the problem of
difficulty in installing large diameter interference fit fasteners. The solution adopted
by an advanced manufacturer is to use conical fasteners to match the conical holes
on the structure when the fastener diameter is large. After the fastener is tightened,
the interference fit is formed by extrusion through the conical surface. However, this
method is difficult to make holes, the cost is high, and the interference is limited. At
present, for pure metal sandwiches, the better solution to this problem is to use high
interference pull-in fasteners. With the extensive application of composite materials
on the center wing section and outer wing section boxes, the root connection area of
the wing has become a large thickness (total thickness can reach more than 80 mm),
complex sandwich (3 to 4 layers, including composite materials, titanium, aluminum
and other sandwiches), and large diameter fastener connection area. Traditionally,
this area uses clearance fit fasteners to avoid composite delamination. In this way, it
will lead to a series of problems such as reduced nail hole extrusion strength,
increased uneven load of nail groups, and reduced fatigue life of metal structures
due to clearance fit. Considering that a reasonable amount of interference will
improve the strength, fatigue characteristics and stiffness of the structural connection
[18-19]. The use of bushing bolts that expand circumferentially during installation,
do not cause composite material delamination, and are also applicable to metal
structures, will be a better solution to this problem.

1.5 Conclusion of this chapter

This chapter completes the dissertation work task: summarize the types of
fitting joint between the center wing section and the outer wing section of existing
regional aircraft and analyze the design features and design methods of fitting joint.
The complexity, main constraints and requirements of the wing-fuselage connection
and root docking area of aircraft, as well as the characteristics and advantages and

disadvantages of different mainstream root connection schemes are analyzed. It
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gives different definition methods and features analysis of root ribs as design and
assembly benchmarks, and gives a comparative analysis of the sleeve-type scheme
and beam-type scheme of the root docking scheme between the wing and the central
wing, as well as the typical design method of the wing root connection and its main
considerations. From the perspective of structural efficiency and relieving assembly
stress, a design method for stiffness optimization and flexibility compensation of the
wing root rib fitting joint is proposed. The main conclusions are as follows:

The arrangement of the root rib has an important influence on the determination
of the separation surface between the wing and the fuselage, the structural load
transfer efficiency and the structural assembly efficiency. It should be considered
comprehensively based on the overall design of the aircraft structure, the wing-
fuselage structure, the material and its load-bearing characteristics, the coordination
relationship of the wing-fuselage connection area interface, and the weight. The
docking area should be compact and efficient, meet the requirements of relevant
structural load balance, manufacturing and assembly processability, reduce lift
surface loss, and reduce drag.

The connection design of the wing root should be considered from the
perspective of load transmission efficiency. The structural connection stiffness and
structural integrity in the main load direction should be guaranteed as much as
possible, and the connection stiffness perpendicular to the main load direction should
be fully released. For the front and rear beam profiles, it is recommended to design
reasonable features to release the local stiffness constraints of the beam and the web,
use the assembled profiles to restore the structural integrity, and control the assembly
stress through flexible compensation.

The wing root connection requires the establishment of a design concept of
double shear connection, end beveling, rigid center alignment, and margin control
to optimize local stiffness transition, simplify the force transmission route in the

connection area, limit additional bending moment, optimize nail load distribution,
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ensure structural safety and durability in key connection areas, and reduce potential
structural maintenance costs.

As the key process of final assembly, the processability, assembly efficiency
and cost impact of the wing connection area must be considered together during the
structural design. The root connection design should achieve a coordinated balance
in terms of structural efficiency, processability and weight. For regional aircraft
structures, the impact of cost needs to be specially considered. For the connection of
thick and complex laminated wing root structures, efficient, high-quality and
automated hole making has become a trend, and the equipment accessibility

requirements need to be specially considered during the design.
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CHAPTER 2

METHOD OF FITTING JOINT STRUCTURE DESIGNING
ACCOUNTING FOR STRENGTH AND FATIGUE LIFE REQUIREMENTS

An aircraft is composed of tens of millions of structural components, and the
service life of these structural components directly determines the service life of the
aircraft. For regional aircraft, structural components are usually connected by bolts
or rivets. Fig. 2.1 shows a typical bolted connection between the wing and center
wing box panels of a regional aircraft. Studies have shown that most of the damage
in aircraft structures occurs at these connection locations, and the main causes of
damage are stress concentration and fretting corrosion [20]. In the aircraft design
process, in order to avoid the occurrence of stress concentration, it is crucial to
analyze the force changes and safety factor of the components in the joints on the
aircraft to ensure the safe flight of the aircraft. In order to meet the strength and
fatigue life requirements of aircraft, structure designing must be performed during
the design stage of the fitting joint.

Safety factor is a factor used in engineering structure design methods to reflect
the safety level of a structure. It represents the ratio between the bearing capacity of
a structure or component and the load under consideration. The significance of the
safety factor is to ensure that the structure can withstand the possible loads during
the design period and to prevent structural damage due to material defects, changes
in working conditions, or calculation errors. Choosing an appropriate safety factor
requires finding a balance between safety and economy, taking into account material
consumption and cost while ensuring structural safety. Today, the Federal
Airworthiness Regulation Part 25.303 — Factor of Safety states: “Unless otherwise
specified, a factor of 1.5 must be applied to the prescribed limit loads which are

considered external loads on the structure.” [21,22]
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Currently, there are two types of connection methods for connecting the wing
panels between the center wing section and the outer wing section of a regional
aircraft: flange connection and shear connection [23]. In the case of flange
connection, the wing panel is connected to the flange joint through a set of bolts.
The middle joint at the other end of the flange joint is connected to the wing central
section joint through a large diameter tension bolt. The middle joint and the flange
joint form the wing outer section joint. The three-dimensional structure of the flange
connection is shown in Figs 2.2~2.3. Due to the change in the stiffness of the
material of the joint component and the point-like nature of force transmission, stress
concentration occurs in the joint. In order to ensure that the joint is not damaged by
stress concentration, the cross-sectional area of the load-bearing unit must be
increased. However, the limitation of the load-bearing unit size of the theoretical
wing profile means that the cross section can only be increased from the inside of
the wing panel, which causes eccentricity in the force transmission, resulting in local
bending of the wing panel. Therefore, the strength calculation of the wing panel joint
1s simplified to the calculation of the structural area with a non-linear stiffness axis,
accompanied by changes in stiffness and boundary conditions. It can be seen that the
forces on each component in the structure connected by the joint are very complex.
In order to avoid stress concentration in each component and ensure the safe flight
of the aircraft, it is necessary to analyze the force and safety margin of each
component.

2.1 Fitting joint design

According to the design method proposed in Chapter 1, this chapter uses frame
fitting joint with comb-shaped profiles to design the fitting joint between center wing
section and outer wing section of a regional aircraft, as shown in Fig. 2.2. It can be
seen that the structure of the fitting joint is very complex, so the model of the fitting

joint must be simplified for analysis.
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Fitting joint

Fig. 2.2 The fitting joint between the center wing section

and the outer wing section

Intermediate

panel
Hexagon head
bolts (M18)
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Fitting of center
wing section

Fitting of outer N

wing section
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wing section

.y

- .
Lower panel of -

outer wing section

Fig. 2.3 The three-dimensional structure of flange connection

(single structural unit)

The connection between the center wing section and outer wing section can be

seen as a combination of many similar structural units. For these similar structural
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units, the same method can be used to calculate their stress-strain state. In this
chapter, the single connecting unit in the middle below between the center wing
section and outer wing section is taken as the research object for analysis. The fitting
joint structure of a single connection unit in the middle below is shown in Fig. 2.2.
This fitting joint structure includes fitting of center wing section (FCWS),
intermediate panel (IP), fitting of outer wing section (FOWS), stringer of outer wing
section (SOWS), lower panel of outer wing section (LPOWS), hexagon head bolts
(M18), countersunk head bolts (M8 and M6) and countersunk head rivets (M6), as
shown in Fig. 2.3.
2.2 Initial data

In the design of flange connection structure, the dimensional parameters of each
component, the mechanical properties of the materials used and the boundary
conditions of the components will affect its service life. In order to accurately
calculate the force and safety factor of the flange connection structure, these initial
data must be clearly known before calculation. The dimensional parameters of the

flange connection structure are shown in Fig. 2.4.
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Fig. 2.4 The dimensional parameters of flange connection structure

The forces acting on the wing include lift, gravity and drag. Lift is generated
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according to Bernoulli's theorem, formed by the pressure difference between the upper
and lower surfaces of the wing; gravity is the downward force that attracts all objects

vertically toward the center of the earth; drag includes friction drag, pressure
difference drag, induced drag and interference drag, etc. Among the forces acting on

the wing, lift is the main type of force, usually accounting for the vast majority of the
total force, followed by drag and other forces. Therefore, only lift is considered when

calculating flange joints. The equivalent stress of the gross load at the end section is
Ocq = 150MPa [24].

The FCWS, IP, FOWS, SOWS, LPOWS are all made of aluminum alloy D16T.
The mechanical properties of the aluminum alloy D16T are shown in Table 2.1. The
hexagon head bolts (M18), countersunk head bolts (M8 and M6) and countersunk
head rivets (M6) are all made of titanium alloy VT22. The mechanical properties of

the titanium alloy VT6 are shown in Table 2.2.
Table 2.1 The mechanical properties of aluminum alloy D16T [25]

_ Young's Ultimate Yield Poisson's
Density _
Modulus Strength Strength Ratio
2780 (kg/m?3) 72 (GPa) 564 (MPa) 447 (MPa) 0.3

Table 2.2 The mechanical properties of titanium alloy VT22[26]

_ Young's Ultimate _ Poisson's
Density Yield Strength _
Modulus Strength Ratio
4450(kg/md) 115 (GPa) 1455 (MPa) 1380 (MPa) 0.35

2.3 Calculation method and steps
2.3.1 Calculation method
A large number of literatures show that there are many different calculation

methods for flange connection structures, which are mainly manifested in the
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complexity of the calculation and the accuracy of the settlement results. Combining
the calculation method of flange connection in references [23,27], the simplified
method of force system in reference [28] and the application method of force method
in reference [29], this chapter proposes a calculation method for flange connection

structure, as shown in Fig. 2.5 below.

Segment the model

Y
Calculate the geometric characteristics of
each segmented cross section

-
Y

Simplify the model to a
mechanical model

Determine whether the

mechanical model 1s correct NO

YES
v

Set the boundary conditions of
the mechanical model

4 Y \ 4
Calculate the bending Calculate the axial force || Calculate the shear force
moment in each section in each section in each section
Y

Calculate normal stress and
shear stress in each section

Y
Analyze the safety margin of
each segment

Fig. 2.5 Calculation method

2.3.2 Calculation steps

According to the above calculation method, the following calculation steps are
proposed.

Step 1: Transversely cut the flange connection joint and segment the flange
connection joint according to the changes in cross-sectional area and center of

gravity height. In order to simplify the calculation, the segmentation of the wing
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panel is the same as that of the flange joint.

Step 2: Calculate the geometric characteristics (area, height of center of gravity,
and moment of inertia) of each segmented cross section.

If the cross section is a single cross section or a multi-unit cross section and the
unit material is the same, the geometric characteristics of any cross section can be
directly calculated by computer. In the 3D modeling software CATIA, create a new
section that is the same as the cross section, and then directly read the geometric
characteristics of the new section to obtain the corresponding geometric
characteristics. It should be noted that when creating a new section that is the same
as the cross section, the coordinate system corresponding to the section must be kept
the same as the coordinate system corresponding to the original cross section.
Fig. 2.6 below shows the new section created in CATIA corresponding to a certain
cross section, and Fig. 2.7 shows the interface for reading the geometric

characteristics of the new section.

70mm 27, Hmm

i e

1 25mm -
¥ 62. 5mm 4

>
X

Fig. 2.6 Section created in CATIA

Result
Characteristics Center Of Gravity (G)
Area I [2335mm2 Gx  |omm
Surfacic mass)l,|10kg_m2 Gy [20mm
G3,,{15.925mm
lnenia/Gl I ertia | I

Inertia Matrix / G
loxG | [1.266e-006kgxm2  loyG [2.197e-005kgxm2  lozG [2.071e-005kgxm2
IxyG €Okgxm2 bazG [Okgxm? lyzG [Okgxm?.

Fig. 2.7 Creating and reading section data in CATIA
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In the figure, F is the area of the cross section, Ms is the surface mass
corresponding to the cross section, Y 1s the height of the center of gravity of the
cross section relative to the theoretical airfoil coordinates, and J is the rotational
torque of the cross section. The moment of inertia of the cross section is calculated

as follows:
2.1)

If the cross section is composed of multiple unit cross sections and the unit
materials are different, the unit cross section area is increased or decreased according
to the selected base material. The area of the cross section, the height of the center

of gravity and the moment of inertia are calculated as follows:

F Z (0% x¢2) 2.2)
 (bx6,x ¢, xY)

Yoo =2 = (2.3)

Yy =Yoo = Yorq (2.4)

w3 xaa v 2200 25

n-g (26)

Where F__ - The total area of the cross section; b - The width of the i-th
clement of the cross section; &, - The thickness of the i-th element of the cross
section; ¢, - Reduction factor for the i-th element; Y;- The height of the center of

gravity of the i-th element is relative to the theoretical wing profile coordinates; Y,

- The height of the center of gravity of the entire cross section is relative to the

theoretical wing profile coordinates; Y, - The height of the line of action of the load
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force P is relative to the theoretical wing profile coordinates;Y, - The height of the

center of gravity of the entire cross section is relative to the height of the line of

action of the load force P; | - The total moment of inertia of entire cross section;

E - Young's modulus of the i-th element of the cross section; E, - Young's modulus

of the element taken as basic during reduction.

Step 3: Based on the area of each cross section F and the normal stress o ,

the longitudinal load maximum force P acting on each cross section and along the

center of gravity of the cross section can be determined. The calculation formula is
as follows:
P=F.c (2.7)

The connection structure between flange joint and wing panel is shown in
Fig. 2.8. In bolted joints, the joint is a structural area of stress concentration, since
the force transmission from one component to another does not occur over the entire
panel cross section, but only at individual points (along the fasteners). The locality
of the force transmission leads to a reduced efficiency in the use of panel materials,
which requires an increase in the cross section of the joint components. Changing
the cross section of the panel leads to a change in the coordinates of the center of
gravity of the panel part in the joint area, which in turn leads to local bending in the
joint. In addition, in flanged panel joints, the axis of the butt bolts usually does not
coincide with the line of action of the load force P acting in the joint, which leads to
the appearance of local bending.

Due to the misalignment of the axis of the butt bolts and the line of action of
the load force, the joint opens around point A under gravity. It should be noted that
the joint opens around point B under longitudinal load force. Point A or B is the point
farthest from the bolt axis and is located in the plane of the flange type (when there

is a chamfer, points A and B are at the beginning of the radius of curvature).
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Fig. 2.8 Connection structure between flange joint and wing panel

Step 4: Simplify the model and calculate the bending moment diagram of the
simplified structure. According to the force transmission path and the position of the
support in the model structure, the model is simplified to the structure shown in
Fig. 2.9. The straight line is the force transmission path, the solid circle is the fixed
support, the hollow circle is the hinge support, and the solid circles 2 and 3 are rigid

connection points.
|
§ -
|
C
I
4

Fig. 2.9 Simplified structure of the model

: o

P

From the simplified structure of the model, it can be seen that the structural
system is statically indeterminate (a hyperstatic structure), so the force method can
be used for calculation. The constraints at 4 locations are released to obtain the basic
structure of the original simplified model structure, and then the unknown constraint
force X; (which cannot be calculated by the static equilibrium equation) is used to
replace the released constraint effect, and the original load force P is added to obtain

the equivalent structure of the original simplified model structure.

According to the force method solution (superposition principle), A, is

regarded as the superposition of the displacement A,, caused by the load force P
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alone and the displacement A, =0,,xX caused by X; alone, that is, the force

method canonical equation of the above-mentioned super statically indeterminate

structure 1s as follows.
Oy X% +A, =0 (2.8)

The bending moment diagram Mp under the load force is shown in Fig. 2.10.

@
I
+ O
T

P X bsin@

Fig. 2.10 Bending moment diagram under load

The bending moment diagram M; under unit force is shown in Fig. 2.11.

1 2
J 1L

=3

4
=0
a+c+Dbcosd ¢+ bcoso \g TX'

Fig. 2.11 Bending moment diagram under unit force
Considering the case when the simplified structure of the model is made of a
material with the same Young's modulus for all elements, the relevant parameters

are calculated as follows.

a[(a+ c+bcosh)? + (c+bcosh)? + (a+c+bcosh) x (c+ bcose)]

s.=L, 3, (2.9)
tE +b[(c+bcos¢9)2+c2+c(c+bcos€)]+ c’
3, ., 3xl,,
b(gbcos¢9+c)
A, =P><b><sm0>< a(a+2bcos€+20)+ 3 (2.10)

P E 21, 21, ,
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2
a(a+ 2bcosé + 2¢) N b(§ bcosd+c)
2., 21, , (2.11)
a[(a+ c+bcosh)? + (c+bcosh)? + (a+c+bcosh) x (c+ bcosa)]
3.,
N b[(c+ bcosd)? +c? +c(c+ bcosH)] . c’
3l 3xly,

X, =-Pxbsin §x

Where |, , - The Moment of inertia of rod 1-2; 1,, - The Moment of inertia

of rod 2-3; I,, - The Moment of inertia of rod 3-4.

The bending moment diagram M of the simplified structure of the original

model is calculated as follows.
M =M,X,+M, (2.12)

The bending moment diagram M of the simplified structure of the model is

drawn as shown in Fig. 2.12.

S E . ol

/B /] [ p
Fig. 2.12 Bending moment diagram under unit force

Step 5: Calculate the axial force in each section of the model, and then calculate
the stress at the maximum load point of any cross section based on the axial force

and bending moment diagram.

(Y, +0.5%5,) (2.13)

For the transition zone of the rigid shaft, the shear force Q and the axial force

N are defined as follows.

67



e
+~ @

Fig. 2.13 Axial force and shear force

Shear force Q:
Q=Pxsiné (2.14)

Axial force N:
N = Pxcosé (2.15)
Step 6: The additional load (when there is bending tension at the joint), total
load and safety factor of the butt bolts are calculated by the magnitude of the bending

moment in the joint plane.

Additional load of the butt bolts:

P, = (2.16)

M
Cl
Where C, is the distance from the bolt axis to the stop point of the connector
profile when opening the joint (see Fig. 2.8).
Therefore, the total load acting on the butt bolt:
P =P+P, (2.17)
According to the number of bolts n and the breaking force value of the bolts
P,, the safety factor of the butt bolts is calculated according to the “bolt joint

calculation” methodology [27] as follows.

_nx P,
My P

(2.18)

Step 7: Calculate the safety factor of the intermediate joint under the butt bolt
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washer under shear force.
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Fig. 2.14 Connection structure between gasket and intermediate joint

Calculation of the shear area of the intermediate joint below the gasket.

In case of square gasket:

F. = 2xBxH (2.19)

In case of round washers:

F.=25xDxH (2.20)

The maximum shear stress borne by the intermediate joint is:

%:m*%. (2:21)

S

Where Kn is the distribution inequality coefficient, Kn=1.5 (rectangular
section).
Therefore, the safety factor of the intermediate joint under the gasket under

shear force is:

(2.22)

Step 8: Calculation of safety factor of the intermediate joint under pressure

under the butt bolt washer.
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Area of pressure acting on the intermediate joint under the washer:

In case of square washer:

zxd?

F,=09xBxD- (2.23)
In case of round washers:
, mxd?
F =0.65xD* - (2.24)
The maximum compressive stress of the intermediate joint is:
P
o, = Fﬁ (2.25)

Therefore, the safety factor of the intermediate joint under the gasket under
pressure is:

" _10xg, (2.26)

(o}

n

Step 9: Based on the shear stiffness of the connecting bolts and wing panels,
the forces acting in the joint are redistributed between the fasteners to calculate the
safety factor of the connecting flange joint and the connecting bolts.

The total shear stiffness of the fasteners is:
K=Y (Fi*6) (227)
i=1

Where F. - Shear area of the ith fastener, G - Shear modulus of the ith

S

fastener material.

The shear force transmitted by a single bolt is:

R=K,x =G
)KO

xP (2.28)

Where Kn - Uneven load factor of fasteners in multi-point connections (Kn =
1.25).

Then the shear safety factor of the connection bolts is calculated according to
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the static strength calculation method and formula (2.18).
Under the action of the load force P and the connection bolts, the flange joint

is subjected to the extrusion force of the M6 and M8 connection bolts.

\ .

bz

b3

(ol

({QJ

Fig. 2.15 Flange joint and wing panel connection structure

In the case where the thickness of the panel element is close to the diameter of

the fastening element, it can be assumed that the contact between the bolt and the
panel occurs throughout the thickness of the panel, but if b; > d, it should be
assumed that the effective thickness of the contact area does not exceed 2d, that is,
b, < 2d.
The area of the contact area is:
F =h, xd (2.29)

The stress in the contact area 1is:

R
o, —Fn (230)

Therefore, the safety factor of the flange joint under the extrusion force of the
connecting bolts is:

" :l.Oxab 2.31)

(o}

n

2.4 Calculation example
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According to the calculation steps in chapter 2.3, the calculation process of the
flange connection joint is as follows.
1) The flange connection joint is transversely cut to obtain nine different cross

sections, as shown in Fig. 2.16.

H

V«L.,
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|
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1) ‘| — ::t e
[V ViVl

Fig. 2.16 Schematic diagram of each cross section

2) Calculate the geometric characteristics of each cross section (area, center of
gravity height and moment of inertia).

For section I-1:

The geometric shape of section I-I is shown in Fig. 2.17, and its geometric
characteristics are calculated as follows.

L9 ] =<
L)
1 25mm

B " |

24mm
__ . _-_——— 45mm
21 mm = ()1 8mm I

A Yy, " 018mm

Fig. 2.17 Section I-I

The area of asingle bolt hole circleis:
F, = 7-1? =3.14x9? = 254.34mnt

The moment of inertia of asingle bolt hole circleis:
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_z-D*  314x64'

I = 5150.39mm’
64

The area of the rectangular cross section is:
F, =b-h=125x45 = 5625.00mm*
The moment of inertia of arectangular cross section is:

_b-h®  125x45°

l, = 949218, 75mn"
12

The area of cross-section I-I is:
F,_, =5625.00-2x 254 .34 = 5116 .32nm?

The moment of inertia of cross section I-I is:

|, , = 949218 .75 — 2x 5150.39 = 938917 .97nm*

The height of the line of action of the force in the cross section I-I is:

Y, =Y, =21.00mm

For Section II-II:
The geometry of Section II-1I is shown in Fig. 2.18, and its geometric features

are calculated as follows:

0=
25
1 25mm

- 2Hmn -
o ————» 421 8. difim

41, S5mm =

o0
~

1 5mm

Fig. 2.18 Section II-11

The area of cross-section II-11I is:

F,_, =2139.00mm?

The moment of inertia of cross section II-II is:
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l,_, =416200.00mm*

The height of the line of action of the force in the cross section II-11 is:
Y, =24.945mm
For section III-111:

The geometry of section III-11I is shown in Fig. 2.19, and its geometric features

are calculated as follows.

1 25mm

A
Y

A

15mm

Y

Fig. 2.19 Section III-III

The area of cross-section III-III is:
F,_, =5625.00mm?
The moment of inertia of cross section III-III is:
I\ = 949200 .00nm*
The height of the line of action of the force in the cross section III-III is:
Yo =22.50mm

For section IV-IV:
The geometry of section IV-1V is shown in Fig. 2.20, and its geometric features

are calculated as follows.
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Fig. 2.20 Section IV-1V

The area of cross-section V-1V is:
Fy_y =4032.40mm’
The moment of inertia of cross section [V-1V is:
|, =403700.00mm’
The height of the line of action of the force in cross section IV-1V is:
Yyv_v =20.19mm
For section V-V:

The geometry of the section V-V is shown in Fig. 2.21, and its geometric

features are calculated as follows:

70mm

'

o
o))
o |

315 mm
% i)
i e 1 Omm

1 25mm

A
Y

Fig. 2.21 Section V-V

The area of cross-section V-V is:

F,., =2335.00mnt
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The moment of inertia of cross section V-V is:
l,., =126600.00mm’
The height of the line of action of the force in the cross section V-V is:
Y, =1593mm
For VI-VI section:
The geometry of the section VI-VI is shown in Fig. 2.22, and its geometric
features are calculated as follows:

7 Omm

1 Omm
P

omm

Y

1Omm 25. 5mm | 34mm 12mm

¥ o

1 25mm

Fig. 2.22 Section VI-VI

The area of cross-sectional VI-VI is:
R, = 3756.00mn?
The moment of inertia of cross section VI-VI is:
|\, =550600.00mm*

The height of the line of action of the force in the cross section VI-VI is:

Y, =17.164mm

For section VII-VII:
The geometry of section VII-VII is shown in Fig. 2.23, and its geometric

features are calculated as follows.
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Fig. 2.23 Section VII-VII

The area of cross-sectional VII-VII is:

R,y =3980.00mn?

The moment of inertia of cross section VII-VII is:
Ly = 600400.00mm*

The height of the line of action of the force in cross section VII-VII is:

Y,y =16.31nm

For section VIII-VIII:
The geometry of section VIII-VIII is shown in Fig. 2.24, and its geometric
features are calculated as follows.

70mm

- =
1 Omm
- *
Smm
A A
42mm
40mm

Il Omm
y >
D= ¢
- 1 25mm ! X

Fig. 2.24 Section VIII-VIII
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The area of cross-section VIII-VIII is:

vafvm = 2730.00mn?

The moment of inertia of cross section VIII-VIII is:

IVIII—VIII = 538600.00mm*

The height of the line of action of the force in the cross section VIII-VIII is:

Yo =18.742mm

For the end section (IX-IX):
The geometry of the end section (IX-IX) is shown in Fig. 2.25, and its
geometric features are calculated as follows:
e 70mm sl

| Omm
-
t 1 Omm

. OIS
2mm T.’ylmm I_(mlm

!

e
o

r

‘
.

1 25mm X

Fig. 2.25 End section (IX-1X)

The area of the end section (IX-IX) is:
F x_x= 2920.00mm ?
The moment of inertia of the end section (IX-IX) is:
| _x =351000.00mm*

The height of the center of gravity of the end section (IX-IX) is:

Y, x =13.795mm

Therefore, the geometric characteristics of each section are shown in Table 2.3

below.
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Table 2.3. The Geometric characteristic parameters of each section

-1 -1 1B V-1V V-V
F(mm? | 5116.32 2139.00 5625.00 4032.40 | 2335.00
| (mm* | 938917.97 | 416200.00 | 949200.00 | 403700.00 | 126600.00
Yec(mm) | 21.00 24.945 2250 20.19 15.93
Yai(mm) | 7.205 11.150 8.705 6.395 2.135
VI-VI VII-VII VII-VII IX-1X end
F(mm? | 3756.00 3980.00 2730.00 292000 | 2920.00
| (mm*% | 550600.00 | 600400.00 | 538600.00 | 351000.00 | 351000.00
Yeo (Mm) | 17.164 16.31 18.742 13.795 13.795
Ya(mm) | 3369 2515 4.947 0 0

3) Calculate the loading force on the end section.
P=P,=Fy4X0qy = 2920 x150 = 438000 N

4) Simplify the model and calculate the bending moment diagram of the

simplified structure.

The moment of inertia of each segment of the simplified structure of the model

1s calculated by the average method as follows.

The average moment of inertiaon segment 1-2 is.

~938917.97 x14.00 +416200.00 x 44.00
14.00 +44.00

The average moment of inertiaon segment 2-3is.
_ 0.5%(949200 + 403700 )x 10+ 0.5x (408700 +126600 )x 26

= 542373.30m m*

I 1-2

Iy, = 379400 nm*
10+ 26
The average moment of inertiaon segment 3-4 is.
L= 0.5x (550600 + 600400 )x 114 + 0.5x (538600 + 351000 )x 29 _ ea8004 41mm?

114 +29
Substituting the above numerical calculations, thereis:
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2
58(58+ 2 36.714 0,981+ 2x143) | 30.714(3x30.714x0961+149
X, = -Px 36.714x0.196x 2x542373.30 2% 379400.00
, =-Px36.714x0,
] (68+143+36.7140.981)" + (143+ 36.714 0.98])2}

+(58+143+36.714x 0.981) x (143+ 36.714x 0.981)

3x542373.30
. 36.714[(143+ 36.714x0.981)2 + 143 +143(143+36.714x 0.98])]
3x379400.00
. 143
3x548994.41

=-0.025445°

Therefore, the bending moment magnitude of node 1 is 1.166P, the bending
moment magnitude of node 2 is 2.641P, the bending moment magnitude of node 3
Is-3.639P, and the bending moment magnitude of node 4 is 0. The bending moment

diagram is drawn as follows.

-3.639P

5 |
e - ’ )
@ ‘\Q). : —

1.166P

2.641P

Fig. 2.26 Bending moment diagram under load force P

5) Calculate the axial forces in each part of the simplified model, and then
calculate the stress at the maximum load point of any cross section based on the axial
force and bending moment diagram.

The axia force on segment 1-2 is:

N, =P

The axial force on segment 2-3is:

N, = Pxcosd = 0.981P
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The axial force on segment 3-4 is:

N,,=P

6) The additional load (when there is bending tension at the joint), total load
and safety factor of the butt bolts are calculated by the magnitude of the bending
moment in the joint plane.

Additional load force of butt bolts:

P - M _ 1.166P

" =0.0555P
C, 2Imm

Therefore, the total load acting on the butt bolt is:

P =P+P, =1.0555P

The load borne by a single bolt is:
P, 1.0685P

B, =2
1b n

Then the safety factor of the butt bolt is:

=0.528P

m

P,  0528P

My =

P _1455><7z><92 _16

7) Calculation of safety factor of the intermediate joint under the butt bolt

washer under shear force.
-\-‘__-__'-\-—-

F 1 d

R 9

hE
|
I

F
v

[ —~—
a) B)

Fig. 2.27 Connection structure between gasket and connector profile
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The shear area of the intermediate joint below the gasket is calculated as
follows.

In case of square gasket:

F. = 2x Bx H = 2520.00mm’

The maximum shear stress is:

S n

7,=K x%:137.66l\/||3a

S

Where Kn is the distribution inequality coefficient, Kn=1.5 (rectangular
section).

Therefore, the safety factor of the intermediate joint under the gasket under
shear force is:

_ 0.6xao,
T

=245

s

S

8) Calculation of safety factor of the intermediate joint under the butt bolt
washer under pressure.

The area of the intermediate joint under the washer under pressure:

In the case of square washers:

axd?

F =09xBxD- =1257.66mm?

The maximum compressive stress is:

o, = % =183.88MPa

n
n

Therefore, the safety factor of the intermediate joint under pressure below the
gasket is:

_10xo,

7 ~3.06

Oy

9) According to the shear stiffness of the connecting bolts and the wing panel,
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the force acting in the joint is redistributed between the fasteners, and the force and
safety factor of the connecting bolts connecting the flange joint and the wing panel
are calculated. The flange joint and the wing panel are connected by eight M8 bolts
and eight M6 bolts, as shown in Fig. 2.4.

The shear model G, of the material used for the bolts is 42.59GPa, the force

area of a single M8 bolt is 50.24mm?, and the force area of a single M6 bolt is

28.26mm?, then the total shear stiffness of the fastener is:

K, = Zn:(FSi * G, )=8x50.24x G, +8x 28.26x G, = 628G,

i=1
Where F! is shear area of the ith fastener, G, is shear modulus of the ith

fastener material.

The shear force transmitted by a single row of M6 bolts is:

F/xG 4x28.26xG
= X P:—

P
MeK, 628x G,

xP=0.18P

The shear force transmitted by a single M6 bolt is:
PM 6

P = K, x-—M& =0,06625 P
n

The shear force transmitted by a single row of M8 bolts is:

Fsi xG 4x50.24x G,
= X P:—

P
MEUK, 628xG

xP=0.32P

The shear force transmitted by a single M8 bolt is:

I:)M 6
n

=01P

I:?LM8:Kn><

Where Kn is factor of uneven load of fasteners in multi-point connections (Kn
=1.25).
Then the safety factor of the connection bolts is:

7, = 2x0,x28.26 _ 333

M6
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B 2x o, x50.24
Pus

M =3.33

For the connection between the flange joint and the wing panel, the flange joint
is squeezed and deformed under the action of the load force P and the connecting
bolts.

The area of the M6 connecting bolt contact area is:
F =h,xd=2x6x6=72mm’

The stress in the contact area of the M6 connecting bolt is:

o, = % =342.18MPa

n
n

The compressive safety factor of the M6 connecting bolt connecting the panel

bolts is:

_10x0, 164

T
(o}

The area of the M8 connection bolt contact area is:
F =hb,xd= 2x8x8=128mm?>

The stress in the contact area of the M8 connecting bolt is:

o, = F;leS =342.19MPa

n

The shrinkage safety factor of the flange joint under the extrusion of the M8

connecting bolt is:

_10xo0, 165

M
O

2.5 Conclusion of this chapter
Connection joints are generally assembled from multiple parts. It is very
difficult to analyze their performance parameters due to their variable structures and

complex forces. Most of the damage in aircraft structures occurs at the location of
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the connection joints, so analyzing the force changes and safety factors of the parts
in the joints on the aircraft is crucial to ensure the safe flight of the aircratft.

This chapter takes the connection structure of the flange joint and the wing
panel as an example to show in detail the mechanical analysis and calculation
methods of the complex model structure of the aircraft. The method is to first obtain
the primary hyperstatic structure of the simplified joint model based on the
geometric characteristics and force transmission characteristics of the cross section
at each node in the flange joint structure, and then solve the bending moment
diagram and axial force diagram by using the force method regular equation. In this
way, the force conditions at each node of the model can be obtained to further
analyze the safety factor of each component, and finally compare the airworthiness
standards to determine whether each component meets the design requirements.
Among them, the geometric characteristics of the cross section are read in the 3D
modeling software CATIA.

The calculation results are as follows: the safety factor of the butt bolt is 1.6;
the safety factor of the connecting bolt under pressure and shear force is 3.33; the
safety factor of the intermediate joint under shear force is 2.45, and the safety factor
under pressure is 3.06; the safety factor of the flange joint under the extrusion of the
M6 connecting bolt is 1.64, and the safety factor under the extrusion of the M8
connecting bolt is 1.65. According to the provisions of the airworthiness standard
that the safety factor of bolted connection parts shall not be less than 1.5
[21,22,30,31], it can be seen that the safety factor of the flange joint meets the
requirements and the basic design is reasonable. However, the structural strength of
the flange joint has a certain surplus, especially the connecting bolts. It is
recommended to further modify the parameters of the structure to ensure the
reasonable structural design of the aircraft. This calculation method can be added to
have good practical value in engineering applications.

This chapter completes the dissertation work task: develop new methods for
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strength calculation and analysis of the fitting joint between the center wing section
and the outer wing section of a regional aircraft by means of existing scientific
knowledge. For the first time, an effective solution for the design and static strength
calculation of the fitting joint in the modeling stage is proposed. The method and its
application are introduced by taking the preliminary analysis and design calculation
of the flange connection design of the center wing section of a regional aircraft as

an example.
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CHAPTER 3

FINITE ELEMENT ANALYSISMETHOD FOR STRESS-STRAIN STATE
OF FITTING JOINT

In mechanical structure design, many components are often connected by
fitting joints. For example, fitting joints are widely used in aircraft structures, and
fitting joints are responsible for the interconnection of important components, such
as the connection between the center wing section and outer wing section, and the
connection between the horizontal and vertical tail and the fuselage. Once these
fitting joints are damaged, the aircraft will not be able to fly in the sky and the
consequences can be very serious. Therefore, the design and analysis of fitting joints
1s one of the most important issues in mechanical design. However, the force
transmission in the fitting joint is very complicated, which is due to the complicated
structure of the fitting joint, so it is difficult to analyze the performance of the fitting
joint. With the development of numerical methods and the application of finite
element software, it becomes possible to analyze the entire fitting joint and each
component. The stress-strain state of the fitting joint is an important indicator for
judging whether the fitting joint meets the design requirements. In this chapter, the
finite element calculation method of calculating stress-strain state of the fitting joint
will be introduced emphatically.

Relevant scholars have done a lot of research to analyze stress-strain state of
important components in aircraft structures. For the simple model, it is very
convenient to directly calculate its stress-strain state in ANSYS. Andrianov [32]
developed an alternative research method. In his research, the stress-strain state of
the aircraft fuselage was simulated by studying the stress-strain state of the thin-
walled blank during the stretch forming process in ANSYS. Oskouei [33] discussed
a finite element modelling of aluminium alloy 7075-T6 bolted plates, which are

extensively used in aircraft structures. The ANSY'S was used for modelling the joint
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and estimating the stresses and strains created in the joint due to initial clamping
forces and subsequent longitudinal tensile loadings. The reference Z-stringer
component of the Prakash’s [34] paper is modeled by CATIA and numerical
simulation is carried out by ANSYS has been used for splice joint presents in the
aircraft fuselage with three combinations of joints such as riveted joint, bonded joint
and hybrid joint. Then the stress-strain states of the riveted joint, bonded joint and
hybrid joint are compared in his paper.

PATRAN/NASTRAN is a finite element analysis software similar to ANSY'S,
which is very helpful for direct finite element analysis of simple models. Babu [35]
calculated the stress of the joint using the finite element method with the aid of
PATRAN/NASTRAN. And the stress analysis of the joint was carried out to predict
the stresses at rivet holes due to by-pass load and bearing load. The result showed
that a fatigue crack will appear at the location of high tensile stress in an airframe
structure. Pavan [36] used CATIA V5 to model the components and imported to
MSC PATRAN; MSC NASTRAN was used as a solver. From the obtained
maximum tensile stresses, fatigue analysis was carried out to find fatigue life of the
spar joint with different fatigue load spectra.

However, for complex models, Grebenikov [37-39] proposed a simplified and
segmented method to analyze the general stress-strain state of the fitting joint of
center section in ANSYS. Then the local stress-strain state of each component was
obtained according to the general stress-strain state of the fitting joint. The advantage
of this method is that it can greatly reduce the amount of calculation. Doru [40, 41]
proposed a three-dimensional non-linear finite element method. In his paper, the
stress analyses in the single-lap joint were performed with a three-dimensional non-
linear finite element method by considering the geometrical non-linearity and non-
linear material behaviors of both adhesive (DP460) and adherend (AA2024-T3).
Vinogradov [42] used a classical mathematical model for the adopted calculation

scheme. Based on the mathematical model, the initial problem was analytically
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solved and an effective algorithm for the multiparameter solution of the
corresponding boundary value was constructed. The results of a quantitative analysis
of the stress-strain state for the aircraft body were presented.

Some scholars have conducted research through a combination of experiments
and finite element methods. Balalayeva [43] uses the finite element method to
calculate the stress-strain state in the frame of the open crank press, and compared
theoretical calculations with experimental data. It is found that the using of
compensators reduces the angular deformation in the frame by 10~24%, and reduces
the tensile stress by 6~42%. In Zeng’s [44] paper, both numerical and experimental
investigations were carried out on the stress/strain characteristics in riveted aircraft
lap joints. A special specimen was designed for the test of strain variations on the
faying surface of the sheet by microstrain gages. A comparison of the strain
variations between the experimental results and FE simulations shows a general
good agreement, although there may be some difference for points measured near
the hole surface. Zhao [45] presented a method for obtaining the flow curve of sheet
metals over a large range of strain through the combination of simple tensile test and
finite element analyses. The appropriate finite element model for accurate simulation
of the anisotropic plastic deformation during diffuse necking was determined.
Different hardening functions were evaluated for their capabilities in approximating
the entire flow stress curves up to localized necking. A modified Hockett—Sherby
function was proposed and its performance was demonstrated.

It can be seen from the above researches that obtaining stress-strain state of
components is an important way to analyze the performance of the components. In
this chapter, based on Grebenikov's method [37-39], the stress-strain state of the
fitting joint between the center wing section and outer wing section will be

emphatically calculated to prepare for the analysis of the performance of the fitting
joint, and the effectiveness of this method will be verified.

3.1 Modédl of thefitting joint
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The joint model calculated in this chapter is consistent with the joint model in
Chapter 2. As shown in Fig. 2.3, the fitting joint structure includes fitting of center
wing section (FCWS), intermediate panel (IP), fitting of outer wing section (FOWS),
stringer of outer wing section (SOWS), lower panel of outer wing section (LPOWS),
hexagon head bolts (M18), countersunk head bolts (M8 and M6) and countersunk
head rivets (M6). The equivalent stress of the gross load at the end of the fitting joint

is 0oq = 150MPa. In the total section of the regular area, the load P on the end

section can be obtained by the following formula:

P = 0,4 " Ssec (3.1)

Where S, 1s the area of the cross section.

The fitting of center wing section, intermediate panel, fitting of outer wing
section, lower panel of outer wing section, stringer of outer wing section are all made
of D16T aluminum alloy. The mechanical properties of the D16T aluminum alloy
are shown in Table 3.1. The hexagon head bolts (M18), countersunk head bolts (M8
and M6) and countersunk head rivets (M6) are all made of VT22 titanium alloy. The
mechanical properties of the VT6 titanium alloy are shown in Table 3.2.

Table 3.1 The mechanical properties of D16T aluminium alloy

Young's Tenslle Yield Poisson's
Modulus Strength Stress Ratio
2780 (kg/m3) | 72 (GPa) 564 (MPa) 447(MPa) 0.33

Density

Table 3.2 The mechanical properties of VT22 titanium alloy

_ Young's Tengle _ Poisson's
Density Yield Stress _
Modulus Strength Ratio

4450(kg/m®) | 115 (GPa) | 1455 (MPa) | 13805 (MPa) | 0.32
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3.2 Indirect method to calculate stress-strain state of thefitting joint

In order to reduce the amount of calculation and speed up the calculation, the
model of the fitting joint can be considered to be segmented and simplified, and then
the simplified and segmented models are calculated separately to obtain their stress-
strain state. Finally, the integral stress-strain state is obtained according to the local
stress-strain state. This calculation method is called the indirect method to calculate
the stress-strain state of the fitting joint. Due to the numerous structural components,
complex structures, and variable types of such fitting joint, it is very effective and

convenient to use the indirect method to calculate the stress-strain state of the fitting

joint.
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Fig. 3.1 Indirect method to calculate stress-strain state of the fitting joint
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3.2.1 Segment and simplify the model of thefitting joint

In the three-dimensional model of fitting joint, the cross-sectional shapes at
different positions of the model can be obtained by transverse cutting. According to
the different cross-sectional shapes, 15 different cross-sections are determined,
which divide the model into 15 segments, as shown in Fig. 3.2. These 15 segments
reflect the characteristics of the cross-sectional geometry (changes in cross-sectional
shape), and the structure and force characteristics of the design model (moment of
inertia and position of the center of gravity). It can be seen that the area S and the
height of the center of gravity Hz of each cross section are different. In Fig. 3.2, a)
shows a schematic diagram of the longitudinal section of the fitting joint. b) shows
a schematic diagram of the position of different cross-sections. ¢) shows a schematic
diagram of segmented the models of the fitting joint. d) shows a schematic diagram
of the area of different cross-sections. €) shows a schematic diagram of the height of

the center of gravity of different cross-sections.
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Fig. 3.2 The segmentation and simplification of the model of the fitting joint

a) The longitudinal section of the fitting joint; b) The position of different cross-

sections; ¢) The segmented models of the fitting joint; d) The area of different
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cross-sections; €) The height of the center of gravity of different cross-sections

3.2.2 Finite element analysis of the general fitting joint

In order to obtain the transmitted force at the two ends of each segment, the
segmented and simplified models of the fitting joint is analyzed using the ANSYS
Workbench. In the process of establishing the finite element model, each segmented
model is regarded as a whole, and replaced with a finite element beam element. The
general finite element model of the fitting joint is created as shown in Fig. 3.3. The
point L is a fixed constraint, the points Lsss, Loss, L1700 and L2299 are simply supported
constraints, and the point 1,599 bears a horizontal load P. In the calculation, a cross-
sectional shape is assigned to each segment, and the assigned cross-sectional shape
is the same as the cross-sectional shape obtained by transverse cutting at different
positions of the three-dimensional model. When the gross stress is 150 MPa, the
calculation results of shear force, bending moment, displacement and axial stress are

shown in Fig. 3.4-3.7.

Fig. 3.3 The general finite element model in Workbench

Shear Force (N)

0 400 800 1200 1600 2000
L (mm)

Fig. 3.4 Shear force diagram when the gross stress i1s 150 MPa
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Fig. 3.5 Bending moment diagram when the gross stress is 150 MPa
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Fig. 3.6 Displacement diagram when the gross stress is 150 MPa
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Fig. 3.7 Axial stress diagram when the gross stress is 150 MPa

Therefore, the shear force at each position of the general finite element model
can be obtained from the shear force results shown in Fig. 3.4. The bending moment
at each position of the general finite element model can be obtained from the bending
moment results shown in Fig. 3.5. The displacement of each position of the general

finite element model can be obtained from the displacement result shown in Fig. 3.6.
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The axial stress at each position of the general finite element model can be obtained
from the axial stress result shown in Fig. 3.7. The force transmission in the end face
of each segment is shown in Table 3.3.

Table 3.3 The force transmission in the end face of each segment

Segments ©) @ ® @ ® ® @
Axial stress (MPa) 61.8 54.8 22.6 59.4 22.6 22.6 22.6 5904
Shear force (N) 1850.8 | -2969.6 | -2981.4 | -3512.6 | -3578 | -3245.9 | -3315.7 | -3507

Bending moment (N*mm) | -2.92e5 | 5.29¢5 | 8.04e5 | 1.43e6 | 1.23e6 | 1.27e6 | 1.37e6 | 1.77€6

Displacement (mm) 0 | -1111 | -1.065 | -0.349 | -0.060 | 0.061 | 0374 | 0.680
Segments ©) @ @ ® ®

Axidl stress (MPa) 226 | 389 | 570 | 80 | 130 | 130 | 130

Shear force (N) -3545.2 | -3941.9 | -4135.2 | -4250.9 | -3066 | -1023.6 | 11.694

Bending moment (N*mm) | 1.51e6 | 9.25e5 | 6.10e5 | 1.61e5 | -1.52e5 | 67313 | -587.32

Displacement (mm) 0.842 2.794 3.340 3.923 4.296 0 0

3.2.3 Finite element analysis of thelocal fitting joint

It can be seen from Fig. 2.3 that there are two important local fitting joints (I
fitting joint and II fitting joint) for the overall fitting joint. Three-dimensional models
of I fitting joint and II fitting joint are shown in Fig. 3.8. According to the finite
element analysis results of the general fitting joint, the boundary conditions of the
finite element models of local fitting joints can be obtained, and then the local stress-
strain state of the local fitting joint can be calculated with the help of finite element
software ANSYS Workbench. The boundary conditions of the finite element model
of the local fitting joint are the axial force, shear force, bending moment and
displacement on each segment section. The three-dimensional model is imported
into ANSY'S Workbench through the intermediate format stp., and the finite element

models of I fitting joint and II fitting joint are obtained as shown in Figs 3.9 and 3.10.

95



Fig. 3.8 Three-dimensional models of I fitting joint and II fitting joint

000 5000 100.00 (mrm)
I 0 S0

25.00 75.00

Fig. 3.9 The finite element model of I fitting joint
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Fig. 3.10 The finite element model of II fitting joint

The finite element models of I fitting joint and II fitting joint are composed of
hexahedral elements and a small number of tetrahedral elements. In order to decrease
the number of meshes to reduce the amount of calculation, only the mesh size close
to the functional holes is set smaller. Since the fitting joint structure is symmetrical,
only the stress-strain state of half model can be analyzed to obtain the general stress-
strain state of the fitting joint. It should be noted that in this paper, when each finite
element model is calculated, the grid independence is first verified, and the
convergence tolerance of stress and strain is set to 0.03. The mesh size after
convergence is a minimum of 0.2mm and a maximum size of 1mm, and the grid
quality is good.

The finite element models of the local fitting joints are subject to the following
boundary conditions according to the actual working conditions.

1) The bolts are also subjected to axial pre-tightening force, the pre-tightening
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force of the M18 bolt is 66000N, the pre-tightening force of the M8 bolt is 12400N,
and the pre-tightening force of the M6 bolt is 6750N.

2) The contact between the bolts and fitting of center section, intermediate
panel, fitting of outer wing section, stringer of outer wing section, lower panel of
outer wing section is frictionless.

3) The contact between the nuts and fitting of center wing section, fitting of
outer wing section, stringer of outer wing section is frictional contact, and the
friction coefficient is 0.2.

4) The constraints on the two sides of the model of the local fitting joints are
frictionless. The right side of the model of I fitting joint is a fixed constraint. The
fitting of outer wing section on the right side of the model of II fitting joint is a fixed
constraint.

5) The end of the I fitting joint has a shear force -3545.2 N, a bending moment
of 1510 N*m, and an axial stress 22.6 MPa. The end of the II fitting joint has a shear
force -3941.9 N, a bending moment of 924.5 N*m, and an axial stress 38.86 MPa.
The shear force here is caused by the different positions of the center of gravity of
the segments of the fitting joint, and partial bending occurs due to eccentricity during
load transmission.

The stress-strain states of the local fitting joints are obtained using Workbench,

as shown in Fig. 3.11-3.14.
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Fig. 3.11 The stress state of I fitting joint
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Fig. 3.12 The stress state of I fitting joint
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Fig. 3.13 The strain state of II fitting joint
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Fig. 3.14 The strain state of II fitting joint
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3.3 Direct method to calculate stress-strain state of thefittingjoint

When calculating the stress-strain state of the fitting joint, the three-
dimensional model of the fitting joint is directly imported into Workbench for
calculation without simplifying the model. This calculation method is called the
direct method to calculate the stress-strain state of the fitting joint. Fig. 3.15 shows
the calculation process of the direct method. During the execution of the direct
method, first the 3D model of the fitting joint is created using CATIA, and then the
3D model is imported into Workbench for meshing and setting the boundary
conditions to obtain the finite element model of the fitting joint. The three-
dimensional model of the fitting joint is shown in Fig. 2.2.

"Create the 3D model |
~ of the fitting joint

-

Create the finite element
model of the fitting joint

'

Set the boundary conditions |
of the finite element model

v
Perform calculations on the

finite element model

|

Determine whether
the analysis result is
reasonable

NO

lw-;s

Obtain the stress-strain state
of the fitting joint

Fig. 3.15 Direct method to calculate stress-strain state of the fitting joint

The finite element models of fitting joint (overall) is composed of hexahedral
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elements and a small number of tetrahedral elements. In order to decrease the
number of meshes to reduce the amount of calculation, only the mesh size close to
the holes and bolts are set smaller. It should be noted that in this paper, when each
finite element model is calculated, the grid independence is first verified, and the
convergence tolerance of stress and strain is set to 0.03. The mesh size after
convergence is a minimum of 0.2mm and a maximum size of Imm, and the grid

quality is good. The finite element model of the fitting joint is shown in Fig. 3.16.

Fig. 3.16 The finite element model of the fitting joint

The finite element models of the fitting joints are subject to the following
boundary conditions according to the actual working conditions.

1) The bolts are also subjected to axial pre-tightening force, the pre-tightening
force of the M 18 bolt is 66000N, the pre-tightening force of the M8 bolt is 12400 N,
and the pre-tightening force of the M6 bolt is 6750 N.

2) The contact between the bolts and fitting of center section, intermediate
panel, fitting of outer wing section, stringer of outer wing section, lower panel of
outer wing section is frictionless.

3) The contact between the nuts and fitting of center section, fitting of outer

wing section, stringer of outer wing section is frictional contact, and the friction
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coefficient is 0.2.

4) The constraints on the two sides of the model of the local fitting joints are
frictionless. The right side of the model of the fitting joint is a fixed constraint. The
lower section of the intermediate panel is a fixed constraint.

5) The end of the fitting joint of the outer wing section has a force 127140 N.
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Fig. 3.17 The stress state of the fitting joint
The stress-strain states of the fitting joints are obtained using Workbench, as
shown in Figs 3.17-3.18. The stress cloud diagram of the fitting joint is shown in

Fig. 3.17, the strain cloud diagram of the fitting joint is shown in Fig. 3.18.
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Fig. 3.18 The strain state of the fitting joint
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3.4 Results and discussion

The results of the indirect method show that when the fitting joint is loaded
with 150 MPa, the fitting of center section has a maximum stress of 146.21 MPa and
a maximum strain of 0.0023012, the intermediate panel has a maximum stress of
129.73 MPa and a maximum strain of 0.0018345, the fitting of outer wing section
has a maximum stress of 323.82 MPa and a maximum strain of 0.004625, the
stringer of outer wing section has a maximum stress of 342.76 MPa and a maximum
strain of 0.0048149, the lower panel of outer wing section has a maximum stress of
320.28 MPa and a maximum strain of 0.004556. The connecting bolts (M18) have a
maximum stress of 700.34 MPa and a maximum strain of 0.006984. The connecting
bolts (M8 and M6) have a maximum stress of 833.77 MPa and a maximum strain of
0.0067211.

The results of the direct method show that when the fitting joint is loaded with
150 MPa, the fitting of center wing section has a maximum stress of 156.44 MPa
and a maximum strain of 0.0021744, the intermediate panel has a maximum stress
of 143.08 MPa and a maximum strain of 0.0020548, the fitting of outer wing section
has a maximum stress of 353.95 MPa and a maximum strain of 0.0049405, the
stringer of outer wing section has a maximum stress of 350.86 MPa and a maximum
strain of 0.0050585, the lower panel of outer wing section has a maximum stress of
349.19 MPa and a maximum strain of 0.00485012. The connecting bolts (M18) have
a maximum stress of 737.65 MPa and a maximum strain of 0.0068203. The
connecting bolts (M8 and M6) have a maximum stress of 803.14 MPa and a

maximum strain of 0.0069841.
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Fig. 3.19 Comparison of stress calculation results by direct method

and indirect method
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Fig. 3.20 Comparison of strain calculation results by direct method

and indirect method

Figs 3.19 and 3.20 show the comparison between the results of the direct
method and the results of the indirect method. It can be seen that the results of the
stress-strain state of the fitting joint obtained by the direct method and the indirect

method are consistent.
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3.5 Conclusion of this chapter

1. An indirect method for calculating the stress-strain state of fitting joint
between center section and outer wing is developed in this chapter. In this indirect
method, three-dimensional modeling software and finite element analysis software
are used to calculate the stress-strain state of the fitting joint. In the three-
dimensional modeling software CATIA, the solid model is segmented and simplified
according to geometrical and mass properties of the solid model cross section. In the
finite element analysis software ANSYS Workbench, the solid model of the fitting
joint is performed by two finite element calculations. First, beam elements are used
to replace segmented and simplified models to obtain the general finite element
model. The general finite element model is executed finite element calculation to
obtain the internal force distribution of the solid model. Second, according to the
internal force distribution of the solid model, the boundary conditions of the single
segmented model can be obtained, and then the finite element analysis can be
performed on the single segmented model to obtain its stress-strain state (local
stress-strain state). When the finite element analysis of each segmented model is
completed, the integral stress-strain state can be obtained according to the local
stress-strain state.

2. It is a very feasible method to use the indirect method to calculate the stress
and strain state of the assembled joint. The result calculated by the indirect method
is compared with the result calculated by the direct method, the comparison results
show that the two results are in good agreement. Compared with the direct method,
the indirect method has the advantages of small calculation amount and fast
calculation speed.

3. The stress-train state of the fitting joint between center wing section and outer
wing section meets the strength requirements of the design. According to the stress-
strain state results of the fitting joint, it can be seen that the stringer of outer wing

section has the most stress and will be damaged first. when the fitting joint is loaded
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with 150 MPa, the stringer of outer wing section has a maximum stress of
293.17 MPa and a maximum strain of 0.0047. The connecting bolts (M18) have a
maximum stress of 830.81 MPa and a maximum strain of 0.0056. The connecting
bolts (M8 and M6) have a maximum stress of 686.81 MPa and a maximum strain of
0.0063. However, the yield stress of D16T is 447 MPa, the yield stress of VT22 is
1380 MPa, so the maximum stress of the components are within the allowable range
of the material.

This chapter completes the dissertation work task: develop new methods for
strength calculation and analysis of the fitting joint between the center wing section
and the outer wing section of a regional aircraft by means of simulation technologies.
For the first time, an indirect method for calculating the stress-strain state of the
fitting joint between the center wing section and the outer wing section of a regional
aircraft 1s proposed. The indirect method obtains the stress-strain state of the fitting
joint through two finite element calculations. The results are consistent with those

calculated by direct method.
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CHAPTER 4

METHOD FOR FATIGUE LIFE EXTENSION OF WING PANELSWITH
FUNCTIONAL HOLES: THE EXTRUDED ARC GROOVES

In order to obtain more loading space, the modern aircrafts usually adopt a
compact structural layout. However, due to the numerous structural components on
the aircraft, some functional holes must be made to ensure the reasonable installation
of each structure and the efficient use of space. For example, in modern regional
aircraft, almost all of the fuel is stored in the wings. However, the requirements for
reliable operation of the fuel system are not always consistent with the "interests" of
the wing design. In order to ensure the smooth fuel supply for the aircraft, some
functional holes must be made on the panels of some wings. These functional holes
on the wing panel will inevitably lead to a decrease in the fatigue life of the aircraft
wing structure. Fig. 4.1 shows the wing panel with functional holes [46]. In response
to the problem of the low life of the panels with functional holes, the researchers
used cold extrusion [47-48], shot peening [49-50], laser strengthening [51-52] and
other methods to strengthen the hole wall. It is concluded that the method of the cold
extrusion strengthening is still the most concise and effective anti-fatigue
manufacturing technology for the panels with functional holes.

In the past few decades, the cold extrusion strengthening technology has been
widely used in the anti-fatigue design of the aircrafts. A large number of studies have
shown that the residual stress generated by the cold extrusion strengthening process
can effectively reduce the tensile stress caused by the external load and improve the
fatigue strength and effectively reduce the stress intensity factor at the crack tip,
thereby slow down the fatigue crack growth speed and significantly improve the
fatigue life of the connector [53-54]. However, due to the limitation of the
measurement method, the three-dimensional distribution of the extrusion residual

stress in the material is still an unsolved problem [53].
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Fig. 4.1 Wing panel with functional holes [46]

In recent years, with the rapid development of computer technology,
researchers have conducted a lot of researches on the residual stress distribution of
parts after extrusion through finite element analysis [55-64]. Zhang et al. [55] obtain
the residual stress distribution on the lugs of the wing by reasonably simplifying the
geometric structures, boundary conditions and loading methods in the finite element
analysis. Liu et al. [56-57] investigate the residual stress and fatigue performance of
the wing panel under the action of cold expansion holes with different radial
interference values through finite element analysis and experiment. Babu et al. [ 58]
study the change law of tangential residual stress in the thickness direction of the
panels. Seifi [59] and Kumar et al. [60-61] research the residual stress distribution
caused by the cold expansion of two adjacent holes, as well as the influence of hole
geometry, expansion ratio and crack position parameters on fatigue behavior. Zhang
et al. [62-63] use neutron diffraction technology and finite element simulation to
study the relationship between residual stress and overload ratio, overload position
and load ratio in the large residual plastic strain caused by overload. Geiglou and

Chakherlou [64-65] investigate the effect of cold expansion process on fatigue
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behavior of 7075-T6 aluminum alloy through numerical modeling and experimental
tests, and obtain the stress distribution and the initial position of fatigue cracks in the
process. Tian et al. [66] studied the influence of countersunk depth of riveting hole
(functional hole) on the fatigue life of connecting samples, and concluded that the
high cycle fatigue life of samples with countersunk depth of 1.2 mm was far less
than the other samples. Zeng et al. [67] studied the effect of residual stress due to
interference fit on the fatigue behavior of a fastener hole (functional hole) with edge
cracks. Based on the above researches, it is found that the extrusion process is a
complex elastic-plastic deformation process, and after the component is extruded,
the residual stress distribution on the component is uneven, and different residual
stress distributions have different effects on the fatigue life of the component.

Kiva et al. [68] propose a method of the extruded arc grooves to strengthen
parts with functional holes, which is verified by experiments. According to this
method, the arc grooves are formed by extrusion near the edge of the hole in the
force direction of the component, so that the periphery of the hole is plastically
deformed and then residual stress is generated. The residual stress can offset the
stress damage caused by the component under the tension or compression, thereby
achieving the purpose of extending fatigue life of the component. Therefore, the
method is simple to operate, easy to implement, and presents great engineering
application value. However, in Kiva's research, only simple qualitative analysis and
experimental verification are performed without detailed and in-depth quantitative
analysis. Based on Kiva's research, this article will deeply discuss the influence of
the process parameters of the extruded arc grooves on extending the fatigue life of
the component.

4.1 Experiment
4.1.1 Specimen
In order to ensure the validity of the experiment, the experimental specimen in

this chapter is same as the specimen in Kiva's study. The sizes of specimen are
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shown in Fig. 4.2. The specimen has a symmetrical structure, with a total length of
330 mm, a center width of 48 mm, and an end width of 70 mm. The three holes in
the middle of the specimen are the functional holes with a diameter of 8 mm, and
the two holes at both ends of the specimen are the clamping holes with a diameter
of 32 mm. The centers of the functional holes are located on the central axis of the
specimen, and the distances between them are 12 mm. The center of the extrusion
arc groove is at the same position as the center of the functional hole at the end. The
angle of the extrusion arc groove is 0, and its outer diameter is 16mm, the width is 2
mm, the given extrusion depth is h, and the actual extrusion depth is h;. The h; is
slightly less than h, that is because the specimen undergoes plastic deformation and
elastic deformation during the extrusion process, after the extrusion punches are
released, the elastic deformation disappears and only the plastic deformation remains.

The manufacturing process of the extrusion arc groove is shown in Fig. 4.3.

42

\5 { / o

- l\ Q%@T/ /_E\ 1

7

163

Length umt: mm Angle unit: ©

Fig. 4.2 The dimensions of the experimental specimen
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Fig. 4.3 The manufacturing process of the extruded arc grooves
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4.1.2 Material
The material of the experimental specimen is same as that of the AN-148

aircraft wing panel, and the material is aluminum alloy D16T [69]. The main

performance parameters of aluminum alloy D16T are shown in Table 4.1. D16T is

one of the most popular duralumin alloys in the shipbuilding, aviation and aerospace
industries. Its main advantages are: stable structure; high strength characteristics;
low density; strong resistance to deformation; good processability. The extrusion
punches are made of chromium alloy Cr12MoV [70], and its main performance
parameters are shown in Table 4.1.

Table 4.1 The mechanical properties of materials

_ Young's Ultimate Yield _
_ Density Poisson's
Materidl Modulus Strength Strength _
(kg/m?) Ratio
(GPa) (MPa) (MPa)
D16T 2780 73.264 564 447 0.33
Crl2MoV | 7700 200.00 880 550 0.31

4.1.3 Experimental principle and process

In the experiment, the experiment equipment is the fatigue testing machine
MVII-50 and its working principle is shown in Fig. 4. The working frequency is
12 Hz. The loading load is a cyclic stress, and the method is a sine wave. The load
on the wing panels can be obtained referring to the simplified segmentation method
[71]. The five working conditions are set as shown in Table 4.2.

Table 4.2 Five working conditions

Working Maximum |load Minimum load omin
condition omax (MPa) (MPa)

1 100 0

2 114 0
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3 130 0
4 150 0
5 170 0

Due to the inevitable defects of the specimen, four specimens are tested under
each working condition, and the fatigue life is the average of the four test results to

reduce errors. The maximum load can be calculated by the following formula:

Fmax
Omax = A 4.1)

Where Fp.x 1s the maximum tensile force loaded on the specimen, and Ay, is the

area of the cross section of the specimen without functional holes.
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Fig. 4.4 Working principle of the fatigue testing machine

4.2 Finite element analysis
4.2.1 Finite element model

The finite element model includes two parts: a model of specimen and a model
of extrusion punches, which are composed of hexahedral elements and a small
number of tetrahedral elements. In order to decrease the number of meshes to reduce
the amount of calculation, only the mesh size close to the functional holes is set

smaller. Since the specimen and the extrusion punches have a symmetrical structure,
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only a quarter of their structure is used for finite element analysis in ANSYS, as
shown in Fig. 4.5. It should be noted that in this paper, when each finite element
model is calculated, the grid independence is first verified, and the convergence
tolerance of stress and strain is set to 0.03. The mesh size after convergence is a
minimum of 0.2 mm and a maximum size of 1 mm, and the number of elements

along the thickness direction is 25.

Size: Imm

Symmetry plane 2
Specimen

Extrusion punches
Symmetry plane 1 Functional holes

Fig. 4.5 Finite element model of the specimen and the extrusion punches

4.2.2 Simulation process

In order to ensure the accuracy of the calculation results, a step-by-step method
1s used to analyze the stress-strain state and fatigue life of the model. The calculation
steps of the simulation are as follows:

STEP I: Set the boundary conditions: the end of the model of specimen is
loaded with a maximum load Gmax, the symmetry plane 1 and symmetry plane 2 are
set as frictionless support, the contacts between the model of specimen and the model
of extrusion punches are set to frictional contact, the friction coefficient is 0.2 [68],
and the given extrusion displacement of the model of extrusion punches is h. This
step is the preparation stage.

STEP II: The model of extrusion punches squeezes the model of specimen to

the given extrusion depth h (during the extrusion process). In this step, the stress
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distribution and deformation on the model of specimen can be gained during the

forming of the arc grooves.

STEP III: The extrusion punches are released to obtain the extruded arc
grooves (after the extrusion process). In this step, the residual stress distribution,
deformation and the actual extrusion depth h; on the model of specimen can be
gained after the arc grooves are extruded.

STEP IV: Apply the maximum load 6max On the end of the model of specimen
with the extrusion grooves. In this step, the stress distribution and deformation on
the specimen with the extrusion grooves can be gained under the action of the
maximum load Gpmax.

STEP V: Apply the maximum load 6m.x on the end of the model of specimen
without the extrusion grooves. The purpose of this step is to compare the stress
distribution of the specimens with extrusion arc groove and without extrusion arc
groove under the action of the maximum load Gmax.

4.3 Results
4.3.1 Experimental results

For the specimens with three functional holes, under working condition 1, the
average fatigue life is 858000 cycles; under working condition 2, the average fatigue
life 1s 387000 cycles; under working condition 3, the average fatigue life is 180500
cycles; under working condition 4, the average fatigue life is 101000 cycles; under
working condition 5, the average fatigue life is 65000 cycles. According to these
experimental results, the curve of the relationship between the maximum load and
the fatigue life of the specimens is shown in Fig. 4.6.

For the specimens with three functional holes and the extruded arc grooves (h
= 0.3mm, 0 = 90°), under working condition 1, the average fatigue life is 4500000
cycles; under working condition 2, the average fatigue life 1s 1805000 cycles; under
working condition 3, the average fatigue life is 701000 cycles; under working
condition 4, the average fatigue life is 335000 cycles; under working condition 5,
the average fatigue life is 181000 cycles. According to these experimental results,

the curve of the relationship between the maximum load and the fatigue life of the
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specimens is shown in Fig. 6.

It can be seen from the results in Fig. 4.6 that under the same fatigue load, the
specimens with three functional holes and the extruded arc grooves (h =0.3mm, 6 =
90°) have a longer fatigue life than the specimens only with three functional holes.
Therefore, it can be proved that the extruded arc grooves can extend the fatigue life

of the wing panel with functional holes.

180 - ® Specimens with three functional holes
170 ® Specimens with three functional holes
160 i and the extruded arc grooves
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Fig. 4.6 The relationship between the maximum load (omax) and the fatigue life

4.3.2 Smulation results

Take the simulation of the specimens with three functional holes and the
extruded arc grooves (h = 0.3mm, 6 = 90°, 6max = 100MPa) as an example. After the
above simulation process is executed, the simulation results are shown in Figs 4.7
through 4.11. Fig. 4.7 shows the z-directional deformation of the specimen. Fig. 4.8
shows the z-directional normal stress distribution of the specimen in STEP III. Fig.
4.9 shows the von-Mises stress distribution of the specimen. Fig. 4.10 shows the x-
directional normal stress distribution of the specimen. Fig. 4.11 shows the x-
directional normal stress distribution on the hole wall. The direction of the X axis is
the same as the direction of the maximum load 6. The direction of the Z axis is
the same as the thickness direction of the specimen, and upward is the positive

direction.

116



Tygpe: Diractional Deformation(Z Axis)
Unit: mm

0.29936 Max

l 025712
021928
017144
01286
0085758
0042917
16503e-5
0042764
0085605
012845
-01712%
-021413
-025697
-0.29981 Min

Extrusion arc
grooves

(n) STEP I

Type: Directional DefarmationiZ Aas)
Unit mm

C0159n
012008
0.080378

. 0.040711
0.0010441
0.038623
007829
011796

015762
Q19729
0236496
-0.27663 Min

Extrusion arc
2rooves

(b) STEP I

Fig. 4.7 The z-directional deformation of the specimen
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Fig. 4.8 The z-directional normal stress distribution of the specimen in STEP III
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Fig. 4.11 The x-directional normal stress distribution on the hole wall

It can be seen from Fig. 4.7 that when the given extrusion depth is 0.3 mm, the
actual extrusion depth is 0.279 mm. The reason for this phenomenon is the
springback of the material after the extrusion, which results in the formation of a z-
direction tensile stress zone in the middle of the two extrusion grooves, as shown in
Fig. 4.8. It can be seen from Fig. 4.9(a) that the maximum stress on the specimen is
664.55 MPa (greater than the yield strength of the material (438 MPa)), which
indicates that the specimen undergoes the plastic deformation. It can be seen from
Fig. 4.9(b) that the specimen bears the maximum residual stress of 574.94 MPa after

the extrusion punches are released, and the residual stress mainly occurs around the
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extruded arc grooves. Comparing Fig. 4.9 (a) and Fig. 4.9 (b), it can be concluded
that after the extrusion punches are released, the residual stress is generated on the
specimen. It can be seen from Fig. 4.9(c) that the maximum stress on the specimen
is reduced to 517.6 MPa under the action of the maximum load 6. Comparing the
stress distribution of the specimen without extrusion groove, as shown in Fig. 4.9(d),
it can be seen that the stress distribution on the specimen with extrusion groove has
changed due to the effect of the extruded grooves.

In order to better analyze the effect of the extrusion grooves on the specimen
under the action of the maximum load, the x-directional normal stress on the
specimen is presented in Figs 4.10 and 4.11. It can be seen from Fig. 4.10 and 4.11,
the tensile stress concentration zone on the hole wall is located on the left of the hole
wall for the specimen with the extrusion grooves, while the zone is located in the
middle of the hole wall for the specimen without the extrusion grooves. It can be
concluded that the tensile stress concentration zone on the hole wall has shifted due
to the effect of the extrusion grooves. It can be seen from Fig. 4.11 that the maximum
value of the tensile stress on the hole wall is 108.26 MPa for the specimen with the
extrusion grooves, while the maximum value is 277.76 MPa for the specimen
without the extrusion grooves. It can be concluded that the maximum tensile stress
on the hole wall is greatly reduced due to the effect of the extrusion grooves.

4.3.3 Comparison of ssimulation and experimental results

The comparison between the experimental specimens and the simulated
specimens is presented in Fig. 4.12, which shows the fracture position and shape of
the experimental specimen after the fatigue test (part of the results), and the tensile
stress concentration zone on the hole wall of the simulated specimen. The position
of the initial crack is obtained by analyzing the position and shape of the fracture of
the specimen. It can be seen that the position of the initial crack is consistent with
the location of the tensile stress concentration zone. In engineering, the tensile stress

concentration zone is often the location where fatigue failure occurs. Therefore, the

120



stress in the tensile stress concentration zone can be used as the basis for judging the
fatigue life of the specimen. From Figs 4.12 (a) and 4.12 (b), it can be seen that for
the specimens without the extrusion grooves, the tensile stress concentration zone
and the position of the initial crack are on the central axis. From Fig. 4.12 (¢) and
4.12(d), it can be seen that for the specimens with the extrusion grooves, the tensile

stress concentration zone and the position of the initial crack have shifted.
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Fig. 4.12 Comparison of simulation and experimental results
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4.4 Discussion
4.4.1 Theory of critical distance

It is conservative that the maximum tensile stress is used as the basis to judge
the fatigue life of the specimen. In order to improve the accuracy of judgment, the
theory of critical distance is used to extract the corresponding stress as the basis.
Critical distance theory is a new method for the fatigue assessment of the notched
components based on fracture mechanics. Its concept is that the fatigue failure of the
notched components not only depends on the peak stress of the stress concentration
zone, but also depends on the stress distribution within a certain distance near the
stress concentration zone. This distance range is called “critical distance Ly”. The
characteristic stress is the control parameter of the fatigue failure of the notched
component. When the characteristic stress reaches the threshold, the fatigue damage
will occur. According to the different methods of calculating the characteristic stress,
the critical distance theory is divided into point method, line method, area method
and volume method [72-73]. In this paper, the point method is used to calculate the
characteristic stress. The point method considers that the characteristic stress is the

stress at Lo/2 from the hole edge, and the corresponding characteristic stress is:
O, = 01 (4.2)
Where: o, is the characteristic stress, and g; is the stress at Lo/2 from the tip

of the notch.

The key parameter in the critical distance theory is the critical distance Lo,

which is defined by the fatigue limit Ag, of the material and the crack growth

threshold AK},, which can be calculated by the following formula:

Lo =2 (2’ 43)

T \ Aoy

The AK;, and Ao, are both material property parameters, so L is a parameter

that depends on the material itself. The specimen 1s made of the D16T aluminum
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alloy, and its AK,, is 7.26 MPa+/m [74], Ao, is 120 MPa [75], so the critical
distance Ly can be calculated by Formula 3, which is 1.167mm.

After the specimen is affected by the extrusion grooves, the tensile stress
concentration zone has shifted, which means that the position of the “notch tip” has
changed. Therefore, the maximum tensile stress on the cylindrical surface (critical

distance surface) at the position Lo/2 from the wall of the functional hole is taken as

the characteristic stress, as shown in Fig. 4.13.

Type: Normal Stress|X Axisd
Unit MPy

84,994 Max
14505
64316

na 7

- AL53%

3455

PLE )
1ain

A8
L8056
15835
25581
36072

46161

-56.25 Min

Quarter critical distance surface

Fig. 4.13 The characteristic stress

4.4.2 Numerical analysis

Through the characteristic stress acquisition method introduced in Chapter 4.2,
the relationship between the maximum load 6m.x and the characteristic stress o
generated on the specimen is shown in Fig. 4.14. It can be clearly seen from the
figure that due to the effect of the extruded arc grooves, under the same maximum
load omax, the characteristic stress o, generated on the specimen with the extruded

arc grooves (h = 0.3mm, 6 = 90°) is significantly lower than that of the specimen

without the extruded arc grooves.
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Fig. 4.14 The relationship between the maximum load and the characteristic stress

The relationship between the characteristic stress 6. generated on the specimen
and the average fatigue life of the corresponding specimen is shown in Fig. 4.15. In
order to further analyze the influence of the extrusion process on the fatigue life of
the specimen and determine the relationship between the average fatigue life and the
characteristic stress, the Allometric 1 function model (Classical Freundlich Model
in the ORIGIN) is used to fit this relationship. The Allometric 1 function model is

as follows:

y = Qa * xb (44)
Where a and b are undetermined coefficients, y is the average fatigue life of

specimen, X is the characteristic stress.
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Fig. 4.15 The relationship between the average fatigue life

and the characteristic stress

Through the numerical analysis and function fitting, the fitting function of the
relationship between the average fatigue life and the characteristic stress of specimen

without the extruded arc grooves is gained as follows:
y = 3.53764E18x 574678 (4.5)

Where y is the average fatigue life of specimen without the extruded arc
grooves, x 1s the characteristic stress.

Through the numerical analysis and function fitting, the fitting function of the
relationship between the average fatigue life and the characteristic stress of specimen

with the extruded arc grooves is gained as follows:
y = 7.18081E14x~*3326 (4.6)

Where y is the average fatigue life of specimen with the extruded arc grooves,
x is the characteristic stress.

In Fig. 4.15, Allometric 1 Fit of N shows the fitting relationship between the
average fatigue life and the characteristic stress of the specimen without the extruded

arc grooves, while Allometric 1 Fit of Y shows the fitting relationship between the
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average fatigue life and the characteristic stress of the specimen with the extruded
arc grooves. It can be seen that the Allometric 1 function model can fit these
experimental data well. In this way, the functional relationship between the average
fatigue life and the characteristic stress can be used to predict the fatigue life of the
specimen under different working conditions.
4.4.3 Optimization of the extrusion arc groove depth

From the experimental results of the specimen without the extruded arc grooves
and the specimen with the extruded arc grooves shown in Fig. 4.6, it can be seen that
the extruded arc grooves can extend fatigue life of the specimen. Different depths of
the extruded arc grooves result in different residual stresses, which have different
effects on fatigue life of the specimen. In order to explore the effect of the depth of
the extruded arc grooves on fatigue life of specimens in detail, the finite element
models of specimens with different depths of the extruded arc grooves are
implemented. It should be noted that during the extrusion process, the specimen
undergoes both elastic deformation and plastic deformation. Therefore, the actual
extrusion depth is less than the given extrusion depth of the specimen. The
relationship between the actual extrusion depth and the given extrusion depth is

shown in Fig. 4.16.
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Fig. 4.16 The relationship between the actual extrusion depth and the given

extrusion depth
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During the extrusion process, the extrusion stress is generated on the specimen,
and after the extrusion process (the extrusion punches are released), the residual
stress remains on the specimen. The relationships between the maximum x-
directional extrusion stress of the specimen during the extrusion process, the
maximum x-directional residual stress of the specimen after the extrusion process
and the given extrusion depth are shown in Fig. 4.17. The x-directional positive
stress 1s the tensile stress, and the x-directional negative stress is the compressive
stress.
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Fig. 4.17 The relationship between the maximum x-directional stress and the given

extrusion depth (6 = 90°)

It can be seen from Fig. 4.17 that the maximum (tensile and compressive)
extrusion stress and the maximum (tensile and compressive) residual stress increase
with the increase of the given extrusion depth. After the extrusion process, the
maximum compressive residual stress value is greater than the maximum tensile
residual stress value on the specimen. The compressive residual stress can counteract
part of the effect of the maximum load 6max, SO the characteristic stress generated on

the specimen with the extruded arc grooves is reduced compared to the specimen
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without the extruded arc grooves. The variation of characteristic stress . on the
specimen with the given extrusion depth under the different maximum load Gy 1S

shown in Fig. 4.18.
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Fig. 4.18 The relationship between the characteristic stress

and the given extrusion depth (6 = 90°)

It can be seen from Fig. 4.18 that when the given extrusion depth is 0-0.3mm,
the characteristic stress generated on the specimen rapidly decreases, and when the
given extrusion depth is 0.3-0.5mm, the characteristic stress generated on the
specimen decreases slowly. According to the results of the characteristic stress on
the specimen with different depths of the extruded arc grooves, the predicted fatigue
lives of the specimens can be gained by using the fitting function (4.5). The predicted
fatigue lives of the specimens with different depths of the extrusion grooves are

shown in Fig. 4.19.
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Fig. 4.19 The relationship between the fatigue life
and the given extrusion depth (0 = 90°)

It can be seen from Fig. 4.19 that the fatigue lives of the specimens are affected
by the depths of the extrusion grooves (0 = 90°). When the depths are shallow (0-
0.15 mm), their fatigue lives are extended slightly; when the depths are deep (0.15-
0.3 mm), their fatigue lives are greatly extended; when the depths are too deep
(>0.3mm), their fatigue lives are extended slowly, on the other hand, the excessively
deep extrusion arc groove will lead to excessive residual stress on the wing panel,
and even cause the wing plate to be damaged. Therefore, for the wing panel made of
D16T with the thickness of 5 mm and the angle of the extrusion arc groove of 90°,
the optimal depth of the extrusion arc groove is 0.3 mm and the lifetime can be
extended by more than 2.3 times.
4.4.4 Optimization of the extrusion arc groove angle

From the experimental results of the specimens with the extruded arc grooves
shown in Fig. 4.6, it is seen that the fatigue life of specimen can be extended by the
extruded arc grooves. Different angles of the extruded arc grooves result in different
residual stresses, which have different effects on the fatigue lives of the specimens.

In order to explore the influence of the angle of the extrusion arc groove on the
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fatigue life of specimen in detail, a batch of specimens with the depth of 0.3 mm and
different angles of the extruded arc grooves are established for finite element

simulation. The simulation results are shown in Figs 4.20-4.22, which respectively
present that the maximum x-directional stress, the maximum compressive residual

stress and the characteristic stress of the specimen under different extrusion arc

groove angles.
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As can be seen from Fig. 4.20 that after the extrusion process, the maximum
compressive residual stress value is greater than the maximum tensile residual stress
value on the specimen. The compressive residual stress can counteract the part of
the effect of the maximum load Gmax, SO the characteristic stress 6. generated on the
specimen with the extruded arc grooves is reduced compared to the specimen
without the extruded arc grooves.

As can be seen from Figs 4.20 through 4.21 that as the angle 0 increases, the
maximum (tensile and compressive) compressive stress and the maximum (tensile
and compressive) residual stress first increase and then decrease, and 120° is the
turning point. This means that the effect of the extrusion arc groove is reduced when
the angle of the extrusion arc groove is greater than 120°. Therefore, the maximum

angle of the extrusion arc groove is 120°.
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Fig. 4.22 The relationship between the characteristic stress

and the angle (h=0.3 mm)

It can be seen from Fig. 4.22 that with the increase of the angle, the
characteristic stress 6. on the specimen gradually decreases, and under the same

angle, the greater the maximum load omax, the greater the characteristic stress c..
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According to the characteristic stress 6. on the specimen with different angles of the
extruded arc grooves, the predicted fatigue lives of the specimens can be gained by

using the fitting function (4.5), as shown in Fig. 4.23.
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Fig. 4.23 The relationship between the predicted fatigue life
and the angle (h=0.3mm)

It can be seen from Fig. 4.23 that when the angle of the extrusion arc groove is
less than 120°, the fatigue life of the specimen is gradually extended with the
increase of the angle. Therefore, for the wing panel made of D16T, with the thickness
of 5 mm and the depth of the extrusion arc groove of 0.3 mm, the optimal angle of
the extrusion arc groove 1s 120° and the lifetime can be extended by more than 2.34
times.

4.5 Conclusion of this chapter

1. For the wing panel with functional holes, the fatigue life can be extended by
the extruded arc grooves, which is due to the residual stress is generated on the wing
panel after extrusion process, that counteracts the part of the effect of the maximum
load 6max, SO that the characteristic stress is reduced and the fatigue life is extended.

2. The fatigue life of the wing panel with functional holes is affected by the
depth of the extruded arc grooves. When the depth is 0-0.15 mm, the fatigue life is
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extended slightly; when the depth is 0.15-0.3 mm, the fatigue life is greatly extended;
when the depth is more than 0.3 mm, the fatigue life is extended slowly. For the wing
panel made of D16T with the thickness of 5 mm and the angle of the extrusion arc
groove of 90°, the optimal depth of the extrusion arc groove is 0.3 mm and the
lifetime can be extended by more than 2.3 times.

3. The fatigue life of the wing panel with functional holes is affected by the
angle of the extruded arc grooves. The fatigue life is extended with the increase of
the angle until the angle reaches the optimal angle 120°. For the wing panel made of
D16T, with the thickness of 5 mm and the depth of the extrusion arc groove of 0.3
mm, the optimal angle of the extrusion arc groove is 120° and the lifetime can be
extended by more than 2.34 times.

This chapter completes the dissertation work task: work out new methods of
the extruded arc groove to increasing the fatigue life of the fitting joint between the
center wing section and the outer wing section of a regional aircraft. The influence
of the depth and angle of the extruded arc groove on the fatigue life of the wing panel
1s studied in detail by experimental and new finite element simulation methods. The
results show that the extruded arc groove can improve the fatigue life of the wing
panel and the optimal extruded arc groove depth and angle are obtained. This
conclusion has been applied in engineering practice in the design process of Chinese

aircraft
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CHAPTER 5

METHOD FOR EXTENDING FATIGUE LIFE OF DOUBLE SHEAR
JOINT IN WING

According to the method proposed in Chapter 4 to extend fatigue life of the
wing panel with holes by the extruded arc grooves, this chapter proposes a new
method to extrude annular grooves to extend fatigue life of the double shear joints
of the wing panel. There are two main purposes for setting the extruded annular
groove. One is to extend fatigue life of the double shear joint of the wing panel by
retaining the residual stress after extruding the annular groove. The other is to reduce
the effect of fretting corrosion on the wing panel by adding anti-fretting paste in the
annular groove to further extend fatigue life of the double shear joint of the wing
panel. This chapter will conduct experimental verification and explanation from
three parts: the effect of extruded annular grooves on the fatigue life of wing panel
with holes, the effect of extruded annular grooves on the fatigue life of double shear
joints of wing panels, and the effect of extruded annular grooves and anti-fretting
paste on the fatigue life of double shear joints of wing panels.
5.1 Theeffect of extruded annular groove on the fatigue life of wing panel with
functional holes

In order to study the effect of extruded annular groove on the fatigue life of
wing panel with holes, the following experimental verification is carried out.
5.1.1 Test specimen

This chapter draws on the research methods of Kiva, Sun and others to propose
a method of the extruded annular groove to improve the fatigue life of panels with
functional holes. This method is to make an annular groove on the edge of the hole
in the component through cold extrusion, so that plastic deformation occurs around
the hole and thereby generates residual stress. This residual stress can offset the
tension of the component. Or the stress damage generated during pressing can

achieve the purpose of extending the life of the component. In order to verify the
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correctness of the method of the extruded annular groove improving the life of wing
panels with functional holes, the following test was carried out for verification.
The specific parameters of the test specimen are shown in Fig. 5.1, and the

actual object is shown in Fig. 5.2.
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Fig. 5.1 Parameters of specimen

Functional holes

Fig. 5.2 Specimen

The three holes in the middle of the specimen are simulated functional holes.
The total length of the specimen is 300 mm, the center width is 48 mm, and the
thickness is 5 mm. The functional hole is located on the central axis of the specimen,
with a hole diameter of 8 mm. The center distance between holes is 32 mm, and the
tolerance level of functional holes is H7.

The test specimen is made of 6061 aluminum alloy plate. The main
performance parameters of 6061-T6 aluminum alloy are shown in Table 5.1. 6061

aluminum alloy is one of the most popular duralumin alloys in the shipbuilding,
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aviation and aerospace industries. It has good formability, weldability and
machinability, and is widely used in the production of aircraft skins, fuselage frames,
beams, rotors, propellers, fuel tanks, wall panels and landing gear struts, as well as
rocket forging rings, spacecraft Spaceship siding, etc.
Table 5.1 The mechanical properties of materials 6061-T6

Young's | Ultimate Yield Poisson's
Modulus | Strength | Strength Ratio
6061-T6 | 2700(kg/mq) | 71 (GPa) | 310(MPa) | 276(MPa) 0.33

Materials| Density

5.1.2 The extruded annular groove

In order to obtain annular grooves on the specimen, the extrusion die was
designed. The extrusion die is made of 30CrMnSiA. The mechanical properties of
30CrMnSiA are shown in Table 5.2.

Table 5.2 The mechanical properties of materials 30CrMnSiA

Young's | Ultimate Yield | Poisson's
Modulus | Strength | Strength Ratio
30CrMnSiA | 7900(kg/m?) | 206(GPa) | 1080(M Pa) | 835(M Pa) 0.3

Materias Density

30CrMnSiA steel plate is medium carbon steel, with high strength and poor
welding performance. After quenching and tempering, 30CrMnSiA steel has high
strength, sufficient toughness and good hardenability, and can be used as grinding
wheel shaft, gear and sprocket. 30CrMnSiA steel plate has excellent machinability,
small deformation and good fatigue resistance. It is used for shafts, pistons and other
parts, as well as various special wear-resistant parts of cars and airplanes.

The specimen extrusion equipment is the WANCE universal testing machine,
which can output a maximum extrusion force of 1000kN. The specimen extrusion

site is shown in Fig. 5.3.
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Fig. 5.3 WANCE universal testing machine

The extrusion die is divided into an upper extrusion die and a lower extrusion

die. Actual product is shown in Fig. 5.4

The lower exfrusion die The upper extrusion die

Fig. 5.4 The cold extrusion die

. The two-dimensional drawing is shown in Fig. 5.5. The height of the annular
punch of the upper extrusion die is 0.33 mm and the height of the annular punch of

the lower extrusion die is 0.34 mm as measured by the depth gauge.
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Fig. 5.4 Two-dimensional dimensions of the extrusion die
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The test steps for extruding annular grooves on the specimen are as follows:

1) Place the specimen in the groove between the upper extrusion die and the
lower extrusion die, adjust any functional hole on the specimen to align with the
positioning piles on the upper extrusion die and the lower extrusion die;

2) Place the extrusion die with the specimen installed in the center of the lower
extrusion table, and adjust the upper extrusion table to contact the extrusion die;

3) Set the testing machine parameters: extrusion speed and extrusion force;

4) Click Start to extrude the specimen to obtain the extruded annular groove;

5) Remove the specimen from the extrusion die;

6) Repeat steps 1-5 to obtain the annular grooves corresponding to the other
two functional holes on the specimen.

The upper and lower dies are squeezed by a universal testing machine to obtain

a specimen with an annular groove in the extrusion test, as shown in Fig. 5.6.

Fig. 5.6 Specimen with annular grooves

The specimens are extruded with extrusion forces of 0, 20 kN, 40 kN, 60 kN,
80 kN and 100 kN respectively. Use a depth gauge to measure the depth of the
annular groove formed by extrusion of the specimen, as shown in Fig. 5.7. Measure

three different places and average the results to obtain the results in Table 5.3 below.
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Fig. 5.7 Measuring the depth of the annular groove

Table 5.3 Annular groove depth of specimen

_ Average
_ Extrusion |Squeeze _ _
Working _ Extruson |extrusion
N Specimen number Speed force
conditions _ depth (mm) | depth
(mm/min)| (kN)
(mm)
[-0-1, I-0-2, 1-0-3,
1 0 0 0 0
[1-0-1, 11-0-2, 11-0-3
[-20-1, 1-20-2, 1-20-3
2 1 20 ]0.06/0.07/0.05/ 0.06
11-20-1, 11-20-2, 11-20-3
[-40-1, 1-40-2, 1-40-3
3 1 40 ]0.13/0.14/0.13| 0.133
11-40-1, 11-40-2, 11-40-3
I-60-1, 1-60-2, 1-60-3
4 1 60 |0.26/0.25/0.27| 0.26
I1-60-1, 11-60-2, 11-60-3
[-80-1, 1-80-2, 1-80-3
5 1 80 1]0.31/0.32/0.33| 0.32
I1-80-1, 11-80-2, 11-80-3
[-100-1, 1-100-2,
6 [-100-3 11-100-1, 1 100 (0.33/0.34/0.33| 0.333

11-100-2, 11-100-3
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It can be seen from the results of the extrusion depth of the specimen that when
the extrusion forces are 0, 20 kN, 40 kN, and 60 kN, the extrusion depth increases
linearly with the extrusion force. When the extrusion force is 80 kN or 100 kN, the
extrusion depth of the specimen is close to the maximum height of the extrusion
punch of the cold extrusion die, and the extrusion depth remains basically unchanged.
However, the extrusion depth is slightly different due to the influence of extrusion
force.

5.1.3 Fatigue test

During the test process, the WANCE-100 fatigue machine is used as the test
equipment as shown in Fig. 5.8. The fatigue machine can be used to mechanically
test metal samples, individual parts, through compression, tension, longitudinal and
transverse bending under static and cyclic loading. During the test, different load
forces are loaded on the specimen (the load on the wing component can be
determined according to the simplified segmentation method [6-7]) for fatigue
testing, the working frequency is 20 Hz, and 3 specimens are tested under each

working condition.

fomn )

L

Specimen

Fatigue testing machine

Fig. 5.8 WANCE-100 fatigue testing machine
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Under different working conditions, the fatigue life results of the specimens are
shown in Table 5.4, and the specimens after fatigue fracture are shown in Fig. 5.9.
The loading force is determined based on the ultimate tensile force of the specimen
without the annular extruded grooves. Two specimens were used for tensile testing
and the ultimate tensile forces were 43.12 kN and 43.07 kN respectively, so the
average ultimate tensile force was 43.095 kN. The loading force was 25.85 kN
according to 60 % of the ultimate tensile force, and 34.48 kN according to 80 % of

the ultimate tensile force.

Table 5.4 Fatigue life of specimens

Working |Loading Average
Working
Specimen number  |frequency,| force, Fatigue life fatigue
conditions
HZ KN life
I-1 [-0-1, 1-0-2, 1-0-3 20 25.85 5490/7408/21526 11474.7
I-2 1-20-1, 1-20-2, 1-20-3 20 25.85 | 19378/32771/27026 | 26391.7
I-3 1-40-1, 1-40-2, 1-40-3 20 25.85 | 137795/105450/70923 |104722.7
I-4 1-60-1, 1-60-2, 1-60-3 20 25.85 |379797/337384/415450|377543.7
I-5 1-80-1, 1-80-2, 1-80-3 20 25.85 |189778/178839/144559|171058.7
I-6 [-100-1, 1-100-2, 1-100-3 20 25.85 |176103/150050/115800|147317.7
-1 11-0-1, 11-0-2, 11-0-3 20 34.48 6086/5233/7800 6373
-2 11-20-1, 11-20-2, 11-20-3 20 34.48 | 10545/11200/12020 | 11255
I1-3 11-40-1, 11-40-2, 11-40-3 20 34.48 | 11912/15506/13033 | 13483.7
11-4 11-60-1, 11-60-2, 11-60-3 20 34.48 | 12388/17578/14996 | 14987.3
I1-5 11-80-1, 11-80-2, 11-80-3 20 3448 | 7408/12300/11053 | 8033.7
[1-100-1, 11-100-2, 11 -
11-6 20 34.48 7063/10360/9043 8822
100-3
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Fig. 5.9 Specimens after fatigue fracture

Fig. 5.9 shows some specimens that broke after fatigue testing. It can be seen
that the specimens all broke from the hole on the right side of the specimen, and the
shape of the fracture notch of each specimen is different. This is because the
specimens themselves have differences in manufacturing processes and materials.
In order to eliminate the influence of inconsistency, the average of the fatigue life of
3 specimens under each working condition is taken as the result for analysis.
Through data processing, it can be obtained that the relationship between the
extrusion depth and the fatigue life of the specimen under a load of 25.85 kN as
shown in Fig. 5.10.
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Fig. 5.10 The relationship between extrusion depth and specimen fatigue life

under loading 25.85 kN

The relationship between the extrusion depth and the fatigue life of the
specimen under a load of 34.48 kN is shown in Fig. 5.11.
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Fig. 5.11 The relationship between extrusion depth and specimen fatigue life

under loading 34.48 kN
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It can be seen from the results in Figs 5.10 and 5.11 that there are differences
in the fatigue life of different specimens under the same working conditions. This is
caused by factors such as differences in the material of the test piece itself,
differences in the processing technology of the test piece, and differences in the trial
extrusion process, which is a normal phenomenon. Therefore, the average fatigue
life of three specimens is taken to eliminate the influence of these differences.

Under different working conditions, the average fatigue life of the specimen is
affected by the extrusion depth of the annular groove. The fatigue life of the
specimen changes in an inverted "V" shape as the depth of the cold extruded annular
groove increases. When the groove depth is 0.26 mm, the fatigue life of the aircraft
wing panel with functional holes is the longest, which can be increased by 2.35~32.9
times.

5.1.4 Results and discussion

1) 6061 aluminum alloy is a widely used aviation material. Fatigue tests on
specimens made of 6061 aluminum alloy can well reflect the mechanical properties
of aircraft wing panels.

2) For aircraft wing panels with functional holes, the fatigue life of the wing
panels can be improved by the extruded annular grooves around the functional holes.

3) The fatigue life of aircraft wing panels with functional holes is affected by
the depth of the extruded annular groove. The fatigue life of the wing panel changes
in an inverted "V" shape as the depth of the cold extruded annular groove increases.
When the groove depth is 0.26 mm, the fatigue life of the aircraft wing panel with
functional holes is the longest, which can be increased by 2.35~32.9 times.

5.2 The effect of extruded annular groove on the fatigue life of double shear
joint in wing

In order to study the effect of extruded annular groove on the fatigue life of
double shear joint in wing, the following experimental verification was carried out.

5.2.1 Test specimen
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The comparison specimen is a double shear joint specimen without the extruded
annular groove, which consists of two wing panels without the extruded annular

groove, one wing wall panel without an extruded annular groove, and three M8 bolts,

as shown in Fig. 5.12.

Fig. 5.12 Components of double shear joint specimen without extruded annular
groove
The tolerance level of the functional hole on the specimen is H7. The bolt is an
8.8-grade M8 bolt, and the maximum tightening torque of the coarse-threaded metric
bolt is 28.8 Nm. During the specimen assembly process, the specimen is tightened
by a torque wrench, as shown in Fig. 13. The assembly process is to stack three
plates and tighten them by inserting three bolts into the holes.The assembled

specimen is shown in Fig. 5.14, including specimens II1-1, I11-2, and I11-3.
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Fig. 5.14 The double shear joint specimen without the extruded annular groove

The test specimen is a double shear joint specimen with the extruded annular

groove. The specimen consists of two wing panels with the extruded annular grooves,
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one wing wall panel with the extruded annular grooves, and three M8 bolts, as shown
in Fig. 5.15. According to the conclusion of Chapter 4, the maximum extended
fatigue life can be obtained when the extrusion force is 60 kN. Therefore, the
extrusion force of the double shear joint specimen with the extruded annular groove
is set to 60 kN, and the extrusion depth is about 0.26 mm. The production process of
the extruded annular groove is shown in Section 5.1.2. The assembly process is as
in Section 5.2.1, and the assembled specimen is shown in Fig. 5.16, including

specimens V-1, IV-2, and TV-3.

Fig. 5.15 Components of double shear joint specimen with the extruded annular

grooves
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Fig. 5.16 The double shear joint specimen with the extruded annular grooves

5.2.2 Fatigue test

Fatigue test methods and test equipment are described in Section 5.1.3. Under
different working conditions, the fatigue life results of the specimens are shown in
Table 5.5. The loading force is determined based on the ultimate tensile force of the
double shear joint specimen without the extruded annular grooves. Two specimens
were used for tensile testing and the ultimate tensile forces were 94.16 kN and
93.93 kN respectively, so the average ultimate tensile force was 94.05 kN. The
loading force was 56.43 kN according to 60 % of the ultimate tensile force. The
double shear joint specimen without the extruded annular groove after fatigue
fracture is shown in Fig. 5.17. The double shear joint specimen with the extruded

annular groove after fatigue fracture is shown in Fig. 5.18.
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Table 5.5 Fatigue life of specimens

_ _ _ Loading Average
Working Specimen Working _ _ _
N force, | Fatiguelife | fatigue
conditions number frequency, HZ _
kKN life
-1 111-60-1 20 56.43 13542
-1 111-60-2 20 56.43 18042 17646
-1 111-60-3 20 56.43 21355
V-1 V-60-1 20 56.43 38428
V-1 IV-60-2 20 56.43 40456 40305
V-1 IV-60-3 20 56.43 42332

Fig. 5.17 The double shear joint specimen without the extruded annular groove

after fatigue fracture
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Fig. 5.18 The double shear joint specimen with the extruded annular groove after

fatigue fracture

Under the same working conditions, the fatigue life of different specimens is
different. This is due to the differences in the material of the specimens themselves,
the processing technology of the specimens, the test extrusion process, etc., which
is a normal phenomenon. Therefore, the average fatigue life of the three specimens
is taken to eliminate the influence of these differences. Through data processing, the
comparison results of I1I-1, I1I-2, III-3 and IV-1, IV-2, IV-3 in Fig. 5.19 are obtained.
The fatigue life of the double shear joint with an extruded annular groove is about

2.28 times that of the double shear joint without an extruded annular groove.
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Fig. 5.19 Comparison of test results of specimens

-1, 1MI-2, 1I1-3 and IV-1, IV-2, IV-3

5.2.3 Results and discussion

1) Extruded annular grooves can improve the fatigue life of double shear joints.

2) The fatigue life of double shear joints with extruded annular grooves is about
2.28 times that of double shear joints without extruded annular grooves.
5.3 The effect of extruding annular grooves and anti-fretting paste on the
fatigue life of double shear joint

In order to study the effect of extruding annular grooves and anti-fretting
corrosion glue on the fatigue life of double shear joint of wing panels, the following
experimental verification is carried out.
5.3.1 Test specimen

The test specimen is a double shear joint specimen with an extruded annular
groove and the extrusion groove is coated with anti-fretting paste. The specimen
consists of two wing panels with extruded annular grooves, one wing wall panel with

extruded annular grooves, and three M8 bolts. The anti-fretting paste is coated on
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the butt surface of the wing panel and the wing wall panel, as shown in Fig. 5.20.
The production process of the extruded annular groove is shown in Chapter 5.1.2.
According to the conclusion of Chapter 4, the maximum extended fatigue life can
be obtained when the extrusion force is 60 kN. Therefore, the extrusion force of the
double shear joint specimen with an extruded annular groove is set to 60 kN, and the
extrusion depth is about 0.26 mm. The assembly process is as in Section 5.2.1, the
butt surfaces of the two plates are coated with anti-fretting paste. The anti-fretting
paste is NTN Anti-fretting paste. The assembled specimen is shown in Fig. 5.21,
including specimens Anti-fretting-1, Anti-fretting-2, and Anti-fretting-3.

Fig. 5.20 Components of double shear joint specimen with the extruded annular

grooves and anti-fretting paste
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Fig. 5.21 The double shear joint specimen with the extruded annular grooves and

anti-fretting paste

5.3.2 Fatigue test

Fatigue test methods and test equipment are described in Section 5.1.3. Under
different working conditions, the fatigue life results of the specimens are shown in
Table 5.6. The loading force is determined based on the ultimate tensile force of the
double shear joint specimen without the extruded annular grooves. Two specimens
were used for tensile testing and the ultimate tensile forces were 94.16 kN and 93.93
kN respectively, so the average ultimate tensile force was 94.05 kN. The loading
force was 56.43 kN according to 60 % of the ultimate tensile force. The specimens

of Anti-fretting-1, Anti-fretting-2, and Anti-fretting-3 after fatigue fracture are
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shown in Fig. 5.22.

Table 5.6 Fatigue life of specimens

Working Specimen | Working | Loading : | [Average
. Fatigue life | fatigue
conditions number (frequency, HZ|force, kN life
V-1
(Anti-fretting-1) V-60-1 20 56.43 47256
V-1
(Anti-fretting-2) V-60-2 20 56.43 51620 51578
V-1
(Anti-fretting-3) V-60-3 20 56.43 55860

Fig. 5.22 The double shear joint specimen with the extruded annular grooves and

anti-fretting paste after fatigue fracture

Under the same working conditions, the fatigue life of different specimens is

different. This is due to the differences in the material of the specimens themselves,
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the processing technology of the specimens, the test extrusion process, etc., which
is a normal phenomenon. Therefore, the average fatigue life of the three specimens
is taken to eliminate the influence of these differences. Through data processing, the
comparison results of Anti-fretting-1, Anti-fretting-2, and Anti-fretting-3 in Fig. 5.23
are obtained. The fatigue life of the double shear joint with extruded annular groove
and micro-dynamic glue is about 2.9 times the fatigue life of the double shear joint

without extruded annular groove.
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Fig. 5.23 Comparison of test results of specimens
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5.3.3 Results and Discussion

1) Anti-fretting paste can improve the fatigue life of double shear joints.

2) The fatigue life of double shear joints coated with anti-fretting paste is about
1.28 times that of double shear joints not coated with anti-fretting paste.
5.4 Conclusion of this chapter

1) 6061 aluminum alloy is a widely used aviation material. Fatigue tests on

specimens made of 6061 aluminum alloy can well reflect the mechanical properties
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of aircraft wing panels.

2) For aircraft wing panels with functional holes, the fatigue life of the wing
panels can be improved by the extruded annular grooves around the functional holes.

3) The fatigue life of aircraft wing panels with functional holes is affected by
the depth of the cold extruded annular groove. The fatigue life of the wing panel
changes in an inverted "V" shape as the depth of the cold extruded annular groove
increases. When the groove depth is 0.26 mm, the fatigue life of aircraft wing panels
with functional holes is maximum, increasing the fatigue life by 2.35 to 32.9 times

when specimen thickness is 5 mm.
4) Extruded annular grooves can improve the fatigue life of double shear joints.

The fatigue life of double shear joints with extruded annular grooves is about 2.28

times that of double shear joints without extruded annular grooves.
5) Anti-fretting paste can improve the fatigue life of double shear joints. The

fatigue life of double shear joints coated with anti-fretting paste is about 1.28 times
that of double shear joints not coated with anti-fretting paste.

This chapter completes the dissertation work task: Implement the methods for
designing the fitting joint between the center wing section and the outer wing section
and methods for extending the fatigue life in the design and production of promising
regional aircraft in the process of production and education at the National
Aerospace University "Kharkov Aviation Institute" and in the process of design and
production of Chinese aircraft. For the first time, the extruded annular groove is
proposed to extend the fatigue life of the wing panel with functional holes, and it is
verified by experiments, and a method of the extruded annular grooves in
combination with anti-fretting paste to extend the fatigue life of the double shear
joint of the wing panel is proposed. The study shows that the combination of the
extruded annular grooves and anti-fretting paste can improve the fatigue life of the

double shear joint of the wing panel.

157



GENERAL CONCLUSIONS

According to the established goals and tasks of the dissertation, the following
results are achieved.

1. The design types, methods and principles of the fitting joint between the
center wing section and the outer wing section of international regional aircraft are
investigated. The difficulty analysis, load transfer characteristics analysis, root rib
arrangement method and characteristics analysis, and comparative analysis of
different root fitting joint design schemes of regional aircraft wing root connection
design are given. A flexible compensation design method to alleviate structural
assembly stress is proposed, and the feasibility of the relevant flexible compensation
design method is verified through experimental results.

2. An effective solution for the design, quality and static strength calculation of
joints in the modeling stage is proposed for the first time. The method and its
application are introduced by taking the preliminary analysis and design calculation
of the flange connection design of a regional aircraft wing as an example. The
method is based on the calculation of stress caused by the discreteness of force
transmission between units. The calculation method obtains a simplified hyperstatic
joint model based on the geometric characteristics and force transmission
characteristics of the cross section at each node in the flange connection design.
During the calculation process, the curves of bending moment and axial force
obtained by the force method and the force load distribution of each part of the model
are determined to further analyze the static strength reserve. The calculation results
obtained are compared with the requirements of the airworthiness standards to
determine whether the design requirements are met. For components with large static
strength or that do not meet the requirements, it is recommended to change the
design parameters additionally to ensure the effective design of the fitting joint
between the center wing section and the outer wing section and subsequent

recalculation. The calculation method used has practical value as a preliminary
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engineering analysis.

3. An indirect method for calculating the stress-strain state of the fitting joint
between the center wing section and the outer wing section is proposed for the first
time. The indirect method obtains the stress-strain state of the through two finite
element calculations. In order to prove the validity of the calculation results, the
stress-strain state results calculated by the indirect method are compared with results
calculated by the direct method. The results show that the calculation results of the
indirect method are consistent with results of the direct method. Therefore, the
indirect method is a very feasible method for obtaining the stress-strain state of the
fitting joint. Compared with the direct method, the indirect method has the
advantages of small calculation amount and fast calculation speed.

4. The influence of the depth and angle of the extruded arc groove on the fatigue
life of the wing panel is studied by experimental and finite element simulation
methods. The study shows that for wing panels with functional holes, the fatigue life
can be extended by extruding the arc groove. This is because the residual stress
generated after the extrusion process offsets the effect of part of the load, reducing
its characteristic stress. The fatigue life of the wing panel with functional holes is
affected by the depth of the extruded arc groove. When the depth is 0~0.15 mm, the
fatigue life is not extended much; when the depth is 0.15~0.3 mm, the fatigue life is
greatly extended; when the depth is greater than 0.3 mm, the fatigue life is extended
slowly. The fatigue life of the wing panel with functional holes is also affected by
the angle of the extruded arc groove. The fatigue life increases with the increase of
the angle until the optimal angle is 120 °. The use of the optimal extruded arc groove
can extend the fatigue life of the studied wing panel by more than 2.34 times.

5. The effect of extruded annular groove on the fatigue life of wing panels with
holes is studied by experimental methods. The study shows that for aircraft wing
panels with functional holes, extruding annular grooves around the functional holes

can improve the fatigue life of the wing panels. The depth of the extruded annular
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groove has an effect on the fatigue life of aircraft wing panels with functional holes.
As the depth of the extruded annular groove increases, the fatigue life of the wing
panels changes in an inverted "V" shape. For specimens with a thickness of 5 mm,
when the groove depth is 0.26 mm, the fatigue life of the aircraft wing panels with
functional holes is the largest, which can be increased by 2.35~32.9 times.

6. The effect of extruded annular groove on the fatigue life of double shear
joints of wing panels was studied by experimental methods. The results show that
extruded annular grooves can improve the fatigue life of double shear joints. The
fatigue life of double shear joints with extruded annular grooves is about 2.28 times
that of double shear joints without extruded annular grooves. Anti-fretting paste can
improve the fatigue life of double shear joints. The fatigue life of double shear joints
coated with anti-fretting paste is about 1.28 times that of double shear joints without
anti-fretting paste.

7. Methods of extending the wing life, such as extruding arc grooves, extruding
annular grooves, and applying anti-fretting paste, have all been applied in actual
engineering with good results. The results of the work are implemented in the
educational process of the National Aerospace University "Kharkiv Aviation

Institute" and in the process of design and production of Chinese aircratft.
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