=

= H
= H

> >

MBURG

Author: Adrian Eusebiu Cojocaru Gall
Supervisor: Prof. Dr.-Ing. Dieter Scholz, MSME
Submission date: 2025-07-11

Aircraft Design SS2025

Faculty of Engineering and Computer Science
Department of Automotive and Aerospace Engineering



Abstract

Objective — As part of the “Aircraft Design” course at Hamburg University of
Applied Sciences (HAW) during the summer semester 2025, and under the
supervision of Prof. Dr.-Ing. Dieter Scholz, this project presents the redesign of an
old commercial aircraft. The aircraft is the “Lockheed L-1011 TriStar”, a three
engine wide-body airliner dimensioned to fulfill FAR-25 certification requirements
and is optimized for medium to long-haul missions.

Approach - The design process followed a structured methodology using
Excel-based tools developed by Prof. Scholz and previous student cohorts. Starting
from a set of top-level aircraft requirements (TLARs), the aircraft configuration
includes the fuselage, cabin, wing, empennage, landing gear, and high-lift devices
which were developed using analytical methods introduced in the course.
Performance characteristics such as aerodynamic coefficients, mass estimations, and
center of gravity locations were iteratively refined. A cost analysis was also
performed, including an estimation of Direct Operating Costs (DOC). The resulting
aircraft geometry was modeled in 3D using OpenVSP.

Results — The proposed aircraft meets the predefined mission requirements with a
strong base compared with other similar and existing airplanes. The results show
good alignment with comparable aircraft in its class, confirming that the applied
methods lead to a coherent and realistic conceptual design.



Table of contents

1 Introduction and INitial data.....cccceeeeeieieceeceeceeccceccncercercecceccncencescescecens 13
1.1. Planned initial requirements............ccceeeieeiieiieiiiieecccieeeeetee e e 14

2 Preliminary SIZing....ccccceeceeiiiiniiiaiieiiiieciirectresscassecassecacsesscsesscsessesessens 18
2.1 Lift coefficients and wing loading............ccoccceeveriviiiniiniiiniinenceceeeeeeeee, 18
2.2 Thrust-to-weight Tatio.......cceeevuiiieiiieecieecceecceecec e e vee s 20
2.3 Glide ratio in second segment, missed approach and cruise flight................... 21
2.3.1 Glide ratio for second segment and take-off:..........cccccoveeiiiiiniiinniniennnns 23

2.3.2 Glide ratio for missed approach segment...........ccccecevuveeiecciieeecciieeeeennnen. 23

2.3.3 Glide ratio for cruise flight:........ccooviiiriiiiiiiiiiieecec e 25

2.4 Matching Chart..........oooiiiiiiiecceee e e aae s 27

3 Fuselage desSigN....ccuciiieieieiiiiieieiacicrcecesessoresecasassssececessssssesessssssssesesess 30
3.1 Configuration Of CIASSES.......ccccvuiieeiiieeeiieeceeecteeeeee e cree e ee e e sree e e are e e raeeenns 31
3.2 Seat and aiSle dIMENSIONS. .......uuuuueerereeiiiieieiieieieeereeererreererereereeeee——e———rereee——————.. 32
3.3 CTOSS SECLIOMS. ..uuuvrvrerrrerererrrrrrrrrrrrrerrreerrreeerrerrrrreerrerssereersrerresteseeeseeeeeeeeeeeeeeeeseeens 34
3.3 Cabin floor PIaN......ccuiiiiiiiiieeceececce e s 38
3.3.1 Galley definition........cccccuieieiiieieieeceeeeeece e 38

3.3.2 Lavatories definitioN.........eeeiiiiiiiereeeeieeeeeireeeeeee e e ceeeasnnaeeee e 39

3.3.3 EXItS AefINItION...uuuiiiiiiiiiiiiiiieeee ettt eee e e e e e e e e sananns 41

3.4 AITCTaft AIMEIISIONS. ..euuvveeeieiriirieririretereeerrrereeerereererererrrererrerrereeeeeeeeeeeeeeeeeeeeeeeeenes 41
3.5 Carg0 VOIUIME. ...cciiiieieiieiiieeectte ettt e eeee e ste s e sre e s sate e e aeessaaeesssaeessssassssnaean 46
I I A 1 (<) U)o (=T RUSR 48
3.7 CabIN JAYOUL.....ciiiuiiiiiieeceeccteeeeeeee ettt e et e e re e e s saee e s saa e e s aneeenns 50
SIS AN 1001010121 o U O PPN 51

4 WInNG definitionN..ccccceiiiieieieieciiiceiececeirecesesscsssecesssssssscsssssssssssssssssssssssses 51
4.1 Quarter chord sweep angle and relative thickness...........ccceeevvieeieciiieeeccnneenn. 52
4.2 SUTTACE ATA...ceeeeeieeeeierreieeeeeeeeeeeitteeeeeeeeeeeessaaeeeeeeeeeeesssssssseseeeesessssssseseeeesenssnsees 54
4.3 AITTOIl PTOfile....ociceeiiiieiiieiiee et re e s aa e e savaeenes 57
4.4 Dihedral and incidence angle..........cccueeeeieieiieeriieieiieeecieecere e vee e eee e 59
4.5 Volume of the tank and MAC calculation..........cooovvueveeeeiiiiiiiiineeeeeeee e, 60
4.6 GEOMELTY Of AIlETOMNS. .. cceiieiiieiieciiieecccteee et e rre e e e rr e e e e be e e e e araeeeas 61

5 Wing high-lift SyStemS....ccccciiiiiiiiiieieieieieieccccercscscscscscssesesececececesesesens 64
5.1 Maximum lift coefficient..........cooeeuiiiiieciieeceeeeeee e 64
5.2 Flaps and slats SYyStemML..........cevieriiiiiiiirieeieeieeeteeteetee et 70

6 Tail desiN L...cccuieiiiiiiieininiiiieiececacrececessssssesececssasssecessssssssessssssssssesessses 8o
6.1 Horizontal tail ZE0mMELTY.......ccccvuiieeiiiieeiieeete ettt va e e s 80
0.2 ELEVALOT.....oeiiiiiiteeecctee et e e e s tae e e e s e e e e s aa e e e e aaaaeean 81
6.3 VErtical tail......ccccuieiiiieieeeeceeee et e e e e e e e aaraa e 82
0.4 RUAAET.....cooeeeeieeeeeeeee ettt e et e e e e aae e s e nre e e e s nsaae e e e nssaaesnnnns 83

7 Mass and center of Gravity...cccccceiieieceienicrerececacacrccecessssssesesessssssssecesssns 86
7.1 Class I: ROSKAIM Vi...uuvviiiiiiiiiiiiiiieee ettt et e e e e eesaassssee e e e e eeessnnnnnnees 86



7.2 Class I: RAYMER 80Q.....coo ittt e eee e e e e vaee e s aaee e e nnaae s 87

7.3 Class II: TOrenbeek 88..........uuvveiiiiiiiiiiiiieeeeee et ceeeaaree e e e e e eeeeaaraeeeees 89
7.4 CeNTET Of GraVity....cccceieieiieeeiieeeiieeecteeeeteeeeteeeeseeeeeraeeeertee s saeesesaeeessaaessnasnnns 94
8 Tail design IL.....ccceiuieieieieiccercrcacrcacacssesececececesesesssssssssssssssssssesesesesasens 98
8.1 HOrizontal tail.........oovveieiiiiiiiieeeeeeeeeeeeeeeeeeee e 98
8.2 Vertical tail..........ceeeeciiieeeeeeeeeee e e e 100
O Landing Gear....cccccieieieiiireieiacacaccececesssrcrececessssssesesessssssesesessssssssesssassse 101
0.1 Landing gear POSIHION.......ciccieeeeiieiciieeeteeeteeeete e e eee e e e e e te e e e aeesevaeesasaeseans 101
9.2 Longitudinal and lateral tip stability........ccccecceeeeiiiiiiieeecieeeceeccee e, 102
9.3 Longitudinal and lateral clearance, retraction check...........cccceeeevveeieennennnnns 104
9.4 Load classification number (LCN) and ACR.........cceeeeviieiicciieeccreee e, 105
10 Drag analySiS..cccciciiiieiiiiniiciireniireniiiensiiesscassecsssessssesscssssssssessssesssens 109
10.1 FUSElage Arag......ccoveeiiieiieieeteeieeeteete ettt ettt et 111
10.2 WINE ATAG...c..uviieeiieieiieeeiteeete e cteeeeteeeeteeseeeeesbeeessaeesssaessssaeesssaesssssessssseenns 112
10.3 Horizontal tail drag.........ccceeeieieeieieiiieeeeeeeee et ve e e 113
10.4 Vertical tail drag........ccceeeeueieiieciiieeccceeeeceree e er e e aae e 113
10.5 NACEIIE ATAZ..cccueviiiiieiiiiiiieeeeeeteerte ettt sae e e ae e s e e s sa e e aeas 114
10.6 Total drag coefficient, wave drag and Oswald factor correction.................... 116
11 Direct Operating Costs (DOC)....cccccererreiecrcrcrcececassosesecessssssesecsssssosess 118
11.1 DePreciation COSES....iiuiiiiiiiriiiitiiniiiieeecrteeesriee e s e seree e e s ssrae e s e s sreaeesssssaaeesnnnns 118
11.2 INEETEST COSES.cuniitniiitiii ittt ereeeeee e eeeeeeraeeeesnneessnneesanesesnnnsennnnnns 119
11.3 INSUTAINICE COSTeuuniiriiiitiiiiiierirteeertrererteeerteeereneeetneseresesersneseranesessnnsessnsesnnnssnes 120
11.4 FUEL COSES oottt e e e e e e e e aa e e s e aa e e e e e naaeaean 120
11.5 MaINtENANCE COSTS....uuuuuiiriieieiiieeciiiieee e e e eeeecerrre e e e e e e e e earrreeeeeeeeeennnnaaaeaeeeanns 121
11.6 StATT COSES..eiiuuiiieiiiiiieecceeccee e e e e see e sree e e srae e s s e e e enaae e e 121
11.7 Fees and Charges COSES......uiiiiiiiiiiiiieecieeecieeeeire e re e cree e e etre e e vre e s aeeensaae s 122
11.8 Total DOC costs and pie Chart......c..cccveeeeeciieeiiciiieeeceieeeccre e 123
12 3D MODELS . ...ttt ee e e e e e e e e et aa s e e e e eeeeesassssnnnnnaaaaaaanns 124
1 3510) 10720 21 1) 1 S PPN 128



List of Figures

Figure 1.1: Image of the Lockheed L-1011 TriStar..........ccccecvviiiieciiiiiceieeeeeeeeeee 15
Figure 1.2: Graphic of the Payload-Range Diagram of the aircraft............................. 19
Figure 2.1: Maximum lift coefficients based on Roskam I, as cited in Scholz [3]......20
Figure 2.2: Ratios between masses based on Roskam I, cited in Scholz [3].............. 22
Figure 2.3: Classification of ranges given by Loftin 1980, cited in Scholz [3]............ 22
Figure 2.4: Take-off path by Briining 1993, cited in Scholz [3]......c..ccccoveeervieennennnee. 23
Figure 2.5: Climb gradient regarding JAR 25.121 by Scholz [3].......cccceeeveirivernnnnnne 24
Figure 2.6: Data provided by Loftin 1980 of passenger aircraft, cited in Scholz
13 PR UURPRURPURRRRURRE 24
Figure 2.7: Climb gradient regarding FAR 25 by Scholz [3]......ccccceeerviirneinvienneennne. 26
Figure 2.8: Relation of wetted area according to Raymer 1899, cited in Scholz
23 PO RU RO S PR RRRPRRRRRRRRRRRN 28
Figure 2.9: Matching chart of the L-1011-100 TriStar..........cccccociiieeiiiieecccieeeeeeeee. 31
Figure 3.1: Seat distribution per row according to PreSTo Cabin.......c.c.cceceeeueennene. 34
Figure 3.2: Cabin and seat dimensions by RAYMER 89, cited in Scholz [1].............. 34
Figure 3.3: Typical cabin and seat dimensions by RAYMER 89, cited in Scholz
15 PR 35
Figure 3.4: Width of the aisle according to JAR 25.81, cited in Scholz [3]................. 36
Figure 3.5: Fuselage cross section according to ROSKAM I1I, cited in Scholz [3].....37
Figure 3.6: Fuselage cross section according to PreSTo Cabin........c.cccoeceeeveenienncen. 37
Figure 3.7: Fuselage cross section of economic class of PreSTo Cabin...................... 38
Figure 3.8: Fuselage cross section of first class of PreSTo Cabin...........cccccccvveennnenee 38
Figure 3.9: Seat rails distribution and dimensions of PreSTo Cabin......................... 39

Figure 3.10: Factor galley estimation depending on the route, cited in Scholz [3]....40
Figure 3.11: Cabin equipment based according to SCHMITT 89, cited in Scholz [3].41

Figure 3.12: Number and sizes of lavatories computed on PreSTo Cabin.................. 42
Figure 3.13: Exit types and sizes computed on PreSTo Cabin..........ccccccevveeviiennennnen. 42
Figure 3.14: L-1011 TriStar fuselage dimensions following Airline reporter [7]......... 43
Figure 3.15: Examples of nose and tail sizes by SCHMITT 98, cited in Scholz [1].....44
Figure 3.16: Bug and heck calculations by Scholz [1].......cccccccevviiiiiviinnviinniiniienne 44
Figure 3.17: PreSTo Cabin fuselage dimensioning...........ccccceeevveereveeseieensieesnveennnne 45
Figure 3.18:PreSTo Cabin 2D modelling layouting.........c..ccceeeerieriiinniennienieenienen. 52
Figure 4.1: PreSTo data collected from previous SeCtions..........cccecuveeeveeeceeeecreeeennnen. 53
Figure 4.2: Plot comparing the quarter sweep angle and the Mach number for
L6 DT 54
Figure 4.3: Plot comparing the thickness ratio and quarter chord sweep
21 01 LTSRS PPRRRUUPRRRRPRRNt 54
Figure 4.4: Geometry of the wing provided by Scholz [1].......cccceeviiiiiiniinninnninnen. 56
Figure 4.5: Wing geometry results calculated on PreSTo.........c.cccecveeeviieeeciieecneeennee. 58
Figure 4.6: Wing draw created with PreSTO........ccccceevuiiieiiiiiciiieecieecciee e 59


https://www.zotero.org/google-docs/?NCn8hV
https://www.zotero.org/google-docs/?sPkhcs
https://www.zotero.org/google-docs/?3mNWfe
https://www.zotero.org/google-docs/?nO9TMA
https://www.zotero.org/google-docs/?bZ7HtX

Figure 4.7: Airfoil data on PreSTO.......cccciieciiiiiiieeiiecieeeeeeevee e 59
Figure 4.8: Cl vs angle of attack plot of NACA 63-210 according to Airfoil Tools [8]60

Figure 4.9: Front view of an airplane showing the dihedral angle by Scholz [3]....... 60
Figure 4.10: Side view of an airplane showing the incidence angle by Scholz [3]....... 61
Figure 4.11: Data used on PreSTo. ...t 61
Figure 4.12:Volume of the tank used on PreSTO..........coccevieiiiiniiiniiiiiineeieeee 62
Figure 4.13: Wing view created on PreSTO........cccccveeeiiieeiiiiiiiecieecieecee e 63
Figure 4.14: Aileron sizes 0n PreSTO........cccoiiiiiiiiciieceiiecieeceeeeeee e 63
Figure 4.15: Spoilers geometry according to Roskam II, cited by Scholz [3].............. 64
Figure 5.1: First correction for non cambered airfoils according to DATCOM .......... 67

Figure 5.2: First airfoil maximum lift coefficient correction according to DATCOM.68
Figure 5.3: Second airfoil maximum lift coefficient correction according to

DATCOM.... i aaaeaa e s e e e s e et e e e e e e e aeaeaeaaeeaaaaeaeaaaaaaaans 68
Figure 5.4: Third airfoil maximum lift coefficient correction according to
DATCOM.....utiiiieeieeeieesteeeteeste et este st estessseessseesssessaessseesssesnseesssessssessassseesssessssessseenns 69
Figure 5.5: Relation between airfoil maximum lift coefficients according to
DATCOM.....ccoeitieeeee ettt creeee e e e e e e e eeetaaa i eeeeeeeeeeessssessssnnnnnaseseessssssssssnnnnnaeeeseesssssessnnn 70
Figure 5.6: Mach number correction for the airfoil maximum lift coefficient by
DATCOM. ... e e e e e e s s e se e s s e s s s s s s e e s ese e s e sseesess s seeeseseeeseesee. 70
Figure 5.7: Sweep angles calculated with PreSTO.........ccccoeoviieeiiiecciiieieeeeeeeee e, 71
Figure 5.8: Trailing edge flaps provided by DATCOM 1978, cited in Scholz [3]......... 72
Figure 5.9: SLAT configuration on PreSTO........ccccoviviieeiiiiiicciieeeeree e 72
Figure 5.10: Wing view with SLATS installed on PreSTO..........c.ccceeeereviiercieencreennnee. 73
Figure 5.11: Configuration of the wing flaps determined on PreSTo..........cc.ccceucen.ee. 73
Figure 5.12: Wing flaps geometry computed on PreSTO.........ccccceevvieeniennieniienneennen. 74
Figure 5.13: K1 correction computed on PreSTO.......c..ccccvvieeiiieeeiieeciieecieeceieeeeieeeas 75
Figure 5.14: K2 correction computed on PreSTO..........ccccccouveeeieciieececieeeecieee e, 76
Figure 5.15: K3 correction computed on PreSTO........ccccouveeieciieeieiiiiieeeciee e 76
Figure 5.16: (Acl,max) base calculation computed on PreSTo.......ccccccevceeevieeniinniennenne. 77
Figure 5.17: C, 5 max computation on PreSTO.......cooecvieeieiiiieiieiiecceeee e 78
Figure 5.18: n__ computation on PreSTO.......covviiiiiiiiiiiiieeeeeeeeeeeeceeee e 79
Figure 5.19: 1 5 computation 0N PreSTO......ccovvvviiiiiiiiiiiiiiieeceiee e 79
Figure 5.20: K, determination computed on PreSTO.........cccceeeeviieeciiieecieeecieeeeeeas 80
Figure 5.21: Final Wing COMPATISON..........ceiiciiiiieieiiiieeeeiieeeeeeireeeeeveeeeeevreeseseraeeeeans 81
Figure 6.1: Aspect and taper ratios according to Raymer 1989, cited in Scholz [3]....82
Figure 6.2: Typical values according to Roskam II, cited in Scholz [3]...................... 82
Figure 6.3: Horizontal tail and elevator by PreSTO.........cccccevviiiniiniiiniinienieeieen, 84
Figure 6.4: Vertical tail data from Roskam II, cited in Scholz [3].........ccccouveeerrennnnenn. 85
Figure 6.5: Airfoil for vertical tail computed on PreSTO..........ccccccevveeecrieecrieecreeennen. 85
Figure 6.6: Geometry of rudder for vertical tail computed on PreSTo....................... 86
Figure 6.7: Rudder for vertical tail drawn on PreSTO..........cccceeviiriiieieiierecieeeieeenee, 87



Figure 6.8: Stall and spin recovery calculated and drawn on PreSTo........................ 87

Figure 7.1: Mass breakdown Class I used on PreSTO.........cccccecvveeecieeecieeccieeeeeeenen. 89
Figure 77.2: Factors used on Class I computed for PreSToO........ccccoeeeeveeecieecciieecieenns 90
Figure 7.3: Final weights of Class I (Raymer) computed for PreSTo...........cccccueeeuneee. 91
Figure 7.4: Sweep angles computed on PreSTO.........ccceeeieciiiiiecciiieecceeeeeeeeeee, 92
Figure 77.5: PreSTo calculation of sweep angles for the tail at 50 % chord.................. 94
Figure 7.6: Constants for landing gear provided by Torenbeek 88 cited by Scholz
15 PR 94
Figure 7.7: Wing distances computed on PreSTO........cccceeeviieieiiieeniiieeeee e 97
Figure 7.8: Tail distance computed on PreSTO.........cccoveieeeiiiiieiiiieeccieeeccceee e, 98
Figure 7.9: Results 0n PreSTO........ooi it vae e 99
Figure 7.10: Sketch of the aircraft on PreSTO.........cooceeiiiniieniiiniiiiiceieeeee, 100
Figure 8.1: HT data computed on PreSTO........cccceriiiiiiniiiiniiiieieeeeeeeeeeeeee 101
Figure 8.2: V diagram computed on PreSTO........ccccceevvieeeiiiiciieciiieecieecee e 101
Figure 8.3: HTP data computed on PreSTO.......ccccceeeeiiieiiieeiieeciieceee e 102
Figure 8.4: HTP sweep angles and drag computed on PreSTo..........ccccvveeeunnnenn. 102
Figure 8.5: VTP area for control requirements computed on PreSTo.................... 103
Figure 8.6: VIP area for stability requirements with corrections computed on
| S 1 10 TSP PPPRPPPUPRURRRRPPN 103
Figure 8.7: New elevator and rudder drawn on PreSTO...........cccccvveeviieeciieecnneennee. 103
Figure 9.1: Landing gear position on PreSTO..........cccoeeeiiiieiciiieieeciieeeccieee e 104
Figure 9.2: Center of gravity range of ROSKAM II, cited by Scholz [3].................. 105
Figure 9.3: Longitudinal stability on PreSTO.......c.ccccooiiiiiiiiiniiiiiiiieeeeeeeee 105
Figure 9.4: Lateral stability on PreSTO.........ccoccoviiiiiiiiiiiieniiceececceeeeee 106
Figure 9.5: Longitudinal clearance on PreSTO.........ccccceeeeiiieciieeciieecieecieeeee e 106
Figure 9.6: Lateral clearance of the engine on PreSTO.........cccccceeeevieecieeciieeeneeenns 107
Figure 9.7: Longitudinal clearance of the wing on PreSTo...........ccccceevvevieeiennnenn. 107
Figure 9.8: Retract clearance of the landing gears on PreSTo............ccccccuuvrennnneee. 107
Figure 9.9: Landing gear configuration on PreSTO.........cccccceveiniiiniinieiniienncennen. 108
Figure 9.10: Landing gear loads on PreSTO........cccccevviiiiieniiiniieniiieieeeeeeeeeee 108
Figure 9.11:Tire data selected on PreSTO........ccccvveeiieeciieniiieeieecee e 109
Figure 9.12: Wheel spacing by SCholz [3]......cccceeeiiieeiieieiieecieeceeeeeeeeee e 110
Figure 9.13: ESWL by Scholz [3]....ccoooieiiiiiiieiiieeiteeeeceeeeecee st 110
Figure 9.14: Data extracted from ICAO-ACR program for flexible pavement......... 111
Figure 9.15: Data extracted from ICAO-ACR program for rigid pavement.............. 111
Figure 10.1: Requirement for analysis of drag coefficients..........cc.ccceeceervernierncn. 113
Figure 10.2: Interference factor Q by Scholz [1].......cccoeeviiieeiiiiiiiicieeeeeeee, 114
Figure 10.3: Engine sizes by SCholz [1]......ccceeiriiiiiiiiiiiieeeeeeeceeeeeeiee e 118
Figure 10.4: Wave drag plot by Scholz [1]......cccccoeiiiiiiniiiiiieeeeceee 119
Figure 11.1: AEA 1989b data by PreSTO .....ccccoviiiiiiiiiiiiiieeeeeceeeeceeeeen 121
Figure 11.2: Delivery and spares price by PreSTO.........cccoeceeviiniiiniieniiinieneeen. 122
Figure 11.3: Depreciation cost by PreSTO.......cccccevvieeiiieeiiieeieeccee e 122


https://www.zotero.org/google-docs/?RUKoox
https://www.zotero.org/google-docs/?ivbrxE
https://www.zotero.org/google-docs/?D34fBW
https://www.zotero.org/google-docs/?hs5GHn

Figure 11.4: Interest cost by PreSTO......ccccooviiriiiiiiiiiiieeececeteeeeeee e 122

Figure 11.5: Insurance cost by PreSTO........cccoceeoiiieiieeeiiieecieecceeceee e 123
Figure 11.6: Fuel cost by PreSTO......cccciiiiiiieeiieceiieeeeectee ettt 123
Figure 11.7: Maintenance cost data by PreSTO ........cccooviieeiiiiiieiiiiieccieeeceieee e, 124
Figure 11.8: Maintenance data by PreSTO ........cccecvviveiiiiniiiiiniiiiniieceieeceeeeieeene 124
Figure 11.9: Staff cost by PreSTO......ccocuiiriiiiiiiiieeeeeteeeeeeteeee e 125
Figure 11.10: Fees and charges cost by PreSTO.........ccoocvviiiniiiniiiniiinieeieeeieeeene 126
Figure 11.11: Total DOC cost by PreSTO......ccceieciiieiiieeieecteeceeeeeeeee e 126
Figure 12.1: L-1011 top view on OpenVSP.........cccceieviiieciiicieeeieceiee e 127
Figure 12.2: L-1011 front view on OpenVSP..........ccoocviiiieeiiiiiiccieeecereee e 128
Figure 12.3: L-1011 side view on OpenVSP............ooiieciiiicciiieeeeceee et 128
Figure 12.4: L-1011 iso-perspective view on OpenVSP..........ccccceeviivviirneinienneenne 129
Figure 12.5: L-1011 rear view on OpenVSP [2].......ccccrrvirriiniiiniiinienceneeeeeeee 129
List of Tables

Table 1.1: Initial requirements for the Lockheed L-1011 TriStar.........ccccoceevivrveeennnen. 16
Table 1.2: Other requirements for the Lockheed L-1011 TriStar..........ccccccevevevriennenne 17
Table 1.3: Data collected for the payload-range diagram.............cccccouveeeeeiiieeencneennnns 19
Table 2.1: Data collected according to PreST0O ClassSiC........cceecvverrveerrieernieennieennneen. 30
Table 2.2: Comparison of key data between PreSTo Classic and sources................... 32
Table 3.1: Seat dIMENSIONS. .....ccccciiiiieiiiieeeciiee et e eerree e e e e e e eearr e e e e e raeeeeenneas 35
Table 3.2: Galley dimensions for different classes selected............ccccveeecvieieireecnnnenns 40
Table 3.3: Important data calculated for the fuselage design..........c.cccccuveeeveeennnennnee. 52
Table 4.1: MAC calculated 0n PreSTO......uuuueeeeeeeiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 62
Table 4.2: Relative sizes of spoilers for L-1011.......cccceeeeiiiiieciiieicciieeceeee e 65
Table 5.1: Leading sharpness parameter according to DATCOM 1978, cited on Scholz
[ttt e e e et e e e et ettt et e e e e e e e e e e e e e e e e annnnaa—_—————————————————————————aararaaaraaaans 67
Table 7.1: Class I calculations of mass Groups........cceeeveeeecieeeeiiieeeiieeeeieeeeieeeereeeevee s 89
Table 7.2: Class II iterations for calculating maximum take-off mass........................ 96
Table 7.3: Fuselage group masses and center of gravity.........ccocceeeeveernvienniiiennseeennne. 99
Table 77.4: Wing group masses and center of gravity........c.cceeceeveenvenienneenicnneeneen. 99
Table 10.1: Dimensions of the engine..........cc.cccoociiiiiiniiiiiiniiieeeeeee 118


https://www.zotero.org/google-docs/?DMBj6Y
https://www.zotero.org/google-docs/?IhPfho

List of symbols

Speed of sound (Schallgeschwindigkeit)
Wingspan (Spannweite)

Specific fuel consumption or chord (Spezifischer Kraftstoffverbrauch
oder Profiltiefe)

Drag coefficient (Widerstandsbeiwert)
Skin friction drag coefficient (Reibwiderstandsbeiwert)

Lift coefficient (Auftriebsbeiwert)

Zero-lift drag coefficient (Null-Auftriebs-Luftwiderstandsbeiwert)

Diameter (Durchmesser)
Oswald efficiency factor (Oswald-Faktor)
Acceleration due to gravity (Erdbeschleunigung)

Altitude (Flughohe)

Angle of incidence (Einstellwinkel)

Constant (Konstante)

Lift force (Auftrieb)
Lift-to-drag ratio (Gleitzahl)
Mass (Masse)

Mach number or pitching moment (Machzahl oder Moment um die
Querachse)

Mission fuel fraction
Wing loading (Flachenbelastung)

Load factor or number (Lastvielfaches oder Anzahl)

Range (Reichweite)



Re Reynolds number (Reynolds-Zahl)

S Distance (Strecke)

S Area (Flache)

t Thickness (Profildicke)

t/c Relative thickness (relative Profildicke)

T Thrust (Schub)

T/mg Thrust-to-weight ratio (Schub-Gewichtsverhaltnis)

\Y% Velocity (Geschwindigkeit)

X Distance from a reference point along the fuselage (parallel to cabin
floor, toward aft)

y Distance from symmetry plane toward the wingspan (lateral axis)

Ay Leading-edge sharpness parameter (leading-edge sharpness
parameter)

zZ Distance from a reference point perpendicular to the x—y plane,
upward

Greek symbols

a Angle of attack (Anstellwinkel)

8 Control surface deflection angle (Ausschlagwinkel einer Steuerflache)

€ Twist (Schrankung)

n Relative span (relative Spannweite)

Y Flight path angle (positive: climb) or isentropic exponent
(Bahnneigungswinkel oder Isentropenexponent)

r Dihedral angle (V-Winkel)

A Taper ratio (Zuspitzung)

m Bypass ratio (Nebenstromverhaltnis)

Radius (Radius)
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Indices

Opp
Oge
Opc

O

cargo

O
Oc
0

cushion

O

E,inst

O,

OSYS
0,

Tail angle (Heckwinkel)

Trailing edge angle (Hinterkantenwinkel)

Bank angle (Kippwinkel)

Density (Dichte)

Relative air density (relative Luftdichte)

Relative thickness ratio (Verhaltnis relative Profildicke)
Sweep angle (Pfeilung)

Kinematic viscosity (kinematische Viskositat)

Sweep angle (alternate symbol for Pfeilung)

Approach
Business class
First class

Cargo

Center of gravity
Cruise

Seat height
Engine

Effective value
Equipment

Fuselage
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0,
0,
0
Ons
0,

OL
O

O

OLEMAC

O
Oom
Oom
O

OMAC

O MAX

Ot
0,
0,
0,

Opp

Opax

Fuel (context-dependent)

Hinge line

Inner

Inflation

Kink

Landing

tip

root

Leading Edge of Mean Aerodynamic Chord
Landing Field Length (required)
Main landing gear

Nose landing gear

Landing gear

Mean Aerodynamic Chord
Maximum value

Maximum landing mass
Maximum take-off mass
Nacelle

Outer

Operating empty mass

Passenger (PAX)
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Opy
Osy
Osgar
O

thr

Opp

0,
0,

0,

() WET

0 EXP

Payload

Seats abreast

Seat

Reverse thrust

Take-off Field Length (required)
Vertical tailplane

Horizontal tailplane

Wing

Wetted surface or wetted

Exposed surface

List of abbreviations

A/C
AC
ACR
ACN
AEA
BPR
CG
DOC
FG
FAR

HLW

Aircraft

Aerodynamic Center or Advisory Circular
Aircraft Classification Rating

Aircraft Classification Number

Association of European Airlines

Bypass Ratio (Nebenstromverhaltnis)

Center of Gravity (Schwerpunkt)

Direct Operating Costs (Direkte Betriebskosten)
Fuselage Group (Rumpfgruppe)

Federal Aviation Regulations

Horizontal Tailplane (Hohenleitwerk)
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ICAO

LCN

JAR

LER

MAC

NACA

PCR

PCN

PreSTo

SFC

SLW

THS

TLARs

TRW

WG

International Civil Aviation Organization
Load Classification Number

Joint Aviation Requirements
Leading-Edge Radius (Nasenradius)

Mean Aerodynamic Chord (Mittlere aerodynamische
Fliigeltiefe)

National Advisory Committee for Aeronautics
Pavement Classification Rating

Pavement Classification Number

Aircraft Preliminary Sizing Tool

Specific Fuel Consumption (Spezifischer
Kraftstoffverbrauch)

Vertical Tailplane (Seitenleitwerk)

Trimmable Horizontal Stabilizer (Trimmbare Hohenflosse)

Top-Level Air Requirements
Engine (Triebwerk)

Wing Group (Fliigelgruppe)

14



1 Introduction and initial data

The task consists of the redesigning of an aircraft analyzing all the parameters and
data given for the specific airplane selected. A three-view drawing combined with
requirements and calculations of the fuselage as well as cabin layouts are necessary to
ensure that the aircraft accomplish all restrictions and objectives for an optimal
redesign.

This work is entirely based on Prof. Scholz's lecture materials. This comprises all
lecture notes and projects. The design methodologies outlined in the lecture notes are
listed in the bibliography, however the following draft is based only on Scholz's
teaching materials. All chapters of the current lecture notes are freely accessible at:

http://LectureNotes.AircraftDesign.org

The selected aircraft is the Lockheed L-1011 TriStar. The initial parameters
needed are a key step to start iterating and selecting the exact configuration to make
the final results more precise.

Figure 1.1: Image of the Lockheed L-1011 TriStar
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1.1 Planned initial requirements

As explained before, there is some preparatory work needed before based on the
collection of data which is found within the research of the planned designs of the
aircraft as these parameters are not going to be modified, creating the base for our
task.

The aircraft is certified according to FAR 25 and therefore, the initial parameters are
the following:

o Range at maximum payload R
o Number of passengers L

o Take-off field length S1o
o Landing field length s,

The different parameters have been collected in the next table, showing the different
sources that helped on the development of the task.

Table 1.1: Initial requirements for the Lockheed L-1011 TriStar

Airlines . Selected value
Parameters . Elsevier Blog .
inform for design
R 7000 km 4685 km 8932 km 8676 km
M 400 400 384 195 pax
Sro 3300 m 32902 m 2834 m 3202 m
s, 1800 m 1768 m 1850 m 1768 m

The data provided by the different sources was taken within the maximum limits of
the aircraft, selecting the 1.-1011-100 type configuration with maximum payload and
fuel capacity, maximum passengers and take-off/landing distances. Therefore, in
order to have better configurations and after careful consideration, the selected
values are taken into account disregarding on some parameters the maximum
capacities of the aircraft.

Another important factor is the antiquity of the aircraft, the L-1011-100 TriStar was

mainly used in the decades of 1970-1980, and information as the density of fuel,
engines analysis and mass per passenger has changed and improved to be more
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detailed and flexible to all type of flights, explaining the different values selected and

the difference between each source.

Another important data is collected in the next table, summarizing all the parameters
needed for the next step.

o Maximum take-off weight (mT 0)

o Maximum landing weight (mL)
o Operating empty weight (m OE)

o Maximum payload (mp L)

o Maximum zero fuel weight (mZF)

o Mach number (M CR)

o Fuel weight (mF) for maximum take-off weight

o Wing area (S W)

Table 1.2: Other requirements for the Lockheed L-1011 TriStar

Parameters Airlines Elsevier Blog Selected Yalue
inform for design
m. 211380 kg 211374 kg 211375 kg 211375 kg
m, 166920 kg 166922 kg 166920 kg 166920 kg
m, . 111670 kg 111795 kg 110723 kg 111795 kg
m, 41600 kg 33355 kg 34427 kg 33355 kg
m,. 153310 kg 145150 kg 145150 kg 145150 kg
m, 80080 kg 80000 kg 79360 kg 80080 kg
Sw 320 m’ 321.5 m’ 321.1 m’ 320 m’
S, L 1800 m 1768 m 1850 m 1768 m
Sro 3300 m 32902 m 2834 m 32902 m
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Taking all the information collected and consulting different sources, the
payload-range diagram can be created to have a simple view on how the aircraft
perform.

Different points are selected taking into account the maximum take-off weight (mT 0),
payload (mPL), operational empty mass (mOE) and fuel mass (mF) on the different

points:

My =Mpy = My = My, (11)

For points 1 and 2:

m, = 211375 — 111795 — 33355 = 66225 kg

From Aircraft Investigation blog [3] the range with maximum payload is:
R = 4106 NM (7605 km)

m, = 211375 — 111795 — 33355 = 66225 kg

For point 3, an intermediate selection of fuel and payload is determined taking a
range for maximum fuel from Elsevier [4] :

R = 4685 NM (8676 km)

m, = 211375 — 111795 — 19138 = 80442 kg

For point 4:

According to Aircraft Investigation blog [3] the tank limit is:

m, = 80080 kg
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Table 1.3: Data collected for the payload-range diagram

Point Payload Fuel Range
1 33355 kg 66225 kg o NM
2 33355 kg 66225 kg 4106 NM
3 19138 kg 80442 kg 4685 NM
4 o kg 80080 kg 5370 NM
Payload-Range Diagram
40000
35000
®
30000
B0 25000
© 20000
o
& 15000
(a1
10000
5000
0
0 1000 2000 3000 4000 5000 6000
Range (NM)

Figure 1.2: Graphic of the Payload-Range Diagram of the aircraft
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2  Preliminary sizing
To optimize the design, the presizing of the aircraft is carried out step-by-step using
“PreSTo-Classic” (PreSTo - Aircraft Preliminary Sizing Tool) tool with the

information collected in the preparatory work determined.

https://www.fzt.haw-hamburg.de/pers/Scholz/PreSTo.html

The results obtained with the tool will be compared with the ones given by the
different sources, with the objective of obtaining a difference of less than 1% between
each value.

2.1 Lift coefficients and wing loading

According to the method of Loftin found on the lecture notes of Scholz [1] , for a given
aircraft with jet engines the approach speed is:

Vv =k - A /S (2.1)

V op Approach speed

K, pp Safety factor constant, with a settled value of 1. 70"/m/ s

S o Landing distance taken from [Table 1.2]

VAPP = 71,6 m/s = 139,1kt

Following Roskam I, the maximum lift coefficients for the aircraft are determined:

type of aircraft CL,max CL,max,TO CL,nmx,L

business jet 14-138 16-22 16-26
jet transport 12-138 16-22 1.8-238
single engine propeller driven 1.3-19 1.3-1.9 16-23
twin engine propeller driven 1.2-18 14-20 16-25
fighter 1.2-138 14-2.0 16-26
supersonic cruise 12-28 16-20 18-22

Figure 2.1: Maximum lift coefficients based on Roskam I, as cited in Scholz [3]
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The L-1011-100 TriStar is a jet transport aircraft, and the maximum landing
coefficient selected is verifying the best value cL, . =275

The coefficient for take-off:

CL 0,8 -CL (2.2)

Lmax,TO - Lmax,L

2,2

Lmax,TO -

The wing loading at maximum landing weight results on the following relationship
taking constants and expressions at ground with standard atmosphere:

L_k .g- : (2.3)
v k- o CLL,max,L SLFi

k, = 0,107 kg /m3(landing constant)

o = 1 (relation between the actual density and density at sea level)

The wing loading given by the maximum landing mass is, following Equation 2.3:
mL . 2

ST 520 kg/m

In order to meet the requirements, the aircraft shall not exceed the wing loading
given by the maximum take-off mass.

Mrg m/S,, (24)

S T m/m
w 1/ 'to

Which, taken the information of [Table 1.2] and regarding the Equation 2.3:

Mo — 659 kg /m’
SW - g/m
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Finally, to check if the data chosen is correct, the ratios between maximum landing

L

and take-off masses ( : ) can be calculated and compared with Roskam I:

TO

type of aircraft m,, m,, m,,
n?.-\}‘ 70 min m.-'lﬂ'():m' n?.-\”'() Jmax

business jet 0.69 0.88 0.96
short range jet transport 0.9 0.93 0.97
medium range jet transport 0.76 0.88 0.95
long range jet transport 0.65 0.78 0.95
ultra long range jet transport 0.65 0.71 0.73
fighter 0.57 B 1
supersonic cruise 0.63 0.75 0.88

Figure 2.2: Ratios between masses based on Roskam I, cited in Scholz [3]

mL
mTO
being considered explains that the aircraft is a medium-long range jet, capable of

surpassing 5500 km with the proper configuration according to Loftin.

For this case, the ratio is =0,79 which taking into account that the average is

design range classification design range (NM) design range (km) My, | My,
short range up to 1000 up to 2000 0.93
medium range 1000 — 3000 2000 - 5500 0.89
long range 3000 - 8000 5500 - 15000 0.78
ultra long range more than 8000 more than 15000 0.71

Figure 2.3: Classification of ranges given by Loftin 1980, cited in Scholz [3]

2.2 Thrust-to-weight ratio

Another important factor considered designing an aircraft is the thrust-to-weight
ratio which cannot be higher than the limit value:

Tyl 9) k, (2.5)

Mo/ Sy Sy, O CL

Lmax,TO

k., =234 m° /kg (take-off constant following Loftin 1980)

m_ /S, (wing loading from Equation 2.4)

g = 9281 m/s2 (Earth acceleration)
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Knowing all the values, the thrust-to-weight ratio is T.,/m -

2.3 Glide ratio in second segment, missed approach and

cruise flight

TO

g) = 0,222.

Stated by JAR 25.121 it is required that twin-engine aircraft still achieve a climb
gradient of at least 2.4% in the second segment with one engine inoperative.

Flaps up,
max. Continous Thrust 1500 ft
A
Take-off Transition
Ground Roll Distance
< >« B
400 ft
Gear up Flaps up,
Runway Take-off Thrust
A
1"Segm. 2"Segm. 3“Segment 4"Segment J
Take-off ;
Dktahics Take-off Climb Path
-« Take-off Path =

Figure 2.4: Take-off path by Briining 1993, cited in Scholz [1]

The climb angle together with the efficiency factor are key to balance the drag and

weight effects in order to improve the manoeuvrability of the aircraft.

climb gradient )

siny = ( 100

L CL
E=5=%
cLo_ e
CD CDPOLAR %
€Dy pp = CDy+ ACD 4 ACD_ + ACD

y: Climb angle

(2.6)

(2.7)

(2.8)

(2.9)
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E: Lift to drag ratio
A: Aspect ratio

e: Oswald efficiency factor

Regarding the formulas and taking into account that the aircraft has three engines,

siny = 0,027 rad, confirming it with Figure 2.5.

JAR 25.121 Climb: one-engine-inoperative
(b) Take-off; landing gear retracted.

In the take-off configuration existing at the point of the flight path at which the landing gear is fully retracted, ... the steady gradient of

climb may not be less than
2-49 for two-engined aeroplanes,
2-7% for three-engined aeroplanes and
3-0% for four-engined aeroplanes,

at V2 and with -

(1)  The cntical engine moperative and the remaming engines at the available maximum conhinuous power or thrust; and

(2) The weight equal to the weight existmg at the end of the take-off path ...

Figure 2.5: Climb gradient regarding JAR 25.121 by Scholz [1]

e 0.7  due to extended flaps and slats

Cho 0.02

AC) 4, for C,=1.3: flaps 15°=> AC, 4, =0.01
for C,=1.5: flaps 25°=> AC, ,,, =0.02
for C,=1.7: flaps 35°=> AC, 4, =0.03

AC) negligible

AC), oo 0.015 1n case landing gear 1s extended.

Figure 2.6: Data provided by Loftin 1980 of passenger aircraft, cited in Scholz [3]

bZ
A=—
SW
b: Aircraft span.

For this airplane, the aspect ratiois A = 6, 97.

CL

_ Lmax,TO
CL = 1,44

According to Equation 2.11:

CL =1,53.

(2.10)

(2.11)
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https://www.zotero.org/google-docs/?EziS9i

2.3.1 Glide ratio for second segment and take-off:
Following Figure 2.6, Equation 2.8 is given as follows.

Second segment:

E=+=79%.

e=20,7.

CD0 = 0,02.

ACDﬂap = 0,02.

ACDslat = ACDgear = 0 (in second segment).
Take-off:

E=—=73T7.

ACD = 0,015.

gear

The thrust-to-weight ratio can also be calculated in the different configurations:

T n
o _ £ 1 . (2.12)
mTO.g - ( nE_l ) ( ETO + SlnY)

n number of engines.

T
TO
=0,239

m_ - -
TOg

For the take-off configuration,

The thrust in take-off will be TTO = 499725,91 N
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2.3.2 Glide ratio for missed approach segment

CL = 1,69
CL =1,63.

Resulting from Figure 2.6:

E===764
e=20,7

cD, = 0,02.
ACD,, = 0,02
ACD,,. =

AC Dgear = 0,015 (landing gear extended regarding FAR Part 25).

Thrust-to-weight ratio:

Tro g 1 . m,
= * (= + siny) -
—— (nE—l ) - (3 Y) e (2.14)

TO

TTO
Mry'd

=0,184

According to FAR Part 25:

CS25.121 Climb: one-engine-inoperative
(d) Discontinued Approach. .. the steady gradient may not be less than
2-1% for two-engined aeroplanes,
2-4% for three-engined aeroplanes and
2-7% for four-engined aeroplanes, with -
(1)  The critical engine inoperative, the remaining engines at the available take-off power or thrust;
(2)  The maximum landing weight; and
(3)  Aclimb speed established in connection with normal landing procedures (these are 1-3 VS), but not exceeding 1-5 VS.

(4)  Landing gear retracted. *

* (4) is only contained in CS-25 not in den FAR Part 25 !!!

Figure 2.7: Climb gradient regarding FAR 25 by Scholz [1]

CLL,max,L (2 . 13)
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siny = 0,024 rad
2.3.3 Glide ratio for cruise flight:

The thrust-to-weight ratio at take-off is determined by the following relation:

M8 el D) (2.15)

T
CR

TTO

For the ratio of cruise thrust to take-off thrust, Equation 2.16 is used for normal

Mach number (M = 0, 8):

: Ratio of cruise thrust.

Tro _ 1
7 = (0.0013-u = 0.0397)-—h, = 0.0248y + 0.7125

(2.16)
u: bypass ratio.

h o Cruise altitude.

The engine by-pass ratio and the specific fuel consumptions (SFC) are the following
ones according to DataHammami [5], as the L-1011-100 TriStar uses three Rolls
Royce jet motors (RB211-524B4-02).

u=5:1.

SFC =1,7 - 10 kg/N/s .

The maximum lift to drag ratio in cruise flight, according to Raymer 1899, can be
approximated by:

werl/Sw (2.17)
k: Empirical factor imposed by Raymer 1899.
Swer!Sw relation of a small wetted area of the aircraft relative to the wing area.

According to Raymer 1899, the relation is the following one:
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Figure 2.8: Relation of S wer! Sw according to Raymer 1899, cited in Scholz [1]

Which, for this aircraft, a value of § WET/S w= 5,7 and ke = 15 is settled.

L
(F)max = 16,59

The corresponding lift coefficient is:

CL — m-A-e
md - 2D (2.18)
CLm d:o,56
m-A-e
2-(L/D)
CL = ——== (
2.19)
ww )

v/ V. Ratio between velocity of the aircraft and the velocity for minimum drag,

which regarding Scholz [1] can be settled to a value of 1,12 taking into account the
cruise flight condition and that usually varies from 1 to 1,316.
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Also a value of e = 0,85 is considered according to Loftin 80 for steel-engined
aircrafts.

CL = 0,447 (in cruise flight)

The final lift to drag ratio:

2-(L/D)

max
CL )
CLmd

1

cL
Ca )
[T

+(

(2.20)
E = 16,17
2.4 Matching chart

A matching chart is a design tool used in aircraft design to study the feasibility of a
proposed aircraft configuration by comparing critical performance constraints:
take-off, missed approach, second segment, landing and cruise.

The chart plots the thrust-to-weight ratio (mT"{’g) on the vertical axis versus the wing

m,

loading (=) on the horizontal axis. Each curve on the chart represents a performance

requirement derived from regulations (e.g., FAR/CS-25).

The aim of this project is to optimize the design point where the smallest
thrust-to-weight ratio and the maximum wing loading are achieved as all the
parameters declared before have a crucial effect on the performance of the aircraft.

According to PreSTo Classic, Table 1.3 will give the last information needed for the

matching chart, as it also helps verifying the numbers calculated on the preliminary
sizing of the L.-1011-100 TriSTar.
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Table 2.1: Data collected according to PreSTo Classic

Altitude | Cruise | Cruise | Cruise | Cruise Sezr?int B:E;:d Cruise
R A B R el B e B
0 0.589 0.105 101325 2282 0.222 0.199 0.11
1 0.555 0.111 89873 2024 0.222 0.199 0.12
2 0.522 0.118 79493 1790 0.222 0.199 0.12
3 0.489 0.126 70105 1579 0.222 0.199 0.13
4 0.456 0.135 61636 1388 0.222 0.199 0.14
5 0.423 0.146 54015 1216 0.222 0.199 0.15
6 0.389 0.159 47176 1062 0.222 0.199 0.16
7 0.356 0.174 41036 925 0.222 0.199 0.17
8 0.323 0.192 35595 802 0.222 0.199 0.19
9 0.291 0.213 30737 692 0.222 0.199 0.21
10 0.260 0.238 26431 595 0.222 0.199 0.23
11 0.223 0.277 22627 510 0.222 0.199 0.28
12 0.190 0.325 19316 435 0.222 0.199 0.34
13 0.152 0.394 16498 372 0.222 0.199 0.44
14 0.124 0.500 14091 317 0.222 0.199 0.58
15 0.091 0.683 12035 271 0.222 0.199 0.68

The final matching chart has been created, aiming to determine the thrust-to-weight
ratio on cruise configuration.
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Matching chart
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Figure 2.9: Matching chart of the L-1011-100 TriStar

Extracting the data from the graphic:

T
£ _=0,223
m 'g

TO

Moo _ 2
5, 659 kg/m

Using the Equation 2.15 the ratio of cruise thrust is determined.

T
£ =0,277

TTO
Accordingly with Equation 2.16:

hCR = 9369 m

Using Table 1.3 the data calculated can be confirmed as correct, with values such as
thrust-to-weight ratio and wing loading (for the different segments of the flight)

appearing between 9 and 10 km of flying cruise altitude.
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Finally in order to verify the results, a table comparing the data of the different
phases of the flight calculated and computed on PreSTo Classic and the ones selected
with different sources on Table 1.2 has been created in order to clarify if the
difference between each is less than 1%, giving accuracy to the work created.

Table 2.2: Comparison of key data between PreSTo Classic and sources

Data extracted PreSTo Classic Sources selection A% Difference

m. 213140 kg 211375 kg 1%

m, 168381 kg 166920 kg 1%

m,. 112751 kg 111795 kg 1%

m, 80889 kg 80080 kg 1%

SW 324 m’ 320 m’ 1%

o 499725,91 N 495585,37 N 1%

™, 0,79 0,79 0%

As it can be seen, the usage of a program like PreSTo Classic is pretty useful to define
the main important factors to size the aircraft, such as the maximum weights, take-off
thrust or maximum loading. Aswell as in this step, the program can also be useful to
size the fuselage of the aircraft, to know how the payloads are distributed.
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3 Fuselage design

As mentioned before, in this section the fuselage of the aircraft will be defined and
modified in order to meet the cabin layout requirements while ensuring balance with
aerostructural and operational constraints. The sizing and repositioning of cabin
elements such as lavatories, galleys, and seating rows have been performed using the
Excel-based “PreSTo-Cabin” design tool.

https://www.fzt.haw-hamburg.de/pers/Scholz/PreSTo.html

This tool facilitates the precise recalculation of fuselage length, station positions, and
cargo hold adaptation by accounting for all relevant cabin dimensions and regulatory
constraints, including those defined by FAR-25. The goal is to define the fuselage
explaining how the payload, including pax and their carry-on luggage are distributed
and ensure compliance with certification standards during the modified
configuration.

3.1 Configuration of classes
Regarding the previous work, the important data collected for this part is:

My = 200;

R = 8676620 m;

m,_ = 213140 kg;

Based on the technical profile manual for the L-1011 TriStar [6], airlines that used the
aircraft usually added two different classes, first class and economy class, being the
last one settled to 9.

However, in order to maintain balance on the payload distribution and to keep the
possibility of having a high density class sitting, the number of seats per row in

economy class is reduced to N verow = 8, and in case of first class seatings the

number can be calculated with a formula using average finesses ratio.

_ N (3.1)
N = 0,45 Mpax

M4 rCROW = 6,36 ~ 6: number of seats per row
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The next figure shows how the seats are distributed per row, distributing them on
left, middle and right seats.

First class seats, right aisle Necats.rightfC | 2|
First class seats, middle aisle Necats.midfc | 2|
First class seats, left aisle Necatssertrc | 2|
Check : First class seats abreast NsaFe | '5| [
Economy class seats, right aisle Ngeats, right,YC 2([]
Economy class seats, middle aisle Ngcatsmid.YC 4|
Economy class seats, left aisle Ngeats leftYC 2|([-]
Check : Economy class seats abreast Nsa v 8([-]

Figure 3.1: Seat distribution per row according to PreSTo Cabin

3.2 Seat and aisle dimensions

According to RAYMER 89 the sizes inside the cabin are defined in the next figure.

_]
|
|
|
|
!
|
|
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!
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HEADROOM | |
Y 2 | '
| |
| SEAT l

| PITCH

SEAT AISLE
WIDTH WIDTH | '

- — | > | |
|
‘ |
v | |

Figure 3.2: Cabin and seat dimensions by RAYMER 89, cited in Scholz [1]
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High density/
First class Economy small aircraft
Seat pitch (in.) 38-40 34-36 30-32
Seat width (in.) 20-28 17-22 16-18
Headroom (in.) >65 >65 —
Aisle width (in.) 20-28 18-20 =12
Aisle height (in.) >76 >76 >60
Passengers per cabin staff 16-20 31-36 =50
(international-domestic)
Passengers per lavatory 10-20 40-60 40-60
(40" x 40")
Galley volume per 5-8 1-2 0-1
passenger (ft*/pass)

Figure 3.3: Typical cabin and seat dimensions by RAYMER 89, cited in Scholz [1]

A table is created with all the information about the seat sizes on first and economy
class.
Table 3.1: Seat dimensions

Data Economy class (YC) First class (FC)
MsainTOTAL 176 24
Cushion widthw 0,56 m 0,71 m
cushion
Cushion height position 0,42 m 0,42 m
Ay cushion
Cushion thicknesst 0,14 m 0,14 m
cushion
Armrest width w 0,05 m 0,08 m
armrest
Armrest height position, 0,56 m 0,56 m
tOp harmrest, top
Armrest height position, 0,18 m 0,18 m
bottom h
armrest, bottom
Backrest height h 0,59 m 0,59 m
backrest
Seat length I 0,61 m 0,71 m
seat

Seat pitch p 0,91 m 0,97 m



https://www.zotero.org/google-docs/?Q0tsOv

The values computed are equal or bigger than in typical cabin configurations of
different airlines and similar aircrafts as the McDonnell Douglas DC-10, Airbus 300

or Boeing B767, where the width is usually w_ = 0, 53 m for first class seats and a

shion
pitch of p = 0,94 m according to SeatGuru [7], as the main plan is to fit all seats in
the cabin.

Finally according to Figure 3.2, the aircraft will have two aisles (according to JAR
25.817) with a width of W= 0,53m (Wai z

isle sle,F

a height of h = 2,41m, being the minimum sizes w = 0,51m and
aisle aisle

= 0,62mas it has to be bigger) and

h = 2,41 m according to JAR 25.185.

aisle

JAR 25815 Width of aisle

The passenger aisle width at any point between seats must equal or exceed the values in the
following table:

Passenger seating | Minimum passenger aisle width (inches)
capacity
Less than 25 inches from floor | 25 inches and more from floor
10 or less 12 * 15
11to 19 12 20
20 or more 15 20

* A narrower width not less than 9 inches may be approved
when substantiated by tests found necessary by the authority.

Figure 3.4: Width of the aisle according to JAR 25.81, cited in Scholz [1]

3.3 Cross sections

According to ROSKAM III the fuselage of the L-1011 has a cabin height

hfl, = 177 inch = 4,49 m and a cabin width W, = 223 in = 5,66 m, with a ratio of

(h/w)_, = 0,79.

36


https://www.zotero.org/google-docs/?xaOARj
https://www.zotero.org/google-docs/?5uKF1U

-

.-—-"""".-’

223N

LOCKHEED TRISTAR

Figure 3.5: Fuselage cross section according to ROSKAM 11, cited in Scholz [1]

Using the PreSTo Cabin simulator, the next data is computed for the cabin.

[~ Automatic optimization

Figure 3.6: Fuselage cross section according to PreSTo Cabin
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grafico

Figure 3.7: Fuselage cross section of economic class of PreSTo Cabin

Figure 3.8: Fuselage cross section of first class of PreSTo Cabin
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Based on the simulations, the number of rails and their size is computed as it stands.

™ Use side seatrails

Figure 3.9: Seat rails distribution and dimensions of PreSTo Cabin
3.3 Cabin floor plan
Inside the typical airline's cabin configurations the design of basic equipment for the
crew and passengers is essential, as it’s the last part needed to fill the aircraft.
Therefore, the galleys and lavatories are going to be defined as well as the number of
emergency exits.

3.3.1 Galley definition

Using the formula provided by MARCKWARDT 98A, cited in Scholz [1]:

n
_ PAX 1 2
Sgarpy = Kearey  Too0 T 7 (M)

(3.2)
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A factor to estimate floor space for galleys, for typical flights of the L-1011

TriStar the number selected is 41.

ROUteS k(i.«ILLt}' [mZ]
Sidatlantik, Fernost, Stidafrika 41
Nordatlantik, Nahost 32
Europa 23
Innerdeutsch und Nachbarschaft 16

Figure 3.10: Factor galley estimation depending in on the route, cited in Scholz [1]

2
=8,7
SGALLEY 8,7m

Following L-1011’s technical profile document [6], the number of galleys used was
splitted on 1 for first class and 2 for economy class. In the case of this project, the

same number will be used, adding one galley on the front and two on the back.

Table 3.2: Galley dimensions for different classes selected

Data provided to PreSTo | First class Economy class
Cabin

M alley 1 2

lga”ey (Iength) 1,4 m* 03 m*

Wgalley (width) 1,4 mz 1,5 mz

Checking the size of the galleys selected, the surface must not be lower than the one
calculated with Equation 3.2 as it’s the minimum size needed.

=l - W ‘n
GALLEY galley galley galley

(3.3)

Accordingly, the surface is surpassing the limit:

2
SeaLLEy 8,86 m
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3.3.2 Lavatories definition

Using the same methodology as before, the number of lavatories typically used by the
airlines was 8, but as the number of pax taken has been reduced, the following data
will be used according to SCHMITT 89.

SR MR LR
Kurzstrecke Mittelstrecke Langstrecke
SR £3000nm| 3000 nm < MR < 5500 nm LR 2 5500 nm
YC FC YC FC BC | YC
Sitze |Sitze in % 100 §-10 90 - 92 5-7 18-20 | 73-77
Sitzabstand [inch] 32 40 32 60 38 32
Sitzlehnenneigung [inch] 5 7.5 5 15 7 5
Sitzbreite (2er Bank) 40 f 48 40 53 50 l 40
k;;l.;inenpcrsonal pro Pax 1745 1/8 1735 1/8 1/20 ' 1/35
Toiletten pro Pax 1/60 1/14 1/45 1/14 1/25 1745
Galley / Trolleys [Tabletts / Pax] 1.7 9 23 9 7 27
Mantelstauraum [inch / Pax] Nein ! 1.5 Nein ! 1.5 : 1.5 Nein

Figure 3.11: Cabin equipment used based according to SCHMITT 89, cited in Scholz [1]

Knowing that the aircraft can carry up to 24 first class and 176 economy class
passengers, the number of lavatories for an aircraft of 4685 NM of range is found.

nlav - npax,FC/14 (34)

lav

=n___ /45 (3.5)

n
lav pax,YC

S
X
S

lav
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Lavatories

Number of lavatories, first class Niavatories,FC 1 |[—]
Number of lavatories, economy class Niavatories,YC 41[-]
Lavatory length lavatory 1;21 [m]
Lavatory width Wiavatory ﬂ [m]

Figure 3.12: Number and sizes of lavatories computed on PreSTo Cabin

According to MARCKWARDT 98a, the usual area of a lavatory is 1,20 m’ , value that
coincides with the one computed.

=1 w (3.4

lavatory - lavatory  lavatory

3.3.3 Exits definition

The number of emergency exits placed on the aircraft depends on the number of
passengers the aircraft carry as the size will change to fit the number of people exiting
through these doors.

Type of exit and Location PAX allowed Size (b*h)

Type A (Floor-level exit) 110 1,07m™1,83m

Type B (Floor-level exit) 75 0,81m*1,83m

Type C (Floor-level exit) 55 0,76m*1,22m

Type | (Floor-level exit) 45 0,61m*1,22m

Type Il (Floor-level or over-wing exit) 40 0,91m*1,12m
Type Il (Rectangular opening) 35 0,51m*0,91m
Type IV (Located over the wing) 9 0,48m™*0,66m

Figure 3.13: Exit types and sizes computed on PreSTo Cabin

Using Figure 3.13, 2 Type A (floor-level) exits have been selected with an additional
Type III (for aircraft configurations greater than 179 seats an extra emergency exit
needs to be installed in both parts of the fuselage), allowing the exit for 255
passengers.

42



3.4 Aircraft dimensions

In this section the aircraft dimensions will be specified in order to fit all the
requirements and equipment added taking into account the proper sizes of the
aircraft. In order to achieve accurate results and as proof of more reliable data, the
sizes chosen have been compared with similar aircraft fuselages, such as the
McDonnell Douglas DC-10 and McDonnell Douglas MD-11.

Figure 3.14: L-1011 TriStar fuselage dimensions following Airline reporter [8]

After careful analysis of the different dimensions and comparatives, the total length
of the fuselage computed on PreSTo Cabin has followed the formulas provided by
Scholz [1]

_ Tpax (3.6)

cabin cabin e,

kcabm: statistical constant provided by Scholz [1], with a value selected of 1,1 m

l = 34,60m

cabin

The total fuselage following Schmitt 98, cited in Scholz [1]:
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lf = lcabin + 1,6 - df,E + 4m (3.7)

d o External diameter of the fuselage, following Figure 3.5 using PreSTo Cabin the

value has been settled to 5,92 m, which verifying the technical profile it’s inside the
correct range as the number used was 6,0 m

[ =48,1m
f
] T e
~ \‘x_L/H
L_____-.'.,S‘I‘I______,j_ | I
i Can = B.O20
Lsug/Ous = 4 787
(o DC-10 / MD11
DC-10 / MD11

Figure 3.15: Examples nose and tail sizes by SCHMITT 98, cited in Scholz [1]

|
| _ L1 1
T QU T
' |
' |
L Loy | j__LKEﬁJ |
L ;

Heck

I—Heckaeﬁ = 35

Lkape/Derr = 1,9

Figure 3.16: Bug and heck calculations by Scholz [1]

As explained before, similar models of aircrafts have been chosen to determine the
dimensions of the aircraft.

The bug and heck have also been calculated using this method, as Figure 3.16 is
showing, the bug and heck length results are provided with the Equation 3.8 and
Equation 3.9.
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ef

I = 8,568m.
bug

lheck = 17,64 m.

(3.8)

bug def f

3,5 (3.9)

Dok = deff

d / Effective external diameter, with a value of 5,04 m following Figure 3.15.

In order to compute these values on the PreSTo Cabin, different relations have been
computed, such as the nose/tail length to diameter ratio or the bug offset, among

others.

Nose length to diameter ratio lnose/ds

MNose offset AXpose
Tail length to diameter ratio Leait/dg

Tail offset to diameter ratio Axg/df

8] >>>3> Nose length lnose [m]

[ oooim

H >>>>>  Taillength han [m]
120 >»5>>  Tail offset A [ 710m

Figure 3.17: PreSTo Cabin fuselage dimensioning.

As it can be seen, the model presented is very similar to other aircrafts presented
before, which have similar structure and were created for similar purposes as for the

L-1011 TriStar.

The required cabin space is the sum of all the areas of the equipment and

installations together.

2
Saisle,FC - 42' 904 m

=150,986m
aisle,YC

= 2:(w )

aisle aisle cabin

(3.10)
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=w . + w .
seat cushion backrest cushion seat

S = 0,923 m°
seat,FC
2
= 0672m
seat,YC
STOTAL SEAT = Sseat,FC + Sseat,YC
S — 140,424 m"
TOTAL SEAT

req - Sgalley + S-Slavatory + STOTAL SEAT + Saisle,FC + Saisle,YC
2
S =1249,174m
req

From Figure 3.5:

cabin cabin. fil

d o Internal diameter of the fuselage

S  =193,068m"
cabin

(3.11)

(3.12)

(3.13)

(3.14)
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cabin = " req

The cabin area is bigger than the space of the elements that the airlines can configure,
explaining that there is sufficient space to meet cabin requirements.

The rear cone angle is calculated using the external diameter and the length of the
heck (tail).

1. d v .1
LIJheck = tan (+) (3 5)

Y, =18,55°.

3.5 Cargo volume

In this final section regarding the fuselage design, the cargo section will be defined,
completing the final layouting.

The mass of passengers, carry on bags and cargo is calculated first, regarding Table
1.3:

= e (3.16)
pax M Pax
— baggage (3.17)
m = ‘n
baggage LW pax
(3.18)
=m —m —m
cargo pl pax baggage

m
—E=: ratio of mass per number of passengers, according to Roskam I is 79, 4 kg.

pax

m
baggage . .
— 4= ratio of baggage per number of passengers, 13, 6 kg according to Roskam I.

pax

m__ = 15880 kg.

pax
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M, agage — 2720 kg.

= 538 kg.

cargo

For the cargo density, values of Peargo = 160 kg/m3 and p = 170 kg/m3 are

used by Torenbeek 88, cited in Scholz [1].

baggage

Then, the cargo volume is:

_ Meargo_ (3.19)
cargo pcargo
3
|4 = 3,3625m .
cargo
— mbaggage (3'20)
baggage pbaggage
3
=16m
baggage

The available cargo volume is also calculated:

=1-S 'k (3.21)

cargo compartment f cc cc

S+ Cross section of the cargo compartment.

k.. Proportion of fuselage length used for cargo, 0,40 according to PreSTo Cabin.

s - 2 (3.22)

w . _ ( Wld,toE_Wld,bottom )
cc lditop ld

2

w_ :width of the top lower deck.
ld,top
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w : width of the bottom lower deck.
ld,bottom

h height of the lower deck.
According to PreSTo Cabin, S = 6,69 m2 .

=12872m" .

cargo compartment

(3.23)

_ overhead stowage

overhead stowage n pax
pax

overhead stowage

: ratio of baggage store overhead the passengers per number of pax.

pax

Usually a value of 0, 05 m> is used as passengers take their baggage into the cabin
with them.

3
= 10m .
overhead stowage

In order to check the volume used, Equation 3.24 is used as the cargo compartment
volume has to be equal or bigger to the sum of baggage and cargo taking apart the
overhead baggage.

> (V

cargo compartment —

) -V (3.24)

baggage cargo overhead stowage

128,72m" > 9,3625m’" .
The cargo volume is more than enough.

Following the technical profile[6], LD3 containers are installed on the aircraft as the
airlines use this configuration.

3.6 Waterline

Following JAR 25.807 cited in Scholz [1], during an emergency ditching the door sills
must remain above the waterline. Cto be established. If an emergency ditching occurs
right after takeoff, the aircraft will likely still be near its maximum takeoff weight.

49


https://www.zotero.org/google-docs/?6dT1IB
https://www.zotero.org/google-docs/?8ugL71

The maximal mass for water ditching can be split sequentially, the elevation of the
waterline needs ed in three parts, the bug, heck and fuselage.

Following the data calculated in the last segments applied to PreSTo Cabin:

=1 h(% + arcsen(d) + (4)-cos(A)))-333,3 (3-25)

%%
wd—nose nose fo 4

—Az
The maximal mass for water ditching on the nose is m , where A = —22and
wd—nose hf0~2
A1 = arcsen(A).
h (3.26)
g e . . 3
Mttt = Leait Weo ™4 (7 + arcsen(d) + (4)-cos(d)))-333,3
vitay: Maximal mass for water ditching on the tail.
m _=w ~h-(l+ arcsen(d) + (A)-cos(A))-10° -(I - Ax — Ax ) (3-27)
wf  fo 4 2 1 cabin nose tail

M s Maximal mass for water ditching on the fuselage

_ = 28132 kg.

wd—nos

m = 57930 kg.

wd—tail

m, . = 241667 kg.

The total sum of the mass calculations gives a value of 327729 kg, bigger than the
maximum take-off mass (mTO) indicating that the door steps are above the water line

in case of an emergency case.

The sizes are defined below:
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d —d

d — LE_fI
fuselage 2 (328)
= 0, 17 m: fuselage diameter.
fuselage
hd - df,E - dfuselage - haisle
(3.29)
h 4= 3, 34 m: door height.
h .= 241m: aisle height according to PreSTo Cabin.
2 (1 hd)
@ = 2-arccos(1 — —
r (3.30)
@ = 194,75 2: opening angle.
r = 2,96 m: radius of the external cabin.
s = 2-r-sin(2p)
(3.31)
s = 2,915m’ : circular arc section length.
N 2 2
section  2's (Shd + s ) (332)

2. .
- = 38,65m :circular arc section surface.
section

3.7 Cabin layout

To finish this section, the scale drawing of the cabin layout is computed using PreSTo
Cabin, the green and blue small squares in the middle are the seats for first and
economy class, respectively. The cockpit is marked on the left side of the image, and
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the galleys (green) and lavatories (white) are placed on the front and rear part of the
aircraft (corners).

TPoooaeEEaen i
= e
::::EEEEEBEEEEEE =

Figure 3.18: PreSTo Cabin 2D modelling layouting.

Using the information provided on Figure 3.10, the number of cabin crew personnel
has been settled to 3 for first class and 5 for economy class in order to fulfill all
passenger requirements.

3.8 Summary

Table 3.3 resumes all the important information clarified in this section.

Table 3.3: Important data calculated for the fuselage design

Data demanded Data computed
Number of seats per row (nSA,ROW) 6 for FC, 8 for YC
Number of aisles (naisle) 2
Number of cabin crew members (ncrew) 8
Fuselage diameter (d f,E) 502 o’
Fuselage length (I f) 50,7 m
Length of the cabin (lcabin) 31,61m
Length of the bow section (I bug) 8,568 m
Length of the stern section (I heck) 17,64 m
Rear cone angle (, ) 18,55 ©
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4 Wing definition

After the fuselage analysis the wing and its high lift incorporations can be defined and
organised, using from now on the “PreSTo” version 3.4.2 tool in order to create plots
and compute key data in order to accomplish all the demands of the double
trapezoidal type wing that the aircraft carry.

https://www.fzt. haw-hamburg.de/pers/Scholz/PreSTo.html

Max. take-off mass Myro [kg] Wing area Sw [mz]
Fuselage equivalent diameter d; [m] Cruise Mach number Mcr [-]
Cruise lift coefficient Cier [l

Aspect ratio A [ 697F] ——> Wingspan b [ 4752)m

Figure 4.1: PreSTo data collected from previous sections.

4.1 Quarter chord sweep angle and relative thickness

After contrasting with different sources, such as Elsevier [4] or the technical profile
manual [6] the quarter chord sweep angle (angle between the aircraft's lateral axis
and the line connecting the 25% chord points along the span of the wing) has been
settled to 35 © which is a reasonable value as long range jets are used to have values of
minimum 30-33°.

This number is important as it usually is where the aerodynamic center is located in
order to study the stability of the design.

A plot is created with the PreSTo tool, showing location of the designed sweep angle
on the Mach number that Figure 4.1 shows together with a line showing Raymer
suggestions for the selection of the angle.

53


https://www.fzt.haw-hamburg.de/pers/Scholz/PreSTo.html
https://www.zotero.org/google-docs/?sDJ0oj
https://www.zotero.org/google-docs/?rebCGX

Raymer: Sweep suggestion (Outer wing)
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Quarter chord sweep [°]

[ %3]

=]

0 0.1
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] L]

Cruise Mach number [-]

Figure 4.2: Plot comparing the quarter chord angle and the Mach number for cruise.

As it can be seen, the number selected is close to the line, but bigger as the aircraft
has different dimensions than the usual Airbus and Boeing models, as an example.

In order to calculate the relative thickness of the aircraft (thickness of the aircraft
divided it’s chord), the value chosen has been selected using the information of

Elsevier [4], providing a number of 0, 107.

According to Figure 4.3 the value chosen is very close to one computed using
non-linear regression at the sweep angle determined before.

Relative thickness suggestion

0.16 T
7
0.14 Torenbeek
Non-linear regression
. 012 et - m— H o e
o g + Design point
& 01
7
0.08
| -+
0.06 - ! -
0 10 20 30 40 50

sweep angle [°]

Figure 4.3: Plot comparing the thickness ratio and quarter chord sweep angle.
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It will be assumed that the aircraft has a double trapezoidal area, separating the root
to kink area (inner surface) and kink to tip (outer surface).

Using the formulas provided by Scholz [1] it is possible to calculate the root, tip and
kink thickness ratios assuming that the inner and outer relative thickness are 0,975
and 1, respectively.

T=t-t (4.1)
t: inner relative thickness.
tO: outer relative thickness.

The relative thickness ratiois t = 0, 975.

(L) -4 .t (4.2)

c’r 31+1 ¢

D= % “3)
(%)k - (%)r'ti 4-3)

%: relative thickness .

The values calculated are (%)r = 0, 109,(%)t = (%) . = 0,106.

4.2 Surface area

The surface is defined in this section, defining both of the different parts of the wing.
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Center Line

Fuselage

Trailing Edge

|
b/2
Root |Tip

Figure 4.4: Geometry of the wing provided by Scholz [1].

Stating different kink ratios for different aircrafts, a value of 0,368 has been selected
using as an example aircrafts as the MD-11 or the B767 which have similar values of
wing area.

Using the data provided by Elsevier [4], the wing taper ratio has been settled to 0,259
which will be computed on PreSTo to define the tapering and dimensions of the

L-1011 wing.

Kink semi-span:

—n 2 .
Y, =n 3 (4.4)
n,: kink taper ratio.
b: wing span.
Inner taper ratio:
3= L (4.5)

¢, tip chord.
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c: root chord.

_2 (4.6)
A = T
A: wing taper ratio.
Inside fuselage area:
Sf = df'E-cr (4.7)
Inner wing area:
= (y — L .8
S.=(c, + cr) ¥, -3 (4.8)
Outer wing area:
b
S.=(c, + ct)-(T -Y) (4.9)

Knowing how the different data is related, and knowing that the wing is defined by
two trapezoids, Equation 4.10 can help define the inner taper ratio, a crucial value
that is used to calculate the formulas determined before.

c, =c —(c —c)n (4.10)

c = Ac (4.11)

t r

Being ¢, = 0,259-c, resulting on a relation substituting the equation 4.7 and the

kink taper ratio to the equation 4.6:
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¢, =c —(c — Xc)m, (4.12)

Finally, ¢, = (0,632 +0,095) = 0,727-c_ which, with Equation 4.5, explains the

relation between the kink and root resulting on the inner taper ratio, with a value of
Ai = 0,727.

S (4.13)

Y oA )+ 1y (14 )
kea Sl 2 by 2 o

Ck—

c = ck/li (4.14)
Aspect ratio inner trapezoid:
4 @Y, ~d ‘E)z (415)
i 5,
Aspect ratio outer trapezoid:
(b-2v)’° (4.16)
o~ s

o

All the formulas provided by Scholz [1] and PreSTo have been computed to draw the
wing, as Figure 4.5 and Figure 4.6 show.

Figure 4.5: Wing geometry results calculated on PreSTo

58


https://www.zotero.org/google-docs/?EHtmlj

.
o~
\J

10

20

30

40

Figure 4.6: Wing draw created with PreSTo

4.3 Airfoil profile

Knowing the aircraft’s thickness, an airfoil can be chosen as it sets other important
data such as the maximum lift coefficient, the pitching moment coefficient, maximum
camber and the distribution of thickness from root to tip of the wing.

The L-1011 is an old model and most of the airfoils dated on PreSTo were created
after the aircraft’s design. In order to find a similar airfoil the NACA 6-series is used
as it’s the one closest to meet the requirements choosing the different profiles from
the Abbott catalog found on the tool.

The next figure shows the airfoil chosen, the NACA 63-210 which has a thickness
similar to the one created in this project. The maximum lift coefficient has been
settled to 1,6 according to Howe 2000 cited by Scholz [1], for subsonic flights and an
angle for zero-lift of -3° according to airfoil tools.

| NACA 63210

Wing airfoil

0.2
0.15
0.1

0.05 =

0

-0.05
0.1
-0.15

0.2

Relative thickness of selected airfoil

Airfoil max. lift coefficient

Airfoil zero-lift angle

Wing max lift coefficient

wing Iift gradient

Relative thickness defined previously

position of maximum thickness.

leading edge radius

maximum camber

> position of maximum camber

Figure 4.7: Airfoil data on PreSTo

pitching moment coefficient

s airfoil section max. lift coefficient, Re=0*10%
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-0.50 /’f‘

-1.00

-15.0  -10.0 -3.0 0.0 5.0 10.0 15.0 20.C

Figure 4.8: Cl vs angle of attack plot of NACA 63-210 according to Airfoil Tools [9]

4.4 Dihedral and incidence angle

A moment is caused around the longitudinal axis of the aircraft as the fuselage carries
most of the weight, making the wing tips to level upwards with an angle called
dihedral leading to positive stability.

Vw

Figure 4.9: Front view of an airplane showing the dihedral angle v, by Scholz [1]

From definition, the incidence angle is chosen to reduce drag during flight, being the
relation of the chord line and the axis along the fuselage.
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Figure 4.10: Side view of an airplane showing the incidence angle i by Scholz [1]

¢
i =—=+a + 0,4¢
w C, 0 t

(4.17)

C o lift coefficient on cruise flight, defined in the preliminary sizing as 0,447.

C, : curve slope of the lift coefficient, with a value of 0,0999 1/° according to figure

a

4.7.

a angle of attack for zero-lift, -3 © according to figure 4.7.

g twist angle, helps reduce incidence angle when it’s negative, -3 © according to

Raymer 2006 [].

Finally, iW = 2,67°.

Dihedral angle
Raymer dihedral angle suggestion v

Howe dihedral angle suggestion v

Dihedral angle v
Wing twist and incidence angle

‘Wing twist &

O

Il Incidence angle

Figure 4.11: Data used on PreSTo

4.5 Volume of the tank and MAC calculation

The volume of the tank is calculated according to Torenbeek 1998, cited by Scholz [1]:
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1

vV = 0,54-S
Tank w

Sy L THan[r+A’
cC’r \/Z

(4.18)

(1+1)°

The volume of fuel will be installed on the outer and inner wing as well as on the

inboard tank, the total volume Vi

= 108,37 m is splitted as it is shown in Figure

k
4.12.
Fuel mass, required M req 83521 |[ka]
Fuel density Pr [kg/m?] Fuel volume, required VEreq [m?]
Select: Fuel tank installation
[ Quter wing fuel tank Outer wing fuel tank volume Vo [m?]
¥ Inner wing fuel tank Inner wing fuel tank volume Vi [ 42349
¥ Inboard fuel tank Volume of inboard fuel tank(s) Ver [m?]
Total fuel volume Ve [m?]
Total calculated fuel mass Mgc [ka]
Check: Fuel volume
Available fuel volume Ve H Fuel volume, required Vi req [m?]

Figure 4.12: Volume of the tank used on PreSTo

The available volume is more than the required volume computed on preliminary

sizing.

The MAC (Mean Aerodynamic Chord) is defined as an average chord length of the
wing, which will help represent the center of gravity. The different MAC values are

stated.
Table 4.1: MAC calculated on PreSTo
Areas calculated Data computed
Fuselage MAC (cM ic, f) 10,549 m
Fuselage MAC span (YMAC’f) 1,479 m
Inner wing MAC (cMAC’i) 9,185 m
Inner wing MAC semi-span (YMAC,f) 5,608 m
Outer wing MAC (cM ) C,o) 5,591 m
Outer wing MAC semi-span (YMAC’O) 15,064 m
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Wing MAC (¢

MAC

)

7,716 m

Wing MAC semi-span (Y, )

9,4 m

4.6 Geometry of ailerons

Ailerons are defined as simple flaps that are mounted close to the wing tips
permitting the pilot to roll around the longitudinal axis of the aircraft. Looking at
images of the L.-1011 wing, an approximation of the sizes has been created on PreSTo,
knowing that usually the chord of the ailerons is between 20-40% of the wing chord.

The L-1011-100 wing has ailerons located on the tip wings very close to the edges,

defined on the next figures below.

Wing plan view

—Wing circumference

——25 % chordline

Kinkline

e Fus elage

CoNonBLnRrOb b

+ MAC

—Low Speed Ailerons

High Speed Ailerons

01234567 891011121314151617181920212223242526272829303132333435363738394041424344454647484950

Aileron midpeint span

Figure 4.13: Wing view created on PreSTo

Howe: Aileron midpoint span suggestion Yamlb [

Aileron midpoint span for constant V, Yamlb [-] |Results

Aileron midpoint span Yam'b [] |Aileron outer span
Total aileron span an chordwise distribution Aileron midpoint span
Total aileron span Total aileron span
Howe: Total aileron span suggestion ba/b [-] |Aileron root span
Total alleron span for constant S, ba/b [-] |Aileron tip span

Total aileron span balb [l [check

Chordwise distribution Selected total aileron area
Howe: Chordwise distribution suggestion calc H

Chordwise distribution for constant S, calc [ o204

Chordwise distribution calc H

Yoo [ 0450]m)
Yam [ 2081)m
by [ 950[m
Y. [__18e3m
Yia __2328 [m]

s [ eam

Figure 4.14: Aileron sizes on PreSTo




As Figure 4.14 shows the chord of the aileron is 20% of the total chord of the wing
and the aileron outer span is close to 0,5 m, meaning that the aileron is almost on the

tip of the wing, just as the models of the L-1011 aircraft.

The spoilers manage to slow the aircraft causing a yawing movement in the direction
of the turn. In this case PreSTo couldn’t define the geometry of the spoilers which are
situated above the middle flaps defined in the next chapter.

The geometry of the L-1011 spoilers are defined for this project.

Table 8.7c) Jet Transports: Vert. Tail Volume. Rudder.

Allsron and Bpodilear Data

TYype Outb'd
ult
Span
in/out
fr.b/2
BOEING

7217-200 767,93
731-100 .74) .04
731=300 737,91
T47-300B .70/.93
747-8p 707,08
757-100 LTI6D
767-200 -T6/.98
McDONNELL -DOOGLAS
DC-% S80 .64/.188
DC-9-50 «T8/.98

DC=10-30 ,.75/.93
AIRBDS

AlOO-B4 «B3/.99
AMio none
Lockheed L1011
-500 71910
Pokker P-28

4000 «66/,91

Outh'd
All.
Chord

in/out

f:.c'

33/.%0
«30/.210
«33/,30
11717
«11/.17
227,06
167,15

317,06
+30/,383
297,27

.33/.%0
none

«36/.22

«39/.28

Rombac/British Aerospace

i-311 493 .73/.93
British Aerospace
146-3200 ,78/1.0
Tu-1%54 T6/ .98

«33/,31
.54/.27

Inb’d
Spoiler
Bpan
Loe.
in/ont

fr.b/2

«14/7.87
407,66
38/, 64
46/, 67
A6/, 87
417,74
J16/.01

«.38/.60
«35/.60
«17/.%0

«57/.79
.63/.83

L18/.3%»

no lateral control spollers

«27/.68

J34/,T0
.43/.70

Inb'4d
ler
ord

in/out

‘IQC'

«OP/. 14
«14/.18
0.14
127,16
«13/,16
«18/.19
L00/.11

+10/.08
Jd0/.00
J05/.046

J16/.22
J16/,.122

«08/.12

-06/.11

«33/.27
147,20

Inb'd
Spoller
Einge
Loc,
in/out

t:.c'

I8/ .69
667,67
647,70
0. 71
"7
T3/.69
-85/,

«60/. 63
607,63
I8/ .74

.73/7.12
687,66

-82/.7%

B, s
r r
span

Chord
m'
in/out in/out
tr.c, tr.c'
JANLT2 L146/.20
none none
none none
none none
none none

none none
A4/ ,.67 L12/.17

none none
none none
«A/.72 L11/.14
none none
none none

L30/.74 _14/.14

.60/.6% none none
+76/.68 none none
.63/.60 none none

Outd'd

2
in/o

t:.c'

657,63
none
none
none
none
none
L7477

none
aone
«78/.70

.867/.67

none
none

Figure 4.15: Spoilers geometry according to Roskam II, cited by Scholz [1]

Table 4.2 defines the relative sizes of Figure 4.15 being the inboard spoiler the one closest to
the fuselage and the outboard closest to wing tip, all in terms of fraction of semi-span (b/2)

and of mean wing chord

Cc_ .
w

Table 4.2: Relative sizes of spoilers for L-1011

Inboard Spoiler Hinge Location (% EW)

Spoiler data Values
Inboard spoiler span (% b/2) 0,39
Inboard spoiler chord (% EW) 0,08
0,12
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Outboard Spoiler Span (% b/2) 0,5
Outboard Spoiler Chord (% EW) 0,14
Outboard Spoiler Hinge Location (% EW) 0,14

65



5 Wing high-lift systems

In order to perform the analysis of the high-lift devices installed on the wing,
different graphs computed by PreSTo are used as it helps to understand why the data
was chosen.

5.1 Maximum lift coefficient

First, the leading sharpness parameter (Ay) needs to be studied as the maximum lift
coefficient depends on this parameter and it also follows Equation 5.1 according to
DATCOM 1978 [].

) +Ac +Ac +Ac (5.1)

1 Lmax 2 Lmax 3 Lmax
base

c = (c
Lmax,clean Lmax

) :maximum lift coefficient for non cambered airfoil.
base

(c

Lmax

Ac,  :term that corrects taking into account the airfoil camber and the position of

maximum camber at 0,3.

Ac, correction term for taking into account a position of maximum thickness

different to 0,3.

A, :term that corrects including Reynolds number different to 9-10° .

Table 5.1: Leading sharpness parameter according to DATCOM 1978, cited on Scholz [1]

Profile type Ay
NACA 4 digit 26-()
NACA 63 series 22-(%)
NACA 64 series 21,3-(%)
NACA 65 series 19,3-(%)
NACA 66 series 18,3-(<)
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Ay = 22:(%) (5.2)

The final value for a NACA 63 series profile airfoil selected is Ay=2,2%.

Using data provided on Figure 4.7 the position for maximum thickness of the airfoil
is—- = 0, 35.
Cc

AIRFOIL SECTION MAXIMUM LIFT COEFFICIENT OF UNCAMEBERED AIRFOILS
ACCORDING TO DATCOM 1978, FIGURE 4.1.1.4-5

! /"\
1.2 -
% —xtfc = 30%
=
x xtfc=35%
E
= —xt,c = 40%
= 0.8
—xt/fc = 45%
O Designpoint
0.4 . . . T ; . ; T ; . . T . ; . T . . . T ; . . 1
0 1 2 3 4 5 6

Figure 5.1: First correction for non cambered airfoils according to DATCOM

) =1,295.

(CL,max base
The maximum camber and it’s position is also found on Figure 4.7, being

o)

max

= 0,01 and x Gomax 0, 5 respectively.

yma
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EFFECT OF AIRFOIL CAMBER LOCATION AND AMOUNT ON SECTION MAXIMUM LIFT
ACCORDING TO DATCOM 1978, FIGURE 4.1.1.4-6

0.7 4

@  Designpoint

——— camber § 3 and max. camber 2t 50% chord

0.3
/\/\ —— camber 45 and max. camber 503 chord
and max. camber 2t 50% chord

Alclmax

camber 23

01
ay

Figure 5.2: First airfoil maximum lift coefficient correction according to DATCOM

Ac = 0, 041.

1 Lmax
EFFECT OF POSITION OF MAXIMUM THICKNESS ON SECTION MAXIMUM LIFT
0.4 ACCORDING TO DATCOM 1978, FIGURE 4.1.1.4-7
© Designpoint
x s pOitiON Of Max thickness 45% chord
o
E s pOitiON Of Max thickness 40% chord
E p of max thickness 35% chord
<
+ 1 2 k] 4 5
-0.1
Ay

Figure 5.3: Second airfoil maximum lift coefficient correction according to DATCOM

AZCL,max = 0,1546.

The Reynolds number:
(5.3)

Re = PoCuac’ app
M

Py density at ground level with a value of 1, 255 kg /m3 .

w: dynamic viscosity of 17,89-10 " kg/m-s.

Re = 38,82-10°.



EFFECT OF REYNOLDSNUMBER ON SECTION MAXIMUM LIFT
ACCORDING TO DATCOM 1978, FIGURE 4.1.1.4-7h

® Designpoint

Re=25*10%
Re=5*10"E

T T T
Re=6*10"E

Re=3*10"E

=
o

A3clmax
)w

-0.4 -
Ay
Figure 5.4: Third airfoil maximum lift coefficient correction according to DATCOM

Ac = 0,067.

3 Lmax

Being ¢ = 1,633.

Lmax,clean

An extra correction can be made for the Mach number, using Equation 5.4 with the

maximum lift coefficient calculated (c )on 5.1:
Lmax,clean

(5.4)

_ ( L,maX) + c
Lmax,clean €, max Lmax,clean Lmax

c
=22 relation between maximum lift coefficient of the wing and a section of the
L max

wing.

Ac - Mach number correction.

From the next figures the data is extracted.
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SUBSONIC MAXIMUM LIFT OF HIGH-ASPECTED-RATIO WINGS
ACCORDING TO DATCOM FIGURE 4.1.3.4-21a

1.6
1.4
© Designpoint
x 1.2 Ay==1,4
T
E ——y=1,6
= 1.0
g ' ay=1,8
z —Ay=2
0.8
— Ay=2,2
— fy=2,4
0.6 Y
Ay==2,5
0.4 T T f T T |
0 10 20 30 40 a0 60
¢pLE

Figure 5.5: Relation between airfoil maximum lift coefficients according to DATCOM

MACH-NUMEER CORRECTION
ACCORDED TO DATCOM 1978, FIGURE 4.1.3.4-22

0.2 0.4 MACH NUMEBER M 08
00 - T =] O DESIGNPOINT
e My=2 and pLE=40"
e fiyr=3 and pLE=40"
-02 A
Ly=4 and @LE=40"
e fyy=4 B and opLE=40"
E -04 -
Ay=Z and pLE=50°
fAy=2 35 and pLE=E0"
06 1 Ay=3 and gLE=60°
=4 and pLE=60"
-0B - =45 and gplE=60"

Figure 5.6: Mach number correction for the airfoil maximum lift coefficient by DATCOM

70



In Figure 5.5 the leading edge sweep angle used on the X-axis is calculated with
PreSTo.

Figure 5.7: Sweep angles calculated with PreSTo

c
Being ¢ = 38,04 2 the selected value to find = = 0, 823.
LE c

Lmax

From Figure 5.6 the approach Mach number used was calculated with Equation
5.5:

M VAPP (5 '5)

a = 340,29 m/s : speed of sound.

M, .= 0,21.

Ac =— 0, 004.
Lmax

With all the variables calculated, the clean maximum lift coefficient of the wing is

= 1,341 which gives an accurate approximation of the real value.
Lmax,clean

By using this method it is confirmed that A > according to DATCOM 1978,

3-cos<p25
cited in Scholz [1] as 6,97 > 3, 3.
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5.2 Flaps and slats system

According to Elsevier [4] the L-1011 used fowler type flaps which have a slot between
the wing and the device. When extended, the wing area is increased and with that also
the lift becomes greater being very useful for take-off procedures.

Ci s

Plain Flap C::x ' 7\ Slotted Flap
AC Plain Flap
- f Clean
Split Flap C::? >
Single-Slotted Flap % // .
o

Nonextending Flaps

Double-Slotted Flap & ___d/"’!'\

Clean

Triple-Slotted Flap il — N

Py

\
Fowler Flap m -

Extending Flaps L

Figure 5.8: Trailing edge flaps provided by DATCOM 1978, cited in Scholz [1]

-
v

The configuration of the leading edge flaps (SLATS) of the wing stands as it follows,
providing as well as the flaps an increase on camber and wing area :

minimum root span [l

relative slat root span Nr.LeDb [—] —> slatroot span YrLeo [m]
relative slat tip span NtLEDb [*] —> slattipspan Yeren [m]
leading edge device fo chord ratio CLED/c [ —E inner wing hinge line sweep angle PHLLED.i ["]

outer wing hinge line sweep angle PHLLEDo [“]
Sws.i 7
Sw,s,0 m7

affected area Sws m3

Figure 5.9: SLAT configuration on PreSTo.
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Wing plan view

—{ing circumference

Vi

25 % chordline

Kinkline

o~ . ——— Fuselage

Low Speed Ailerons

High Speed Ailerons

Fi
/'
/

— | D)

i affected area

|
I
1

e RN R R E B v wovprwmr o bdb

[
[t

o 1 2 3 4 5 6 7 & 5 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Figure 5.10: Wing view with SLATS installed on PreSTo

The geometry of the flaps has been sized to maximize the lift coefficient in order to
meet the requirements.

=
%)

o
ar =
= =

Figure 5.11: Configuration of the wing flaps determined on PreSTo

According to images of the L-1011, the dimensions of the slats and flaps are very
similar in terms of span and chord distribution to the real ones.
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Wing plan view

-4 —Wing circumference
i; I 25 % chordline
-1 : Kinkline
. Fusel
1 o, uselage
2 “ﬂiﬁh. — | o Speed Allerons
3 o
a4 \\ h“t. g, High Speed Ailerons
5 \\ '**..,.‘ —LED
° *.b":' e FLAP ininiEr wing:
7 [ N"’“«t
g :ﬁ-"""--.._____- ‘\\ ‘*“*4 s FLAP miid wing.
]_3 E H?‘"‘ \"\N'*\ e FLAP pUTET Wi
i H = S~ o
11 T — i [ affected area
12 i - ~‘“~\‘"ﬂx
13 "'"l-.“_.. -‘H""‘-.., \.k‘\\
1 ""l-...___‘ —— \\\
" ] \
15 P | | I
16 ""“'--.._l--..__ \‘Q_
17 h“;‘:“"“n
18 e
15 —
20
21

o 1 2 3 4 5 6 7 & 5 10 11 12 13 14 15 16 17 18 1% 20 21 22 23 24 325

Figure 5.12: Wing flaps geometry computed on PreSTo

The increase on the available lift due to high-lift devices is concreted in order to know

if it’s bigger than the required lift coefficient.

CL,max,High—lift =0, 95'ACL,max,f + ACL,max,s (5.6)
AC Lmaxf increase on lift coefficient due to flaps devices
ACL,max,f =k 1'k2'k3'(ACz,max) base (5.7)
k: flap chord correction factor.
k. flap angle correction factor.
k: flap-motion correction factor.
(Acl,max) : increase of airfoil section maximum lift coefficient due to a trailing edge

base

device with 25 % of chord and reference deflection.

AC Lt increase in lift coefficient due to slats devices.
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_ < (5.8)

C =C . . .8 .
Lmax,s 1,6,max nmax n(S f.LED ¢

Cron theoretical maximum lifting effectiveness of LED (Leading Edge Device).

n o empirical factor regarding leading edge radius divided by thickness ratio (r/t).
N empirical factor regarding deflection angle.

8 £ LED' deflection angle between chord line and half of the extended chord due to

LED.
CT': ratio of area enlargement due to slats extension.

Usually, the chord of the flap extends till the 30% of the wing’s chord, and for this
project the same methodology was established, giving the flap chord correction.

CORRECTION FACTOR FOR FLAP CHORD DIFFERERENT TO 25%
ACCORDING TO DATCOM 15978, FIGURE 6.1.1.3-12

1.200
1.000

0.800

0.600 ® DESIGNPOINT

K1

— SPUT, PLAIN AND 1-5LOT
0.400
— 2-5L0T AND FOWLER

0.200

O.ﬂﬂﬂ T T T T T T T 1
0] 4 8 12 16 20 24 28 32

FLAP CHORD (% wing chord)

Figure 5.13: K1 correction computed on PreSTo

k1 = 1, 201.

c
flap __
= 0, 3.

In order to find K , and ke the maximum possible deflection angle has been chosen

with fowler flaps selected.
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K2

CORRECTION FACTOR FOR FLAP DEFELCTION ANGLE DIFFERERENT TO REFERENCE ANGLE

ACCORDING TO DATCOM 1978, FIGURE 6.1.1.3-13

1 - o
0.8
REFERENCE ANGLE
0.6
—— FOWLER
——1-5L0T
0.4
2-5L0T
——SPLIT AND PLAIN
0.2 O DESIGNPOQINT
[J T T T T T 1
0 10 20 30 40 50 60
FLAP ANGLE (deg)
Figure 5.14: K2 correction computed on PreSTo
CORRECTION FACTOR FOR FLAP MOTION
ACCORDING TO DATCOM 1978, FIGURE 6.1.1.3-13
1 -
0.8
0.6
o — 2-5L0T
¥
0.4 —— 1-5LOT, FOWLER
O DESIGNPOINT
0.2
D I I T T 1
0 0.2 0.4 0.6 0.8 1

ACTUAL FLAP ANGLE / REFERENCE FLAP ANGLE

Figure 5.15: K3 correction computed on PreSTo
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k2=1,0.
8f= 40 ¢
k3=1,0.

Actual flap angle (6 f) /Reference flap angle 6, f) =1,0.

Extracting the data form the airfoil on Figure 4.7, the thickness was stated to a value
of 10% which helps to extract (Ac, )

L max’ base

MAXIMUM LIFT INCREMENTS FOR 25%-CHORD FLAPS AT REFERENCE FLAP ANGLE
ACCORDING TO DATCOM 1978, FIGURE 6.1.1.3-12
2.000 -
1.800
"'2- 1.600 ® DESIGNPOINT
o . FLAP TYPE AIRFOIL
% 1.400 . A 2-5L0T NACA
E B FOWLER ANY
S 1200
2 c C 2-SLOT NACA 6-SERIES
1,000 b5 1-SLOT ANY
D SPLIT & PLAIN ANY
0.800
0 2 4 6 8 10 12 14 16 18 20
AIRFOIL THICKNESS (% wing chord)
Figure 5.16: (Bc, ), calculation computed on PreSTo
Ac =1, 224.
( l,max)base ’

Another factor is taking into account according to Raymer 1992, cited in Scholz [1]:

S .
S

Lmax,s

S, i
Cl,max,s " COS((PH.L)

W,s

W,s,i

S

W,s,0

@, Hingeline sweep angle, from Figure 5.9.

In case of the high-lift increase for the slats regarding Equation 5.8:

(5.9)

: relation between affected areas of the wing from Figure 5.9 with value of 0,56.
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To find the maximum lift effectiveness (cl smar)? LED chord to wing chord ratio was

computed on Figure 5.9 following the geometry of real L-1011 wings.

2,0

1,6

cl,5,max (per rad)

cl =
8, max

cf/c =0,

THEORETICAL MAXIMUM LIFTING EFFECTIVENESS
ACCORDING TO DATCOM 1978 FIGURE 6.1.1.3-13

Designpoint

Area de trazado

0 0,1 0,2 0,3 0,4 0,5
LEADING EDGE DEVICE-CHORD RATIO, C,LED/c

Figure 5.17: Cron computation on PreSTo

1,736 1/rad.

25.

The empirical factors (m . ng are found knowing the leading edge radius over

thickness ratio (r/t) and the deflection angle &

£ LED (accordingly a value of 20° leads

to a high increase in lift coefficient respect to other values).
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EMPIRICAL FACTOR REGARDING LER/(t/<)
ACCORDING TO DATCOM 1978 FIGURE 6.1.1.3-15

2.0 4
1.6
x 1.2
E O Designpoint
= — SLAT
0.8
— MOSE FLAP
0.4
D-D T T T T 1
0 0.04 0.08 0.12 0.16 0.2
rft
Figure 5.18: L. computation on PreSTo
EMPIRICAL FACTOR REGARDING DEFLECTION ANGLE
ACCORDING TO DATCOM 1978 FIGURE 6.1.1.3-16
1.2 -+
0.8
Desi int
Q. QO Designpoin
REFEREMCE AMNGLE
0.4
—— NOSE FLAP
— SLAT
U.U T T T T 1
0 10 20 30 40 50
DEFLECTION ANGLE, &f
Figure 5.19: s computation on PreSTo
n = 1,708 with an r/t= 0,077 according to the data of the airfoil.

max
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N = 0, 848 with Sf’LED = 229,

The final enlargement do to the usage of slats is computed using PreSTo [] following

the data of the airfoil, with a value of CT = 1, 1 extending the chord.

As well as for the slats, the Equation 5.10 is used to have a more detailed approach
of the flaps increasing on the lift coefficient:

AC SW-f K (5'10)

=Ac .
Lmax,f Lmax,f S w A

SW'f

S
w

a summed value of 0,6257.

: From Figure 5.11 the affected area is divided in the inner and outer parts, with

K : Sweep angle correction computed on PreSTo[] with values of 0,825 for the inner

part and 0,815 for the outer part using the sweep angles at 25% of the chord.

CORRECTION FACTOR FOR SWEEP AMNGLE
ACCORDING TO DATCOM 1973, FIGURE 6.1.4.3-10

1 -
0.9
0.8
g O Designpoint KA,
0.7 ©  Designpoint KA,
— KA
0.6
D|5 T T ] T T 1
0 10 20 30 40 50 60

Pp2s

Figure 5.20: K, determination computed on PreSTo

Finally, the increase due to high-lift devices is:

Ac = 1, 065.

l,max,s

Acl’max’f = 1,47.
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After corrections from DATCOM 1978 and Raymer:

AC = 0,933.
Lmax,f
AC = 0,8013.
Lmax,s
Being AC = 1,688, and the required increase of lift coefficient is

Lmax,High—lift
calculated using an increase of maximum coefficient in landing knowing it’s the
biggest demand for the aircraft and taking out the clean maximum lift coefficient as is
the lift only provoked by the wing with flaps retracted.

=1,1-C - C (5.11)

Lmax,required Lmax,L Lmax,clean

Computing all the values, AC as 1,688 > 1,684

> A
Lmax,High—lift Lmax,required

meeting the requirements.

The final view of the wing computed and the one drawn on the technical profile is
compared on the next figure, knowing that the program extends the slats to the chord
line, so with more detailed measures the slats could be of the same size on the inner
board and on the outer.
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Figure 5.21: Final wing comparison.
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6 Tail design I

There are two components to the tail assembly design (Tail Design I & II). The
so-called tail assembly volume is used to estimate the tail assembly dimensions. The
aircraft's mass and center of gravity can be determined using this initial tail assembly
size estimate. Following the determination of the mass and center of gravity of the
separate aircraft parts the possible relative eros can be estimated in order to detail
the design.

Since tail assembly essentially works similarly to (small) wings, many of the
relationships that govern wing design also apply to tail assembly. The aircraft's
stability, controllability, and trim are all aided and an extended center of gravity
range is achievable with the use of a THS (trimmable horizontal stabilizer) computed
on PreSTo .

The L-1011 had a particularity different from the aircrafts of that age, the tail is
all-moving meaning that the incidence angle can be changed during flight being more
effective but also heavier. The main function is to create a moment around the lateral
axis, different from the wing ailerons which create a roll moment around the
longitudinal axis.

6.1 Horizontal tail geometry

The tailplane has a conventional configuration with a lever arm (IH) of 17, 7 meters

according to Elsevier [4] which is the distance between the aerodynamic center of the
wing and horizontal tailplane.

Type Horizontal Tailplane Vertical Tailplane

A A A A
Conventional Tail 3.00...5.00 0.3..06 1.3..20 03..06
T-Tail as Conventional Tail as Conventional Tail 07..12 06..10

Figure 6.1: Typical values for aspect and taper ratios according to Raymer 1989, cited in

Scholz [1]

Dihedral Incidence Aspect Sweep Taper
Type Angle Angle Ratio Angle Ratio
v[] in [*] An[] 0[] An []
Business Jets -4.. 9 -3.5 fixed 3.2..63 0..35 0.32...0.57
Transport Jets 0..M1 variable 34 .61 18 ... 37 0.27 ... 0.62
Fighters 23... 5 0 fixed or variable 23..58 0..55 0.16 ... 1.00

Supersonic
Civil Transport -15... 0 0 fixed or variable 1.8..26 32 ...60 0.14 ...0.39

Figure 6.2: Typical values according to Roskam 11, cited in Scholz [1]
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The surface of the horizontal tail can be computed according to Scholz [1]:

Syl (6.1)

SH: Horizontal tail surface

From PreSTo tool, the value for the horizontal tail volume coefficient (C H) is settled to

0,875 which is a normal value for general transport jets.

S = 123,58m"°
H

From Elsevier [4] the aspect ratio chosen (AH) is 4,03 and the sweep angle at 25% of
the chord is ¢ s = 352 as the wing angle. The taper ratio (A,) is set to 0,31 with a

dihedral and incidence angles of 8 ¢ and — 2 ¢ respectively, according to Figure 6.1
and Figure 6.2 the values are inside the range for transport jets.

Following PreSTo 4.3.2 simulations the relative thickness of the horizontal tail is
(), = 0,095.

The span of the horizontal tail:
b =./A-S (6.2)
bH = 23,11m

Following the same methodology as for the wing, the same airfoil has been chosen
(NACA 63-210 series) knowing that its relative thickness is 0, 1 being very similar to
the one calculated with simulations.

6.2 Elevator

One of the most important control surfaces on an aircraft's horizontal tail, or
horizontal stabilizer, is the elevator. It permits the nose to move up or down by
regulating the aircraft's pitch. The elevator deflects upward when the pilot pulls back
on the stick or control yoke, which causes the tail to experience a downward
aerodynamic force. The airplane climbs as a result of this force raising the nose.
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During flight, the elevator is essential for preserving and modifying the aircraft's
altitude.

Looking at examples of L-1011 tails and knowing that typically the elevator covers till
the tip with a chord of 25%-40% of the tail, with deflections of maximum 25 ©
downwards and 35 2 upwards. The sketch of the tailplane shows the elevator installed
on the horizontal tail (red area) together with the 25 % chord line (yellow) and the
MAC span point (red dot).

Elevator
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Figure 6.3: Horizontal tail and elevator by PreSTo

6.3 Vertical tail

The upright surface at the back of an airplane (located just in the middle of the rear
engine) that stabilizes the yaw axis, which governs side-to-side motion, is known as
the vertical tail or vertical stabilizer. Maintaining the aircraft's alignment with its
flight path and avoiding unintended side sliding are its primary duties. The vertical
tail helps the aircraft retain directional stability which helps for controlled flying,
particularly during turns.

Following the horizontal stabilizer analysis, the vertical tail surface and important

data has been selected taking data from Elsevier [4] with an elevator arm of 20,6
meters.
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Syl (63)

C = 0,079 contrasted with data from PreSTo and typical values.

S = 59,604 m2 with a span of bV = 10, 65 m using 6.2 for vertical tail

The aspect ratio 4, and sweep angle (¢__ ) are 1,92 and 35 2.

25,V

Taper ratio is 0, 29, while dihedral angle is 90 2 and incidence angle is null, according
to Figure 6.4.

Dihedral Incidence Aspect Sweep An- Taper

Type Angle Angle Ratio gle Tratio

v[] in [°] An [1] Q] An [-]

Business Jets 90 0 08...16 28...55 030..074

Transport Jets 90 0 0.7..20 33...53 0.26...0.73

Fighters 75...90 0 04..20 9..60 0.19...057
Supersonic Cruise

Airplanes 75...90 0 05...1.8 37..656 0.20...043

Figure 6.4: Vertical tail data from Roskam II, cited in Scholz [1]

After checking that all data is inside the range, the airfoil selected again is NACA
63-210 following the same results as for the horizontal tail.

NACA 63-210 =l
Vertical tail airfoil
0.2
0.15
0.1
0.05 —
0 e r—
0,05 T z —0% o7 0 0s
-0.1
-0.15
-0.2
Relative thickness of selected airfoil tic 0.100([-] = Relative thickness suggestion (from Torenbeek) tle 0.095|[]
| Thickness of selected airfoil corresponds to suggested thi 7

Figure 6.5: Airfoil for vertical tail computed on PreSTo

6.4 Rudder

A movable control surface that is fastened to an aircraft's vertical tail is called a
rudder. It regulates the aircraft's nose's side-to-side movement, or yaw motion. The
nose turns when the rudder deflects to the left or right, producing a horizontal
aerodynamic force that pulls the tail in the opposite direction. The rudder is used by
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pilots to coordinate turns, adjust for adverse yaw, and maintain directional control,
particularly when taking off and landing in crosswinds or when aircraft are
experiencing asymmetric thrust.

Typically the rudder covers 9o % of the total vertical tail with a maximum deflection
of 35 2 and a chord of 30 % respect to the chord of tail. The modelage and resulting
geometry was used with this data.

Figure 6.6: Geometry of rudder for vertical tail computed on PreSTo
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Figure 6.7: Rudder for vertical tail drawn on PreSTo

In order to prevent an event of stalling or spinning, the tail is crucial to make the
aircraft recover from such situations where there pilots lose control and limits are
surpassed. A simulation has been created on PreSTo showing the distances from root
chords to tail positions showing that the vertical position is at a considerable distance
from the fuselage as the diameter of the engine is considered.

. I . —— Rudder
Raymer Horizontal tail position suggesion Rudder blanketting - ponzontal i wake
thisline OKIfnopitch-up tendency of wing
jer this line OK for Subsonic

ion for HT under this line

-
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-
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o
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Horizontal position fcMAC

Figure 6.8: Stall and spin recovery calculated and drawn on PreSTo
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7 Mass and center of gravity

In this section a further analysis of the masses and the definition of the CG (center of
gravity) is realized using three different methods, being the first one the less accurate
and the last one a Class II measurement which will be used for the last sections
making this a top-priority configuration in the aeronautic industry.

7.1 Class I: Roskam V
This method provides a forecast of the mass breakdown according to Roskam V, cited
by Scholz [1], the required input is the operating empty mass (mOE) computed on the

preliminary sizing and a model of an aircraft that is similar to the L-1011 in terms of
dimensions and certifications.

The aircraft with more similar characteristics is as mentioned in previous sections the
McDonnell Douglas DC-10, which is used by PreSTo 4.3.2 to compute the relative
mass breakdowns that compound the operating empty mass in order to find the
different masses of the aircraft.

Table 7.1 shows the relative mass breakdown from each component of the aircraft
used from Appendix A of Roskam V used to calculate the masses in Figure 7.1.

The final operating empty mass (m,.) has been calculated summing all the masses
which are multiplied by the relative mass breakdowns (rgmup) of the model aircraft

used as an example with the operating empty mass of the preliminary sizing of the
L-1011.

Table 7.1: Class I calculations of mass groups

Relative mass groups Values Final weights (rgmup-m . 2
Wing (rW) 0,18459 20812 kg
Fuselage (rF) 0,21864 24652 kg
Tail (rT) 0,05197 5860 kg
Landing gear (rL G) 0,07168 8083 kg
Nacelle (rN) 0,02688 3031 kg
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Structure (r) 0,55556 62639 kg

Power plant (1, ) 0,15233 17175 kg
Fixed equipment (rFE) 0,20301 33138 kg
Select: The most similar aircraft (design, certificate)
McDonnel Douglas DC-8-10 -~
Input Data
Operating empty mass Moe [ 112751kal Wing mass my [ 20812kl
Fuselage mass me [kg]
Tail mass mr [ s8s0]lkal
Landing gear mass mg [ sos3|kq
Nacelle mass my [ 3031]Kkg]
Structure mass. msme [ 62639|[kg]
Power plant mass Mpp [kQ]
Systems & items mass Msa; [ 33138]kal

Figure 7.1: Mass breakdown Class I used on PreSTo

Summing all values the maximum operating empty mass is m op = 175390 kg.

The final maximum take-off mass calculated with this method, using the payload and
fuel mass calculated in the preliminary sizing:

m. =m,. + m, + m, (7.1)

m. = 275417 kg.

As the method is not precise, another Class I analysis is performed to analyze the
data.

7.2 Class I: RAYMER 89

This method is also based on the usage of different factors to calculate mass groups,
but in this case data is provided directly from RAYMER 89, cited by Scholz [1]..

The wetted and exposed surfaces of the aircraft will be calculated as they are the ones

in contact with the airflow and will be multiplied by the factors to find the weights of
the aircraft.
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Factors Selected:

Transport Business| Transpart
k1 7461 3453 74.61|kg/im*® wing
k2 2027 115 2027 | kg/im® fuselage
k3 43.45 17.03 43 45|kgim* harizontal tail
kd 31.42 1252 31.42|kg/m® vertical tail
k5 0.006 0.006 0.006|- nose gear
kG 0.033 0.0249 0.033|- main gear
k7 1.45 1.32 1.45|- power plan
k& 0.161 0.19 0.161]|- systems
kx 1143 1.0923 1.143|- aperational empty

Figure 7.2: Factors used on Class I computed for PreSTo

The exposed area of the wing is simply calculated extracting the fuselage from the
total wing area:

S -5 (7.2)

2
Sexp,W = 261,59m .

According to Scholz [1] the following wetted areas are calculated:

— 9. ) (L L ATA .
wetW 2 Sexp,W (1 + 0,25 (C)T 1+A ) (7 3)
S  =537,36m
wetW ’ m .
, 3 ) (7.3)
Swet,F = T[-df-lf-(l — 7‘_[) (1 +A—2)

f

A ;= 8, 125: fuselage fineness ratio, dividing the length and diameter of the fuselage.

S .= 751,77 m" .

wet,

. 2 2
Accordingly, Sexp,H = 0,85, =98,86m and Sexpy =S,=159,04m .

Following DataHammami [5], the weight of the engines is set to 4449, 74 kg each
one, corresponding to a mass of m, = 3-4449,74 = 13349,22 kg.
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As for the previous phase, Figure 7.3 shows the final mass of the groups calculated
showing the operating empty mas (mOE) calculated with this method multiplying the

factor with the preliminar maximum take-off mass (mT 0) computed on preliminary

sizing.

Wing exposed area Sepw | 261.59|[m Wing mass My [ 19517]kal

Fuselage outer diameter dig [m]

Fuselage length | S, [m] Fuselage wetted area Satr [m’]
Fuselage mass mg [ 15238|kal

Exposed area, horizontal tail Sepw | 98.85|[m7 Horizontal tail mass Myt [ 4296|kal

Exposed area, vertical tail Sempy [ 59.04|m3 Vertical tail mass T [ +8s55|kal

Max. take-off mass Mwro [ 211375][kg] Nose gear mass Men [ +268]kal
Main gear mass Mg [ eo75|ikal
Nacelle mass my [ ojka
Structure mass Mgacr [ 49150| (kg

Engine mass suggestion me [ 22715|lkal

Engine mass me [ 13349]kal Power plant mass Mep [ 19356kl
Systems & items mass Mz [ 34031)ikg)
Operation Empty Weight Mg [kg]

Figure 7.3: Final weights of Class I (Raymer) computed for PreSTo

Using Equation 7.1, m, = 217228 kg being a value more exact than the one

computed on the first method comparing weights with preliminary sizing.
7.3 Class II: Torenbeek 88

This method is the most precise, as an iteration will be carried at the end in order to
have a relative error for the maximum take-off mass of less than 0,5 %. First, the
weights of the mass groups such as wing, fuselage, horizontal stabilizer, vertical
stabilizer, landing gear, engine nacelle, installed engines, and systems are estimated
using experimental formulas and the input value for the maximum takeoff mass from
the preliminary sizing.

Following the equations provided by Scholz [1], every mass will be calculated
precisely till the maximum operating empty mass is calculated summing all weights
and therefore, the maximum take-off mass.

The structural span:

—_b (7.4)

S €O5Ps0,6
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(p50,0

= 31, 72 2: outer wing sweep angle at 50 % chord according to PreSTo 4.3.2.

Figure 7.4: Sweep angles computed on PreSTo

bs = 55,86 m.
The ultimate load factor:

M

=1,5n.
ult lim

n,. limit load factor, according to Scholz [1] is set to 2, 5.

n = 3,75.
It

U

The wing mass for aircraft with m, = 5700 kg:

0,3
mW — -3 0,75 bref 0,55 bs/tr '
— = 6,67-10 .bS (1 + b_s).nult ( )

ZF mZF/SW

bre f: reference value set to 1,905 m.

b /t: cantilever ratio set to 40.

(7.5)

(7.6)
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m
w

The wing mass divided by maximum take-off mass is then —

= 0, 156.

ZF

Therefore multiplying by m,. the wing mass is found, m = 22789,42 kg.
The fuselage mass:

7 - (7.7)
m, = 0,23V .—F '

D WF+hF wet,F

4% Dive speed calculated multiplying speed of sound and dive Mach (0,05 higher than M CR)
being the final value 268,78 m/s.

w: width of fuselage, 6,0 m.
h,: height of the fuselage, 4, 83 m.

m = 13627,01 kg.

For the case of the tail:
SH0'2~VD (7.8)
My = Ky Sy O Lo T~ 2
5,02, (7.9)
m, =k S (62 ——2—= - 2,5)

1000-, ,COS(pV,SO

kH: horizontal tail constant set to 1,1 for trimmable tails.

. horizontal tail sweep angle for 50 % chord.

P, 0:Vertical tail sweep angle for 50 % chord.

According to PreSTo 3.4.2:
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Sweep, 50 22 chord line [ 29.65|[]
Sweep, B0 2 chord line Py 22 47|°]

Figure 7.5: PreSTo 3.4.2 calculation of sweep angles for the tail at 50 % chord

Su” (7.9)
_ H H
k,=1+ 0,15~
Vv
z, distance from root of vertical airplane to where horizontal and vertical tails are

attached with a null value.

k,=1
m, = 5194 kg.
m, = 1911 kg.

The nose and main retractable landing gears:

(7.10)
My = kA + BLG'mTog/4 T Oy + DLG'mTog/2 )
k, .: constant, for low wing aircrafts is set to 1.
airplane type gear type gear component A, B, C D,
jet trainers and retractable gear main gear 15.0( 0.033]0.0210 -
business jets nose gear 541 0.049 - -
other civil types fixed gear main gear 9.11 0.082(0.0190 -
nose gear 11.3 - 0.0024 -
tail gear 4.1 - 0.0024 -
retractable gear main gear 18.1 0.131]0.0190 2.23-107
nose gear 9.1 0.082| - 297 10°
tail gear 2.3 - 0.0031 -

Figure 7.6: Constants for landing gear provided by Torenbeek 88, cited by Scholz [1]

The constants chosen are for other types of aircrafts and with retractable gear, being

-6
ALG,N =91, BLG,N = 0,082, DLG,N =2,97-10 , ALG,M = 18,1, BLG,M = 0,131, CLG,M = 0,019

-5
and DLG’M = 2,23-10 " .
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m,., = 1115 kg.

m o= 7562 kg.

Summing both the landing gear mass is m .= 8676 ky.

For turbo fans, the mass of the nacelle:

0,065-T
TO
m =
N g
m, = 3311 kg.
The mass of the engines:
My st = K Koy Ty Mg

k,: constant set to 1,15 for passenger aircrafts with nacelles.
k, 1,18 for reverse thrust engines.

n: number of engines seto to 3 for the L-1011.

m_: mass for one engine set to 4449, 74 kg.

My st = 18114,89 kg.

Mass of the systems:

2/3

m._ =k m. + 0, 768-kF/C-mT0

SYS EQUIP

kEQUIP: 0,11 for transport aircraft.

kF/

E for transport aircraft with primary surface controls is set to 0, 88.

(7.11)

(7.12)

(7.13)
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me,o = 25856,9 kg.

The operating empty mass is calculated summing all values stated before:

m,=m +m.+m +m +m +m + Mmoo (7.14)

m, .= 99480, 22 kg.

And with that, the m. = 199507, 22 kg and if the relative error is calculated, that

gives a difference of 10, 48 %. Therefore, an iteration must be carried out, changing
the values of the maximum take-off mass at the very start to compute all mass groups
again.

Table 7.2 shows the iterations and the relative error at the end.

Table 7.2: Class II iterations for calculating maximum take-off mass

Iteration number m. relative error(A%)
0 213140 kg 0%

1 199507,22 kg 6,4 %

2 194920,94 kg 2,3%

3 193616,12 kg 0,66 %

4 193246,75 kg 0,19 %

The maximum take-off mass selected is m, = 193246,75 kg giving a deviation of
less than 0, 5% together with an operating empty mass of m, .= 93220 kg and a zero

fuel mass ofmZF = 112358 kg.

7.4 Center of gravity

The center of gravity (CG) of an aircraft is the place at which its complete weight is
assumed to act, independent of orientation. It indicates the aircraft's balance point,
which is critical for stability and control. If the CG is set too far front or aft, the
aircraft may become unstable or uncontrolled. Designers ensure that the CG remains
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within precise limitations throughout the flight, particularly when fuel burns and
payload fluctuates.

The calculations are made dividing the fuselage from the wing to two different
groups.

The center of gravity of the fuselage has been determined using PreSTo[] suggestion
using a mean value between the minimum and maximum, which is between 20,2 and

21,65 meters respectively, at X...=2092m. For the systems of the aircraft the

f
center is usually located at 40 %-50 % of the fuselage’s length and for this case it will
be located at 45 %, at Xooops = 21,65m.

The landing gear located on the nose has been calculated using sizes provided on
Figure 3.13 and adapted for the longitudinal length of this model, being

X COLON = 8,01 m. Therefore, taking the wheelbase (distance from nose to main

landing gears) provided by Elsevier [4] adapted to this aircraft (21, 33 meters) and
adding the distance from nose to landing gear already -calculated before,

XCG'LG’M = 29,34 m.

The installed engines on the wing were computed with distance settled to

XCGEINST = 20,20 m according to Scholz [1], using a 42 % distance of the total

fuselage, as the distance from nose to edge of nacelle is ALE g = 18,124 m.

The center of gravity for the nacelle has been determined as it’s located at 40 % of the
length of the engine (5,19 meters according to Wikipedia [10]), and knowing the
spanwise location (43,6 % of fuselage length) according to Elsevier [4],

XCG’N = 19,24 m.

To find the center of gravity for the wing and tail, the LEMAC (Leading Edge of MAC)
has to be defined in order to compute the values on PreSTo.

Firstly, an initial LEMAC is set to X Lemac = 23, 7mas it will help find the distance to

MA
the wing with PreSTo.
Wing group
Wing CG - leading edge reference chord Kw I CG wing (from LEMAC) Xcaw [ 29|m
CG landing gear (from LEMAC) Xegie | 5.52|m]
Engine edge - lemac or fuselage ALE: [ olm
Distance - Engine edge - CG engine AXipeg [m] Engine CG (from LEMAC) £ Eng [m]

Figure 7.7: Wing distances compute on PreSTo
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Therefore the center of gravity of the wing is:

we = Xiemac XWG,LEMAC (7.15)

X ~=2074m.
WG

From the requirements, the distance from the center of gravity to LEMAC is found at
25 % of the MAC chord.

AxCG,LEMAC =0,25¢c, (7.16)
X ceremac = 19289 m.
Knowing this, the calculation of the LEMAC is performed.
Lemac = Xpg T XCG,LEMAC m_WG'( WGGLEMAC CG_LEMAC) (7.17)

FG

X+ center of gravity of the total fuselage group set to 24, 55 m.

X WGGLEMAC distance from center of gravity of wing group to LEMAC, set to 2, 71 m.

XLEMAC = 24,25 m.

Accordingly, the center of gravity of the wing is X we = 27,21 mand the distance to

the tail is calculated on PreSTo.

CG Tail Xeox 46.6671141|[m]

For Raymer89 and Torenbeek 88 method

Lemac Vail LEMAGCy; 43.8013424|[m) CG Viail XcawT [ azagfm
Lemac Htail LEMACr 40.76008|[m] CG Htail Xeo HT 4314m

Figure 7.8: Tail distances compute on PreSTo
Two tables have been created showing the values of the different mass groups of 4th

iteration calculated before (used from now on for the next steps), the center of gravity
of the different sections, splitting the fuselage and wing group.
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Table 7.3: Fuselage group masses and center of gravity

Fuselage group m X mX_.
m 13627,01 kg 20,9235 m 2
f 285124,74 kg-m
23560 k 21,6
Meys 3500 X8 45m 509956,2 kg-m’
194 k ,1
My 5194 X8 4314 m 224069,16 kg-m2
1911 k ,
m, 011 kg 44,44 m 84924,84kg-m2
k 8,01
MmN 1019 %8 m 8162,19 kg-m”
11,01k 24,
Mrg 453 & 455 m 1112251 kg-m2
Table 7.4: Wing group masses and center of gravity
Wing group m X mX ..
6803,60 k 26,71
my 30603,00 kg 7tm 983024,16 kg-m’
8080 k 20,
M em 8 9:34 M 237067,2 kg-m’
11k 19,2
my 3311 X8 9:24 M 63703,64 kgm’
_ 20753,96 kg 20,202 m 2
Einst 419271,5 kg-m
68948,56 k: 24,32
My 946,50 X8 4:32 M 1703066,5 kg-m’
The final X c6pLANE 1S computed:
Results
Distance CG - LEMAC Axcoiemc | 192888568 [m] CG Fuselage section Xcars [ 2456|m|
CG wing section (from LEMAC) Xeews | 3.00]m]
Pasition of LEMAC Xiewe | 24.25|m]

Wing group mass
Fuselage group mass

CG Plane

Figure 7.9: Results on PreSTo

Mugoup | 68949][kg]
ME group 45311 |[kg]
Xcg,Moe 26.18[[m]
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Figure 7.10: Sketch of the aircraft on PreSTo
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8 Tail design 11

After the analysis of masses and the preliminar empennage designing a new detailed
examination of the tails is done calculating again the surface areas of both horizontal

and vertical tail using the PreSTo tool.

8.1 Horizontal tail

In order to maintain the stability of the aircraft, the next values are computed using

the tool.

Wing lift gradient (landing condition) Craw
HTP lift gradient (landing condifion) CrLon

Aspect ratio coefficient ks [

Taper ratio coefficient k;. H

HTP location coeficient K, H

Wing lift gradient (M=0) Coow [/rad] Downwash gradient Se/so
Gradient of natural stability curve a

Figure 8.1: HT data computed on PreSTo
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The control of the aircraft also depends on the horizontal tail, and using the
V-diagram performance will help to give a value for the horizontal tail surface. The
permissible center of gravity ranges are located between the straight lines
representing the controllability (red) and stability requirements, with the minimum

stability also included (pink).

05 —— Natural stability lmit {(Enear)

—a— Minimum stabiity (linear)

—a— Control Emit

CG range (Dxpayload)
olyrn

—— Natural stability (polynomical)
04 /
/
/
/
03 ”
ShlSw ;’
/
0.2
/
i
0.1
/
/
0

-03-02-01 0 01 02 03 04 05

Xce.ac/Cuac

Figure 8.2: V diagram computed on PreSTo
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As it can be extracted from the graph, the ratio between the horizontal tailplane area
and the wing area is 0,35 which gives Equation 8.1.

Su G % AT (8.1)
S, ¢ o oc-Ac T o
i, i,

The data left to define is found on 8.1 is computed on PreSTo[], with x COAC being the

slope of the V diagram.

Figure 8.3: HTP data computed on PreSTo

The final horizontal surface is S L = 113,74 m’ and comparing with the first

S, = 123,58 m’ the deviation is less than 10% (7,96 %) meeting the requirements.

The sizes and geometry computed on the first tail design is again calculated with the
new surface area.

IH = 19,23 m.

bH =21,41m.

Figure 8.4: HTP sweep angles and drag computed on PreSTo
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8.2 Vertical tail

In the case of the vertical tail, the same methodology is used and also applying some
different corrections in order to select between two different new vertical tails,
meeting the requirements.

Figure 8.5: VIP area for control requirements computed on PreSTo

Figure 8.6: VTP area for stability requirements with corrections computed on PreSTo

The new area has an error of 2, 24 % which is acceptable, with a new lever arm of
I = 20,15 m and span of b,= 10,77 m.

v
The final elevator and rudder are updated with the new sizes.
Elevator Rudder
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 15 20|12
0 11
1 10 i 4
; - 3 - / J
4 "~ 2 A LA V4
s = 2 AV
6 = ~C [ - Fi
’ 5 pd I
8 p 7 i
9 = 4 A / /
" 2 I : A d ,/ / )
1 = 7
12 i i 7
ﬁ NdRERE f
15 i) 1 2 3 4 5 [ 7 £ 9 o0 11 12 13

Figure 8.7: New elevator and rudder drawn on PreSTo
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9 Landing gear

The aircraft will have a nose and main landing gear, with two legs under the wings.
The position and length of the landing gear legs must be determined using a variety
of parameters. Using the reference aircraft, all landing gear legs' number, length, and
position are calculated with the PreSTo 3.4.2 tool.

9.1 Landing gear position

The position of the nose and main landing gears is computed first respecting the
wheelbase distance and knowing that the distance from nose to nose gear is 8,01 m as
calculated in previous sections. Dividing this value with the external diameter of the
fuselage gives a value of 1, 35 which is bigger as expected than other smaller aircrafts
as the A330 or A320.

The position of the main landing gear according to MAC has a relation of 66 %, bigger
than usual statistics (52 % — 58 %) which makes sense as the longitudinal lengths
are considerably bigger than typical aircrafts.

Fm
*Fn
Relative x-position of nose LG a [7] stat x-position of nose LG xFn [m]
x-position of main LG according to MAC LGuac 66.00([%] x-position of main LG xFm 29.35([m]

Figure 9.1: Landing gear position on PreSTo
9.2 Longitudinal and lateral tip stability

In order to maintain stability the tip-over angles are needed, firstly calculating the aft
and forward distances from the center of gravity (jet transport according to ROSKAM
IT (cited by Scholz [1]) and selecting a mean value) as well as the distance from
ground to fuselage.

XCG'de = XCG - 0,50, 22-CMAC (9.1)

=X +0,5022¢c, (9.2)

X
CGaft c
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Type C.G. Range Type C.G. Range
f[..::w fr.cw
Homebuilts 0,10 Military 0.10
Trainers
Single Engine 0,06-0,27
Prop. Driven Fighters 0.20
Twin Engine 0.12-0,22 Mil.Patr. 0.30
Prop. Driven Bomb and
Transp.
Ag. Airpl. 0.10
Fl.Boats, 0.25
Business Jets 0,10-0,21 Amph. and
Float
Regional TBP 0,14-0,27 Amph. and
Jet Transp. 0.12-0,32 Supersonic 0.30
Cruise

Figure 9.2: Center of gravity range of ROSKAM II, cited by Scholz [1]

= 25,33 m

According to the technical profile [6] adjusted for the sizes of this model, the height
from ground to fuselage bottom is H = 1, 64 m which is similar to other aircrafts with
the same size.

(9.3)

arctan(—XF’”_X“'“f )
AZCg-l-H

v, =

The longitudinal tip stability angle should be at least 15 2 to prevent the aircraft from
tipping over during turns on ground. Figure 9.3 shows that the angle is bigger than
the minimum.

l e l Aftc

f—

Xe — XAft. o

position of the aft CG on MAC 35.8) [%] € — —Suggestion position of the aft CG on MAC Aft C.G I:[%]
x-position of the aft CG xAftC.G [ 27.02|m]
position of the forward CG on MAC 14 [%] € — —Suggestion position of the forward CG on MAC Fwd C.G l:[%]
x-position of the forward CG xFwd C.G [m]
z-distance GG to fuselage bottom Az g [m] € — —Suggestion fuselage lowest point to Aft C.G AZe g [m]
z-distance ground to fuselage bottom H [m] Stat longitudinal tip stability angle TSA_long [”]
[ | inal tip stability angle is OK 1

Figure 9.3: Longitudinal stability on PreSTo
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) = 29,14°.

tip—over,L

In case of the lateral stability:

Az +H
b, = arctan( ym_(xzcg ) (9-4)

2X 6616

CG,uft_XCG,LE,N)

X 6 roN-16M" wheelbase distance.

Yok lateral distance of the main gears set to 10, 9 m using Figure 3.13 adapted to

this aircraft.

The lateral tip-over angle should be maximum 55 2, and according to the data the
requirement is met, § 0= 38,29,

STATIC GROUND LINE
={D+X) SINeC

g = Tan E
Y

Figure 9.4: Lateral stability on PreSTo 4.3.2
9.3 Longitudinal and lateral clearance, retraction check

The track width and length of the main landing gear legs must be chosen so that the
wings or engines do not come into contact with the ground while rotating.

Figure 9.5: Longitudinal clearance on PreSTo
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For the lateral clearance the engine and wing dimensions are taken into account
being the bank angle bigger than 7,59 as a requirement. The engine diameter is
2,19 m according to Wikipedia [10] and the symmetry to pylon (distance from center
of fuselage to the engine) has been taken using Figure 3.13 and adapting the
distances to the width of this aircraft.

Figure 9.6: Lateral clearance of the engine on PreSTo

Figure 9.7: Longitudinal clearance of the wing on PreSTo

The retraction of the wheels is also checked as the retracting clearance is bigger than
zZero.

Figure 9.8: Retract clearance of the landing gears on PreSTo

9.4 Load classification number (LCN) and ACR

Firstly, the number of tires and how they are distributed is computed together with
their loads according to the model of the aircraft.
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Figure 9.10: Landing gear loads on PreSTo

Torenbeek, cited by Scholz [1] states that the tire pressure and the equivalent single
wheel load (ESWL) are used to determine the Load Classification Number. The ESWL
is a load that has the same impact on the runway as the real landing gear when
viewed as a single tire.

ESWL = load on one assembly (95)

reduction factor

The maximum load on one undercarriage assembly (main gear) is found:

L _ Mo (X coare X cGL6N) (9.6)
LGMMax Z'XCG,LG,M—LG,N
LLG,M,Max = 86073,7 kg = 189760, 06 lb, with XCG,LG,M—LG,N = 21,33 musing mTO

computed on the mass analysis.
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To determine the reduction factor, the area where tires make contact needs to be
computed.

L
A = —toMMar (9.7)

C Tire pressure

Using the PreSTo tool the tire pressure is selected from a catalogue.

Tire Data Book

Figure 9.11: Tire data selected on PreSTo
2
A = 973,16 in

The distance between the wheels on a main landing gear legs is set to s, = 59,061in

while the condition of the subsoil is L = 45 in making the ratios s,/L =1,3124 and

A C/Lz = 0,48 , by using Figure 9.12 and Figure 9.13 the ESWL is found.
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The reduction factor is 1,51, giving an ESWL= 125668, 91 [b with a tire pressure of

194, 3 Ib/in” giving this a LCN of 100.

In addition, The ACR (Aircraft Classification Rating) system was created by the
International Civil Aviation Organization (ICAO). It captures the effects of better
qualities of new pavement materials and advanced landing gear arrangements,
resulting in more accurate findings. It is a classification of the aircraft and its flight
surfaces that determines whether damage will occur to the flight surfaces or the
aircraft's landing gear during landing.

The ACR number is calculated with the ICAO-ACR 1.4 [11] program. The L-1011 is
already included in the ICAO-ACR software database, thus only the aircraft type
needs to be selected. Next figures show the ACR numbers and required covering
thicknesses for the various subfloor categories of rigid and flexible airport floor
coverings.

Taleiilstiam Hmar

Input Data —
- ot T (® Flexible Select Aiplane Group | Other Large Jet v
avement Type = /=== 7
L Select Aiplane [L1011 »
Gross Weight (bs) 498.000
Percent GW 0.948
e Calculate ACR

Number of Wheels 10
Tire Pressure (psi) 180.00

Display Select Wheels (SW) ] Metric
Wheel Coordinates (i)
No X Y SW | A Subgrade Subgrade Modulus Flexible ACR Thickness t
1| -190.00 30 [0 ~ Category fpsi] ACR Number fin]
2 242,00 35,00 0~ D 7.251.89 867,52 38.20
3 242,00 35,00 0 v c 11603.02 883.51 33.56
4| -15000 B0 | 0 8 1740453 904.9 2958
5 190,00 35,00 ] v A 29.007.55 94389 247

Figure 9.14: Data extracted from ICAO-ACR program for flexible pavement

alaiilatian Hma:
& Input Data e
() Flexible Select Aiplane Group | Other Large Jet -
Pavement Type p— ——————
® Rigid Select Aiplane L1011 »
Gross Weight {bs) 438000
Percent GW 0.474
| | Calculate ACR
Number of Wheels 10
Tire Pressure (psi) 195
) ] Metric
Whee! Coordinates {in)
No X Y ~ Subgrade Subgrade Modulus Rigid ACR Thickness t
1 190,00 35.00 Category Ipsi] ACR Number [in]
D 7.251.89 1.599. 2481
2| 24200 35,00 ' w0
3 28200 3500 c 11.603.02 1.613.58 23,96
B 17.404 53 1.637,53 2323
4| -1%000 35,00 ' Uf
5 0.00 0.00 v A 29.007.55 1.685.01 2233

Figure 9.15: Data extracted from ICAO-ACR program for rigid pavement
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10 Drag analysis

At the completion of the design phase, the final design's flight performance must be
verified.

The drag calculation is performed by two phases with the zero-lift part and the
codependent to lift drag.

The aircraft's weight determines the needed lift during cruise flight calculated in
previous sections.
c? (10.1)
— L
CD =C o T AC b + =

WAVE

The zero drag coefficient is described summing all the components of the aircraft that
influence directly to this value, according to Scholz[1]:

n

S
CDO = cgl Cf,c.FFC'Qc. Srgf

(10.2)

C P coefficient of frictional drag.
FF : factor for form drag.

Q. interference drag relative to the fuselage.

wet

Sre f

: ratio of area affected by flow and actual reference area for every section.

A distinction has to be made between laminar and turbulent flow for further detailed
analysis of the drag including also the Reynolds number (ratio of inertial forces to

viscous forces) in a fluid flow which is compared to its limit (Recut_o ; f) .
= N (10.3)
f.laminar 1' 328/ Re
= 0455 (10.4)
f turbulent
(log Re)"**-(1+0,144-M") %
Vgl (10.5)

Re—i

v: kinematic viscosity.
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_ 1.,1,053 (10.6)
Re, .= 3821(3)

%z ratio of length of the section studied divided by roughness, being this last one

k = 6,3510 °m according to DATCOM, cited by Scholz [1].

The analysis will be performed following this requirement:

V-1 . .

For ’ >Re o5 C urbutens 18 calculated with Re= Re, 5 >
V-l . . V-l

for T <Re, ., C) rurbuienn 18 calculated with Re= N

Figure 10.1: Requirement for analysis of drag coefficients
The flow along the aircraft is assumed to be 20% laminar (klaminar = 20 %). The
average frictional drag can be estimated as follows.

C. =k C + (1 -k )-C (10.7)

f laminar  f,laminar laminar f,turbulent

10.1 Fuselage drag

The fuselage has length of [ .= 48,1 m and diameter of d E = 5,92 m, yet the form

drag factor:

60 /rd, ) (10.8)

FF_ =1+
3 400
A/d, )

F

FFF = 1,132.

The Reynolds number is set with a cruise velocity V cp = 254m/s and a kinematic

viscosity v = 5, 4603-10 " mz/s with a value of Re = 2, 237-10° being minor to the

8
one for cut-off (Recut_o = 6,7-10 ).
. . -3 -5
The friction drag component is C P 1,44-10 ~ asC ¢ laminar — 8,88:10 ",
=1,7810 .

C
f,turbulent

113


https://www.zotero.org/google-docs/?cHTtte

The interference drag Q. =10 according to Scholz [1].

Table 13.4 Interference factor QO

Interference factor with Property Interference
respect to ... factor O
nacelle engine mounted directly on the wing or fuselage 1.5
distance of engine to wing respectively fuselage 1.3

is smaller than engine diameter d,

distance of engine to wing respectively fuselage 1.0
is greater than engine diameter d,

wing high-wing, mid-wing or low-wing position with 1.0
aerodynamically optimized wing-fuselage fairing
low-wing position without aerodynamically 1.10 ... 1.40
optimized wing-fuselage fairing

fuselage - 1.0

horizontal or vertical conventional empenage 1.04
tailplane

H-tail 1.08

V-tail 1.03

Figure 10.2: Interference factor Q by Scholz [1]

The zero-lift coefficient drag of the fuselage according to Equation 10.2:

3

c  =36710 .
DO,F

10.2 Wing drag

The wing has a length of Cyac = 7716 mand the form drag factor:

06 ,t et 0,18 0
FF, =11+ x_t'(T) +100-(0) [|L34M " -(cosp ) (10.8)

FF,, = 1,56 with a position of maximum thickness x,= 0,35 and arrow angle

@ =@, = 33,68 °.

m

10 1-A

4
tane,, = tang,, . —7 LSTIREEY.

(10.9)

114


https://www.zotero.org/google-docs/?TXANIi
https://www.zotero.org/google-docs/?w8GaPR

The Reynolds number is set with a value of Re = 3, 5910 being minor to the one for

cut-off (Re_ =9, 76-10" ).

t—off
The friction drag component is C =1,89-10 " as C =2,2210 ",

,Fuselage Jlaminar
g

= 2,307-10 " .

C
f.turbulent

The interference drag Q. =10 according to Figure 10.2 and the relation of wetted

s _
area and reference area is ;”—‘W = 1, 659 and finally, cD,, = 3,40-10 3
ref ’

10.3 Horizontal tail drag

The horizontal tailplane has a length of Concy = >8M and the form drag factor:

_ 0,6
FFW— 1+ -

t—H

. R 0,18 0,28
(D), + 100:(7), “1 34M_. " -(cose ) (10.10)

FF b= 1, 3 with a position of maximum thickness X = 0, 35 and arrow angle

(pm,H - (p35,H = 33,982

1-A (10.11)

_ 4 10 H
tang - tancpH‘ZS A, (100 1+AH)

35,h

The Reynolds number is set with a value of Re = 2, 69-10 being minor to the one for

7
cut-off (Recut_off =7,21-10" ).
. . -3 -4
The friction drag component is C ¢ Fuselage — 1,98-10 " asC ¢ laminar — 2,56:10
= 2,82:10 " .

f,turbulent

The wetted area for the horizontal tailplane is calculated with Equation 7.3 adapted

tothetail, S = 231,35m" .
wet,H
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The interference drag is Q, =104 according to Figure 10.2 and the relation of

s _
wetted area and reference area is <=~ = 2, 03 and finally, CD,, = 7,7410 ’
ref »

10.4 Vertical tail drag

The vertical tailplane has a length of Concy = 617m and the form drag factor:

0,6
X

FFV= 1+

tV

. P4 0,18 0,28
(), + 100-(0), “1 34M_, " -(cosp ) (10.12)

FF,= 1,31 with a position of maximum thickness x,= 0,35 and arrow angle

(pm,V - (p35,V = 32,742

10 HV) (10.13)
35V v2s A,

100 1+4,

tang

The Reynolds number is set with a value of Re = 2,7 4-107 being minor to the one for

cut-off (Re ~ 7,33-10" ).
cut

—off
The friction drag component is C = 1,4810 " asC =2,67-10 ",

f,Fuselage f,laminar

—1,78-10 " .

f.,turbulent

The wetted area for the horizontal tailplane is calculated with Equation 7.3 adapted

tothetail, S = 112,25m" .
wet,V

The interference drag is Q, =104 according to Figure 10.2 and the relation of

s _
wetted area and reference area is S”;;; = 1, 86 and finally, C D,, = 37510 ’
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10.5 Nacelle drag

The nacelle has a length of I =519 m according to Wikipedia[] and the form drag

factor:

_ _035 (10.14)
FF =1+ L) 4

FFV =1, 15.

The Reynolds number is set with a value of Re = 2, 4110’ being minor to the one for

7
cut—off(Recut ;= 6,4-10" ).

_Of
The friction drag component is C = 2,01-10 " asC = 2710 " ,

f,Fuselage flaminar
= 2,45-10 ° .

C
f,turbulent

The wetted area for the horizontal tailplane is calculated.

=S +S +S (10.15)

wet,N wet,fan cowl. wet,gas gen. wet,plug

_ L Lrdy L if_
= ln-dn-lz + 0,35-7 + O,S-W + 1,15-(1 — l_) .

wet,fan cowl. n n (10.16)
=nld {1 -+ _EL).(l -0 18.(_d9_)5/3
wet,gas gen. g g 3 dg ’ lg (10.17)
=0,7ml -d (10.18)
wet,plug p p
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Figure 10.3: Engine sizes by Scholz [1]

The values used are sized, using values of similar engines if no information is
available for the ones installed on the L-1011.

Table 10.1: Dimensions of the engine

Sizes of the engine Values

dh 2,19m

dhl 1,8m

l 1,7m
1

l 0,8m
n

l 1,5m
g

l 1m

p

d 0,5m
P

d 0,7m
eg

d 1,6m
g

def 2,15m

wet,fan cowl.

20,57 m"
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= 7,41m

wet,gas gen.
2
=1,32m
wet,plug
2
S = 29,3m
wet,N

The interference drag is Q, =13 according to Figure 10.2 and the relation of

wet,N_

Sre f

wetted area and reference area is 0,812 being Sre ;= 31,6 m’ according to

typical values for nacelles and, €D, = 3-2, 44-10"° = 7,32-10 " for two engines on

the wing plus one on the back.

10.6 Total drag coefficient, wave drag and Oswald factor
correction

Summing all values, the total zero-lift drag coefficient is C po = 2 58810 " .

The wave drag is also considered affecting in case of shock waves. Using the plot
provided by Scholz [1] the wave drag is calculated.

Shevell curve

0.008

0.007

0.006 -

0.005

wava-“co 5( P2 5)
(=]
(=]
g

0.003 -

Acp

0.002 +

0.001 -

0 m . . . - . -
0.74 0.78 0.82 0.86 0.90 0.94 0.98 1.02 1.06 1.10
M/Mcc

Figure 10.4: Wave drag plot by Scholz [1]
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M
MCR = 0,98withM = = 0,88.
crit

crit

. —4
From Figure 10.4, ACD,waue/COS((pzs) = 0,001 and ACD'Wave = §,19-10

The resulting total drag coefficient is found as the following expression from
Equation 10.1 being C,= 2,67-10_2+ 5,37-10_2-CL2 and for cruise level,

-2
CD =3,37-10 .

The Oswald factor is corrected with Equation 10.19 from Scholz [1]:

e = 1 (10.19)
Ty 6.1y O42Hf)-A-(106/0)°F | OGN AT
(1+0,12:M " )-(1+4 .

2 08
(cosq)zs) (4+4)

f(A) =0,005(1 + 1,5:(A — 0, 6)2 ): equation used for the Oswald factor, by Scholz
[1]

The Oswald factor e = 0, 693, and with that the new drag coefficient for cruise level is

c = 3,987.10 ° |
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11 Direct Operating Costs (DOC)

The DOC for long-haul aircraft is computed using the Association of European
Airlines' (AEA) 1989b approach. PreSTo 4.3.2 calculates the overall direct running
costs of an airplane by adding various cost items such as depreciation, interest,
insurance, fuel, maintenance, crew, and fees calculating everything using half of the
range assigned for the L-1011 model.

CDOC=CDEP+CINT+C1NS+CF+CM+CC+CFEE (11.1)

11.1 Depreciation costs

Depreciation C ppp I€ASUTes the decline in value of an item over its useful service life.

C _ PTOTAL_PRESIDUAL _ PTOTAL‘(1_PT0TAL/PRES[DUAL) (11‘2)

DEP nDEP nDEP

P = Presipual: purchase price of the aircraft taking out its residual value.

no oot useful service life, chosen according to the PreSTo tool.

AEA1980a| AEA 1989b| Al 1989ATA 1967 |kker 1993 own| Chosen
Npep 14.00000 16.00000 15.00 12.00 15.00 |Eingabe 16
PreciguaPisd 010000 0.10000 0.10 - 0.10 |Eingabe 01
Ks.aF 0.10000 0.10000 0.06 010 0.06 |Eingabe 01
kKse 0.30000 0.30000 025 010 0.08 |Eingabe 03
p 0.08000 0.08000 0.08
g=1+p 1.08000 1.08000 1.08
Neay 14.00000 16.00000 16
Koo 0.10000 0.10000 01
Nper 14.00000 16.00000 16
Pav 0.052980 0.05340 0.0534
Kins 0.003500 0.00300 0.005
Kip 0.00780 0.00590 0.0059
Knav 0.00414 0.00166 0.00166
Keno 0.10000 0.11000 0.1
Kus 3.750 4,800 4800
Kz 0.75000 0.42000 0.42

Figure 11.1: AEA 1989b data by PreSTo
The total price of the aircraft is known by summing the price of spares which depends

on the delivery price, the contribution to engine and airframe and their prices
together with the delivery.
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AEA 1989b

Figure 11.2: Delivery and spares price by PreSTo

Therefore PTOTAL = 89,713 M US$.

Figure 11.3: Depreciation cost by PreSTo

By knowing all the data, the depreciation cost is calculated with a value of

Copp= 046 M US$/year.

11.2 Interest costs

The full price of the aircraft is invested and the interest paid to the investor is
calculated.

C =

it = PoyProra, = pav'ko (11.3)

p - average interest rate.

Figure 11.4: Interest cost by PreSTo
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Cyp=4793M US$/year.

11.3 Insurance cost

To make the calculation more robust an insurance payment must be carried on in
case of damage to the fuselage.

=k P (11.4)

C .
INT INS = delivery

k¢ parameter for insurance costs.

Parameter for insurance costs kins 0.005][-] Insurance cost Cins 0.376|[M USS/year]

Figure 11.5: Insurance cost by PreSTo

Cuvs = 0,376 M US$/year

11.4 Fuel costs

The fuel costs are calculated:
C,=n, P -m, (11.5)

In this equation n_ is the number of flights made per year, P, is the fuel price and m,

is the mass of the fuel consumed calculated in previous sections.

ks [ sl
ke [ ey
MNumber of flights per year Nea [year]
Fuel cost cr [ 16550|1M USSiyear]

Figure 11.6: Fuel cost by PreSTo

The number of flights has been calculated using the time from Figure 11.2 with half
of the range for the aircraft and some constants in order to improve the accuracy.

C.=16,55M US$/year.

123



11.5 Maintenance costs

Initially, maintenance expenses are computed per flight hour and then multiplied by
the annual amount of flights.

)-LM +C +C ‘n (11.6)

Cy = ((tM,AF,f * tM,E.f M.M.AF.f MM.E.f ).tf ba

Where t t is the airframe and engine maintenance hours and

M,AF,f T M,E.f

C MMAE f +C wmes 1S the airframe and engine maintenance costs, all per flight hour.

In addition, the Bypass ratio and the overall pressure ratio are computed together
with the number of compressor stages and shafts extracted from the engine data.

Engine maintenance cost

Bypass ratio BPR [—] Stat Eng k1 [—]
Overall pressure ratio OAPR [—] StatEng k2 [—]
Number of compressor stages nc [f] StatEng | k3 [—]
Number of shafts ns [-] StatEng k4 [‘]
Mass of all engines (including nacelles) ME inst [kg]
Engine maintenance man hours per flight hour tygf [—]

Engine maintenance cost per flight hour Cumes 600.32|[US5/h]

Airframe maintenance cost

Airframe maintenance cost per flight hour Comar.s 122.53|[USS$/h]
Airframe maintenance man hours per flight hour tyar ¢ 11.24([-]

Figure 11.7: Maintenance cost data by PreSTo

The labor rate L o is computed multiplying the inflation rate calculated for 2025 in

Figure 11.2 by 69 US $/h according to Scholz [1]

Results

Labor rate i 145 BOB|[USS/M]  <<<<<  Labor rate Lun 145 &1 [uss;m]|

Maintenance cost Cn 13.023|[M USS/year]
|

Figure 11.8: Maintenance cost by PreSTo

¢, =13,02M US$/year.

11.6 Staff costs

The usage of cabin and cockpit crew is also included in the final formula.

C.= (nco'Lco + nCA'LCA)'tb'nt,a (11.7)
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Where n., N, is the number of cabin and cockpit members already stated and
L.oL, is the cost rate of cockpit and cabin crew per hour together with the block

time t, stated with the AEA 1989b information.

Number of cabin crew members Nca [-] <<= Number of cabin crew members Nca ljh—]

Number of cockpit crew members nco [1 Block time tp [h]

Cockpit crew hourly rate Lco [U5$fh] Cockpit crew cost Ccco [M USSiyear]

Cabin crew hourly rate Leca [US‘SI’h] Cabin crew cost Ccca [M US$iyear]
Crew cost T [ 6868]M USSiyear]

Figure 11.9: Staff cost by PreSTo

Cc = 6,868 M USS$/year.

11.7 Fees and charges costs

Landing, navigation and ground charges are included in the equation.
CFEE = CFEE,LD T CFEE,NAV T CFEE,GND (11.8)

The charges of landing:

= . . . 11.
CFEE,LD kLD mTO nt,a kINF ( 9)

Air Traffic Control (ATC) and navigation:
_ Refm n - (11.10)
CFEE,NAV - kNAV R Mo Mg kINF
The fees of ground handling;:

-k m n -k (11.11)
FEE,GND GND PL ta INF
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Figure 11.10: Fees and charges cost by PreSTo

CFEE = 46,50 M US$/year.

11.8 Total DOC costs and pie chart

Finally, the total cost using Equation 11.1 is Cooe = 93,157 MUS $/year.

Direct Operating Costs

m Depradation
W Interest
®Insurance

W Fuel

A
N\

Airbus 1889 -

Figure 11.11: Total DOC cost by PreSTo 3.4.2

The distribution of the L-1011's operating costs is clearly shown in this pie chart of
direct operating costs. Since the L-1011 is a huge tri-jet widebody aircraft with a
reputation for using a lot more fuel than contemporary twin-engine jets, it is not
surprising that fuel accounts for 40% of the total cost and that in in line with older
aircraft needing greater maintenance the percentage is 11%, as insurance and charges
are almost negligible.
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12 3D MODELS

The Open VSP [2] 3D depiction of the redesign can be found in the next section. A
double-trapezoidal wing was utilized to create the 3D model by computing general
data of the different sections explained and determined in this project. These findings
are displayed in Figures 12.1—12.5.

In order to have a better understanding and approach of the L-1011 geometry and
dimensions a 3D movable is also included apart from the screenshots taken of the
OpenVSP program.

Top:

Figure 12.1: L-1011 top view on OpenVSP [2]
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Front:

Y5

Figure 12.2: L-1011 front view on OpenVSP [2]

Side:

Figure 12.3: L-1011 side view on OpenVSP [2]

Iso-perspective:
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N

Rear:

Figure 12.4: L-1011 iso-perspective view on OpenVSP [2]

Figure 12.5: L-1011 rear view on OpenVSP [2]
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