
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ
BRNO UNIVERSITY OF TECHNOLOGY

FAKULTA STROJNÍHO INŽENÝRSTVÍ
LETECKÝ ÚSTAV

FACULTY OF MECHANICAL ENGINEERING
INSTITUTE OF AEROSPACE ENGINEERING

MODIFIKACE LETOUNU EV-55 PRO PŘISTÁNÍ NA
VODNÍ HLADINĚ

EV-55 AIRCRAFT MODIFICATION FOR WATER LEVEL LANDING

DIPLOMOVÁ PRÁCE
MASTER'S THESIS

AUTOR PRÁCE Bc. JAN ŠPONER
AUTHOR

VEDOUCÍ PRÁCE Ing. Ladislav Chybík
SUPERVISOR

BRNO 2013



Vysokd udeni technickd v Brnd, Fakulta strojnfho inZenyrstvi

Letec[i ristav
Akademicky rok: 20 13 I 14

ZADAXI UIPLOMOVE PRACE

student(ka): Bc. Jan Sponer

ktery/kter6 studuje v magistersk6m studijnim programu

obor: Stavba letadel (2301T039)

Reditel fstavu V6m v souladu se zfrkonem d.l11/1998 o vysokych Skol6ch a se Studijnim a

zku5ebnim i6dem VUT v Brnd urduje n6sledujicitema diplomovd pr6ce:

Modifikace letounu EV-55 pro piistfni na vodni hladini

v anglickem jazyce:

EV-55 aircraft modification for water level landing

Strudn6 charakteristika problematiky irkolu :

Pro soudasnlf letoun EV-55 zpraatjte n6vrh modifikacf nutnych pro piist6nf na vodni hladin6.

Zhodnot'te varianty plov6kri nebo dlunu a vybranou variantu rozpracujte do konstrukdniho

n6vrhu a proved'te pevnostni analltzu.

Cile diplomov6 pr6ce:

Pro soudasny letoun EV-55 piedbdZnd navrhndte hydropl6n s variantou plov6ky nebo variantu

Ietajici dlun a navrlend varianty kvantitativnd porovnej te .

Pro vybranou variantu stanovte zatiLeni a proved'te pevnostnf anali,tu.

BEhem prdce postupujte dle pokynfi vedouciho DP. ' {



Seznam odbornd literatury:

[] Stavebni piedpis CS'23 a FAR part23

[2] Konstrukdni podklady spolednosti Evektor, s.r.o.

[3] David B. Thurston, Amphibian Aircraft Design, Business Aircraft Meeting, Wichita,
Kansas, April 2 - 5, 197 4

[4] J. Tich;i, P. Patek, Te6ria lod6,.Slovensk6 technick6 univerzitav BratislavE,2006
[5] E. F. Bruhn, Analysis and Design of Flight Vehicle Structures, Jacobs Pub, 2nd Edition,
1973

Vedouci diplomov6 pr6ce:Ing. Ladislav Chybik

Termin odevzddni diplomovd pr6ce je stanoven dasovym pl6nem akademickeho roku 2013114.

V Brn6, dne I 8. I I .201 3

prof. RNDr. Miroslav Doupovec, CSc., dr. h. c.

DEkan

ff*-fA/sf' L.s.+sF.

"t{i nirnrunt g<
v4 {bo:e
k@)

Ing. Jaroslav Xuradka, Ph.D.
Reditel ristavu



ABSTRACT
Modification of the contemporary terrestrial version of EV-55 aeroplane for the possibility
of water level landing is considered in this Masters Thesis. The aim is to find a design
solution which does not lead to significant structural modifications in the airframe and
meet Certification Specification 23 (CS 23). Weight analysis of the modified aeroplane
is made and the water loads determined in accordance with CS 23. The connecting
frame is designed in accordance with water loads and stress analysis for each element
and fastener is performed. These values are compared with ground loads. Finally, flight
performance, such as maximal horizontal speed, rate of climb, range and endurance are
determined.
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ABSTRAKT
Diplomová práce se zabývá modifikací stávající pozemní verze letounu EV-55 pro možnost
přistání na vodní hladině. Snahou je najít takovou variantu, která nepovede k výrazným
konstrukčním zásahům do draku letounu a bude vyhovovat stavebnímu předpisu CS 23,
zejména požadavkům týkající se plovatelnosti a stability na vodě. Je proveden hmotový
rozbor modifikované verze a s tím související omezení hmotové obálky a rozsahu cen-
tráží. Zatížení od vody je spočítáno v souladu s CS 23. Pro toto zatížení je následně
navrhnuto konstrukční řešení uchycení plováků k trupu a provedena pevnostní kontrola
jednotlivých prvků a spojovacích uzlů. Tyto hodnoty jsou dále porovnány s pozemními
případy zatížení a stanoveny součinitele rezerv. V závěru jsou spočítány letové výkony:
maximální horizontální rychlost, stoupavost, dolet a vytrvalost.
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1 NOMENCLATURE

𝑎 [𝑚] Distance between c.b. and c.g.
𝑎 [𝑚] Length of semi-major axis of the ellipse.
𝑎 [𝑚] Vertical position of the �oats
𝐴, 𝐴𝑤𝑖𝑛𝑔 [𝑚2] Wing area
𝐴𝑏𝑟 [𝑚2] Projecting bearing area
𝐴𝑤𝑝 [𝑚2] Area of the �oatation waterplane
𝐴 [𝑚2] Area of the cross-section
𝑏 [𝑚] Track of the �oats
𝑏 [𝑚] Righting arm
𝑏 [𝑚] Horizontal distance between c.b. and c.g.
𝑏 [𝑚] Length of semi-minor axis of the ellipse.
𝑏𝑓 [𝑚] Length of the fuselage
𝐵𝐵1 [𝑚] Distance between buoyant forces before and after

heeling
𝐵𝑀 [𝑚] Metacentric radius
𝑐 [1] Wind gust coe�cient
𝑐 [𝑚] Distance between chine and keel of the �oat
𝑐.𝑔.𝑟𝑒𝑓 [𝑚] Reference c.g. position
𝑐.𝑔.𝑐𝑜𝑚𝑝 [𝑚] Computed c.g. position
𝐶 [𝑃𝐴𝑋] Passengers
𝐶𝐷 [1] Drag coe�cient
𝐶𝑎𝑑𝑑,𝑡𝑜𝑡𝑎𝑙 [1] Total additional drag coe�cient
𝐶𝐷,𝑒𝑙𝑙𝑖𝑝𝑠𝑒 [1] Drag coe�cient of the ellipse cross-section
𝐶𝐷,𝑖𝑛𝑡,𝐴 [1] Interference Drag coe�cient between strut and wall

related to the wing area
𝐶𝐷,𝑖𝑛𝑡,𝑡 [1] Interference Drag coe�cient between strut and wall

related to the thickness
𝐶𝐷,𝑓𝑙𝑜𝑎𝑡 [1] Drag coe�cient of the �oat related to the main rib
𝐶𝐷,𝑓𝑙𝑜𝑎𝑡,𝐴 [1] Drag coe�cient of the �oat related to the wing area
𝐶𝐷,𝑓𝑙𝑜𝑎𝑡𝑠,𝐴 [1] Drag coe�cient of the �oats related to the wing area
𝐶𝐷,𝑠𝑡𝑟𝑢𝑡,𝐴 [1] Drag coe�cient of the strut related to the wing area
𝐶𝐷,𝑠𝑡𝑟𝑢𝑡,𝑡𝑜𝑡𝑎𝑙 [1] Total drag coe�cient of the strut
𝐶𝐷,𝑠𝑡𝑟𝑢𝑡𝑠,𝐴 [1] Drag coe�cient of the struts related to the wing area
𝐶𝐿 [1] Lift coe�cient
𝐶𝐿𝑟𝑒𝑓

[1] Maximum lift coe�cient at the desired c.g.
𝐶𝐿𝑐𝑜𝑚𝑝 [1] maximum lift coe�cient at the computed c.g.
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𝐶𝑇𝑂 [1] Empirical seaplane operations factor
𝐶1 [1] Empirical seaplane operations factor
𝑑 [𝑚] Distance between point of the thrust force and c.g.
𝐷 [𝑚] Diameter of the pin
𝐷𝐹 [𝑁 ] Form drag
𝐷𝐹𝑅 [𝑁 ] Friction drag
𝐷𝐻𝐷 [𝑁 ] Hydrodynamic drag force
𝐷𝐻𝑆 [𝑁 ] Hydrostatic drag force
𝑒 [𝑚] Distance between c.g. and acting point of hydrostatic

force
𝐸 [𝑀𝑃𝑎] Young's modulus
𝐸𝐴𝑆 [𝑚 · 𝑠−1] Equivalent Air speed
𝐹𝑏 [𝑁 ] Buoyant force
𝐹𝑏𝑟𝑢 [𝑀𝑃𝑎] Ultimate tensile strength of lug
𝐹𝑐𝑟𝑖𝑡 [𝑁 ] Critical compressive force
𝐹𝑀𝐿𝑖 [𝑁 ] Force at Main Leg from FEM model
𝐹𝑅𝑖 [𝑁 ] Force at Rod from FEM model
𝐹𝑅𝑤𝐴

[𝑁 ] Water reaction force for symmetrical step landing
𝐹𝑅𝑤𝐴,𝑥

[𝑁 ] Water reaction force in x-direction for
symmetrical step landing

𝐹𝑅𝑤𝐴,𝑦
[𝑁 ] Water reaction force in y-direction for

symmetrical step landing
𝐹𝑅𝑤𝐴,𝑧

[𝑁 ] Water reaction force in z-direction for
symmetrical step landing

𝐹𝑅𝑤𝐵
[𝑁 ] Water reaction force for symmetrical bow landing

𝐹𝑅𝑤𝐵,𝑥
[𝑁 ] Water reaction force in x-direction for

symmetrical bow landing
𝐹𝑅𝑤𝐵,𝑦

[𝑁 ] Water reaction force in y-direction for
symmetrical bow landing

𝐹𝑅𝑤𝐵,𝑧
[𝑁 ] Water reaction force in z-direction for

symmetrical bow landing
𝐹𝑅𝑤𝐶

[𝑁 ] Water reaction force for symmetrical stern landing
𝐹𝑅𝑤𝐶,𝑥

[𝑁 ] Water reaction force in x-direction for
symmetrical stern landing

𝐹𝑅𝑤𝐶,𝑦
[𝑁 ] Water reaction force in y-direction for

symmetrical stern landing
𝐹𝑅𝑤𝐶,𝑧

[𝑁 ] Water reaction force in z-direction for
symmetrical stern landing

𝐹𝑅𝑤𝐷,𝑦
[𝑁 ] Water reaction force for unsymmetrical landing
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𝐹𝑅𝑤𝐷,𝑥
[𝑁 ] Water reaction force in x-direction for

unsymmetrical landing
𝐹𝑅𝑤𝐷,𝑦

[𝑁 ] Water reaction force in y-direction for
unsymmetrical landing

𝐹𝑅𝑤𝐷,𝑧
[𝑁 ] Water reaction force in z-direction for

unsymmetrical landing
𝐹𝑅𝑤𝐸

[𝑁 ] Water reaction force for take-o� case
𝐹𝑥 [𝑁 ] Force in x-direction of appropriate

coordination system
𝐹𝑦 [𝑁 ] Force in y-direction of appropriate

coordination system
𝐹𝑧 [𝑁 ] Force in z-direction of appropriate

coordination system
𝑔 [𝑚 · 𝑠−2] Gravitational acceleration
𝑔 [𝑚𝑚] Distance between lugs
𝐺 [𝑀𝑃𝑎] Shear modulus
𝑔𝑔1 [𝑚] Distance between c.g. position of volumes d𝑉1 and d𝑉2

𝐺𝑀 [𝑚] Metacentric height
𝐺𝑍 [𝑚] Distance between buoyant force and weight
ℎ [𝑚] Distance between �anges
𝐻 [𝑚] Altitude
𝐻𝑎 [𝑚] Waterline position on aft scale
𝐻𝑓 [𝑚] Waterline position on front scale
𝐼𝑥 [𝑚4] Moment of inertia of �oatation waterplane
𝐼𝑦 [𝑚4] Moment of inertia of �oatation waterplane
𝐼𝑥𝑐.𝑔. [𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the c.g.

coordination system
𝐼𝑦𝑐.𝑔. [𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the c.g.

coordination system
𝐼𝑧𝑐.𝑔. [𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the c.g.

coordination system
𝐼𝑥𝐺

[𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the global
coordination system

𝐼𝑦𝐺 [𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the global
coordination system

𝐼𝑧𝐺 [𝑘𝑔 ·𝑚2] Moment of inertia of aeroplane to the global
coordination system

𝐼𝑥0 [𝑚4] Moment of inertia of �oatation water-plane to its 𝑥𝑓

axis

13



𝐽 [𝑘𝑔 ·𝑚2] Torsional constant
𝐽𝑦 [𝑘𝑔 ·𝑚2] Moment of inertia of cross-section to its

coordination system
𝐽𝑧 [𝑘𝑔 ·𝑚2] Moment of inertia of cross-section to its

coordination system
𝐽1 [𝑘𝑔 ·𝑚2] Minimum moment of inertia of the lug
𝐾 [1] Constant for twin-�oat seaplane
𝐾𝐸𝐴𝑆 [𝑘𝑛] Equivalent Air speed in knots
𝐾𝑇𝐴𝑆 [𝑘𝑛] True Air speed in knots
𝐾1 [1] Empirical hull station weighing factor
𝑙 [𝑚] Length of the �oat
𝑙 [𝑚] Length of the strut
𝑙𝑡 [𝑚] length of the tail
𝑙𝑎 [𝑚] Aft length of the �oat
𝑙𝑓 [𝑚] Front length of the �oat
𝑙1 [𝑚] Length of the lug
𝐿 [𝑚] Length of the element
𝑚𝑎𝑐𝑐+𝑠𝑡𝑟𝑢𝑡𝑠 [𝑘𝑔] weight of struts and accessories
𝑀 [𝑁𝑚] Righting moment
𝑀𝑤𝑖𝑛𝑑 [𝑁𝑚] Wind gust acting moment
𝑀𝐴𝐶 [𝑚] Mean aerodynamic chord
𝑚𝐿𝑊 [𝑘𝑔] Design landing weight
𝑚𝑀𝐿𝑊 [𝑘𝑔] Maximum Landing Weight
𝑚𝑀𝑇𝑂𝑊 [𝑘𝑔] Maximum Take-o� Weight
𝑀𝑇 [𝑁𝑚] Moment created by thrust force
𝑚𝑇𝑂𝑊 [𝑘𝑔] actual take-o� weight of the seaplane
𝑛 [1] Number of the struts
𝑛𝑤𝐴

[1] Water reaction factor for symmetrical
step landing

𝑛𝑤𝐵
[1] Water reaction factor for symmetrical

bow landing
𝑛𝑤𝐶

[1] Water reaction factor for symmetrical
stern landing

𝑛𝑤𝐷
[1] Water reaction factor for unsymmetrical

landing case
𝑛𝑤𝐸

[1] Water reaction factor for take-o� case
𝑃 [𝑁 ] Force at the lug
𝑃𝑏𝑟𝑢 [𝑁 ] Allowable ultimate load for shear-bearing failure
𝑃𝑎𝑣𝑎 [𝑊 ] Power available
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𝑃𝑒𝑛𝑔𝑖𝑛𝑒 [𝑊 ] Power of the engine
𝑃𝑟𝑒𝑞 [𝑊 ] Power required
𝑃𝑡𝑢 [𝑁 ] Allowable ultimate load for transversal

shear-bearing failure
𝑃𝑢 [𝑁 ] Allowable ultimate load for axial tension failure
𝑟𝑥𝑏

[1] Ratio of distance for bow landing
𝑟𝑥𝑠 [1] Ratio of distance for stern landing
𝑅.𝐹. [−] Reserve factor
𝑅𝑚 [𝑀𝑃𝑎] Tensile strength
𝑅𝑝0.2 [𝑀𝑃𝑎] Yield strength
𝑆 [𝑚2] Wing area
𝑡 [𝑚𝑚] Thickness of the strut
𝑡1, 𝑡𝑙𝑢𝑔 [𝑚𝑚] Thickness of the lug
𝑡2 [𝑚𝑚] Thickness of the lug
𝑇 [𝑁 ] Thrust
𝑇𝐴𝑆 [𝑚 · 𝑠−1] True Air speed
𝑇𝑎𝑣𝑎 [𝑁 ] Thrust available
𝑇𝑟𝑒𝑞 [𝑁 ] Thrust required
𝑢 [𝑚 · 𝑠−1] Speed of the wind
𝑉 [𝑚3] Immersed volume of the �oats
𝑉 [𝑚 · 𝑠−1] Speed
𝑉𝑓 [𝑚3] Volume of the �oat
𝑉𝐶𝑅 [𝑚 · 𝑠−1] Critical speed
𝑉𝐿𝑂𝐹 [𝑚 · 𝑠−1] Lift-o� speed
𝑉𝑚𝑎𝑥 [𝑚 · 𝑠−1] Maximal horizontal speed
𝑉𝑆𝑇 [𝑚 · 𝑠−1] Observed stalling speed
𝑉𝑆0 [𝑚 · 𝑠−1] Stall speed in landing con�guration (Flaps 38∘)
𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡

[𝑚 · 𝑠−1] Corrected stall speed in landing con�guration
(Flaps 38∘)

𝑉𝑆1 [𝑚 · 𝑠−1] Stall speed in speci�c con�guration (Flaps 0∘, 20∘)
𝑉𝑆1𝑤𝑒𝑖𝑔ℎ𝑡

[𝑚 · 𝑠−1] Corrected stall speed in speci�c con�guration
(Flaps 0∘, 20∘)

𝑉𝑇𝐴𝑆 [𝑚 · 𝑠−1] True Air speed
𝑤 [𝑚 · 𝑠−1] Climbing speed
𝑤 [𝑚] Width of the �ange
𝑤 [𝑚] Width of the lug
𝑤𝑚𝑎𝑥 [𝑚 · 𝑠−1] Maximal climbing speed
𝑊 [𝑁 ] Weight of the aeroplane
𝑊𝐸 [𝑘𝑔] Empty weight
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𝑊𝑓 [𝑁 ] Weight of the �oats
𝑊𝑆 [𝑘𝑔], [𝑙𝑏] Standard weight
𝑊/𝑆 [𝑘𝑔 ·𝑚−2] Wing Loading
𝑊𝑇 [𝑘𝑔], [𝑙𝑏] Aeroplane weight at the stall
𝑥𝑐.𝑔., 𝑦𝑐.𝑔., 𝑧𝑐.𝑔. [𝑚] Centre of gravity position
𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓 [𝑚] Coordinations for Float coordination system
𝑥𝐺, 𝑦𝐺, 𝑧𝐺 [𝑚] Coordinations for Aeroplane coordination system
𝑥𝐺−𝑓 , 𝑦𝐺−𝑓 , 𝑧𝐺−𝑓 [𝑚] Distance between Aeroplane and Float coordination

system
𝛽 [∘] Angle of dead rise at the longitudinal station
𝜂 [1] Propeller e�ciency
𝜃 [∘] Angle of heel
𝜃𝑔𝑢𝑠𝑡 [∘] Angle between wind direction and lateral axis

of the aeroplane
𝜌 [𝑘𝑔 ·𝑚−3] Density of fresh water, Density of air
𝜌 [𝑘𝑔 ·𝑚−3] Density of material
𝜎𝐵 [𝑀𝑃𝑎] Bending stress
𝜎𝑡 [𝑀𝑃𝑎] Tensile stress
𝜎̄ [𝑀𝑃𝑎] Mises equivalent tensile stress
𝜏 [𝑀𝑃𝑎] Shear stress
𝜑 [∘] Angle of the �oat to the waterline in longitudinal

direction
𝜙 [−] Bending sti�ness coe�cient

Shortcuts:
ACS Aeroplane coordination system
c.b. Centre of buoyancy
c.g. Centre of gravity
CS Certi�cation Speci�cation
DOF Degrees Of Freedom
FCS Float coordination system
ISA International Standard Atmosphere
LC Load Case
RBE Rigid Body Element
SL Sea Level
SAVLE System of automatic aeroplane computations
STOL Short Take-o� and Landing
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2 OBJECTIVE

The objective of this master's thesis is to modify terrestrial version of EV-55 ae-
roplane to the seaplane. Evaluation between twin-�oat version and �ying-boat mo-
di�cation is done. Construction design and stress analysis is required for selected
modi�cation.

2.1 Used procedure

Next steps are used during seaplane modi�cation of EV-55 aeroplane.
A conceptual design - this is the �rst part that has to be done. There are several

supposable options which could be used. They have advantages and disadvan-
tages, as well. The selected option is developed later. The decision is based on
current shape of the fuselage, water stability, drag and operational performan-
ces.

A shape - when the conceptual design is set, more accurate shape of a �oat or a
hull is set. There is used cooperation with American company dealing with
�oats for seaplanes.

A volume - of the �oats or a hull is set in accordance with CS 23.751 regulation
and basic condition of buoyancy.

Weight - weight estimation is done in accordance with data found on Wipaire, Inc.
web pages [25] and literature [18].

A float position - in�uences the stability of the seaplane and it is set in chapter
11 dealing with hydrostatic calculations.

A hydrostatic calculations - there is determined reasonable water stability on
the basis of hydrostatic calculations and volume of the �oats, water stability
a�ected by wind and basic condition of buoyancy.

Water loads - during take-o� and landing there are determined water loads in
accordance with CS 23.525, CS 23.527, CS 23.529 and CS 23.531 regulations.
Necessary computations are done in MATLAB and can be used for di�erent
input variables.

Attachment of the floats - tries to have minimal construction impact on the
current version of the fuselage.

Struts layout - basic layout of the struts is done.
Stress analysis - in according to the geometry and layout of the struts, �nite

element methods to set the stress, needs to be done. After that, the reserve
factors are determined for every construction element.
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3 INTRODUCTION

This master's thesis is based on general requirement to be able to take-o� and land
with EV-55 Outback aeroplane on the water level. The main purpose of the thesis is
to set necessary requirements that seaplanes should meet. Next main goal is to set
appropriate seaplane con�guration, which is going to be based on stability, CS-23
regulation, safety and present design of the fuselage. Set the load is obvious. After
that, general design solution of the �oats, struts and connection points will be set
in according to load cases during landing and take-o�.

3.1 History of seaplanes

The history of the seaplanes started in 1910. Probably the �rst take-o� was made
by French aviator Henri Fabre in Martinque, France. At the same time, Glenn H.
Curtis and U. S. Navy started to collaborate on building and operating seaplanes of
various types. At the beginning of the year 1911, he �ew the �rst seaplane from the
water in the United States.

First of all, the land-planes were converted to the seaplanes. The most critical
part of the aeroplanes at the beginning of the aviation used to be engine. There were
used engines that produced from 40 hp to 80 hp. It was not enough for successful
take-o� from water level with ordinary type of �oats. Some investigation needed to
be done. To decrease the drag, amphibians, �ying-boats and single-�oats seaplanes
were tried. It had been shown, that main component of the drag during take-o�, is
the hydrodynamic drag. By appropriate shaping of the �oat, the hydrodynamic drag
can be reduced. The substantial amount of research has been devoted to reduce the
hydrostatic drag [16].

The �rst use of seaplanes was to carry payload from the coast to the patrol ships,
photographing, observing, patrolling or for example mapping. Especially during First
World War and Second World War, the seaplanes were used for scouting, �ghting
other aircraft, torpedoing, bombing or also for ground attack. Nowadays, the main
purpose of the seaplanes is to carry passengers, cargo, mail, patients etc., especially
to or from the hard accessible places on the World.

3.2 Manufacturing time line

The biggest production of the seaplanes was during First World War and also be-
tween the Wars. There were about 15 new types of seaplanes every year. At the end
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of Second World War and especially after that there was rapid decrease of develo-
ping new seaplanes per year. Figure 3.1 will give a better overview. Data for this
Figure are taken from literature [15]

Fig. 3.1: Seaplane manufacturing timeline [15]

3.3 General requirements

Nowadays, there is e�ort to develop new type of seaplane that would correspond
to present requirements. However, the requirements are very often contradictory.
It means there always needs to be done compromise to satisfy huge amount of
customers and meet all the necessary requirements.

The main requirement of the seaplane is to �oat on the water. Everything else
has to be submitted to this requirement. Customers require a large range, huge ho-
rizontal speed and long endurance. They also want low operating cost and low-cost
maintenance, long lifetime, high reliability. Very important is environment frien-
dly factor. Most of the mentioned requirements above are unfortunately inversely
proportional to the weight.
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4 GENERAL TECHNICAL DESCRIPTION

OF EV-55 AEROPLANE

4.1 Overview

EV-55 Outback is a turbo twin turboprop aeroplane powered by two PT6A-21 en-
gines with four blade constant speed propeller. It is unpressurised all-metal high
wing aircraft able to operate from paved and unpaved air�elds. It is nine passen-
ger aeroplane built up in according to European CS 23 regulations. Currently, two
prototypes have been built1. One �ying prototype, the latter is for strength testing.
Aeroplane can be built as passenger, cargo or combi version and there are ambulance
and air-drop modi�cations available. From this point of view, the EV-55 aeroplane
has a wide scope of use.

4.2 Wing

EV-55 is high wing con�guration aeroplane - mounted on the upper side of fuselage.
The wing is single-piece cantilever wing with two main spars. There are four pins
connect the wing to the fuselage. The span is 16.10 meters and surface area of the
wing is 25.187 square metres. It has trapezoidal shape of the wing and single - slotted
Fowler �aps. There are also fuel tanks within the wing box.

4.3 Fuselage

Fuselage is typically for nine passengers and two pilots. Other modi�cations allow to
carry three palettes or at least two con�guration combine passengers and cargo. The
pilot cabin is partly separated from passenger cabin. Pilots have their own doors.
The doors for passengers are consist of two parts. The second one is used mainly for
luggage. There is an emergency exit on the right side, as well.

4.4 Landing gear

Aeroplane has main landing gear attached to the two spars going through the fuse-
lage. Steerable nose landing gear is attached to the bulkhead number three. Position
of bulkhead number three is shown in Figure 9.1. This bulkhead will be used as a
connection place for struts during seaplane modi�cation.

1Information from May, 2014
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Fig. 4.1: Three-view drawing of the EV-55 Outback
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4.5 Flight performance

Flight performance are listed below. All data are taken from corporate documents.

Tab. 4.1: Flight performance of EV-55

Speeds

Max. speed of horizontal �ight 220 KTAS 408 km/h TAS

Stall speed, 0∘ �aps 77 KEAS 143 km/h EAS

Stall speed, 38∘ �aps 64 KEAS 118 km/h EAS

Climb performance

Both engines operative 1673 fpm 8.5 m/s

One engine in operative 453 fpm 2.3 m/s

Take-off performance (𝑚𝑀𝑇𝑂𝑊 )

Ground run
1122 ft 340 m

ISA, H = 0 ft

Total distance over 50 ft obstacle
1378 ft 420 m

ISA, H = 0 ft (SL)

Total distance over 50 ft obstacle
1224 ft 373 m

ISA, H = 0 ft (SL), STOL procedures

Ground run
1624 ft 495 m

ISA +20 ∘𝐶, H = 6,562 ft

Total distance over 50 ft obstacle
2001 ft 610 m

ISA +20 ∘𝐶, H = 6,562 ft

Landing performance (𝑚𝑀𝐿𝑊 )

Total distance over 50 ft obstacle
1014 ft 309 m

ISA, H = 0 ft (SL)

Total distance over 50 ft obstacle
1673 ft 510 m

ISA, H = 0 ft (SL), STOL procedures

Ground run
1391 ft 424 m

ISA +20 ∘𝐶, H = 6,562 ft

Total distance over 50 ft obstacle
1394 ft 425 m

ISA +20 ∘𝐶, H = 6,562 ft
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5 THEORETICAL BACKGROUND

Before starting to solve speci�c problems and �nding solutions, it is appropriate to
introduce some basic terms used during seaplane design.

5.1 Basic terms

A seaplane is the aeroplane that is able to take-o� and land only from the water
level. This term is possible to use also for the seaplanes able to land also on
the ground. A hydroplane is the same meaning as a seaplane.

A flying boat is a seaplane with a hull designed for �oating. It has �oating features
of a boat and �ying features of an aeroplane. Flying boat cannot land on the
ground.

An amphibia is umbrella title for the seaplanes and the �ying boats that are able
to land on both the water level and the ground.1

A float is a �oating body which holds an seaplane above the water under the action
of hydrostatic forces. If the �oat is moving forwards, hydrodynamic forces are
formed.

5.2 Basic parts of a float

The �oat, shown in Figure 5.1, can be divided into two main parts: the fore-body
and the after-body. The boundary of these parts is called step. The main rib is
usually situated at the step position. The �oat can be equipped by rudder but it is
not necessary for twin engine aeroplanes. There is a bumper at the bow of the �oat.
Keel, deck and chine are other important terms.

Fig. 5.1: Basic parts of the �oat

1There will be used general expression ’seaplane’ in this master’s thesis.
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5.3 Hydrodynamic characteristics of a float2

5.3.1 Boat hull

Buoyancy force is created by hydrostatic force. If the boat starts to move forward,
the hydrodynamic drag grows proportionally to the square of the speed. It is not
possible to use this boat shape for the �oats or hull of the seaplane. The drag
would be so great that the seaplane would never take-o�. The dependence between
hydrodynamic drag and forward speed is shown in the Figure 5.2.

Fig. 5.2: Dependence between hydrodynamic drag 𝐷𝐻𝐷 and forward speed V [10]

5.3.2 Flying boat hull

Comparing to the boat hull, �ying boat hull has a di�erent shape of the hull. As
it is shown in Figure 5.1, there is a step. This step helps much during take-o� to
decrease the hydrodynamic drag. The behaviour of the �ying boat hull during slow
speed is as same as it has been mentioned above at the subsection boat hull. During
higher speed, the hydrodynamic buoyancy starts to lift up the hull out of the water.
Then the hydrodynamic drag is almost constant. The main reason of decreasing the

2Figures in this section are originally taken from literature [10]. Unfortunately, the curves did

not correspond to the assertion that the hydrodynamic drag grows proportionally to the square of

the speed. Therefore Figures 5.2, 5.3 and 5.4 were corrected to meet previous assertion.
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gradient of the hydrodynamic drag is decreasing of the spread area of the hull. The
dependence between hydrodynamic drag and forward speed is shown in Figure 5.3.

Fig. 5.3: Dependence between hydrodynamic drag 𝐷𝐻𝐷 and forward speed V [10]

5.3.3 Seaplane Float

Seaplane �oat has very similar shape as the �ying boat hull. Only the position of
the step is at di�erent place. It is moved forward but still little bit behind the
seaplane centre of gravity. Also, the process of the acceleration is as same as in
previous version. However, when the �oat is getting out of the water, aerodynamic
lift of the wing has larger and larger e�ect and hydrodynamic drag decreases. This
aerodynamic force helps to get entire �oat out of the water. The weight equals the
lift at 𝑉𝐿𝑂𝐹 speed, hydrodynamic drag is nought and the seaplane, �nally, lifts o�.
The dependence between hydrodynamic drag and forward speed is shown in Figure
5.4.
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Fig. 5.4: Dependence between hydrodynamic drag 𝐷𝐻𝐷 and forward speed V [10]

Literature [10] mentions formula to determine critical speed 𝑉𝐶𝑅 and maximal
hydrodynamic drag as follows:

𝐷𝐻𝐷𝑚𝑎𝑥 = (0.15 ÷ 0.25) ·𝑚𝑇𝑂𝑊 (5.1)

𝑉𝐶𝑅 = (0.35 ÷ 0.45) · 𝑉𝐿𝑂𝐹 (5.2)

where 𝐷𝐻𝐷𝑚𝑎𝑥 is the maximal hydrodynamic drag, 𝑚𝑇𝑂𝑊 is actual take-o� weight,
𝑉𝐿𝑂𝐹 is the lift-o� speed and 𝑉𝐶𝑅 is the critical speed.

5.4 Hydrodynamic drag of the float

Hydrodynamic drag a�ects mainly the take-o� distance of the seaplane. In general,
the take-o� distance should be as short as possible. Hydrodynamic drag consists of
two components. Friction drag and form drag which depends on the shape of the
�oat. The following applies:

𝐷𝐻𝐷 = 𝐷𝐹𝑅 + 𝐷𝐹 (5.3)

where 𝐷𝐻𝐷 is the hydrodynamic drag, 𝐷𝐹𝑅 is the friction drag and 𝐷𝐹 is the form
drag.
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6 MEETING THE REGULATIONS

To be able to certify seaplane, regulations has to be ful�lled. 𝐶𝑆 23 regulation is
going to be ful�lled because EV-55 is developed in according to this regulation.
Following paragraphs are taken from 𝐶𝑆 23 [5] regulation and there are comments
describing how each paragraph is going to be ful�lled. These paragraphs has been
also compared with Federal Aviation Regulations Part 23 [7].There was not found
any di�erence. Russian AP regulations have not been checked.

CS 23.231 Longitudinal stability and control

(b) A seaplane or amphibian may not have dangerous or uncontrollable purposing

characteristics at any normal operating speed on the water.

For the �rst stage of development, longitudinal stability is checked and compared
with recommended value in literature [14] and [16]. Some scaled tests in the tub has
to be done in later stage of development.

CS 23.233 Directional stability and control

(a) A 90∘ cross-component of wind velocity, demonstrated to be safe for taxiing,

take-off and landing must be established and must be not less than 0.2 · 𝑉𝑆0.

(d) Seaplanes must demonstrate satisfactory directional stability and control for wa-

ter operations up to the maximum wind velocity specified in sub-paragraph (a).

Lateral stability is checked and compared with recommended value in literature [14]
and [16]. Also, the Reed's diagram including wind in�uence is built. Demonstration
of safe taxiing, take-o� and landing is not part of this master's thesis and has to be
done in later stage of development.

CS 23.237 Operation on water

Allowable water surface conditions and any necessary water handling procedures for

seaplanes and amphibians must be established.

As stated previously, scaled tests in the tube has to be done in later stage of deve-
lopment.

CS 23.239 Spray characteristics

Spray may not dangerously obscure the vision of the pilots or damage the propellers

or other parts of a seaplane or amphibian at any time during taxiing, take-off and

landing.

Veri�ed shape of the �oats is used. It guarantees predictable spray characteristics and
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it is su�cient for this development stage. It is necessary to test spray characteristics
in later stage of development.

CS 23.301 Loads

(a) Strength requirements are specified in terms of limit loads (the maximum loads to

be expected in service) and ultimate loads (limit loads multiplied by prescribed factors

of safety). Unless otherwise provided, prescribed loads are limit loads.

The maximum possible loads are taken from load cases that are established in accor-
dance with CS 23.521. The construction is dimensioned for this loads. Safety factor
1.5 is used.
(b) Unless otherwise provided, the air, ground and water loads must be placed in equi-

librium with inertia forces, considering each item of mass in the aeroplane. These

loads must be distributed to conservatively approximate or closely represent actual

conditions. Methods used to determine load intensities and distribution on canard

and tandem wing configurations must be validated by flight test measurement unless

the methods used for determining those loading conditions are shown to be reliable

or conservative on the configuration under consideration.

The main purpose is to design connection struts and not to determine load of the
fuselage. Therefore the water loads are not placed in equilibrium with inertia forces
but are placed in equilibrium with boundary conditions at speci�c single points.

CS 23.521 Water load conditions

(a) The structure of seaplanes and amphibians must be designed for water loads de-

veloped during take-off and landing with the seaplane in any attitude likely to occur

in normal operation at appropriate forward and sinking velocities under the most

severe sea conditions likely to be encountered.

(b) Unless a rational analysis of the water loads is made, CS 23.523 through CS 23.537

apply.

There is no rational analysis of the water loads in this master's thesis, thus para-
graphs CS 23.523 through CS 23.537 are applied.

CS 23.523 Design weights and centre of gravity positions

(a) Design weights. The water load requirements must be met at each operating wei-

ght up to the design landing weight except that, for the take-off condition prescribed

in CS 23.531, the design water take-off weight (the maximum weight for water taxi

and take off run) must be used.

(b) Centre of gravity positions. The critical centres of gravity within the limits for
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which certification is requested must be considered to reach maximum design loads

for each part of the seaplane structure.

Extreme points of the weight envelope are used to meet requirements. There are
included six, respectively �ve weight con�gurations.

CS 23.525 Application of loads

(a) Unless otherwise prescribed, the seaplane as a whole is assumed to be subjected

to the loads corresponding to the load factors specified in CS 23.527.

(b) In applying the loads resulting from the load factors prescribed in CS 23.527, the

loads may be distributed over the hull or main float bottom (in order to avoid exces-

sive local shear loads and bending moments at the location of water load application)

using pressures not less than those prescribed in CS 23.533 (b).

(c) For twin float seaplanes, each float must be treated as an equivalent hull on a

fictitious seaplane with a weight equal to one-half the weight of the twin float sea-

plane.

(d) Except in the take-off condition of CS 23.531, the aerodynamic lift on the sea-

plane during the impact is assumed to be 2/3 of the weight of the seaplane. Load
factors are computed in accordance with CS 23.527. It is assumed that each �oat
carry one-half of the weight of he twin �oat seaplane.

CS 23.527 Hull and main float load factors

Load factors for landing conditions are computed in accordance with CS 23.527.

CS 23.529 Hull and main float landing conditions

Load factors from CS 23.527 are computed in accordance with landing conditions
from CS 23.529.

CS 23.531 Hull and main float take-off condition

Load factors for take-o� condition are computed in accordance with CS 23.531.

CS 23.533 Hull and main float bottom pressures

Bottom pressures are not computed in this master's thesis. These pressures are
important to be able to design the �oat. This �oat is bought as a part from Wipaire
Inc. company.
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CS 23.535 Auxiliary float loads

There are not use any auxiliary �oats.

CS 23.537 Sea wing loads

There are not use any auxiliary �oats on the wing therefore the load factors deter-
mined from CS 23.527 and CS 23.531 can be used for this structure. This master's
thesis does not deal with the wing inertia load.

CS 23.751 Main float buoyancy

(a) Each main float must have:

(1) A buoyancy of 80% in excess of the buoyancy required by that float to support

its portion of the maximum weight of the seaplane or amphibian in fresh water; and

(2) Enough watertight compartments to provide reasonable assurance that the se-

aplane or amphibian will stay afloat without capsizing if any two compartments of

any main float are flooded.

(b) Each main float must contain at least four watertight compartments approxima-

tely equal in volume.

Required volume for minimum buoyancy is increased by 80%. The density of the
fresh water is used. Basic design of waterproof bulkheads is determined to provide
�otation if two of them are �ooded.

CS 23.753 Main float design

Each seaplane main float must meet the requirements of CS 23.521.

CS 23.755 Hulls

(a) The hull of a hull seaplane or amphibian of 680 kg (1 500 lb) or more maximum

weight must have watertight compartments designed and arranged so that the hull,

auxiliary floats and tyres (if used), will keep the aeroplane afloat without capsizing

in fresh water when:

(1) For aeroplanes of 2 268 kg (5 000 lb) or more maximum weight, any two

adjacent compartments are flooded;

It is calculated that even if two adjacent compartments are �ooded, the seaplane
will still �oat.

30



CS 23.757 Auxiliary floats

Auxiliary floats must be arranged so that when completely submerged in fresh water,

they provide a righting movement of at least 1.5 times the upsetting moment caused

by the seaplane or amphibian being tilted.

There are not use any auxiliary �oats.

CS 23.925 Propeller clearance

(c) Water clearance. There must be a clearance of at least 46 cm (18 in) between

each propeller and the water, unless compliance with CS 23.239 can be shown with

a lesser clearance.

It is determined that the clearance between water level and blades of propeller is
larger than 46 cm.

CS 23.1399 Riding light

(a) Each riding (anchor) light required for a seaplane or amphibian, must be installed

so that it can:

(1) Show a white light for at least 3.2 km (2 miles) at night under clear atmosphe-

ric conditions; and

(2) Show the maximum unbroken light practicable when the aeroplane is moored

or drifting on the water.

(b) Externally hung lights may be used.

Riding light is not goal of this master's thesis and can be solved in the last develo-
pment stage.
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7 CONCEPTUAL DESIGN

7.1 Introduction

As was already mentioned in Chapter 5, seaplanes can be divided into �oat seaplanes
and �ying boats. Both of them can be amphibian design or just a water-landing de-
sign. Mostly, amphibians are heavier than the latter. EV-55 is a terrestrial aeroplane
and the conceptual design for both, a �ying boat and a seaplane, is done. Additional
landing gear attached to the �oats weighs about 200 kg for the aeroplane, such as
EV-55 is. Therefore, the modi�cations able to land only on the water level are going
to be mentioned.

7.2 EV-55 as a flying boat

To make �ying boats lateral stable on the water, there are two options how to do
it. First way is to use auxiliary �oats on the wing. This solution is shown in Figure
7.1. This Figure shows EV-55 as a �ying boat with auxiliary �oats at the tips of the
wing. The same Figure also shows the similar conceptual design, however the �oats
are closer to the fuselage. This solution reduces the loading created by the auxiliary
�oats. The lateral stability is the best of all mentioned designs.

Fig. 7.1: EV-55 as a �ying boat with auxiliary �oats
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In according to the fact that the wing is already designed, tips of the propellers
are hazardously close to the water surface, the auxiliary �oats create additional drag
and need to be somehow attached, regardless how the load would increase the load
of the wing, this design was denied.

The second way how to provide su�cient lateral stability is to widen the hull of
a �ying boat. Solution how this could be done is shown in Figure 7.2. This design
compared to the previous one has several advantages:

∙ loading of the wing during landing is created only by its inertia
∙ additional drag is lower
∙ level of landing di�culty is lower
∙ fuselage can be placed directly to the jetty.

Fig. 7.2: EV-55 as a �ying boat with widened fuselage

On the other hand, this design has also several disadvantages compared to the
twin-�oat design:

∙ design does not meet paragraph CS 23.925 - minimum distance between water
level and tips of the propeller blades. This is con�rmed in Figure 7.3 for the
most unfavourable weight and c.g. con�guration. Minimum distance is ful�l
just when the �ying boat has zero bank angle. Maximal bank angle can be
about 14 degrees. This problem can be removed by using di�erent position of
the engines as is shown in Figure 7.4. Of course, this leads to redesign the wing

∙ passenger doors are too low and there is not any protection against water
leakage into the fuselage
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∙ connection of the hull to the existing fuselage seems to be unreal without
serious intervention

∙ lateral stability, compared to the twin-�oat seaplane, is insu�cient as is shown
in Figure 7.6. The waves could turn the �ying boat.

Fig. 7.3: EV-55 as a �ying boat with widened fuselage - blade-strike

Fig. 7.4: EV-55 as a �ying boat with widened fuselage and top-wing mounted engines
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7.2.1 The pros and cons of a flying boat

Summary of the pros and cons is stated in Table 7.1.

Tab. 7.1: The pros and cons

Design The pros ⊕ The cons ⊖

Flying boat - aux. �o-
ats at the end

Lateral stability Additional drag

Blades of propellers
hazardously close to
the water surface

Higher load of the
wing

Attaching of the auxi-
liary �oats

Flying boat - aux. �o-
ats in the middle

Lateral stability Additional drag

Lower load of the wing Blades of propellers
hazardously close to
the water surface

Attaching of the auxi-
liary �oats

Flying boat - widened
fuselage

Lower load of the wing Blades of propellers
hazardously close to
the water surface

Lower additional drag Leakage into the fuse-
lage through the pas-
senger door

Lower landing skills Connection of the hull
and existing fuselage

Mooring to the jetty Unsu�cient lateral
stability
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7.3 EV-55 as a float seaplane

There are two conceptions which can be used for this design. Both of them are
shown in Figure 7.5. From construction point of view this is the easiest way how
to remake terrestrial version into seaplane. Single-�oat design was also denied due
to required size of the �oat and it would be necessary to use auxiliary �oats. Their
disadvantages have been discussed. The advantages of twin-�oat seaplane are:

∙ �oats can be bought from external company
∙ su�cient lateral stability
∙ existing attachment points for landing gear can be used
∙ twin-�oat seaplane can anchor directly next to the jetty
∙ there is possibility for easy change between terrestrial version and seaplane
∙ damaged �oats can be easily changed
∙ su�cient distance between tips of the propellers and water level

Fig. 7.5: Single/Twin-�oat design

Unfortunately, twin-�oat design has also disadvantages. Compared to the previ-
ous designs the worst includes:

∙ increasing of additional drag
∙ leakage of the water into the �oats
∙ additional stress increase during unsymmetrical landing
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∙ large amount of fasteners

7.3.1 The pros and cons of a float seaplane

Summary of the pros and cons is stated in Table 7.2.

Tab. 7.2: The pros and cons

Design The pros The cons

One-�oat seaplane -
auxiliary �oats

Lateral stability Additional drag

Purchase of the �oats Higher load of the
wing

Attachment points Attaching of the auxi-
liary �oats

Changing between �o-
ats and landing gear

Su�cient distance be-
tween propellers and
water surface

Twin-�oat seaplane

Lateral stability Additional drag

Lower load of the wing Leakage of the water

Purchase of the �oats Unsymmetrical lan-
ding

Mooring to the jetty Fasteners

Changing between �o-
ats and landing gear

Su�cient distance be-
tween propellers and
water surface

7.4 Conclusion

The lateral stability is checked in accordance with literature [14] and procedure is
as same as is described later in Chapter 11. Reed's diagram for �ying boat is shown
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in Figure 7.6. Also, Reed's digram of a twin-�oat seaplane is mentioned for better
comparison.

Fig. 7.6: Stability of EV-55 as a �ying boat with widened fuselage

From previous Figure is seen that the gradient of reaction moment 𝑀 as a
product of buoyant force 𝐹𝑏 for �ying boat is lower than for twin-�oat seaplane. It
means that the characteristic to get to neutral position is worse for �ying boat than
for twin-�oat seaplane. The worst situation comes up for empty seaplane. The �ying
boat can heel around longitudinal axis up to 5∘ and the reversible moment 𝑀 is still
almost same. It will take a lot of time than a seaplane is stabilized. Regardless, every
wave or wind-gust will disturb this equilibrium position on the water.

Present fuselage has the passenger door only on the left side. This could be a
problem during landing on the river when the jetty is on the right side. It is necessary
to anchor the seaplane during docking on the river always up the river. Additional
rudders on the �oats are not used because EV-55 is twin-propeller aeroplane and
turning can be done by using di�erent thrust of each propeller. It will might be
necessary to extend or add some vertical surfaces to increase the yaw stability. The
�oats, as well as fuselage adversely a�ect yaw stability.

Taking into account previous �nding about construction, stability, drag, operati-
onal performance, maintenance, present stage of fuselage development and costs,
suitable solution is to develop twin-float seaplane.
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8 COMPETITIVE SEAPLANES

There are many types of seaplane in the World. Some of them are �ying boats, the
others are twin-�oats seaplanes, a few of them are amphibious. In order to design
a seaplane that will be competitive within the airline industry, it is imperative to
�rst perform a competitor analysis of existing seaplanes in the market. From the
design speci�cation the seaplanes should have a design payload of 4 - 20 passengers.
Thirteen seaplanes will be considered in the analysis [12]. The compiled data can
be found in Appendix A. There will be �nal comparison with EV-55 seaplane in
Chapter 18.

8.1 Graphs

Fig. 8.1: Wing Loading against Range

Figure 8.1 shows Wing Loading - Range dependency. Red data are removed from
linear regression.
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Fig. 8.2: Maximum take-o� weight against Empty weight

Fig. 8.3: Wing Loading against Capacity
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Fig. 8.4: Wing Loading against Cruise speed

Fig. 8.5: Wing Loading against Stall speed

41



9 COORDINATION SYSTEM

There are used three main coordination systems in this master's thesis. The �rst
one will be called 'The aeroplane coordination system', in short 'ACS', the second
one will be called 'The �oat coordination system', in short 'FCS' and third one will
be called 'The centre of gravity coordination system'.

9.1 The aeroplane coordination system

This coordination system is the basic system used in Evektor for EV-55 aeroplane.
The origin of the ACS is situated 2800 mm in front of the third bulkhead, within
the symmetry plane and basic plane of the fuselage. See Figures 9.1 and 9.2. The
x-axis points from the origin backwards, y-axis points upwards and z-axis points to
the left wing.

Fig. 9.1: Aeroplane and �oat coordination system - side view

9.2 The float coordination system

This system is used only for calculations linked with �oat. The x-axis points forward,
y-axis points to the right wing and z-axis points downwards. See Figures 9.1 and
9.2.

9.3 Mutual position of ACS and FCS

The ACS is used as a global coordination system in this master's thesis therefore
the labels have 'G' subscript. The FCS is used as a local coordination system. The
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Fig. 9.2: Aeroplane and �oat coordination system - front view

labels have 'f' subscript. The position of the �oat coordination system is set by three
coordinates: 𝑥𝐺−𝑓 , 𝑦𝐺−𝑓 and 𝑧𝐺−𝑓 (see Figures 9.1 and 9.2). The numerical values
of these coordinates are set later on.

9.4 The centre of gravity coordination system

There is used centre of gravity coordination system for the moment of inertia cha-
racteristics. This system is oriented as same as the aeroplane coordination system
but the origin is transferred. The origin of the centre of gravity coordination system
is at the actual c.g. of the aeroplane. The labels have 'c.g.' subscript. See Figure
9.3 for details. There are used other local coordination systems, especially in the

Fig. 9.3: Centre of gravity coordination system - side view

chapter deals with stress analysis. This coordination systems are described in the
appropriate chapter.
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10 SHAPE OF THE FLOAT

10.1 Determination of the float shape

To determine proper shape of a �oat, water tests needs to be done. Therefore Wi-
paire, Inc. company from United States was addressed. This company provided
modi�ed �oats 'Wipline 8750'. These �oats are originally used for Cessna Caravan.
However the volume of these �oats was not su�cient for EV-55. Thus, the �oats
were scaled up to ful�ll CS 23 regulation, more speci�cally CS 23.751.

10.2 Important angles

During load factor determination it will be necessary to know angles 𝛼𝑓 and 𝛼𝑎.
These angles are shown in Figures 14.3 and 14.5. The angles are measured in accor-
dance with CS 23.529. Position of measuring and values of the angles are stated in
Figure 10.1. These angles were measured in CATIA. 3D model provided by Wipaire,
Inc. was used.

Fig. 10.1: Front and aft attachment points

It is necessary to mention that the position of measuring depends on front and
aft length of the �oat. Details are stated in CS 23.529, paragraph (1), (2) and (3).
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11 HYDROSTATIC CALCULATIONS

11.1 A Volume

A Volume of the �oats needs to be determined. From the main buoyant condition
and Archimedes' principle (see Figure 11.1) can be written:

𝑊 = 𝐹𝑏 (11.1)

𝑚𝑇𝑂𝑊 · 𝑔 = 𝑉𝑓𝜌𝑔 (11.2)

𝑉𝑓 =
𝑚𝑇𝑂𝑊

𝜌
(11.3)

where 𝑊 is the weight of the seaplane, 𝐹𝑏 is the buoyant force, 𝑚𝑇𝑂𝑊 is the take-o�
weight of the seaplane, 𝑉𝑓 is the volume of the �oats, 𝜌 is the density of the water
and 𝑔 is the gravitational acceleration.

Taking into account the worst conditions, it is necessary to use density of the
fresh water and maximum take-o� weight 𝑚𝑀𝑇𝑂𝑊 . In accordance with CS 23.751
regulation, the volume of each main �oat must have a buoyancy of 80% in excess of
the buoyancy required by that �oat to support its portion of the maximum weight
of the seaplane or amphibian in fresh water. Thus, necessary volume of the �oats is
computed as follows:

𝑉𝑓 =
𝑚𝑀𝑇𝑂𝑊

𝜌
· 1.8 =

4600

998
· 1.8 = 8.297 𝑚3. (11.4)

Thus, one �oat has to have volume of 4.149 𝑚3.

11.2 Stability

Stability of the seaplane on the water is very important. The stability can be split
on the lateral and longitudinal stability. Set the lateral stability is usually bigger
problem than setting of longitudinal stability. The latter mentioned is generally
given by the length of the �oats and is usually su�cient. Following formulas are
determined for lateral stability, however are valid also for longitudinal stability.

11.2.1 Conditions of equilibrium

The centre of buoyancy (c.b.) has to lie directly below the centre of gravity (c.g.),
which is the point where all the gravity forces are assumed. The c.b. is the centre
of the buoyant force. If the object is �oating freely, the force of gravity has to equal
the force of buoyancy (see Figure 11.1).
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Fig. 11.1: Basic buoyancy condition

11.2.2 Stable condition

The �oats are �oating upright at waterline W-L, the force of gravity is acting down-
wards at the centre of gravity and buoyant force is acting at the centre of buoyancy
against the force of gravity. Both of the forces have the same magnitude and lie on
the centreline of the seaplane (see Figure 11.2).

Fig. 11.2: Stable buoyant condition
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Imagine a situation when the seaplane is heeled by an external force. The sea-
plane is rotated around its 𝑐.𝑔. and waterline 𝑊 −𝐿 has been changed to waterline
𝑊1 − 𝐿1. The 𝑐.𝑏. (point 𝐵 in Figure 11.3) has moved to the new position, that
corresponds to the geometric centre of underwater part of the �oats and has new
label: 𝐵1. Original c.b. moved along circle to the position 𝐵. The magnitude of the
acting forces has not been changed but the position of buoyant force has. Now, the
force is acting at 𝐵1. The following idea considers only small angles of heeling. The
literature [9] recommends maximum heeling angle up to 10 degrees. Whereas the
maximum possible angle before the wing touches the water level is 15 degrees and
maximum angle between water level and blades of propeller is 12 degrees, this sim-
pli�cation is fully su�cient. This simpli�cation has to be done, allowed us to use
linear displacement of the points 𝐵, 𝐵1 and 𝐺, 𝑍. Immediately after heeling, there
is developed moment that returns the seaplane to original position. This moment is
developed by couple of forces 𝑊 and 𝐹𝑏 and their mutual distance 𝐺𝑍. It can be
seen that the buoyant line of heeled seaplane meets the buoyant line of the upright
seaplane at the point 𝑀 . This point is called metacentre and the distance 𝐺𝑀 is
called metacentric height. If the point 𝑀 is above point 𝐺, it is positive metacentric
height and the seaplane is automatically stable.

Fig. 11.3: Stable buoyant condition - �oats
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There were considered two conditions in the previous paragraph:
∙ The external acting moment does not lead to change the displacement of the
seaplane

∙ The heel is up to 10 degrees
By using condition one, volume d𝑉1 has to equal d𝑉2:

d𝑉1 =
1

2

∫︁ 𝑙/2

−𝑙/2

𝑦1d𝐴 d𝑥 =
d𝜃

2

∫︁ 𝑙/2

−𝑙/2

𝑦1
2 d𝑥 =

1

2

∫︁ 𝑙/2

−𝑙/2

𝑦1
2 d𝑥 =

1

2

∫︁ 𝑙/2

−𝑙/2

𝑦2
2 d𝑥. (11.5)

When the seaplane starts to heel, emerge volume d𝑉1 with its own c.g. 𝑔 moves to
new position d𝑉2 with c.g. 𝑔1. Consequently, c.b. (point 𝐵) moves to new position
𝐵1. Therefore:

𝐵𝐵1 =
d𝑉

𝑉
· 𝑔𝑔1. (11.6)

If 𝑔𝑔1 is expressed like:

𝑔𝑔1 = 2 · 2

3
𝑦, (11.7)

and inserted volume d𝑉1 from equation 11.5 back to the equation 11.6, following can
be written:

𝐵𝐵1 =

2

3

∫︁ 𝑙/2

−𝑙/2

𝑦3 d𝑥

𝑉
d𝜃. (11.8)

Expression in numerator is moment of inertia 𝐼𝑥 of �oatation water plane to the
x-axis. Distance 𝐵𝐵1 can be also written as:

𝐵𝐵1 = 𝐵𝑀 · d𝜃. (11.9)

If metacentric radius 𝐵𝑀 is expressed from equation 11.9 and instead of 𝐵𝐵1 the
equation 11.8 is inserted, the formula for metacentric radius is received:

𝐵𝑀 =
𝐼𝑥
𝑉
. (11.10)

Finally, the metacentric height can be determined, as follows:

𝐺𝑀 =
𝐼𝑥
𝑉

− 𝑎 (11.11)

where 𝐼𝑥 is moment of inertia of �oatation waterplane to the x-axis, 𝑉 is the im-
mersed volume of the �oats and 𝑎 is the distance among c.b. and c.g.

11.3 Lateral and vertical position of the floats

As was mentioned in previous subsection, the metacentric height depends on moment
of inertia 𝐼𝑥 of �oatation waterplane to the 𝑥𝑓 axis, immersed volume 𝑉 , c.g. and
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c.b. distance, see Equation 11.11. Moment of inertia 𝐼𝑥 is function of the track of
the �oats and can be simply written as follows:

𝐼𝑥 = 2 ·

(︃
𝐼𝑥0 +

(︂
𝑏

2

)︂2

· 𝐴𝑤𝑝

)︃
(11.12)

where 𝐼𝑥0 is the moment of inertia of the �oatation waterplane to its 𝑥𝑓 axis, 𝑏 is
the track of the �oats and 𝐴𝑤𝑝 is the area of the �oatation waterplane.

For the constant weight, 𝐼𝑥 depends on one parameter - track of the �oats 𝑏.
Metacentric height depends also on parameter 𝑎 - vertical position of the �oats.
Totally, Equation 11.11 can be solved with two independent variables: track of the
�oats 𝑏 and vertical position of the �oats 𝑎. The equation looks as follows:

𝐺𝑀 =

2 ·

(︃
𝐼𝑥0 +

(︂
𝑏

2

)︂2

· 𝐴𝑤𝑝

)︃
𝑉

− 𝑎. (11.13)

Solving this equation in MATLAB, 3D plot can be displayed:

Fig. 11.4: Metacentric height 𝐺𝑀 versus 𝑎 and 𝑏 variables

By plotting contour lines of metacentric height 𝐺𝑀 from Figure 11.4, the Figure
11.5 is obtained.
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Fig. 11.5: Contour lines of metacentric height 𝐺𝑀

Literature [14] suggests su�cient metacentric height for lateral stability 9 metres.
This value is given by following formula:

𝐺𝑀 = 𝐾 · 3
√
𝑊 (11.14)

where 𝐾 is the constant for the type of seaplane and for twin-�oat seaplane it is
1.4. 𝑊 is the weight of the seaplane in pounds.

For appropriate contour lines following variables 𝑎 and 𝑏 were chosen:

Tab. 11.1: Chosen variables 𝑎 and 𝑏

Variable value unit

a 1800 mm
b 3500 mm
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11.4 Longitudinal position of the floats

Longitudinal position of the �oats is given by position of the c.g. of the aeroplane.
This problem is mentioned in Chapter 12. The longitudinal stability needs to be
checked. Same equations as in previous section are used. Moment of inertia to 𝑦𝑓

axis is simply given by following formula:

𝐼𝑦 = 2 · 1

12
𝑏 · (𝑙𝑓 + 𝑙𝑎)

3 (11.15)

where 𝐼𝑦 is moment of inertia of �oatation waterplane to the 𝑦𝑓 axis, 𝑏 is the mean
width of the �oat, 𝑙𝑓 and 𝑙𝑎 are the front and aft length of the �oat, respectively.
Metacentric height for longitudinal stability is:

𝐺𝑀 =
𝐼𝑦
𝑉

− 𝑎. (11.16)

Literature [14] suggests su�cient metacentric height for longitudinal stability as
same as for lateral stability. Using Equation 11.16 longitudinal metacentric height
9.5 𝑚 is received. This is approximately same as the lateral metacentric height. The
seaplane is longitudinal stable.

11.5 Waterline position

Waterline position was determined for three weight con�guration and six static
margin values. Everything in accordance with weight envelope shown in Figure 12.5.
CATIA was used to set c.b. position and values 𝐻𝑓 , 𝐻𝑎, 𝜑 and 𝑏 were measured. See
Figure 11.6 for details.

Fig. 11.6: Geometric data measured in CATIA V5

51



Following procedure was used to determined waterline for di�erent weight and
c.g. position:

Using Catia model of the �oat, the immersed volume for angles 𝜑 = −3∘, 0∘, 3∘, 6∘

was determined. This was done for every weight con�guration and c.g. position. The
values 𝐻𝑓 and 𝐻𝑎 was measured. From known c.b. and c.g. position the distance 𝑏

was measured, as well. Previous procedure is in accordance with literature [10].
The stabilizing moment can be computed as follows:

𝑀 = 𝑊 · 𝑏

1000
= 𝑚𝑀𝑇𝑂𝑊 · 𝑔 · 𝑏

1000
(11.17)

where 𝑀 is the stabilizing moment, 𝑔 is the gravitational acceleration and 𝑏 is the
righting arm. Values 𝐻𝑓 and 𝐻𝑎 shows the position measured vertically from the
step. 𝐻𝑓 is the scale at the front part of the �oat, precisely speaking 3000 mm from
the step and 𝐻𝑎 is the scale at the aft part of the �oat, precisely speaking 3500 mm
from the step.

Figures 11.7, 11.8 and 11.9 show dependency between longitudinal heel angle 𝜑

and righting moment 𝑀 and also position of waterline on the front and aft scale on
the �oats. Points of righting moment are approximated by second order polynomial
function.
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Tab. 11.2: Data for Figure 11.7

𝑚𝑇𝑂𝑊 = 3150 𝑘𝑔

Static margin 8.0% 21.5%

𝜑 𝐻𝑓 𝐻𝑎 𝑏 𝑀 𝑏 𝑀

[∘] [mm] [mm] [mm] [Nm] [mm] [Nm]

-3 613.6 0 1127 34826 1338 41346
0 522 0 676.5 20905 887 27410
3 382.5 749 45.2 1397 165.9 5127
6 203.5 939 -1032 -31890 -821.7 -25392

Fig. 11.7: Waterline position and stabilizing moment (𝑚𝑇𝑂𝑊 = 3150𝑘𝑔)
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Tab. 11.3: Data for Figure 11.8

𝑚𝑇𝑂𝑊 = 3777 𝑘𝑔

Static margin 12.0% 30.6%

𝜑 𝐻𝑓 𝐻𝑎 𝑏 𝑀 𝑏 𝑀

[∘] [mm] [mm] [mm] [Nm] [mm] [Nm]

-3 691.7 0 1125 41684 1423.5 43988
0 578 0 665.5 24658 963 29758
3 430 797 -78.5 -2909 219 6767
6 256.9 984.2 -914 -33866 -616.4 -19048

Fig. 11.8: Waterline position and stabilizing moment (𝑚𝑇𝑂𝑊 = 3777𝑘𝑔)
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Tab. 11.4: Data for Figure 11.9

𝑚𝑇𝑂𝑊 = 4600 𝑘𝑔

Static margin 17.4% 31.4%

𝜑 𝐻𝑓 𝐻𝑎 𝑏 𝑀 𝑏 𝑀

[∘] [mm] [mm] [mm] [Nm] [mm] [Nm]

-3 774.5 0 1112 41202 1335.5 41269
0 648.3 648.3 654.5 24251 877.3 27110
3 492 492 -85.5 18230 136.9 4230
6 331 331 -716 -26529 -492.3 -15213

Fig. 11.9: Waterline position and stabilizing moment (𝑚𝑀𝑇𝑂𝑊 = 4600𝑘𝑔)

From previous �gures can be seen that the neutral righting moment is in range
from 2.8 to 4 degrees. It means, if the seaplane will stay on calm water, the angle
between water level and longitudinal axis will be di�erent compared to terrestrial
version. This is not a problem if the seaplane does not move.
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11.6 Waterline position when using full thrust

Full thrust is usually used for take-o�. Especially at the beginning of take-o�, the
elevator is not e�ective because of small speed and pilot cannot a�ect the posi-
tion of the �oat using pitching moment of elevator. The propellers create available
thrust 𝑇𝑎𝑣𝑎 and the �oats create the hydrostatic drag 𝐷𝐻𝑆. Both of the forces create
moments. Visually it is shown in Figure 11.10

Fig. 11.10: Forces acting during take-o�

Previous Figure 11.10 is possible to describe mathematically. Maximal hydrosta-
tic force in accordance with literature [14] is following:

𝐷𝐻𝑆 = 0.1 ·𝑚𝑀𝑇𝑂𝑊 · 𝑔 (11.18)

where 𝑚𝑀𝑇𝑂𝑊 is the maximum take-o� weight of the seaplane and 𝐷𝐻𝑆 is the hyd-
rostatic drag at the beginning of acceleration and 𝑔 is the gravitational acceleration.
The equilibrium still has to be valid during take-o� . In according to Figure 11.10:

𝐷𝐻𝑆 · 𝑒 + 𝑇𝑎𝑣𝑎 · 𝑑 = 𝐹𝑏 · 𝑏 (11.19)

where 𝑑 is the distance between point of the thrust force and c.g., 𝐹𝑏 is the buoyant
force, 𝑏 is the horizontal distance between c.g. and c.b. determined in section 11.5
and 𝑒 is the distance between c.g. and acting point of hydrodynamic force. The
product 𝑊 · 𝑏 from Figure 11.10 is righting moment also stated in section 11.5. The
moment created by thrust is:

𝑀𝑇 = 𝑇𝑎𝑣𝑎 · 𝑑 = 19362.4 · 0.665 = 12876 𝑁𝑚. (11.20)

Thrust available 𝑇𝑎𝑣𝑎 was obtained for maximal thrust available for zero altitude,
zero speed and temperature 15 ∘𝐶 from performance deck for PT6 engines. Moment
𝑀𝑇 corresponds to following angles from Figures 11.7, 11.8 and 11.9:
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Tab. 11.5: Change of waterline angle 𝜑 with a full thrust

𝑚𝑇𝑂𝑊 = 3150 𝑘𝑔 𝑚𝑇𝑂𝑊 = 3777 𝑘𝑔 𝑚𝑀𝑇𝑂𝑊 = 4600 𝑘𝑔

Static margin 8% 21% 12% 30.6% 17.4% 31.4%
𝜑𝑡ℎ𝑟𝑢𝑠𝑡 1.60∘ 2.30∘ 1.25∘ 2.55∘ 1.60∘ 2.75∘

From table 11.5 is seen that full thrust causes the negative moment which corre-
sponds for change of angles from 1.6 to 2.75 degrees. When the seaplane is �oating
freely on the water there is angle from 2.8 to 4 degrees between longitudinal axis
and water level (Read Figures 11.7, 11.8 and 11.9 for 𝑀 = 0) . When the full thrust
is used, these angles are changed:

𝜑𝑡𝑜𝑡𝑎𝑙 = 𝜑− 𝜑𝑡ℎ𝑟𝑢𝑠𝑡 (11.21)

where 𝜑 is angle between longitudinal axis of the seaplane and water level during
free �otation read from Figures 11.7, 11.8 and 11.9 for 𝑀 = 0 and 𝜑𝑡ℎ𝑟𝑢𝑠𝑡 is the
angle by which changes the initial angle 𝜑.

Final angles 𝜑𝑡𝑜𝑡𝑎𝑙 for extreme static margins and take-o� weights are stated in
Table 11.6.

Tab. 11.6: Final angle 𝜑𝑡𝑜𝑡𝑎𝑙 between longitudinal axis and water level

𝑚𝑇𝑂𝑊 = 3150 𝑘𝑔 𝑚𝑇𝑂𝑊 = 3777 𝑘𝑔 𝑚𝑀𝑇𝑂𝑊 = 4600 𝑘𝑔

Static margin [%] 8 21 12 30.6 17.4 31.4
𝜑 [∘] 3.0 3.5 2.8 4.0 2.9 3.9

𝜑𝑡ℎ𝑟𝑢𝑠𝑡 [∘] 1.6 2.3 1.25 2.55 1.6 2.75
𝜑𝑡𝑜𝑡𝑎𝑙 [∘] 1.4 1.2 1.6 1.5 1.3 1.2

To keep as same angle of attack as during take-o� from runway, �oats has to be
set about 1.5∘ to positive value. This change is insigni�cant and therefore will be
neglected during next computations.

11.7 Reed’s diagram

As was already mentioned, external moment can caused stabilizing or destabilizing
e�ect. This depends on mutual position of metacentre and c.g. position. There was
also said that the magnitude of the stabilizing moment depends on the distance 𝐺𝑍.
Let us recall this in Figure 11.11.
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Fig. 11.11: Reed's diagram

The 𝑀 − 𝜃 curve is called Reed's diagram and shows the dependence of the
righting moment of stability 𝑀 on the heeling angle 𝜃. There are two curves in
Figure 11.11. The blue one shows the righting moment of stability in accordance with
Equation 11.22 and is done for take-o� weight 3150 kg. This equation is referring to
Figure 11.11 and can be written as follows:

𝐺𝑍 = 𝐵𝑀 · sin 𝜃 − 𝑎 · sin 𝜃. (11.22)

The second curve - green one is for maximum take-o� weight 4600 kg. It can be
seen that the seaplane is stable let us say to 12 degrees, approximately. It is enough,
taking into account that maximum angle before the propellers touch the water level
is about 12 degrees, as well. There is also red curve in Figure 11.11. This curve
shows in�uence of the wind and lateral heeling angle. At the beginning, the wind
causes acting moment on the seaplane around x-axis. This results in immersing of
the �oat and increasing the righting moment caused by buoyant force. When the
both moments are in equilibrium, this is maximal heeling angle caused by wind
gust. The wind gust acting moment is determined in accordance with literature [14].
There is Figure 11.12 showing dependency between wind-gust direction 𝜃𝑔𝑢𝑠𝑡 and
coe�cient 𝑐.
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Fig. 11.12: Wind gust

Data are approximated by fourth order polynomial function:

𝑐 = 6.48𝑒−8 · 𝜃4 − 1.5𝑒−6 · 𝜃3 − 3.8𝑒−5 · 𝜃2 − 1.0𝑒−3 · 𝜃 − 2𝑒−2. (11.23)

The wind gust acting moment can be computing as follows:

𝑀𝑤𝑖𝑛𝑑 = 𝑐 · 𝑏 · 𝜌 · 𝑆 · 𝑢2 (11.24)

where 𝑐 is coe�cient determined previously, 𝑏𝑓 is the length of the fuselage, 𝜌 is the
density of the air, 𝑆 is the wing area and 𝑢 is the speed of the wind.
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12 WEIGHT BREAKDOWN

Weight breakdown of EV-55 is done within EV55004-04-W_G document [21]. Be-
cause the �oats will be attached instead of landing gear, removing the landing gear
items and hydraulic items was priority. Complete itemization of landing gear items
and hydraulic items is stated in Appendix D. The following Table 12.1 shows the
total weight of each group and moments of inertia linked to the Aeroplane Coordi-
nation System.

Tab. 12.1: Mass, c.g. and inertia characteristic for each group

Group 𝑚 𝑥𝐺 𝑦𝐺 𝑧𝐺 𝐼𝑥𝐺
𝐼𝑦𝐺 𝐼𝑧𝐺

[−] [𝑘𝑔] [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2]

Landing gear 179.47 5817 -800 0 6604.4 117.1 115.0

Anti-lock bra-
king system

1.00 5300 -780 -390 28.1 0.6 0.2

Hydraulic
cylinders

16.80 5119 -833 0 470.3 11.7 6.3

Hydraulic
items

49.42 2379 -421 177 362.0 13.3 4.5

It was decided, that landing gear, anti-lock braking system and hydraulic cylin-
ders will be removed when conversion to seaplane should be done. Hydraulics items
represent about 50 kg of weight and if these items will be kept in the aeroplane, it
is possible to change modi�cations between seaplane and terrestrial version.
Groups that will be removed (in accordance with weight breakdown table in Appen-
dix D ):

∙ Landing gear
∙ Anti-lock braking system
∙ Hydraulic cylinders

12.1 Weight of the floats

The weight of the �oats was determined in accordance with L.W. Rosenthal - The
Weight of Seaplanes Floats [18]. There is mentioned relation between the weight of
the �oats and their volume:

𝑊𝑓 = 0.134 · 𝑉𝑓
0.8812 (12.1)
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where 𝑊𝑓 is the weight of the �oats and 𝑉𝑓 is the volume of the �oats in decimetres
cubic. The equation mentioned above is shown in Figure 12.1. Estimated weight of
the �oats is about 380 𝑘𝑔 if 𝑉𝑓 = 8297 𝑑𝑚3 is considered. However, this is only the
weight of the �oats. Further accessories has to be considered. Using available data
on Wipaire Inc. web pages, the weight of the further accessories was set to 120 𝑘𝑔.
Especially, the data from DHC-6 and Cessna Caravan 208 were used. Floats, struts
and accessories for Cessna Caravan 208 has 452 𝑘𝑔. From Figure 12.1 and known
maximum take-o� weight of Cessna Caravan 208, the weight of struts and accessories
can be computed as follows:

𝑚𝑎𝑐𝑐+𝑠𝑡𝑟𝑢𝑡𝑠 = 452 − 0.134 ·
(︁𝑚𝑀𝑇𝑂𝑊

998
· 1.8 · 1000

)︁0.8812
(12.2a)

𝑚𝑎𝑐𝑐+𝑠𝑡𝑟𝑢𝑡𝑠 = 452 − 0.134 ·
(︂

3969

998
· 1.8 · 1000

)︂0.8812

= 118 𝑘𝑔 (12.2b)

where 𝑚𝑎𝑐𝑐+𝑠𝑡𝑟𝑢𝑡𝑠 is the weight of struts and accessories, 𝑚𝑀𝑇𝑂𝑊 is the maximum
take-o� weight of Cessna Caravan 208 and 452 kg is the weight of the �oat assembly,
that was got from company web pages. Together, the estimated weight of the �oats
with accessories was set to 500 𝑘𝑔.

Fig. 12.1: Weight of the �oats versus volume of the �oats
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12.2 Terrestrial version of EV-55

Weight envelope for terrestrial version was taken from EV55004-04-W_G document
[21], as well. Figure 12.2 represents this weight envelope. It is seen that there are six
weight con�guration with di�erent static margin. Red dashed line shows restriction
from lower side of weight envelope due to adding the �oats. Details will be mentioned
in the following section.

Fig. 12.2: Weight envelope of the terrestrial version

12.2.1 Moment of inertia

Moment of inertia was taken from SAVLE program (System of automatic aeroplane
computations). Con�gurations corresponding to the weight envelope were chosen.
The list of the moments of inertia for these con�gurations is in Table 12.2. Moments
of inertia are related to the coordination system corresponding to the relevant c.g.
position.
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Tab. 12.2: c.g. position and moment of inertia from SAVLE

Weight SAVLE 𝑥𝐺 𝑦𝐺 𝑧𝐺 𝐼𝑥𝑐.𝑔. 𝐼𝑦𝑐.𝑔. 𝐼𝑧𝑐.𝑔.

con�g. con�g. [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2]

1 2101 6124.0 310.0 4.0 11709.9 24630.5 16848.8

2 2203 6331.9 346.9 1.2 12074.4 24.672.3 16809.7

3 404 6124.1 327.5 9.3 12415.3 26486.7 18220.1

4 2011 6555.3 224.1 25.0 12733.0 28754.2 20489.4

5 509 6283.7 393.3 12.0 20041.4 34539.7 19490.7

6 1812 6555.5 110.5 1.1 13204.7 26726.2 18811.0

12.3 Seaplane version of EV-55

The seaplane version has, comparing to the terrestrial version, two �oats and no
wheel landing gear. The weight of the �oats was determined within previous section.
By adding the �oats, the centre of gravity moves downwards and minimum weight
increases. Previously was mentioned that by increasing the weight the minimum
weight of �ight envelope moves upwards. The di�erence between terrestrial version
and a seaplane in empty weight is 300 𝑘𝑔. Also, because the c.g. of the �oats is in
front of the c.g. of the aeroplane, resulting c.g. will move forward. This envelope,
called Seaplane weight envelope is in Figure 12.3. This envelope has only �ve weight
con�gurations. Unfortunately, this weight envelope is out of the original envelope.
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Fig. 12.3: Weight envelope of the seaplane version

To keep static margin in its original state or within the original state, weight
layout has to be changed. Therefore 43 𝑘𝑔 of luggage from front storage space in
the nose of the seaplane was removed. The weight envelope for this con�guration is
called Seaplane - modi�ed weight envelope and is shown in Figure 12.4. These �ve
con�gurations will be used during next development, especially during determination
of the water loads.
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Fig. 12.4: Weight envelope of seaplane version - modi�ed

For illustration, all of the weight envelopes together are shown in Figure 12.5.
The range of the con�gurations was decreased. Minimum take-o� weight is 3150 𝑘𝑔

and static margin has lower range.
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Fig. 12.5: Weight envelope of the terrestrial version, the seaplane version, and the
seaplane - modi�ed

The summary of the weight con�gurations mentioned in the modi�ed seaplane
envelope - Figure 12.4 is stated in Table 12.3.

Tab. 12.3: Summary of the weight con�gurations

Weight con�guration weight unit % MAC

1 3150 kg 8
2 3150 kg 21.2
3 3777 kg 30.6
4 4600 kg 18
5 4600 kg 31.4

12.3.1 Moment of inertia

Because the weight of the �oats is not insigni�cant, moments of inertia from SAVLE
need to be converted. The conversion will be done by using following considerations.
Moment of inertia of the entire aeroplane around the axis of rotation is the sum
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of particular moments of inertia of each component relative to the axis mentioned
before1. See Equations 12.3a, 12.3b and 12.3c.

𝐼𝑥𝐺
=

𝑛∑︁
𝑖=1

𝐼𝑥𝐺𝑖
= 𝐼𝑥𝐺1

+ 𝐼𝑥𝐺2
+ 𝐼𝑥𝐺3

+ . . . + 𝐼𝑥𝐺𝑛
(12.3a)

𝐼𝑦𝐺 =
𝑛∑︁

𝑖=1

𝐼𝑦𝐺𝑖
= 𝐼𝑦𝐺1

+ 𝐼𝑦𝐺2
+ 𝐼𝑦𝐺3

+ . . . + 𝐼𝑦𝐺𝑛
(12.3b)

𝐼𝑧𝐺 =
𝑛∑︁

𝑖=1

𝐼𝑧𝐺𝑖
= 𝐼𝑧𝐺1

+ 𝐼𝑧𝐺2
+ 𝐼𝑧𝐺3

+ . . . + 𝐼𝑧𝐺𝑛
(12.3c)

where 𝐼𝑥𝐺
is the moment of inertia of entire aeroplane and 𝐼𝑥𝐺𝑖

is the moment of
inertia of each part. In order to simplify the determination of the moment of inertia,
the following will be considered:

∙ As mentioned before - own moments of inertia will be neglected - except �oats.
∙ Instead of parts, the groups used in Table 12.1 will be considered.
∙ Centre of gravity position of each groups will be taken into account.
∙ The weight of the each group will be taken into account, as well.

Moment of inertia for each group can be computed as follows:

𝐼𝑥𝐺𝑖
= 𝑚𝑖 ·

√︀
𝑦𝐺𝑖

2 + 𝑧𝐺𝑖
2
2

(12.4a)

𝐼𝑦𝐺𝑖
= 𝑚𝑖 ·

√︀
𝑥𝐺𝑖

2 + 𝑧𝐺𝑖
2
2

(12.4b)

𝐼𝑧𝐺𝑖
= 𝑚𝑖 ·

√︀
𝑥𝐺𝑖

2 + 𝑦𝐺𝑖
2
2

(12.4c)

where 𝑥𝐺𝑖
, 𝑦𝐺𝑖

and 𝑧𝐺𝑖
are the coordinates of c.g., 𝑚𝑖 is the mass of each group.

Combining Equations 12.3a - 12.4a, 12.3b - 12.4b and 12.3c - 12.4c, removed
groups can be excluded, while the �oats and struts can be added.

The computations was done in Excel. Important results are stated in Table 12.4.
Entire table is shown in Appendix E.

1The own moments of inertia were due to their size neglected - except floats.
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Tab. 12.4: c.g. position and moment of inertia for seaplane

Weight SAVLE 𝑥𝑐.𝑔.𝐺 𝑦𝑐.𝑔.𝐺 𝑧𝑐.𝑔.𝐺 𝐼𝑥𝐺
𝐼𝑦𝐺 𝐼𝑧𝐺

con�g. con�g. [𝑚𝑚] [𝑚𝑚] [𝑚𝑚] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2] [𝑘𝑔 ·𝑚2]

1 404 6123.5 121.3 7.4 14781.5 28031.3 20142.5

2 1753 6334.4 82.0 23.4 14527.4 27716.6 20331.7

3 2011 6485.6 26.9 32.1 14869.9 30499.0 22460.5

4 509 6274.7 181.3 16.5 22476.0 36153.7 28469.8

5 1812 6497.5 -76.7 32.1 15186.1 28469.8 20614.7

12.4 Ratio of distance

Ratio of distance 𝑟𝑥 is necessary to determine because this value is used in paragraph
CS 23.527. It is used in Chapter 14, Equation 14.3 and Equation 14.4. Ratio of
distance is value measured parallel to hull reference axis, from the centre of gravity
of the seaplane to the hull longitudinal station at which the load factor is being
computed to the radius of gyration in pitch of the seaplane, the hull reference axis
being a straight line, in the plane of symmetry, tangential to the keel at main step
[5].

𝑟𝑥𝑏
=

𝑎𝑓
1000
𝐼𝑧𝐺

𝑚𝑀𝐿𝑊

(12.5)

𝑟𝑥𝑠 =

𝑏𝑓
1000
𝐼𝑧𝐺

𝑚𝑀𝐿𝑊

(12.6)

where 𝑟𝑥𝑏
is ratio of distance for bow landing case, 𝑟𝑥𝑠 is ratio of distance for stern

landing case, 𝑎𝑓 and 𝑏𝑓 are distances between c.g. and longitudinal stations at which
the load factors are being computed in milimetres, 𝐼𝑧𝐺 is radius of gyration in pitch
of the seaplane and 𝑚𝑀𝐿𝑊 is the maximum landing weight.
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13 SPEED CORRECTIONS

Stall speed 𝑉𝑆0 in landing con�guration and stall speed 𝑉𝑆1 in any other con�guration
depend on maximal lift coe�cient 𝐶𝐿𝑚𝑎𝑥 , maximum take-o� weight 𝑚𝑀𝑇𝑂𝑊 and
position of c.g. Let us discuss these factors in more detail.

13.1 Lift curve correction

Because the �oats were added, drag coe�cient 𝐶𝐷 increased. Also the lift coe�cient
𝐶𝐿 for speci�c angle of attack 𝛼 has been changed. In other words, the lift curve
could have been changed. The �oats have destabilize pitching moment, thus the
higher negative lift at horizontal tail has to be produced. Total lift has to be kept,
that means the higher lift at the wing has to be created. Previous can be reached by
higher angle of attack. If the angle of attack is increased, the �oats will create lift, as
well. Using previous consideration, following can be claimed: By adding the �oats,
lift curve is not changed too much and stall speed remains as same as for terrestrial
version. It should be noted that previous is applied only for lift curve correction.
In order to include change of lift curve in the calculation, it is necessary to know
𝐶𝐿 − 𝛼 dependence.

13.2 Weight correction

The stall speed of terrestrial version has been determined for speci�c points in wei-
ght envelope - Figure 12.2. It is also necessary to know stalling speed at di�erent
points in weight envelope - di�erent weight See Figure 12.4. One way is to do �ight
tests, more acceptable is to use some conversion formulas in this stage of develo-
pment. The latter mentioned will be discussed in the next sections. The formulas
are taken from literature [13]. Once the aeroplane weight has been determined, the
calibrated stalling speed determined at each data point is corrected for weight using
the following equation from literature [13]:

𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡
= 𝑉𝑆𝑇

√︂
𝑊𝑆

𝑊𝑇

(13.1)

where 𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡
is the weight corrected calibrated stalling speed, 𝑉𝑆𝑇 is the stalling

speed corrected for instrument and position error, 𝑊𝑇 is the aeroplane weight at the
stall and �nally 𝑊𝑆 is the standard weight, or the weigh to which certi�cation is
sought; normally the maximum take-o� weight. Speed 𝑉𝑆𝑇 was taken from internal
document [1]. The results are stated in Table 13.1.
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Tab. 13.1: Weight corrected calibrated stalling speed

Weight con�guration 𝑊𝑆 𝑊𝑇 𝑉𝑆𝑇 𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡

[kg] [kg] [km/h] [km/h]

1 3150 3150 98.8 98.8

2 3150 3150 98.8 98.8

3 3777 3800 107.9 107.6

4 4600 4600 118.0 118.0

5 4600 4600 118.0 118.0

It is seen that there is di�erence in weights only for weight con�guration num-
ber three. The weights corresponds in other points of weight envelope and weight
correction gives, of course, same values. Also, the di�erence between stall speeds in
weight con�guration number three is insigni�cant.

13.3 Centre of gravity correction

To accomplish centre of gravity correction, one must �rst correct the weight corrected
stalling speed to a value of lift coe�cient using the following equation:

𝐶𝐿𝑐𝑜𝑚𝑝 =
2 ·𝑚𝑀𝑇𝑂𝑊 · 𝑔

𝜌 · 𝑆 ·
(︀
𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡

)︀2 (13.2)

where 𝐶𝐿𝑐𝑜𝑚𝑝 is the maximum lift coe�cient at the computed c.g., 𝑚𝑀𝑇𝑂𝑊 is the
maximum landing weight, 𝑔 is the gravitational acceleration, 𝜌 is the density of the
air, 𝑆 is the area of the wing and 𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡

is the weight corrected calibrated stalling
speed.

One then corrects this, lift coe�cient can be computed, as follows [13]:

𝐶𝐿𝑟𝑒𝑓
= 𝐶𝐿𝑐𝑜𝑚𝑝

[︂
1 +

𝑀𝐴𝐶

𝑙𝑡
·
(︂
𝑐.𝑔.𝑟𝑒𝑓 − 𝑐.𝑔.𝑐𝑜𝑚𝑝

100

)︂]︂
(13.3)

where 𝐶𝐿𝑟𝑒𝑓
is the maximum lift coe�cient at the desired c.g., 𝐶𝐿𝑐𝑜𝑚𝑝 is the maximum

lift coe�cient at the computed c.g., 𝑀𝐴𝐶 is the mean aerodynamic chord and 𝑙𝑡 is
the length of the tail (assumed to be from 1/4 chord of the wing to 1/4 chord of the
horizontal tail).

The new 𝐶𝐿𝑟𝑒𝑓
is converted back to stalling speed:

𝑉𝑆0 =

√︃
2 ·𝑚𝑀𝐿𝑊 · 𝑔
𝜌 · 𝐴 · 𝐶𝐿𝑟𝑒𝑓

(13.4)
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Tab. 13.2: Centre of gravity correction

Weight 𝑚𝑀𝑇𝑂𝑊 𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡
𝐶𝐿𝑐𝑜𝑚𝑝 𝐶𝐿𝑟𝑒𝑓

𝑐.𝑔.𝑐𝑜𝑚𝑝 𝑐.𝑔.𝑟𝑒𝑓 𝑉𝑆0

con�guration [kg] [km/h] [1] [1] [%] [%] [km/h]

1 3150 98.8 2.6575 2.6575 8 8 98.8

2 3150 98.8 2.6575 2.7344 8 21.2 97.4

3 3777 107.6 2.6880 2.7581 18 30.6 106.2

4 4600 118.0 2.7207 2.7159 18 17.4 118.1

5 4600 118.0 2.7207 2.7196 18 31.4 116.5

The same adjustment can be done for stall speed 𝑉𝑆1 for �aps 20∘ con�gu-
ration. This con�guration was chosen in accordance with CS 23.531 paragraph where
following is written: 𝑉𝑆1 seaplane stalling speed (knots) at the design water take-o�
weight with �aps extended in the appropriate take-o� position [5].

𝑉𝑆1𝑤𝑒𝑖𝑔ℎ𝑡
= 𝑉𝑆𝑇

√︂
𝑊𝑆

𝑊𝑇

, (13.5)

𝐶𝐿𝑐𝑜𝑚𝑝 =
2 ·𝑚𝑀𝐿𝑊 · 𝑔

𝜌 · 𝐴 ·
(︀
𝑉𝑆0𝑤𝑒𝑖𝑔ℎ𝑡

)︀2 , (13.6)

𝐶𝐿𝑟𝑒𝑓
= 𝐶𝐿𝑐𝑜𝑚𝑝

[︂
1 +

𝑀𝐴𝐶

𝑙𝑡
·
(︂
𝑐.𝑔.𝑟𝑒𝑓 − 𝑐.𝑔.𝑐𝑜𝑚𝑝

100

)︂]︂
, (13.7)

𝑉𝑆1 =

√︃
2 ·𝑚𝑀𝐿𝑊 · 𝑔
𝜌 · 𝐴 · 𝐶𝐿𝑟𝑒𝑓

. (13.8)

The results are stated in following Table 13.3:

Tab. 13.3: Centre of gravity correction

Weight 𝑚𝑀𝑇𝑂𝑊 𝑉𝑆1𝑤𝑒𝑖𝑔ℎ𝑡
𝐶𝐿𝑐𝑜𝑚𝑝 𝐶𝐿𝑟𝑒𝑓

𝑐.𝑔.𝑐𝑜𝑚𝑝 𝑐.𝑔.𝑟𝑒𝑓 𝑉𝑆1

con�guration [kg] [km/h] [1] [1] [%] [%] [km/h]

1 3150 119.4 1.8196 1.8196 8 8 119.4

2 3150 119.4 1.8196 1.8723 8 21.2 117.7

3 3777 130.1 1.8376 1.8855 18 30.6 128.4

4 4600 142.7 1.8603 1.8571 18 17.4 142.8

5 4600 142.7 1.8603 1.9089 18 31.4 142.9

From previous tables is evident, that the change in stalling speed is very low and
could be neglected. However, all the computations are programmed in MATLAB,
thus corrected speeds are used in this master's thesis.
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14 WATER LOADS

Water loads are determined in accordance with CS 23.527, CS 23.529 and CS 23.531
paragraphs. It is solved for every weight con�guration stated in Chapter 12. The
weight con�gurations are listed in Table 11.1. The forces and load factors are limit
loads. Reaction forces are computed for both �oats together. To get reaction force
acting on one �oats, results needs to be divided by two.

14.1 Symmetrical step landing case

Quantities used for symmetrical step landing are marked by subscript 𝐴. Symmetri-
cal step landing case is de�ned in CS 23.529 as a landing, when the resultant water
load must be applied at the keel, through the centre of gravity, and must be directed
perpendicularly to the keel line. See Figure 14.1.

Fig. 14.1: Position of applied resultant water load for step landing

In accordance with CS 23.527, water reaction factor 𝑛𝑤𝐴
must be computed in

the following manner:

𝑛𝑤𝐴
=

𝐶1 · 𝑉𝑆0
2(︁

tan
2
3 𝛽
)︁
· (𝑚𝐿𝑊 )

1
3

(14.1)

where 𝑛𝑤𝐴
is the water reaction load factor, 𝐶1 is the empirical seaplane operations

factor equal to 0.012 [5] (except that this factor may not be less than that necessary
to obtain the minimum value of step load factor of 2.33), 𝑉𝑆0 is the seaplane stalling
speed in knots with �aps extended in the appropriate landing position - determined
in Table 13.2 and with no slipstream e�ect, 𝛽 is the angle of dead rise at the lon-
gitudinal station at which the load factor is being determined in accordance with
Figures 14.1 and 14.2, 𝑚𝐿𝑊 is the seaplane design landing weight in pounds. Using
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corrected speeds that have been set in Chapter 13, appropriate weight con�guration
and dead rise angles measured in CATIA, following load factors are get:

Tab. 14.1: Load factors 𝑛𝑤𝐴
for step landings

Weight con�guration 𝑉𝑆0 𝑚𝐿𝑊 𝛽 𝑛𝑤𝐴

[-] [kn] [lb] [∘] [1]

1 53.3 6945 26.3 2.86

2 52.5 6945 26.7 2.74

3 57.3 8327 26.7 3.07

4 63.6 10141 26.7 3.56

5 62.8 10141 26.7 3.46

Fig. 14.2: Dead rise angle position

Taking into account Newton's second law, following can be written:

𝐹𝑅𝑤𝐴
= 𝑚𝐿𝑊 · 𝑔 ·

(︂
𝑛𝑤𝐴

+
2

3

)︂
(14.2)

where 𝑛𝑤𝐴
is water reaction load factor for symmetrical step landing, 𝑚𝐿𝑊 is the

seaplane design landing weight and 𝑔 is the gravitational acceleration. Except in
the take-o� condition of CS 23.531, the aerodynamic lift on the seaplane during the
impact is assumed to be 2/3 of the weight of the seaplane [5]. For known weight
con�gurations following reaction forces 𝐹𝑅𝑤𝐴

oriented in according to Figure 14.1
are received:
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Tab. 14.2: Reaction forces 𝐹𝑅𝑤𝐴
for symmetrical step landings

Weight con�guration 𝐹𝑅𝑤𝐴
𝑥𝑓

[-] [N] [mm]

1 108881.7 374.1

2 105338.6 163.1

3 138395.6 11.9

4 190452.5 222.8

5 186099.4 0.0

Because reaction forces 𝐹𝑅𝑤𝐴
have di�erent points of action 𝑥𝑓 , the worst case

in terms of the stress of the struts is determined in the Chapter 16. Table 14.2, inter
alia, contains 𝑥𝑓 coordinates in the FCS, where the forces act.

14.2 Symmetrical bow landing case

Quantities used for symmetrical step landing are marked by subscript 𝐵. Symmetri-
cal bow landing case is de�ned in CS 23.529 as a landing where the resultant water
load must be applied at the keel, one-�fth of the longitudinal distance from the bow
to the step, and must be directed perpendicularly to the keel line. See Figure 14.3.

Fig. 14.3: Position of applied resultant water load for bow landing

Load factor for bow landing is given in CS 23.527 by the following equation:

𝑛𝑤𝐵
=

𝐶1 · 𝑉𝑆0
2(︁

tan
2
3 𝛽
)︁
· (𝑚𝐿𝑊 )

1
3

· 𝐾1

(1 + 𝑟𝑥𝑏
2)

2
3

(14.3)
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where 𝑛𝑤𝐵
is the water reaction load factor for bow landing, 𝐶1 is the empirical

seaplane operations factor equal 0.012 (except that this factor may not be less than
that necessary to obtain the minimum value of step load factor of 2.33), 𝑉𝑆0 is
the seaplane stalling speed in knots with �aps extended in the appropriate landing
position - determined in Table 13.2 and with no slipstream e�ect. 𝛽 is the angle of
dead rise at the longitudinal station at which the load factor is being determined in
accordance with Figure 14.3. 𝑚𝐿𝑊 is the seaplane design landing weight in pounds,
𝐾1 is the empirical hull station weighing factor in accordance with Figures B.1, B.2,
B.3, B.4 and B.5, 𝑟𝑥𝑏

is the ratio of distance that has been determined in Chapter 12,
measured parallel to hull reference axis, from the centre of gravity of the seaplane
to the hull longitudinal station at which the load factor is being computed to the
radius of gyration in pitch of the seaplane, the hull reference axis being a straight
line, in the plane of symmetry, tangential to the keel at the main step.

Fig. 14.4: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 1

For a twin �oat seaplane, because of the e�ect of �exibility of the attachment of
the �oats to the seaplane, the factor 𝐾1 may be reduced at the bow and stern to 0.8
of the original value. Figure 14.4 shows two curves: blue solid line shows standard
𝐾1 factor. Red dashed line shows decreased 𝐾1 factor using rule from paragraph
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CS 23.527. This reduction could be applied only to the design of the carry through
and seaplane structure. Graphs for the other weight con�gurations are stated in
Appendix B.

For all the �ve weight con�gurations, 𝐾1 factors for bow landings are computed
in following Table 14.3 in according to position 𝑥𝑓 of reaction force 𝐹𝑅𝑤𝐵

from Table
14.5.

Tab. 14.3: 𝐾1 factor for di�erent weight con�guration

Weight con�gurations 𝐾1 factor

[-] [-]

1 1.110

2 1.115

3 1.120

4 1.115

5 1.120

In accordance with Table 14.3, Equation 14.3 and using corrected speeds 𝑉𝑆0

from Chapter 13 and ratio of distance 𝑟𝑥𝑏
from Chapter 12, and dead rise angle 𝛽

set in Chapter 10, the load factor 𝑛𝑤𝐵
is computed. The results are mentioned in

Table 14.4.

Tab. 14.4: Load factors 𝑛𝑤𝐵
for bow landings

Weight con�guration 𝑉𝑆0 𝑚𝐿𝑊 𝛽 𝑛𝑤𝐵

[-] [kn] [lb] [∘] [1]

1 53.3 6945 40.2 1.08

2 52.5 6945 40.2 1.07

3 57.3 8327 40.2 1.16

4 63.6 10141 40.2 1.20

5 62.8 10141 40.2 1.14

By using Equation 14.2, the same one like in section 14.1, reaction forces 𝐹𝑅𝑤𝐵

and their appropriate positions are:
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Tab. 14.5: Reaction forces 𝐹𝑅𝑤𝐵
for symmetrical bow landings

Weight con�guration 𝐹𝑅𝑤𝐵
𝑥𝑓

[-] [N] [mm]

1 53983.2 3480

2 53621.7 3480

3 67632.3 3480

4 84069.8 3480

5 81706.1 3480

14.3 Symmetrical stern landing case

Quantities used for symmetrical step landing are marked by subscript 𝐶. Symme-
trical stern landing case is de�ned in CS 23.529 as a landing where the resultant
water load must be applied at the keel, at a point 85% of the longitudinal distance
from the step to the stern post, and must be directed perpendicularly to the keel
line. See Figure 14.5.

Fig. 14.5: Position of applied resultant water load for stern landing

Load factor for stern landing is given by the following equation:

𝑛𝑤𝐶
=

𝐶1 · 𝑉𝑆0
2(︁

tan
2
3 𝛽
)︁
· (𝑚𝐿𝑊 )

1
3

· 𝐾1

(1 + 𝑟𝑥𝑠
2)

2
3

(14.4)

Description of the variables in Equation 14.4 is same like in Equation 14.3 and
therefore will not be explained again. For all �ve weight con�guration 𝐾1 factors for
bow landings are computed in following Table 14.6 in according to position 𝑥𝑓 of
reaction force 𝐹𝑅𝑤𝐶

from Table 14.8.
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Tab. 14.6: 𝐾1 factor for di�erent weight con�guration

Weight con�gurations 𝐾1 factor

[-] [-]

1 0.720

2 0.720

3 0.720

4 0.720

5 0.720

Again, 𝑛𝑤𝐶
load factor can be computed using the equation 14.4. Results are in

Table 14.7.

Tab. 14.7: Load factors 𝑛𝑤𝐶
for stern landings

Weight con�guration 𝑉𝑆0 𝑚𝐿𝑊 𝛽 𝑛𝑤𝐶

[-] [kn] [lb] [∘] [-]

1 53.3 6945 25.1 0.95

2 52.5 6945 25.1 0.93

3 57.3 8327 25.1 0.99

4 63.6 10141 25.1 1.03

5 62.8 10141 25.1 0.98

Finally, the result forces, determined by using equation 14.2 are stated in Table
14.8:

78



Tab. 14.8: Reaction forces 𝐹𝑅𝑤 for symmetrical bow landings

Weight con�guration 𝐹𝑅𝑤𝐶
𝑥𝑓

[-] [N] [mm]

1 49952.0 -3886.2

2 49253.8 -3886.2

3 61687.5 -3886.2

4 76477.8 -3886.2

5 74190.7 -3886.2

14.4 Unsymmetrical landing case

Quantities used for symmetrical step landing are marked by subscript 𝐷. The un-
symmetrical loadings consists of an upward load at the step of each �oat of 0.75
and a side load of 0.25 · tan 𝛽 at one �oat times the step landing load reached under
CS 23.527. The side load is directed inboard, perpendicularly to the plane of sym-
metry midway between the keel and chine lines of the �oat, at the same longitudinal
station as the upwards load. See Figure 14.6 and following Equations1.

𝐹𝑅𝑤𝐷,𝑦 = 0.75 · 𝐹𝑅𝑤𝐴
(14.5a)

𝐹𝑅𝑤𝐷,𝑧 = 0.25 · tan 𝛽 · 𝐹𝑅𝑤𝐴
(14.5b)

Fig. 14.6: Position of applied resultant water load for unsymmetrical landing case

Taking into account data that have been gotten in section 14.1 and previous
paragraph, following table 14.9 is built:

1It is necessary to use original version of CS 23 regulation. There is a mistake in Czech

translation. Instead of 0.75 there is written 0.75 · tan𝛽
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Tab. 14.9: Reaction forces 𝐹𝑅𝑤𝐷,𝑦 and 𝐹𝑅𝑤𝐷,𝑧 for unsymmetrical step landings

Weight con�guration 𝑥𝑓 𝑦𝑓 𝑧𝑓 𝐹𝑅𝑤𝐴
𝐹𝑅𝑤𝐷,𝑦 𝐹𝑅𝑤𝐷,𝑧

[-] [mm] [mm] [mm] [N] [N] [N]

1 374.1 126.5 1750 108881.7 61246.0 13276.3

2 163.1 126.5 1750 105338.6 59253.0 19266.4

3 11.9 126.5 1750 138395.6 77847.5 25312.5

4 222.8 126.5 1750 190452.5 107129.5 34833.7

5 0.0 126.5 1750 186099.4 104680.9 34037.5

There was used reaction force acting only on one �oat in Table 14.9. The reason
is that forces act

14.5 Take-off case

Quantities used for symmetrical step landing are marked by subscript 𝐸. In accor-
dance with paragraph CS 23.531, the aerodynamic wing lift is assumed to be zero
for the wing and its attachment to the hull or a main �oat and downward inertia
load, corresponding to a load factor computed from the following formula, must be
applied [5]:

𝑛𝑤𝐸
=

𝐶𝑇𝑂 · 𝑉𝑆1
2(︁

tan
2
3 𝛽
)︁
· (𝑚𝑇𝑂𝑊 )

1
3

(14.6)

where 𝑛𝑤𝐸
is the inertia load factor, 𝐶𝑇𝑂 is the empirical seaplane operations factor

equal 0.004, 𝑉𝑆1 is the seaplane stalling speed in knots at the design take-o� weight
with the �aps extended in the appropriate take-o� position. Flap position was set
to 20∘. 𝛽 is the angle of dead rise at the main step (in degrees) in accordance with
Figures 14.1 and 14.2. 𝑚𝑇𝑂𝑊 is the design water take-o� weight in pounds.

Using same method as many times above, loading factor 𝑛𝑤𝐸
is determined:
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Tab. 14.10: Load factors 𝑛𝑤𝐸
for take-o�

Weight con�guration 𝑉𝑆1 𝑚𝑇𝑂𝑊 𝛽 𝑛𝑤𝐸

[-] [kn] [lb] [∘] [-]

1 64.4 6945 26.3 1.39

2 63.4 6945 26.7 1.34

3 69.2 8327 26.7 1.50

4 77.0 10141 26.7 1.73

5 75.9 10141 26.7 1.69

Newton's law expressed by Equation 14.2 gives the result forces:

Tab. 14.11: Reaction forces 𝐹𝑅𝑤 for take-o�

Weight con�guration 𝐹𝑅𝑤𝐸
𝑥𝑓

[-] [N] [mm]

1 42996.4 374.1

2 41272.1 163.1

3 55460.0 11.9

4 78212.4 222.8

5 76087.0 0.0

14.6 Hydrostatic drag

In accordance with literature [14], hydrostatic drag can be expressed as:

𝐷𝐻𝑆 = 0.1 ·𝑊 (14.7)

where 𝑊 is the weight. The hydrostatic drag acts at the centre of buoyancy. Hyd-
rodynamic drag, in accordance with literature [14] is expressed as follows:

𝐷𝐻𝐷 = (0.15 ÷ 0.25) ·𝑚𝑇𝑂𝑊 (14.8)

The results of the previous formulas summarizes following table:
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Tab. 14.12: Hydrostatic drag 𝐷𝐻𝑆 and hydrodynamic drag 𝐷𝐻𝐷

Weight con�guration 𝐷𝐻𝑆 𝐷𝐻𝐷

[-] [N] [N]

1 3090 7726

2 3090 7726

3 3706 9263

4 4513 11282

5 4513 11282

14.7 Summary

Load factors 𝑛𝑤𝐴
, 𝑛𝑤𝐵

, 𝑛𝑤𝐶
, 𝑛𝑤𝐷

, 𝑛𝑤𝐸
have been determined for �ve weight con-

�gurations. These load factors are related to the symmetrical landing cases - step
landing, bow landing and stern landing, take-o� and unsymmetrical landing case.
Further, reaction forces 𝐹𝑅𝑤𝐴

, 𝐹𝑅𝑤𝐵
, 𝐹𝑅𝑤𝐶

, 𝐹𝑅𝑤𝐷
, 𝐹𝑅𝑤𝐸

, 𝐹𝑅𝑤𝐷,𝑦, 𝐹𝑅𝑤𝐷,𝑧 were deter-
mined for previous cases, as well. Finally, there are forces caused by hydrostatic and
hydrodynamic drag - 𝐷𝐻𝑆 and 𝐷𝐻𝐷. Acting point of hydrostatic and hydrodynamic
force is at c.b. All these forces mentioned in this paragraph are stated in Table C.1
in Appendix C.

Maximal load factor computed in accordance with [5] is 𝑛𝑤𝐴
= 3.56. Paragraph

CS 23.525 is applied, thus the maximum load factor is:

𝑛𝑤𝑚𝑎𝑥,𝐿𝐿
= 𝑛𝑤𝐴

+
2

3
= 3.56 + 0.66 = 4.22 (14.9)

Safety of margin 1.5 is used:

𝑛𝑤𝑚𝑎𝑥,𝑈𝐿
= 𝑛𝑤𝑚𝑎𝑥,𝐿𝐿

· 1.5 = 6.33 (14.10)

This ultimate load factor was gained for weight con�guration 4 and symmetrical
step landing case. This value is compared with load factors for landing cases for
terrestrial version from SAVLE for terrestrial version. The highest load factor at
c.g. for terrestrial version during ground load is for weight con�guration 2610. This
con�guration is for maximum take-o� weight 𝑚𝑀𝑇𝑂𝑊 = 4600 𝑘𝑔 and minimum
static margin 18%. This ultimate load is 𝑛 = 5.58 in y-direction (ACS).

It is seen that maximum ultimate load factor for seaplane is 11.8% greater than
for ground version. This means that parts like fuselage, wing, horizontal tail and
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nacelles will be loaded by higher inertia forces. Applied ultimate loads at landing
gear spars needs to be checked and compared with ultimate loads from water level
landing. This is solved in Chapter 16. Previous needs to be done also for other parts
mentioned earlier.
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15 ATTACHMENT POINTS

For the easiest modi�cation between terrestrial and seaplane version, there is e�ort
to use existing attachment points for landing gear. Existing joints are shown in
Figure 15.1.

Fig. 15.1: Front and aft attachment points

15.1 Front attachment points

Existing landing gear is attached to the lugs which are connected to the longitudinal
spars and via stringers to the bulkhead number three. It is shown in Figure 15.2.
There will be mentioned later that lugs for front struts are not suitable because the
stress in rods increases rapidly due to frame geometry. Thus, these connection points
will be used as an auxiliary joints. The main connection point has to be higher. One
of possible solution is shown in Figure 15.3. Blue dashed line represents horizontal
stringer that has to be added to transfer horizontal part of loading from the strut
to the bulkhead.
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Fig. 15.2: Front attachment points

Fig. 15.3: Front attachment points - solution
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15.2 Aft attachment points

Aft attachment points are shown in Figure 15.4. This solutions assumes that the
main legs ML(1) to ML(4) are connected to the longitudinal rotational axis. Thus,
the loading is transferred via this axis to the front and aft landing gear spars.

Fig. 15.4: Aft attachment points
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16 STRESS ANALYSIS

This chapter is dealing with stress calculation for design chosen during development.
The strength calculation were done for about 5 modi�cations which are not men-
tioned in the master's thesis due to page restriction. The solution that ful�ls both
the construction requirements and the strength requirements was chosen for deeper
analysis.

16.1 Ultimate load

The ultimate load is the limit load that is multiplied by prescribed factors of safety.
The limit load is the maximum load to be expected in service and was determined in
chapter 14. Factor of safety is set to 1.5 in accordance with literature [5]. Following
tables show conversion of limit load to ultimate load for di�erent loading cases.
Aeroplane coordination system is used. Forces are taken from Chapter 14. Also, the
forces are distributed to the directions corresponding to ACS. Appropriate angles
𝛼𝑓 and 𝛼𝑎 from Figures 14.3 and 14.5 are set in Chapter 10. From here further only
ultimate load will be used. If the special factor of safety is used, it is going to be
mentioned in appropriate part of the master's thesis.
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Tab. 16.1: Limit and Ultimate reaction forces for step landing

Step landing

Limit load

Load case 𝐹𝑅𝑤𝐴
𝐹𝑅𝑤𝐴,𝑥 𝐹𝑅𝑤𝐴,𝑦 𝐹𝑅𝑤𝐴,𝑧

[-] [N] [N] [N] [N]

LC 1 108881.7 0 108881.7 0

LC 2 105338.6 0 105338.6 0

LC 3 138395.6 0 138395.6 0

LC 4 190452.5 0 190452.5 0

LC 5 186099.4 0 186099.4 0

Ultimate load

Load case 𝐹𝑅𝑤𝐴
𝐹𝑅𝑤𝐴,𝑥 𝐹𝑅𝑤𝐴,𝑦 𝐹𝑅𝑤𝐴,𝑧

[-] [N] [N] [N] [N]

LC 1 163322.6 0 163322.6 0

LC 2 158007.9 0 158007.9 0

LC 3 207593.4 0 207593.4 0

LC 4 285678.8 0 285678.8 0

LC 5 279149.1 0 279149.1 0
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Tab. 16.2: Limit and Ultimate reaction forces for bow landing

Bow landing

Limit load

Load case 𝐹𝑅𝑤𝐵
𝐹𝑅𝑤𝐵 ,𝑥 𝐹𝑅𝑤𝐵 ,𝑦 𝐹𝑅𝑤𝐵 ,𝑧

[-] [N] [N] [N] [N]

LC 6 53983.2 19345.8 50397.7 0

LC 7 53621.7 19216.3 50060.2 0

LC 8 67632.3 24237.2 63140.2 0

LC 9 84069.8 30127.9 78485.9 0

LC 10 81706.1 29280.8 76279.2 0

Ultimate load

Load case 𝐹𝑅𝑤𝐵
𝐹𝑅𝑤𝐵 ,𝑥 𝐹𝑅𝑤𝐵 ,𝑦 𝐹𝑅𝑤𝐵 ,𝑧

[-] [N] [N] [N] [N]

LC 6 80974.8 29018.8 75596.5 0

LC 7 80432.6 28824.4 75090.3 0

LC 8 101448.5 36355.9 94710.3 0

LC 9 126104.7 45191.9 117728.9 0

LC 10 122559.2 43921.3 114418.8 0
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Tab. 16.3: Limit and Ultimate reaction forces for stern landing

Stern landing

Limit load

Load case 𝐹𝑅𝑤𝐶
𝐹𝑅𝑤𝐶 ,𝑥 𝐹𝑅𝑤𝐶 ,𝑦 𝐹𝑅𝑤𝐶 ,𝑧

[-] [N] [N] [N] [N]

LC 11 49952.0 6736.1 49495.7 0

LC 12 49253.8 6641.9 48803.9 0

LC 13 61687.5 8318.6 61124.0 0

LC 14 76477.8 10313.1 75779.2 0

LC 15 74190.7 10004.7 73513.0 0

Ultimate load

Load case 𝐹𝑅𝑤𝐶
𝐹𝑅𝑤𝐶 ,𝑥 𝐹𝑅𝑤𝐶 ,𝑦 𝐹𝑅𝑤𝐶 ,𝑧

[-] [N] [N] [N] [N]

LC 11 74928.0 10104.1 74243.6 0

LC 12 73880.7 9962.9 73205.9 0

LC 13 92531.3 12477.9 91686.1 0

LC 14 114716.7 15469.7 113668.9 0

LC 15 111286.1 15007.0 110269.6 0
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Tab. 16.4: Limit and Ultimate reaction forces for unsymmetrical landing

Unsymmetrical landing

Limit load

Load case 𝐹𝑅𝑤𝐷
𝐹𝑅𝑤𝐷,𝑥 𝐹𝑅𝑤𝐷,𝑦 𝐹𝑅𝑤𝐷,𝑧

[-] [N] [N] [N] [N]

LC 16 108881.7 0 81661.3 13276.3

LC 17 105338.6 0 79004.0 12844.3

LC 18 138395.6 0 103796.7 16875.0

LC 19 190452.5 0 142839.4 23222.5

LC 20 186099.4 0 139574.6 22691.7

Ultimate load

Load case 𝐹𝑅𝑤𝐷
𝐹𝑅𝑤𝐷,𝑥 𝐹𝑅𝑤𝐷,𝑦 𝐹𝑅𝑤𝐷,𝑧

[-] [N] [N] [N] [N]

LC 16 163322.6 0 122491.9 19914.4

LC 17 158007.9 0 118505.9 19266.4

LC 18 207593.4 0 155695.1 25312.5

LC 19 285678.8 0 214259.1 34833.7

LC 20 279149.1 0 209361.8 34037.5

16.2 General description

The �oats are attached to the fuselage using two struts (R1) and (R4) at the bul-
khead number three, four main beams (ML1), (ML2), (ML3) and (ML4) between
front and rear landing gear spars. There are also horizontal beams (HB1) and (HB2)
connecting �oats together. These horizontal beams are supported by struts (R2),
(R3), (R5) and (R6). The vertical loads are transferred by elements (R1), (R2),
(R3), (R4), (ML1), (ML2), (ML3) and (ML4). The horizontal longitudinal loads
are transferred by shear wall between beams (ML1), (ML3) and (ML2), (ML4) and
then by these beams to the landing gear spars. The side loads are transferred by
front frame made from elements (R1), (R2), (R3), (R4), (HB1) and also aft frame
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made from elements (ML1), (ML3), (HB2), (R5) and (R6). The torsional moment
is transferred by elements (ML1), (ML2), (ML3) and (ML4). See Figure 16.1.

Fig. 16.1: General description of loaded elements

16.3 Finite Element Method - description

To determine stress on the elements, FEM model of the EV-55 is used. There is used
EV55_v7_00_03 version of FEM model in this master's thesis (Figure 16.2).

Fig. 16.2: EV55-v7-00-03 version of FEM model
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Because only the stress analysis of the attachment elements is going to be de-
termined, some simpli�cation of the FEM model is done. First of all, the landing
gear is removed. All of the mass concentration points CONM2 and their rigid body
elements RBE3 are removed and entire wing is removed, as well. The clean FEM
model of fuselage is shown in Figure 16.3.

Fig. 16.3: Clean model of the fuselage

After cleaning the original FEM model, the new elements are added. Beam ele-
ments of the �oats, rod elements of the struts, beam elements of the horizontal
struts, rigid body elements connecting the struts, shear walls, boundary conditions
and forces.

Fig. 16.4: FEM model of the EV-55 Seaplane
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16.3.1 FEM model of the floats

3D model of the �oats was simpli�ed to 1D beam elements. These elements have 22
properties depending on their position. These input data are listed in Appendix F.
Top and side view of the �oat elements are in Figure 16.6 and 16.5.

Fig. 16.5: FEM model of the �oats - side view

Fig. 16.6: FEM model of the �oats - top view

16.3.2 FEM model of the struts

The struts, described in Figure 16.7, are based on CROD elements. This 1D element
is able to transfer only tension, pressure and torsional loads. Because this model does
not assume any bending loads at these elements, rod elements are su�cient enough.
Input data are listed in Appendix G.
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Fig. 16.7: FEM model of the rods

16.3.3 FEM model of the horizontal beams

Horizontal beams have a light green colour in Figure 16.8 and are labelled HB1
and HB2. The purpose of these beams is to keep constant track of the �oats. The
horizontal beams are bended due to water loads and rod supports in the middle.
Input data are listed in Appendix G.

Fig. 16.8: FEM model of the horizontal beams
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16.3.4 RBE2 and RBE3 elements

There are used RBE2 and RBE3 elements in this FEM model. Their marking is
visible in Figure 16.9. Table 16.5 shows and describes which degrees of freedom are
transferred and which kind of rigid body element it is.

Fig. 16.9: FEM model of the RBE2 and RBE3 elements

16.3.5 Main leg beams and shear wall

Main loads are transferred to the fuselage via main leg beams, horizontal longitudinal
axis and two landing gear spars. Longitudinal loads from hydrodynamic forces are
transferred via �oats to the shear wall and from this shear wall to the main leg
beams and again via horizontal longitudinal axis to the landing gear spars.
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Tab. 16.5: RBE2 and RBE3 elements

Name Element Transferred DOF

[-] [-] [-]

RBE2(1) RBE2 1236

RBE2(2) RBE2 123

RBE2(3) RBE2 1236

RBE2(4) RBE2 1236

RBE2(5) RBE2 1234

RBE2(6) RBE2 123

RBE2(7) RBE2 1234

RBE2(8) RBE2 1234

RBE2(9) RBE2 1236

RBE2(10) RBE2 1234

RBE2(11) RBE2 123

RBE2(12) RBE2 123

RBE2(13) RBE2 123

RBE2(14) RBE2 123

RBE3(1) RBE3 123

RBE3(2) RBE3 123

Fig. 16.10: FEM model of the main legs97



16.4 Finite Element Method - results

16.4.1 Reaction forces - Connection Points CP1, CP2 and

CP3

Reaction forces at connection points CP1, CP2 and CP3 have been determined from
FEM model. The worst loading cases were chosen for every direction in appropriate
coordination system. Also, they are spread into tension and compressive loads. These
reaction forces will be used for next analysis, especially for main leg beams 1, 2, 3
and 4. There are stated reaction forces in Table 16.6 and Figures 16.11, 16.12 and
16.13. Forces and their components are stated in Aeroplane Coordination System.

Fig. 16.11: Action forces at connection point CP1, Load Case 3
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Fig. 16.12: Action forces at connection point CP2, Load Case 8

Fig. 16.13: Action forces at connection point CP3, Load Case 13
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Tab. 16.6: Reaction forces at connection points CP1, CP2 and CP3

Connection point CP1

Force component 𝐹𝑥 𝐹𝑦 𝐹𝑧

Positive direction1 168 N 47 141 N 15597 N

LC 13 LC 13 LC 13

Negative direction2 - 42171 N 4394 N

- LC 8 LC 8

Connection point CP2

Force component 𝐹𝑥 𝐹𝑦 𝐹𝑧

Positive direction 34037 N - 60248 N

LC 13 - LC 13

Negative direction - 65115 N 12935 N

- LC 3 LC 8

Connection point CP3

Force component 𝐹𝑥 𝐹𝑦 𝐹𝑧

Positive direction 36324 N 26751 N 44650 N

LC 13 LC 8 LC 13

Negative direction 10817 N 97307 N 8511 N

LC 8 LC 13 LC 8

16.4.2 Front Frame

Front frame consists of horizontal beam 1 (HB1) and rods (R1), (R2), (R3), and
(R4) as is shown in Figure 16.14. Each element has two lugs labelled as 𝐿𝑅1, 𝐿𝐻𝐵1

etc., also shown in Figure 16.14.
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Fig. 16.14: Element description of Front frame

Geometrical and material properties

Cross-sections of the horizontal beam HB1 and Rods R1-R4 are shown in Figure
16.15. Geometrical properties are stated in Table 16.7 and material properties in
Table 16.8 [23].

Fig. 16.15: Geometrical description of HB1, R1, R2, R3 and R4
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Tab. 16.7: Geometrical properties of HB1, R1, R2, R3 and R4

Horizontal beam HB1 Rods 1 and 4 Rods 2 and 3

Label value value value unit

𝑎 180 100 30 𝑚𝑚

𝑏 60 50 15 𝑚𝑚

𝑤 80 - - 𝑚𝑚

ℎ 60 - - 𝑚𝑚

𝐿 2790 1132 465.5 𝑚𝑚

𝑡 2.0 2 1.5 𝑚𝑚

𝐴 1868 892.2 183.8 𝑚𝑚2

𝐽𝑦 1924965 154907 2680 𝑚𝑚4

𝐽𝑧 3038137 456618 8286 𝑚𝑚4

𝐽 2807613 449493 7855 𝑚𝑚4

Tab. 16.8: Material properties of HB1, R1, R2, R3 and R4 [23]

Horizontal beam HB1 Rods 1 and 4 Rods 2 and 3

Label value value value unit

Material 2024 T3 2024 T3 2024 T3 −
𝐸 72400 72400 72400 𝑀𝑃𝑎

𝐺 27846 27846 27846 𝑀𝑃𝑎

𝜌 2850 2850 2850 𝑘𝑔 ·𝑚−3

𝑅𝑚 427 427 427 𝑀𝑃𝑎

𝑅𝑝0.2 310 310 310 𝑀𝑃𝑎

FEM results

Maximal combined stress at horizontal beam 1 is for load case 8 as is shown in
Figure 16.16. Maximal tensile force at ROD 1 and 4 is for load case 13 and maximal
compressive force for load case 8. See Figures 16.17 and 16.18. Same for ROD 2 and
3 is shown in Figure 16.19
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Fig. 16.16: FEM result - horizontal beam 1 - Max Comb stress

Fig. 16.17: FEM result - ROD 1 and 4 - Rod axial tensile force
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Fig. 16.18: FEM result - ROD 1 and 4 - Rod axial compressive force

Fig. 16.19: FEM result - ROD 2 and 3 - Rod tensile and compressive force
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Check of the Horizontal beam 1

Reserve factor for horizontal beam 1 for ultimate load and limit load is given by
ratio between yield strength or ultimate tensile strength and maximal combined
stress determined from FEM model - 16.16:

𝑅.𝐹.𝐻𝐵1,𝑈𝐿 =
𝑅𝑚

𝜎𝑚𝑎𝑥

=
427

72.22
= 5.91 (16.1a)

𝑅.𝐹.𝐻𝐵1,𝑈𝐿 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.1b)

𝑅.𝐹.𝐻𝐵1,𝐿𝐿 =
𝑅𝑝0.2

𝜎𝑚𝑎𝑥

1.5

=
310

72.22

1.5

= 4.29 (16.2a)

𝑅.𝐹.𝐻𝐵1,𝐿𝐿 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.2b)

Check of the Rod 1 and 4

Tensile stress is computed as follows:

𝜎𝑡𝑚𝑎𝑥 =
𝐹𝑥𝑚𝑎𝑥

𝐴
=

72312

892.2
= 81.1 𝑀𝑃𝑎 (16.3)

where 𝐴 is cross-section area in accordance with Table 16.7 and 𝐹𝑥𝑚𝑎𝑥 is axial tensile
force in accordance with Figure 16.17. Reserve factors for ultimate and limit loads
are:

𝑅.𝐹.𝑅𝑂𝐷1,4,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑚

𝜎𝑡𝑚𝑎𝑥

=
427

81.1
= 5.26 (16.4a)

𝑅.𝐹.𝑅𝑂𝐷1,4,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.4b)

𝑅.𝐹.𝑅𝑂𝐷1,4,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑝0.2

𝜎𝑡𝑚𝑎𝑥

1.5

=
310
81.1

1.5

= 5.73 (16.5a)

𝑅.𝐹.𝑅𝑂𝐷1,4,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.5b)

Check of the Rod 2 and 3

Same formulas as previous are used:

𝜎𝑡𝑚𝑎𝑥 =
𝐹𝑥𝑚𝑎𝑥

𝐴
=

5956

183.8
= 32.4 𝑀𝑃𝑎 (16.6)

where 𝐴 is cross-section area in accordance with Table 16.7 and 𝐹𝑥𝑚𝑎𝑥 is axial tensile
force in accordance with Figure 16.19. Reserve factors for ultimate and limit loads
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are:

𝑅.𝐹.𝑅𝑂𝐷2,3,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑚

𝜎𝑡𝑚𝑎𝑥

=
427

32.4
= 13.17 (16.7a)

𝑅.𝐹.𝑅𝑂𝐷2,3,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.7b)

𝑅.𝐹.𝑅𝑂𝐷2,3,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑝0.2

𝜎𝑡𝑚𝑎𝑥

1.5

=
310
32.4

1.5

= 14.35 (16.8a)

𝑅.𝐹.𝑅𝑂𝐷2,3,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.8b)

Check of the Lugs 𝐿𝑅1, 𝐿𝑅2, 𝐿𝑅3, 𝐿𝑅4 and 𝐿𝐻𝐵1

Lugs are checked in accordance with literature [17]. Because lugs are parts of the
joints, paragraph 𝐶𝑆 23.572 is ful�lled. The ultimate load is multiplied by a factor
of 1.15. Geometry of the lugs is shown in Figure 16.20 and in Table 16.9. Material
properties are stated in Table 16.10

Fig. 16.20: Geometrical properties - lugs for Rods 1, 2, 3, 4 and HB1

Tab. 16.9: Geometrical properties of the lugs

Geometrical properties of the lugs 𝐿𝑅1 - 𝐿𝑅4 and 𝐿𝐻𝐵1

Label unit 𝐿𝑅1 𝐿𝑅2 𝐿𝑅3 𝐿𝑅4 𝐿𝐻𝐵1

𝐷 [mm] 13 6 6 13 13

𝑤 [mm] 40 22 22 40 40

𝑎 [mm] 20 11 11 20 20

𝑡 [mm] 8 5 5 8 8
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Tab. 16.10: Material properties of the lugs [23]

Alloy steel AISI 4130

𝐸 200000 𝑀𝑃𝑎

𝐺 76923 𝑀𝑃𝑎

𝜌 7800 𝑘𝑔 ·𝑚−3

𝑅𝑚,𝐿 960 𝑀𝑃𝑎

𝑅𝑚,𝐿𝑇 960 𝑀𝑃𝑎

𝑅𝑚,𝑆𝑇 960 𝑀𝑃𝑎

𝑅𝑝0.2,𝐿 830 𝑀𝑃𝑎

𝑅𝑝0.2,𝐿𝑇 830 𝑀𝑃𝑎

𝑅𝑝0.2,𝑆𝑇 830 𝑀𝑃𝑎

Tensile force is dominant, as regards lug analysis. Failure in tension, failure by
shear tear out and failure by bearing of bushing on plate are considered in accordance
with literature [17] and [3]. Excel program developed in Evektor using previously
mentioned sources was used. Summary of tensile and compressive loads are stated
in Table 16.11.

Tab. 16.11: Summary of tensile and compressive force action on front frame

tensile force compressive force

Label [N] [N]
R1 72312 -64678

R2 5956 -5844

R3 5956 -5844

R4 72312 -64678

HB1 53381 -70289

For those where the compressive force is higher than tensile force, failure by
bearing of bushing on plate will be caused just by this compressive force. This is
considered during computation and reserve of factor is determined for compressive
loads instead of tensile.

Reserve factors are stated in following Table 16.12:
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Tab. 16.12: Reserve factors of lugs from front frame

RF

Label Allowable load Deformation Allowable bearing load
[-] [-] [-]

𝐿𝑅1 1.78 1.44 1.20

𝐿𝑅2 6.81 5.37 4.19

𝐿𝑅3 6.81 5.37 4.19

𝐿𝑅4 1.78 1.44 1.20

𝐿𝐻𝐵1 2.42 1.95 1.48

Check of the pins 𝑃𝑅1 - 𝑃𝑅4 and 𝑃𝐻𝐵1

There is used method from [2]. This method assumes acting forces on the pin in
accordance with Figure 16.21.

Fig. 16.21: Force position on the pin

The force 𝑃 from Figure 16.21 corresponds to maximal force 𝐹𝑚𝑎𝑥 from Equation
16.3 and 16.6. Geometrical properties of the joints are stated in Table 16.13.
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Tab. 16.13: Geometrical and material properties of the joints - front frame

𝑃𝑅1 𝑃𝑅2 𝑃𝑅3 𝑃𝑅4 𝑃𝐻𝐵1

𝑡1 𝑚𝑚 10 5 5 10 10

𝑡2 𝑚𝑚 8 5 5 8 8

𝑔 𝑚 0.5 0.5 0.5 0.5 0.5

𝐷 𝑚𝑚 13 6 6 13 13

𝐴 𝑚𝑚2 132.7 28.3 28.3 132.7 132.7

𝐽𝑦 = 𝐽𝑧 𝑚𝑚4 1402.0 63.6 63.6 1402.0 1402.0

Material PH13-8Mo H1150

𝐸 𝑀𝑃𝑎 197000 197000 197000 197000 197000

𝐺 𝑀𝑃𝑎 75769 75769 75769 75769 75769

𝑅𝑚 𝑀𝑃𝑎 930 930 930 930 930

𝑅𝑝0.2 𝑀𝑃𝑎 620 620 620 620 620

The Shear diagram and bending moment diagram look as follows:

Fig. 16.22: Shear and Bending Moment Diagram of the pin

Then, shear stress is

𝜏 =
𝑇

𝐴
(16.9)
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where 𝜏 is a shear stress, 𝑇 is shear force at critical cross-section and 𝐴 is the
area of critical cross-section of the pin.

Bending stress is expressed as

𝜎𝐵 =
𝑀𝐵 · 𝐷

2

𝐽𝑦 ·𝐾
(16.10)

where 𝜎𝐵 is a bending stress, 𝑀𝐵 is bending moment at critical cross-section, 𝐽𝑦
is moment of inertia and 𝐾 is section factor of 1.7 for circular cross-section in
accordance with literature [2].

Mises equivalent tensile stress is:

𝜎̄ =
√︀
𝜎𝐵

2 + 3 · 𝜏 2 (16.11)

Reserve factor is:

𝑅.𝐹.𝑃𝐼𝑁,𝑈𝐿 =
𝑅𝑚

𝜎̄
(16.12a)

𝑅.𝐹.𝑃𝐼𝑁,𝐿𝐿 =
𝑅𝑝0.2

𝜎̄

1.5

(16.12b)

Reserve factors 𝑅𝐹 for each pin of front frame are stated in following Table
16.14.

Tab. 16.14: Reserve factors of the pins - front frame

Label 𝑃/2 𝐴 𝜏 𝜎𝐵 𝜎̄ 𝑅.𝐹.𝑃𝐼𝑁,𝑈𝐿 𝑅.𝐹.𝑃𝐼𝑁,𝐿𝐿

[𝑁 ] [𝑚𝑚2] [𝑀𝑃𝑎] [𝑀𝑃𝑎] [𝑀𝑃𝑎] [−] [−]
𝑃𝑅1 36156 132.7 272.5 741.3 878.8 1.06 1.06

𝑃𝑅2 2978 28.3 105.3 351.9 396.4 2.35 2.35

𝑃𝑅3 2978 28.3 105.3 351.9 396.4 2.35 2.35

𝑃𝑅4 36156 132.7 272.5 741.3 878.8 1.06 1.06

𝑃𝐻𝐵1 35145 132.7 264.8 720.6 854.2 1.09 1.09

Buckling of loaded elements - front frame

Critical compressive force is determined in accordance with LETOV 93 procedure.
Geometrical data are described in Figure 16.23 and for front frame are stated in
Table 16.15. Critical force 𝐹𝑐𝑟𝑖𝑡 is expressed as:

𝐹𝑐𝑟𝑖𝑡 = 𝜙 · 𝜋
2 · 𝐸 · 𝐽
𝐿2

(16.13)

110



where 𝐸 is the Young's modulus of the middle part of the rod, 𝐽 is the minimum
moment of inertia of cross-section, 𝐿 is the length of the rod and 𝜙 is the bending
sti�ness coe�cient. This coe�cient is function of ratio 𝑙1/𝐿 and also ratio:

𝐸 · min (𝐽𝑦, 𝐽𝑧)

𝐸1 · 𝐽1
(16.14)

where 𝐽𝑦 and 𝐽𝑧 are moments of inertia of cross-section to its coordination system.

Fig. 16.23: Geometry for buckling

Tab. 16.15: Buckling of the elements - front frame

Label Unit R1 and R4 R2 and R3 HB1

𝐿 [𝑚𝑚] 1132 465.5 2790
𝑙1 [𝑚𝑚] 50 50 50
𝑙1
𝐿

[−] 0.04 0.11 0.02
𝑎 [𝑚𝑚] 100 30 180
𝑏 [𝑚𝑚] 50 15 60
𝑡 [𝑚𝑚] 2.0 1.5 2.0

𝑡𝑙𝑢𝑔 [𝑚𝑚] 8 5 8
𝑤 [𝑚𝑚] 40 22 40
𝐽𝑦 [𝑚𝑚4] 154907 2680 1924965
𝐽𝑧 [𝑚𝑚4] 456618 8286 3038137
𝐽1 [𝑚𝑚4] 1707 229 1707
𝐸 [𝑀𝑃𝑎] 72400 72400 72400
𝐸1 [𝑀𝑃𝑎] 200000 200000 200000

𝐸·min(𝐽𝑦 ,𝐽𝑧)

𝐸1·𝐽1 [−] 32.9 4.2 408.3
𝜙 [−] 1.00 0.95 1.00

𝐹𝑐𝑟𝑖𝑡 [𝑁 ] 86380.8 8395.3 176706.6
𝐹𝑥,𝑚𝑎𝑥 [𝑁 ] 72312 5956 70289

𝑅.𝐹.𝑅𝑂𝐷1−4,𝐻𝐵1,𝑈𝐿,𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 [−] 1.19 1.41 2.51
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16.4.3 Aft Frame

There are used completely same methods as for front frame. Therefore, there will
not be used so many comments as it has been in previous section.

Fig. 16.24: Element description of Front frame

Geometrical and material properties

Cross-sections of the horizontal beam HB2 and Rods R5 and R6 are shown in Figure
16.25. Geometrical properties are stated in Table 16.16 and material properties in
Table 16.17 [23].

Fig. 16.25: Geometrical description of HB2, R5 and R6
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Tab. 16.16: Geometrical properties of HB2, R5 and R6

Horizontal beam HB2 Rods 5 and 6

Label value value unit

𝑎 180 60 𝑚𝑚

𝑏 60 30 𝑚𝑚

𝑤 80 - 𝑚𝑚

ℎ 60 - 𝑚𝑚

𝐿 2790 563 𝑚𝑚

𝑡 2.0 1.5 𝑚𝑚

𝐴 1868 395.8 𝑚𝑚2

𝐽𝑦 1924965 154907 𝑚𝑚4

𝐽𝑧 3038137 456618 𝑚𝑚4

𝐽 2807613 449493 𝑚𝑚4

Tab. 16.17: Material properties of HB2, R5 and R6 [23]

Horizontal beam HB2 Rods 5 and 6

Label value value unit

Material 2024 T3 2024 T3 −
𝐸 72400 72400 𝑀𝑃𝑎

𝐺 27846 27846 𝑀𝑃𝑎

𝜌 2850 2850 𝑘𝑔 ·𝑚−3

𝑅𝑚 427 427 𝑀𝑃𝑎

𝑅𝑝0.2 310 310 𝑀𝑃𝑎

FEM results

Maximal combined stress at horizontal beam 2 is for load case 3 as is shown in
Figure 16.26. Maximal tensile force at ROD 5 and 6 is for load case 19 and maximal
compressive force also for load case 19. See Figure 16.27.
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Fig. 16.26: FEM result - horizontal beam 2 - Max Comb stress

Fig. 16.27: FEM result - ROD 5 and 6 - Rod tensile and compressive force
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Check of the Horizontal beam 2

Reserve factor for horizontal beam 2 for ultimate load and limit load is given by
ratio between yield strength or ultimate tensile strength and maximal combined
stress determined from FEM model - 16.26:

𝑅.𝐹.𝐻𝐵2,𝑈𝐿 =
𝑅𝑚

𝜎𝑚𝑎𝑥

=
427

218.3
= 1.95 (16.15a)

𝑅.𝐹.𝐻𝐵2,𝑈𝐿 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.15b)

𝑅.𝐹.𝐻𝐵2,𝐿𝐿 =
𝑅𝑝0.2

𝜎𝑚𝑎𝑥

1.5

=
310

218.3

1.5

= 2.13 (16.16a)

𝑅.𝐹.𝐻𝐵2,𝐿𝐿 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.16b)

Check of the Rod 5 and 6

Tensile stress is computed as follows:

𝜎𝑡𝑚𝑎𝑥 =
𝐹𝑥𝑚𝑎𝑥

𝐴
=

38615

395.8
= 97.6 𝑀𝑃𝑎 (16.17)

where 𝐴 is cross-section area in accordance with Table 16.16 and 𝐹𝑥𝑚𝑎𝑥 is axial
tensile force in accordance with Figure 16.19. Reserve factors for ultimate and limit
loads are:

𝑅.𝐹.𝑅𝑂𝐷5,6,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑚

𝜎𝑡𝑚𝑎𝑥

=
427

97.6
= 4.37 (16.18a)

𝑅.𝐹.𝑅𝑂𝐷5,6,𝑈𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.18b)

𝑅.𝐹.𝑅𝑂𝐷5,6,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 =
𝑅𝑝0.2

𝜎𝑡𝑚𝑎𝑥

1.5

=
310
97.6

1.5

= 4.76 (16.19a)

𝑅.𝐹.𝑅𝑂𝐷5,6,𝐿𝐿,𝑡𝑒𝑛𝑠𝑖𝑙𝑒 > 1 → 𝐶𝑂𝑀𝑃𝐿𝑌 (16.19b)

Check of the Lugs 𝐿𝑅5, 𝐿𝑅6 and 𝐿𝐻𝐵2

Lugs are checked in accordance with literature [17]. Because lugs are parts of the
joints, paragraph 𝐶𝑆 23.572 is ful�lled. The ultimate load is multiplied by a factor
of 1.15. Geometry of the lugs is shown in Figure 16.20 and in Table 16.18. Material
properties are stated in Table 16.19
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Tab. 16.18: Geometrical properties of the lugs 𝐿𝑅5, 𝐿𝑅6 and 𝐿𝐻𝐵2

Label unit 𝐿𝑅5 𝐿𝑅6 𝐿𝐻𝐵2

𝐷 [mm] 10 10 18

𝑤 [mm] 20 20 60

𝑎 [mm] 10 10 30

𝑡 [mm] 8 8 12

Tab. 16.19: Material properties of the lugs [23]

Alloy steel AISI 4130

𝐸 200000 𝑀𝑃𝑎

𝐺 76923 𝑀𝑃𝑎

𝜌 7800 𝑘𝑔 ·𝑚−3

𝑅𝑚,𝐿 960 𝑀𝑃𝑎

𝑅𝑚,𝐿𝑇 960 𝑀𝑃𝑎

𝑅𝑚,𝑆𝑇 960 𝑀𝑃𝑎

𝑅𝑝0.2,𝐿 830 𝑀𝑃𝑎

𝑅𝑝0.2,𝐿𝑇 830 𝑀𝑃𝑎

𝑅𝑝0.2,𝑆𝑇 830 𝑀𝑃𝑎

Tensile force is dominant, as regards lug analysis. Failure in tension, failure by
shear tear out and failure by bearing of bushing on plate are considered in accordance
with literature [17] and [3]. Excel program developed in Evektor using previously
mentioned sources was used. Summary of tensile and compressive loads are stated
in Table 16.20.

Tab. 16.20: Summary of tensile and compressive force action on front frame

tensile force compressive force

Label [N] [N]
R5 38615 -39474

R6 38615 -39474

HB2 143300 -
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For those where the compressive force is higher than tensile force, failure by
bearing of bushing on plate will be caused just by this compressive force. This is
considered during computation and reserve of factor is determined for compressive
loads instead of tensile.

Reserve factors are stated in following Table 16.21:

Tab. 16.21: Reserve factors of lugs from aft frame

RF

Label Allowable load Deformation Allowable bearing load
[-] [-] [-]

𝐿𝑅5 1.65 1.37 1.69

𝐿𝑅6 1.65 1.37 1.69

𝐿𝐻𝐵2 1.95 1.55 1.25

Check of the pins 𝑃𝑅5, 𝑃𝑅6 and 𝑃𝐻𝐵2

There is used method from [2]. This method assumes acting forces on the pin in
accordance with Figure 16.21. The force 𝑃 from Figure 16.21 corresponds to maximal
force 𝐹𝑚𝑎𝑥 from Equation 16.17. Geometrical properties of the joints are stated in
Table 16.22.

Tab. 16.22: Geometrical and material properties of the joints - aft frame

Label Unit 𝑃𝑅5 𝑃𝑅6 𝑃𝐻𝐵2

𝑡1 𝑚𝑚 8 8 12

𝑡2 𝑚𝑚 8 8 12

𝑔 𝑚 0.5 0.5 0.5

𝐷 𝑚𝑚 10 10 18

𝐴 𝑚𝑚2 78.5 78.5 254.4

𝐽𝑦 = 𝐽𝑧 𝑚𝑚4 490.8 490.8 5153

Material PH13-8Mo H1150

𝐸 𝑀𝑃𝑎 197000 197000 197000

𝐺 𝑀𝑃𝑎 75769 75769 75769

𝑅𝑚 𝑀𝑃𝑎 930 930 930

𝑅𝑝0.2 𝑀𝑃𝑎 620 620 620

The Shear diagram and bending moment diagram look as follows:
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Fig. 16.28: Shear and Bending Moment Diagram of the pin

Then, shear stress is

𝜏 =
𝑇

𝐴
(16.20)

where 𝜏 is a shear stress, 𝑇 is shear force at critical cross-section and 𝐴 is the
area of critical cross-section of the pin.

Bending stress is expressed as

𝜎𝐵 =
𝑀𝐵 · 𝐷

2

𝐽𝑦 ·𝐾
(16.21)

where 𝜎𝐵 is a bending stress, 𝑀𝐵 is bending moment at critical cross-section, 𝐽𝑦
is moment of inertia and 𝐾 is section factor of 1.7 for circular cross-section in
accordance with literature [2].

Mises equivalent tensile stress is:

𝜎̄ =
√︀
𝜎𝐵

2 + 3 · 𝜏 2 (16.22)

Reserve factor is:

𝑅.𝐹.𝑃𝐼𝑁,𝑈𝐿 =
𝑅𝑚

𝜎̄
(16.23a)

𝑅.𝐹.𝑃𝐼𝑁,𝐿𝐿 =
𝑅𝑝0.2

𝜎̄

1.5

(16.23b)
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Reserve factors 𝑅𝐹 for each pin of front frame are stated in following Table
16.23.

Tab. 16.23: Reserve factors of the pins - aft frame

Label 𝑃/2 𝐴 𝜏 𝜎𝐵 𝜎̄ 𝑅.𝐹.𝑃𝐼𝑁,𝑈𝐿 𝑅.𝐹.𝑃𝐼𝑁,𝐿𝐿

[𝑁 ] [𝑚𝑚2] [𝑀𝑃𝑎] [𝑀𝑃𝑎] [𝑀𝑃𝑎] [−] [−]
𝑃𝑅5 19737 78.5 251.3 770.5 884.9 1.05 1.05

𝑃𝑅6 19737 78.5 251.3 770.5 884.9 1.05 1.05

𝑃𝐻𝐵2 71650 254.4 281.6 701.0 853.9 1.08 1.08

Buckling of loaded elements - aft frame

Critical compressive force is determined in accordance with LETOV 93 procedure.
Geometrical data are described in Figure 16.23 and for front frame are stated in
Table 16.24. Critical force 𝐹𝑐𝑟𝑖𝑡 is expressed as:

𝐹𝑐𝑟𝑖𝑡 = 𝜙 · 𝜋
2 · 𝐸 · 𝐽
𝐿2

(16.24)

where 𝐸 is the Young's modulus of the middle part of the rod, 𝐽 is the minimum
moment of inertia of cross-section, 𝐿 is the length of the rod and 𝜙 is the bending
sti�ness coe�cient. This coe�cient is function of ratio 𝑙1/𝐿 and also ratio:

𝐸 · min (𝐽𝑦, 𝐽𝑧)

𝐸1 · 𝐽1
(16.25)

where 𝐽𝑦 and 𝐽𝑧 are moments of inertia of cross-section to its coordination system.
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Tab. 16.24: Buckling of the elements - aft frame

Label unit R5 and R6

𝐿 [𝑚𝑚] 563
𝑙1 [𝑚𝑚] 50
𝑙1
𝐿

[−] 0.09
𝑎 [𝑚𝑚] 30
𝑏 [𝑚𝑚] 30
𝑡 [𝑚𝑚] 1.5

𝑡𝑙𝑢𝑔 [𝑚𝑚] 8
𝑤 [𝑚𝑚] 40
𝐽𝑦 [𝑚𝑚4] 24449
𝐽𝑧 [𝑚𝑚4] 72639
𝐽1 [𝑚𝑚4] 26820
𝐸 [𝑀𝑃𝑎] 72400
𝐸1 [𝑀𝑃𝑎] 200000

𝐸·min(𝐽𝑦 ,𝐽𝑧)

𝐸1·𝐽1 [−] 5.2
𝜙 [−] 0.96

𝐹𝑐𝑟𝑖𝑡 [𝑁 ] 52912
𝐹𝑥,𝑚𝑎𝑥 [𝑁 ] 39474

𝑅.𝐹.𝑅𝑂𝐷5,6,𝑈𝐿,𝑏𝑢𝑐𝑘𝑙𝑖𝑛𝑔 [−] 1.34

16.5 Attachment points at the fuselage - front frame

There are compared loads a�ecting the lugs of front landing gear with data gained
from literature [20] dealing with stress analysis of front landing gear attachment in
this section. Also, outline of Rod 1 and Rod 4 attachments is done. Description of
acting forces is shown in Figure 16.29. Green arrows show resultant force from Rod
2 and Rod 3 and orange arrows represent division of these forces into directions in
according to Aeroplane Coordination System.
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Fig. 16.29: Front Attachment Description

Front frame does not take any longitudinal loads. There are forces only in directi-
ons 𝑦 and 𝑧. Forces 𝐹𝑅2 and 𝐹𝑅3 divided into the ACS have following components:

Tab. 16.25: Forces - front frame

Load Case 19

Label Total Force x y z
[−] [𝑁 ] [𝑁 ] [𝑁 ] [𝑁 ]
𝐹𝑅2 5956 0 5664 1840

𝐹𝑅3 5956 0 5664 1840

The lowest R.F. in [20] is 9.33 for force vertical load about 25000N. The loading
for our case is about 4 times lower. Therefore this component comply also for the
�oats. R.F. of two critical cross-sections of longitudinal front landing gear spars for
bending moment is 1.27. This value is for 𝐹𝑧 = 10188. Because the loading for our
load case is about 5 times lower, this component comply also for lateral loads.

Loads from ROD 1 and ROD 4 can be also divided to vertical and lateral di-
rections. Maximal forces are stated in following table:

Tab. 16.26: Forces - front frame

Load Case 19

Label Total Force x y z
[−] [𝑁 ] [𝑁 ] [𝑁 ] [𝑁 ]
𝐹𝑅1 72312 0 49316 52885

𝐹𝑅4 72312 0 49316 52885
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As was already mentioned, lateral loads for symmetrical landings does not have
any in�uence on the airframe. This load will be transfered only via lateral stringer
that needs to be add to the frame. There is maximal di�erence for unsymmetrical
landing case 19. It is seen in Figure 16.30

Fig. 16.30: Unsymmetrical landing case 19

The di�erence is 1336 N in z-direction. It means that this loads needs to be
trans�ered to the bulkhead. This load is very low, there is not done any computation.

16.6 Attachment points at the fuselage - aft frame

16.6.1 Front landing gear spar

A�ecting forces 𝐹𝑅5,𝐹𝑅6,𝐹𝑀𝐿1 and 𝐹𝑀𝐿3 in Figure 16.31 are taken from FEM model
results. These results are stated in Table 16.27. These forces (green colour) are
divided to directions corresponding to the Aeroplane Coordination System (orange
colour) and also, they are stated in same table. The vertical load about 50000 N will
be transferred to the bulkhead via rivets. In accordance with literature [3] single-
shear rivet, diameter 5 mm, and thickness of the plate 1.5 mm has ultimate load
5000 N. It means there is necessary to have 10 rivets for every rod.
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Fig. 16.31: A�ecting forces - front spar

Tab. 16.27: Forces - front spar

Load Case 3

Label Total Force x y z
[−] [𝑁 ] [𝑁 ] [𝑁 ] [𝑁 ]
𝐹𝑅5 -597.3 0 510 -310

𝐹𝑅6 -611.9 0 523 318

𝐹𝑀𝐿1 101108.3 1125.3 57848 -82917

𝐹𝑀𝐿3 101108.3 1125.3 57848 -82917

Load Case 8

Label Total Force x y z
[𝑁 ] [𝑁 ] [𝑁 ] [𝑁 ]

𝐹𝑅5 -288.3 0 246 -150

𝐹𝑅6 -114.3 0 98 59

𝐹𝑀𝐿1 40839.7 14983 33721 -17501

𝐹𝑀𝐿3 40839.7 14983 33721 -17501

Load Case 18

Label Total Force x y z
[𝑁 ] [𝑁 ] [𝑁 ] [𝑁 ]

𝐹𝑅5 38547 0 32937 -20026

𝐹𝑅6 -39436 0 -33696 -20488

𝐹𝑀𝐿1 52168.23 13.9 40799 -32511

𝐹𝑀𝐿3 52168.23 13.9 40799 -32511
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3D model of landing gear spar is used to determine the constraint forces at lugs
1, 2, 3, 4, 5 and 6. Description of the lugs is shown in Figure 16.32. FEM results are
shown in Figures 16.33, 16.34 and 16.35. Load cases with maximal forces 𝐹𝑀𝐿1 and
𝐹𝑀𝐿3 and load case for unsymmetrical landing were chosen for analysis.

Fig. 16.32: Names of the lugs for front spar

Fig. 16.33: FEM results - Load Case 3
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Fig. 16.34: FEM results - Load Case 8

Fig. 16.35: FEM results - Load Case 18

Results from previous Figures are stated in Table 16.28:
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Tab. 16.28: Constraint forces at the lugs

Load Case 3

𝐹𝑥 𝐹𝑦 𝐹𝑧

[𝑁 ] [𝑁 ] [𝑁 ]
Lug 1 -181 -38796 -11244

Lug 2 -382 -10013 10297

Lug 3 -382 -10013 10297

Lug 4 -181 -38796 -11244

Lug 5 0 -310 510

Lug 6 0 -318 523

Lug A 1125 57848 82917

Lug B 1125 57848 -82917

Load Case 8

𝐹𝑥 𝐹𝑦 𝐹𝑧

[𝑁 ] [𝑁 ] [𝑁 ]
Lug 1 -2146 -123526 11215

Lug 2 10254 62520 12015

Lug 3 10955 62520 -12015

Lug 4 -2146 -123526 -11215

Lug 5 0 150 -246

Lug 6 0 59 98

Lug A 14983 33721 17501

Lug B 14983 33721 -17501

Load Case 18

𝐹𝑥 𝐹𝑦 𝐹𝑧

[𝑁 ] [𝑁 ] [𝑁 ]
Lug 1 -280 82880 -8972

Lug 2 -887 40237 9063

Lug 3 -976 39616 -8067

Lug 4 -300 83058 -8949

Lug 5 0 20026 -32937

Lug 6 0 -20488 -33696

Lug A 14 40799 -32511

Lug B 3255 46993 -68334

Data from Table 16.28 are transformed in accordance with Figure 16.36 for next
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analysis.

Fig. 16.36: Force transformation [19]

There are determined allowable ultimate loads for axial and transverse tension
failure and shear bearing failure in literature [19]. Used procedure is in accordance
with literature [17]. These values are compared with data determined in FEM ana-
lysis and new reserve factors are set.

Allowable loads for lugs of front landing gear spars in accordance with [19] are:

Tab. 16.29: Allowable loads in accordance with [19]

Label 𝑃𝑡𝑢 𝑃𝑢 𝑃𝑏𝑟𝑢 𝐹𝑏𝑟𝑢

[−] [𝑁 ] [𝑁 ] [𝑁 ] [𝑀𝑃𝑎]
Lug 1 and 4 46538 79027 74637 662

Lug 2 and 3 29120 87360 76160 662

Lug 5 and 6 87996 210865 187533 662

Lug A and B 387072 725760 685440 -

R.F. for tension failure and shear bearing failure in accordance with [17] is ex-
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pressed as:

𝑅.𝐹. =
1(︀

𝑅𝑎
1.6 + 𝑅𝑡𝑟

1.6
)︀0.625 (16.26)

where:
𝑅𝑎 =

𝐹𝑁

𝑃𝑏𝑟𝑢

(16.27)

𝑅𝑡𝑟 =
𝐹𝑇

𝑃𝑡𝑢

(16.28)

where 𝐹𝑁 is normal force on the lug and 𝐹𝑇 is tangent force on the lug. R.F. for
bushing in accordance with [17] is expressed as:

𝑅.𝐹.𝑏𝑢𝑠ℎ𝑖𝑛𝑔 =
𝐹𝑏𝑟𝑢 · 𝐴𝑏𝑟

𝐹
(16.29)

Results for previous equations are stated in Table 16.30.

Tab. 16.30: Reserve factors for front spar lugs

Label 𝑅.𝐹.

[−] [−]
Lug 1 and 4 1.75

Lug 2 and 3 1.68

Lug 5 and 6 1.12

Lug A and B 4.13

Last thing is to check reserve factor of the spar as a whole. Tensile strength of
landing gear spar is 448 MPa [19] and in accordance with Figure 16.35 R.F. can be
expressed as:

𝑅.𝐹. =
𝑅𝑚

𝜎
=

448

321
= 1.39 (16.30)
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17 FLIGHT PERFORMANCE

17.1 Drag

17.1.1 Floats

It is di�cult to determine the drag coe�cient without any tunnel testing of the
particular �oats. Therefore approximate drag coe�cient was used from Hoerner's
book Fluid-dynamic drag [8]. Drag coe�cient related to the main rib at the step is:

𝐶𝐷𝑓𝑙𝑜𝑎𝑡
= 0.220 (17.1)

Conversion of the drag coe�cient to the wing area is following:

𝐶𝐷𝑓𝑙𝑜𝑎𝑡,𝐴
= 0.220 · 𝐴𝑀𝑎𝑖𝑛𝑅𝑖𝑏

𝐴𝑤𝑖𝑛𝑔

(17.2a)

𝐶𝐷𝑓𝑙𝑜𝑎𝑡,𝐴
= 0.220 · 0.726489

25.187
(17.2b)

𝐶𝐷𝑓𝑙𝑜𝑎𝑡,𝐴
= 0.006345 (17.2c)

Finally, the drag of both �oats is:

𝐶𝐷𝑓𝑙𝑜𝑎𝑡𝑠,𝐴
= 2 · 𝐶𝐷𝑓𝑙𝑜𝑎𝑡,𝐴

= 2 · 0.006345 = 0.01269 (17.3)

17.1.2 Struts

Friction and wave drag of the struts

The struts have an elliptical shape. Drag coe�cient for the ellipse was determined in
accordance with literature [24]. ROD1, ROD2, ROD3, ROD4, ROD5, ROD6 have a
ratio between semi-major and semi-minor axis equal to 2. In according to �gure 9.13
from [24], 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒

= 0.6 and is related to the length of the rod and its semi-minor
diameter. Horizontal beams HB1 and HB2 have ratio equal to 3 and 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒

= 0.4,
also related to the length of the beam and its semi-minor diameter. Left and right
main legs with fairing have ratio 9 and 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒

= 0.2. 𝐶𝐷 related to the wing of the
seaplane can be expressed as follows:

𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝐴
= 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒

· 𝑏 · 𝑙
𝐴𝑤𝑖𝑛𝑔

(17.4)

where 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒
is the drag coe�cient related to the length of the rod and its semi-

minor diameter, 𝐴𝑤𝑖𝑛𝑔 is the surface area of the wing projected to the horizontal
basic plane, 𝑙 is the length of a strut or a beam and 𝑏 is the semi-minor diameter.
Ultimate results are stated in following table 17.1:
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Tab. 17.1: Drag coe�cient of the struts

Label 𝐶𝐷𝑒𝑙𝑙𝑖𝑝𝑠𝑒
b l 𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝐴

[-] [-] [mm] [mm] [-]

ROD1 0.6 50 1132.0 0.000944
ROD2 0.6 15 465.5 0.000166
ROD3 0.6 15 465.5 0.000166
ROD4 0.6 50 1132.0 0.000944
ROD5 0.6 20 563.0 0.000268
ROD6 0.6 20 563.0 0.000268
HB1 0.4 60 2790.0 0.001772
HB2 0.4 60 2790.0 0.001772

ML left 0.2 200 480.0 0.000762
ML right 0.2 200 480.0 0.000762

Interference drag of the struts

Interference drag can be expressed in accordance with Hoerner's book Fluid-dynamic
drag [8] as follows:

𝐶𝐷𝑖𝑛𝑡,𝑡
= 0.75 · 𝑏

𝑎
− 0.0003(︂

𝑏

𝑎

)︂2 (17.5)

where 𝐶𝐷𝑖𝑛𝑡,𝑡
is interference drag, 𝑏 is length of semi-minor axis, 𝑎 is length of semi-

major axis of the strut. This 𝐶𝐷𝑖𝑛𝑡,𝑡
is related to the semi-minor axis 𝑏. The same

coe�cient related to the wing area 𝐴 is expressed by following manner:

𝐶𝐷𝑖𝑛𝑡,𝐴
= 𝐶𝐷𝑖𝑛𝑡,𝑡

· 𝑡2

𝐴𝑤𝑖𝑛𝑔

(17.6)

Because each strut is connected at two points, following can be written:

𝐶𝐷𝑖𝑛𝑡,𝐴
= 𝐶𝐷𝑖𝑛𝑡,𝐴

· 2 (17.7)

Ultimate results are stated in following table 17.2:
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Tab. 17.2: Interference drag coe�cient of the struts

Label b a 𝐶𝐷𝑖𝑛𝑡,𝑡
𝐶𝐷𝑖𝑛𝑡,𝐴

[-] [mm] [mm] [-] [-]

ROD1 50 100 0.37380 3.64𝑒−5

ROD2 15 30 0.37380 6.68𝑒−6

ROD3 15 30 0.37380 6.68𝑒−6

ROD4 50 100 0.37380 3.64𝑒−5

ROD5 20 40 0.37380 1.19𝑒−5

ROD6 20 40 0.37380 1.19𝑒−5

HB1 60 180 0.24730 3.14𝑒−5

HB2 60 180 0.24730 3.14𝑒−5

ML left 40 1800 0.05903 1.88𝑒−4

ML right 40 1800 0.05903 1.88𝑒−4

Total increasing of the drag from each strut is:

𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝑡𝑜𝑡𝑎𝑙
= 𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝐴

+ 𝐶𝐷𝑖𝑛𝑡,𝐴
(17.8)

Total increasing of the drag from each struts together is:

𝐶𝐷𝑠𝑡𝑟𝑢𝑡𝑠,𝐴
=

𝑛∑︁
𝑖=1

𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝑡𝑜𝑡𝑎𝑙 𝑖
(17.9)

where 𝑛 is number of the struts. Previous equations are summarized in following
table:
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Tab. 17.3: Total drag of each strut and struts together

label 𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝑡𝑜𝑡𝑎𝑙
𝐶𝐷𝑠𝑡𝑟𝑢𝑡𝑠,𝐴

ROD1 9.80𝑒−4

∑︀𝑛
𝑖=1𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝑡𝑜𝑡𝑎𝑙 𝑖

8.37𝑒−3

ROD2 1.73𝑒−4

ROD3 1.73𝑒−4

ROD4 9.80𝑒−4

ROD5 2.80𝑒−4

ROD6 2.80𝑒−4

HB1 1.80𝑒−3

HB2 1.80𝑒−3

ML1 9.50𝑒−4

ML2 9.50𝑒−4

17.1.3 Summary

Total additional drag is composed from drag of the �oats, drag of the struts and
interference drag between �oats, fuselage and struts. Following can be written

𝐶𝐷𝑎𝑑𝑑,𝑡𝑜𝑡𝑎𝑙
= 𝐶𝐷𝑓𝑙𝑜𝑎𝑡𝑠,𝐴

+ 𝐶𝐷𝑠𝑡𝑟𝑢𝑡,𝐴
+ 𝐶𝐷𝑖𝑛𝑡,𝐴

(17.10a)

𝐶𝐷𝑎𝑑𝑑,𝑡𝑜𝑡𝑎𝑙
= 0.01269 + 7.826𝑒−3 + 5.48𝑒−4 (17.10b)

𝐶𝐷𝑎𝑑𝑑,𝑡𝑜𝑡𝑎𝑙
= 2.1064𝑒−2 (17.10c)

There was determined additional drag coe�cient cause by adding �oats and
struts to the fuselage. Previous drag coe�cients were de�ned for zero angle of attack.
To get drag coe�cient angle of attack dependency, CFD solution needs to be done.
Because �ight characteristics, such a range or maximum horizontal speed are �own
with angle of attack close to zero, this drag coe�cient estimation is su�cient.

17.2 Drag polar

Drag polar data was taken from internal document EV55032-04-AD_verC_ZGAP.
In according to �aps position there are three polars for EV-55. Additional drag
coe�cient has been added. Dashed curves show this reality. All the points were
interpolated by tenth polynomial curves. Polynomial coe�cients are following:
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Tab. 17.4: Polynomial coe�cients for terrestrial version

degree of coefficients

flaps 10 9 8 7 6 5 4 3 2 1 0

0∘ 5.5𝑒−3 −1.4𝑒−2 −6.0𝑒−3 3.2𝑒−2 7.2𝑒−4 −1.9𝑒−2 −4.6𝑒−3 −8.5𝑒−3 6.2𝑒−2 −8.8𝑒−3 3.76𝑒−2

20∘ 5.2𝑒−2 −6.0𝑒−1 2.9 -7.8 12.4 -11.7 6.3 -1.6 1.9𝑒−1 −2.6𝑒−2 8.51𝑒−2

38∘ 2.0𝑒−2 −2.7𝑒−1 1.5 -5.1 10.5 -13.8 11.7 -6.2 2.0 -0.4 0.19

Tab. 17.5: Polynomial coe�cients for seaplane version

degree of coefficients

flaps 10 9 8 7 6 5 4 3 2 1 0

0∘ 5.5𝑒−3 −1.4𝑒−2 −6.0𝑒−3 3.2𝑒−2 7.2𝑒−4 −1.9𝑒−2 −4.7𝑒−3 −8.6𝑒−3 6.2𝑒−2 −8.8𝑒−3 5.87𝑒−2

20∘ 5.2𝑒−2 −6.0𝑒−1 2.9 -7.8 12.4 -11.7 6.3 -1.6 1.9𝑒−1 −2.6𝑒−2 1.06𝑒−1

38∘ 2.0𝑒−2 −2.7𝑒−1 1.5 -5.1 10.5 -13.8 11.7 -6.2 2.0 -0.4 0.21
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Fig. 17.1: Polars for di�erent �aps de�ection
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17.3 Maximal horizontal speed

Maximal horizontal speed is determined from power required and power available
curves. Their intersections show minimal and maximal horizontal speed for di�erent
altitudes. Power required can be computed in following manner:
First, 𝐶𝐿 coe�cient has to be determined. The 𝐶𝐿 is a function of altitude, speed
and weight:

𝐶𝐿 =
2 ·𝑚 · 𝑔
𝜌 · 𝐴 · 𝑉 2

(17.11)

For speci�c 𝐶𝐿 coe�cient, 𝐶𝐷 can be de�ned from drag polar. It can be done ma-
nually from �gure 17.1 or by using polynomial functions from table 17.5. The latter
method was used in MATLAB. Following can be written:

𝐶𝐷 = 𝑓(𝐶𝐿) (17.12)

Thrust required is expressed from force equilibrium during horizontal �ight:

𝑇𝑟𝑒𝑞 = 0.5 · 𝜌 · 𝐴 · 𝑉 2 · 𝐶𝐷 (17.13)

Power required is thrust required multiplied by speed:

𝑃𝑟𝑒𝑞 = 𝑇𝑟𝑒𝑞 · 𝑉 (17.14)

where 𝑃𝑟𝑒𝑞 is the power required, 𝑇𝑟𝑒𝑞 is the thrust required and 𝑉 is corresponding
speed.

Power available is a function of engine power and propeller e�ciency.

𝑃𝑎𝑣𝑎 =
𝑃𝑒𝑛𝑔𝑖𝑛𝑒

𝜂
(17.15)

Power available against speed for di�erent altitudes is shown in Figure 17.2.
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Fig. 17.2: Power available against speed

Propeller e�ciency as a function of the speed is shown in Figure 17.3.

Fig. 17.3: Propeller e�ciency against speed
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These curves were gained from internal documents for PT6A-21 engine. Power
required and Power available curves were computed for altitudes: 0 m, 5000 ft and
FL100 and for take-o� weight: 3150 kg, 3777 kg and 4600 kg. Power required and
Power available curves for di�erent altitudes and di�erent weights are shown in
�gures 17.4, 17.5 and 17.6.

Fig. 17.4: Power required and Power available for 3150 kg
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Fig. 17.5: Power required and Power available for 3777 kg

Fig. 17.6: Power required and Power available for 4600 kg

Previous curves are going to be necessary for climbing performance. Intersection
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between power available and power required means that these two powers are equal
each other. It also means that the maximal speed is reached at this point. From
previous �gures following can be read:

Tab. 17.6: Maximal horizontal speed

3150 kg 3777 kg 4600 kg

altitude 𝑉𝑚𝑎𝑥 𝑉𝑚𝑎𝑥 𝑉𝑚𝑎𝑥

[𝑘𝑚/ℎ] [𝑘𝑚/ℎ] [𝑘𝑚/ℎ]

0 m 325 323 330

5000 ft 342 340 335

FL100 353 350 344

17.4 Climbing performance

Vertical speeds for di�erent altitudes and di�erent weights are determined in this
section. Vertical speed 𝑤 is computed from speci�c excess power for di�erent speeds:

𝑤 =
∆𝐹 · 𝑉

𝐺
=

∆𝑃

𝐺
=

∆𝑃

𝑚 · 𝑔
(17.16)

Previous equation is shown in following �gures 17.7, 17.8 and 17.9.
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Fig. 17.7: Climbing speed against True air speed for 3150 kg

Fig. 17.8: Climbing speed against True air speed for 3777 kg
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Fig. 17.9: Climbing speed against True air speed for 4600 kg

Important results from previous �gures are mentioned in next table 17.7.

Tab. 17.7: Climbing speed

3150 kg 3777 kg 4600 kg

altitude 𝑤𝑚𝑎𝑥 𝑤𝑚𝑎𝑥 𝑤𝑚𝑎𝑥

[𝑚/𝑠] [𝑚/𝑠] [𝑚/𝑠]

0 m 13.8 11.0 8.2

5000 ft 13.6 10.8 8.0

FL100 12.2 9.4 6.8

17.5 Range and Endurance

Range against true air speed dependency will be create. Also, 'payload - range'
diagram will be determined. Following procedure will be used during determination
of these curves. Drag polar from �gure 17.1 will be used. 𝐶𝐷 for given 𝐶𝐿 from range
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0.3 - 2.5 is read. True air speed is computed using following formula:

𝑉𝑇𝐴𝑆 =

√︂
2 ·𝑚1 · 𝑔
𝐴 · 𝜌 · 𝐶𝐿

(17.17)

where 𝑉𝑇𝐴𝑆 is true air speed, 𝑚1 is take-o� weight, 𝑔 is gravitational acceleration,
𝐴 is wing area, 𝜌 is density of air for speci�c altitude and 𝐶𝐿 is lift coe�cient from
range stated in previous paragraph. Fuel weight �ow is gained from software for
Pratt & Whitney PT6A-21 engine for every 𝑉𝑇𝐴𝑆 speed and for speci�c altitudes.
0 m, 5000 ft and FL100 were set as reference altitudes. Speci�c fuel consumption
𝑆𝐹𝐶 is expressed as follows:

𝑆𝐹𝐶 =
𝐶ℎ𝑟𝑠 · 𝜂
𝑃𝑎𝑣𝑎

(17.18)

where 𝑆𝐹𝐶 is speci�c fuel consumption, 𝐶ℎ𝑟𝑠 is fuel weight �ow and 𝑃𝑎𝑣𝑎 is power
available and 𝜂 is propeller e�ciency. Two engines were considered. Speed - SFC
dependence for di�erent altitudes is shown in Figure 17.10.

Fig. 17.10: Speci�c fuel consumption against true air speed

Next step is to determine glide ratio 𝐾 and its maximal value. It is easily done
from following formula:

(𝐿/𝐷) =
𝐶𝐿

𝐶𝐷

(17.19a)

(𝐿/𝐷)𝑚𝑎𝑥 =

(︂
𝐶𝐿

𝐶𝐷

)︂
𝑚𝑎𝑥

(17.19b)
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Following non-dimensional ratios needs to be set:

𝑚𝑓 = 1 − 𝑚2

𝑚1

(17.20)

where 𝑚𝑓 non-dimensional fuel ratio, 𝑚1 is initial weight and 𝑚2 is �nal weight.
Final weight is:

𝑚2 = 𝑚1 −𝑚𝑓 (17.21)

where 𝑚𝑓 is fuel weight. Fuel weight will be described in next sub-section.

𝑉 =
𝑉

𝑉𝑚𝐷

(17.22)

where 𝑉 is non-dimensional speed, 𝑉 is true air speed and 𝑉𝑚𝐷 is minimum drag
speed.

17.5.1 Payload configurations

There are considered three payload con�gurations during range and endurance com-
putations.

Tab. 17.8: Payload con�guration 1

Label value unit

Operational empty weight 3150 kg
Second pilot 77.1 kg
Passenger 1 77.1 kg
Passenger 2 77.1 kg
Passenger 3 77.1 kg
Passenger 4 77.1 kg
Passenger 5 77.1 kg
Passenger 6 77.1 kg
Passenger 7 77.1 kg
Passenger 8 77.1 kg
Passenger 9 77.1 kg

Cargo 350 kg
Fuel 329 kg

Summary 4600 kg
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Tab. 17.9: Payload con�guration 2

Label value unit

Operational empty weight 3150 kg
Second pilot 0 kg
Passenger 1 0 kg
Passenger 2 0 kg
Passenger 3 0 kg
Passenger 4 0 kg
Passenger 5 0 kg
Passenger 6 0 kg
Passenger 7 0 kg
Passenger 8 0 kg
Passenger 9 0 kg

Cargo 0 kg
Fuel 1450 kg

Summary 4600 kg

Tab. 17.10: Payload con�guration 3

Label value unit

Operational empty weight 3150 kg
Second pilot 77.1 kg
Passenger 1 77.1 kg
Passenger 2 77.1 kg
Passenger 3 77.1 kg
Passenger 4 77.1 kg
Passenger 5 77.1 kg
Passenger 6 77.1 kg
Passenger 7 77.1 kg
Passenger 8 77.1 kg
Passenger 9 77.1 kg

Cargo 0 kg
Fuel 679 kg

Summary 4600 kg
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17.5.2 Range

To compute range, mode where 𝜌 = 𝑐𝑜𝑛𝑠𝑡. and 𝑉 = 𝑐𝑜𝑛𝑠𝑡. was chosen. In accordance
with literature [4], range is computed by using following formula:

𝑅 =

(︂
2 ·𝐾𝑚𝑎𝑥 · 𝜂
𝑔 · 𝑆𝐹𝐶

)︂
· 𝑎𝑟𝑐𝑡𝑎𝑛

(︃
𝑚𝑓

𝑉 2 +
1−𝑚𝑓

𝑉 2

)︃
(17.23)

Previous equation is expressed in �gures 17.11, 17.12 and 17.13 for di�erent altitudes
and payload con�gurations.

Fig. 17.11: Speed against Range for 0 m
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Fig. 17.12: Speed against Range for 5000 ft

Fig. 17.13: Speed against Range for FL100

'Payload - Range' diagram is built from previous graphs in accordance with
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literature [4] for maximal range speed and for maximal horizontal speed.

Fig. 17.14: Payload - Range diagram, FL100, maximal range speed

Fig. 17.15: Payload - Range diagram, FL100, maximal horizontal speed

147



17.5.3 Endurance

Same preconditions are used also for endurance: 𝜌 = 𝑐𝑜𝑛𝑠𝑡. and 𝑉 = 𝑐𝑜𝑛𝑠𝑡.. In
accordance with literature [4], endurance is computed by using following formula:

𝐸 =

(︂
2 ·𝐾𝑚𝑎𝑥 · 𝜂

𝑔 · 𝑆𝐹𝐶 · 𝑉𝑚𝐷

)︂
· 1

𝑉
· 𝑎𝑟𝑐𝑡𝑎𝑛

(︃
𝑚𝑓

𝑉 2 +
1−𝑚𝑓

𝑉 2

)︃
(17.24)

where

𝑉𝑚𝐷 =

√︃
2 ·𝑚 · 𝑔

𝐴 · 𝜌 · 𝐶𝐿,𝐾𝑚𝑎𝑥

(17.25)

𝐶𝐿,𝐾𝑚𝑎𝑥 is lift coe�cient corresponding with 𝐶𝐿 for maximal glide ratio (𝐿/𝐷).
Previous equation 17.24 is expressed in Figures 17.16, 17.17 and 17.18 for di�erent
altitudes and payload con�gurations.

Fig. 17.16: Speed against Endurance for 0 m
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Fig. 17.17: Speed against Endurance for 5000 ft

Fig. 17.18: Speed against Endurance for FL100

Previous graphs are summed up in next table:
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Tab. 17.11: Summary of Range and Endurance

Maximal range Maximal endurance
0 m 5000 ft FL100 0 m 5000 ft FL100
[km] [km] [km] [hrs] [hrs] [hrs]

Payload con�g. 1 260 280 295 1.45 1.40 1.40

Payload con�g. 2 1280 1360 1420 7.25 7.50 7.55

Payload con�g. 3 555 580 615 3.15 3.10 3.00
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18 CONCLUSION

Due to seaplane modi�cation, there are many characteristics which have been chan-
ged comparing to the terrestrial version. Compared to the competitors seaplanes,
EV-55 has the highest wing loading. Figure 18.1 shows wing loading against ma-
ximal horizontal speed. It is seen that EV-55 as a seaplane has the highest cruise
speed from all of the competitors seaplanes. The maximal cruise speed is 353 𝑘𝑚/ℎ.
Compared to the terrestrial version it is about 80 𝑘𝑚/ℎ lower.

Fig. 18.1: Wing loading against maximal horizontal speed

Figure 18.2 shows wing loading - range dependency. High wing loading is the
cause why EV-55 does not have such as high range as other seaplanes.
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Fig. 18.2: Wing loading against range

Last Figure 18.3 shows wing loading - stall speed dependency. Although EV-55
has the highest wing loading, it does not have highest stall speed. This is caused
mainly by used aerofoils and shape of the wing.
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Fig. 18.3: Wing loading against stall speed

Minimum operation weight had to be increased due to �oats. Compared to the
terrestrial version, the weight increased about 200 𝑘𝑔. This has negative e�ect on
the payload that had to be decreased. Second option is to decrease amount of fuel
and the range will be decreased, as well. The weight envelope had to be limited
from left side and right side. Maximal weight of cargo at front cargo space has been
restricted for some of weight con�gurations. Minimum static margin remains at 8%,
maximum static margin was decreased from 35% to 31.4%.

Maximal load factor determined in accordance with [5] is 6.33. For terrestrial
version maximal load factor determined for landing cases is 5.58. Load factor for
seaplane is higher. This will lead to higher inertia of the elements such a cargo, engi-
nes and so on. How this higher inertia a�ects other element, needs to be determine
in next stage of development.

Frame connecting the �oats and fuselage has been designed. Stress analysis of
horizontal beams and vertical rods was done. Reserve factors were determined and
R.F. is higher than one for all of the checked elements. Front spar as an example,
was chosen to compare the ground and water loads. Front spar is able to transfer
higher loads developed during water level landing. Aft landing gear spar was not
checked since the scope of master's thesis is considerable.
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Table 18.1 shows comparison of the main characteristics between terrestrial and
seaplane version.

Tab. 18.1: Comparision between terrestrial EV-55 and EV-55 Seaplane

Landplane Seaplane unit

Maximal horizontal speed at FL100 443 353 𝑘𝑚/ℎ

Maximal range 2300 1420 𝑘𝑚

Minimum operational empty weight 3150 2950 𝑘𝑔

Maximum zero fuel weight 4450 4250 𝑘𝑔

Maximum load factor at c.g. 5.58 6.33 −
Minimum static margin 8 8 %

Maximum static margin 35 31.4 %

Maximum vertical speed at 0 m (4600 kg) 8.5 8.3 𝑚/𝑠

EV-55 is suitable for twin-�oat seaplane modi�cation without any substantial
modi�cations in existing airframe.
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A COMPETITIVE SEAPLANES

Fig. A.1: Competitors aeroplanes
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B 𝐾1 FACTOR GRAPHS

Fig. B.1: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 1
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Fig. B.2: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 2

Fig. B.3: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 3
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Fig. B.4: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 4

Fig. B.5: 𝐾1 factor against 𝑥𝑓 coordinate - weight con�guration 5
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C SUMMARY OF THE WATER LOADS

Tab. C.1: Summary of the reaction forces caused by water loads

Case Weight
con�gu-
ration

Position of result
force

Resultant force

𝑥𝑓 𝐹𝑅𝑤𝐴,𝑥 𝐹𝑅𝑤𝐴,𝑦 𝐹𝑅𝑤𝐴,𝑧

[-] [-] [m] [N] [N] [N]

Step landing

1 0.37 0 108881 0

2 0.16 0 105338 0

3 0.011 0 138395 0

4 0.23 0 190452 0

5 0.0 0 186099 0

Bow landing

1 3.48 53983 50397 50397

2 3.48 53621 50060 50060

3 3.48 67632 63140 63140

4 3.48 84069 78486 78486

5 3.48 81706 76279 76279

Stern landing

1 -3.86 6736 49495 0

2 -3.86 6642 48804 0

3 -3.86 8318 61124 0

4 -3.86 10313 75779 0

5 -3.86 10004 73513 0

Unsym. landing

1 0.37 0 81661 13276

2 0.16 0 79004 12844

3 0.011 0 103796 16875

4 0.23 0 142840 23222

5 0.0 0 139574 22692
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D COMPLETE WEIGHT BREAKDOWN

Fig. D.1: Complete breakdown
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Fig. D.2: Complete breakdown
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E MOMENTS OF INERTIA

Fig. E.1: Moment of inertia
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F INPUT DATA-PBEAM ELEMENTS-FLOATS

Tab. F.1: Input data - PBEAM elements - �oats

Name PID MID A I1 I2 J
[-] [-] [-] [𝑚𝑚2] [𝑚𝑚4] [𝑚𝑚4] [𝑚𝑚4]

Front part

PBEAM_1 1010 4 3532 4.50E7 3.74E7 9.17E7
PBEAM_2a 2 4 5570 1.83E8 1.43E8 9.17E7
PBEAM_2b 3 4 6596 3.38E8 2.26E8 9.17E7
PBEAM_3 4 4 7306 5.00E8 3.20E8 5.00E8
PBEAM_4 5 4 8083 7.46E8 4.27E8 5.00E8
PBEAM_5 6 4 8370 8.28E8 4.81E8 5.00E8
PBEAM_6 1012 4 8430 8.18E8 4.94E8 2.00E9
PBEAM_7 1013 4 8431 8.29E8 4.95E8 2.00E9
PBEAM_8 1014 4 8431 8.29E8 4.95E8 2.00E9
PBEAM_9a 1015 4 8431 8.29E8 4.95E8 2.00E9
PBEAM_9b 1017 4 8431 8.29E9 4.95E9 2.00E9
PBEAM_9c 1018 4 8431 8.29E9 4.95E9 2.00E9
PBEAM_9d 1019 4 8431 8.29E9 4.95E9 2.00E9
PBEAM_9e 1020 4 8431 8.29E9 4.95E9 2.00E9

Aft part

PBEAM_10 15 4 7648 5.13E8 3.92E8 1.80E8
PBEAM_11 1021 4 7328 4.49E8 3.53E8 1.70E8
PBEAM_12 1022 4 6837 3.28E8 2.98E8 1.60E8
PBEAM_13 1023 4 6273 2.35E8 2.42E8 1.50E8
PBEAM_14 1024 4 5817 1.62E8 2.03E8 1.40E8
PBEAM_15 1025 4 5382 1.15E8 1.68E8 1.30E8
PBEAM_16 1026 4 4947 7.01E7 2.38E8 1.15E8
PBEAM_17 1027 4 4407 4.74E7 1.04E8 1.10E8
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G INPUT DATA - PRODAND PBEAMELEMENTS

- STRUTS AND HORIZONTAL BEAMS

Tab. G.1: Input data - PROD elements

Name PID MID A J
[-] [-] [-] [𝑚𝑚2] [𝑚𝑚4]

PROD_1 1016 4 465.5 114828
PROD_2 1028 4 183.8 85363
PROD_3 1031 4 183.8 85363
PROD_4 1032 4 465.5 114828
PROD_5 1033 4 254.5 114828
PROD_6 1034 4 254.5 114828

Tab. G.2: Input data - PBEAM elements

Name PID MID A I1 I2 I12 J
[-] [-] [-] [𝑚𝑚2] [𝑚𝑚4] [𝑚𝑚4] [𝑚𝑚4] [𝑚𝑚4]

PBEAML_HorStrut_f 1030 4 832 6.9E5 1.9E5 0.12 4.2E5
PBEAML_HorStrut_a 1029 4 832 6.9E5 1.9E5 0.12 4.2E5
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