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Jyn CunsIo

IlocTanoBka 3aga4yi BU3HA4YeHHs] iIMOBIpHOCHHX XapaKTepHCTHK IpoueciB HexdiHiiiHol kauku CIIBY
npu ii TPAaHCMOPTYBAHHI HA OCHOBI 3aCTOCYBaHHS Teopili MAPKIBCHLKHUX MPOLECiB

Anomauisn. Y 00nogioi po3ensioacmscsi MONCAUBICHb OOCAIONCEHHS IMOGIPHICHUX XAPAKMEPUCTUK NPOYeECis
neninitinoi kauxu CIIBY 3 suxopucmanmnsam memooy, gioxkpumozo B.A. Hexpacosum.

Knrouosi crosa: CIIBY, meopis Mapko8cbKux npoyecis, UHAYEHHS IMOBIPHICHUX XAPAKMEPUCIMUK KAUKU
cyois.

Dong Xinshuo

Statement of the problem of determining probabilistic characteristics the processes of nonlinear
rolling of the jack up floating drilling rig during its transportation based on the application of the
theory of Markov processes.

Annotation:The report discusses the possibility of studying the probabilistic characteristics of the nonlinear
rolling processes of the jack-up rig using the method discovered by V.A. Nekrasov.

Key words: jack-up rig, theory of Markov processes, determination of probabilistic characteristics of ships
pitching.

VK 629.12
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Abstract. The calculation tool for rapid and accurate determining the propeller mass,
centroid coordinates, and inertia moments was developed. The approximate formulas for
the propeller’s diametrical inertia moment and partially submerged volume have been
proposed. The results are dedicated to increase accuracy of the initial data for shaft
alignment and vibration calculations.

Keywords: propeller, mass characteristics, software, shafting alignment and vibration.
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Introduction.

One of the most important objects in the marine propulsion shafting alignment and vibrations
calculations is a propeller. Its volumetric and inertia properties have a significant impact on the
calculation results: bearing loads and misalignment, shaft stress, vibratory amplitudes etc.

The propeller is located on the cantilever end of the propeller shaft. Its location and great
weight cause the significant shaft misalignment in the aft stern tube bearing. The longitudinal
coordinate of the propeller’s gravity center can also influence the value of bearing misalignment.
At the same time, the buoyancy force acting on the propeller tend to unload the aft stern tube
bearing. During shaft alignment procedure, the propeller can be partially immersed due to
lightweight ship loading condition. Also, propeller mass, polar and diametrical moment of inertial
have significant impact on the axial, torsional and whirling vibrations of the marine propulsion
shafting.

There are several ways to assess the propeller's volumetric and inertia properties. The most
accurate one is to calculate these characteristics in one of the CAD systems such as Rhinoceros,
SolidWorks, AutoCAD etc. out of the exact 3D model. However, at the alignment and vibration
calculation stage a propeller's 3D model usually is not available for the engineer as well as whole
information about its mass characteristic. Sometimes, the propeller drawing is available, but
building a 3D model out of the drawing could require time that is comparable with the shaft
alignment or vibration calculation itself. That is why engineers use approximate approaches to
assess propeller characteristics:

Mass is calculated by the approximate empirical formulas [1];

Polar inertia moment is calculated by the approximate empirical formulas [2, 3];
Diametrical inertia moment is assumed to be a half of polar inertia moment;
Center of the propeller’s mass is supposed to be in the middle of the hub’s length;

Immersed volume is to be calculated in the proportion to the immersion level.
The big advantage of the approximate formulas is the rapid result. However, these formulas

do not take into account the exact geometry of the propeller. That is why approximate formulas
could lead to significant errors of the propeller volumetric and inertia characteristics and as a result
— to error in shaft alignment and vibration calculations.

The aim of the present research is to develop an engineering tool for rapid and accurate
determining the propeller center of gravity, mass, polar and diametrical inertia moments, immersed
volume based on the restricted amount of information about the propeller or the propeller drawing.

Methodology.

The program with the user interface (Fig. 1) has been developed for assessing volume, mass,
centroid coordinates and inertia moments of the propeller as well as automatic building the
propeller's 3D model. General geometric propeller parameters and the detailed geometry are used as
initial data:

e Propeller diameter D, m;

e Number of blades, Z;

e Rotation direction;

¢ Expanded blade area ratio Ag/Ao;
e Pitch of the blade, P, m;

e Rake angle;

e Fillet radius;
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Hub length Ly, m;
Outer diameter Dy, m, in intermediate, aft and forward sections;
Inner hub geometry (piece wise linear function of inner hub diameter, D;, m)
Blade sections geometry for different relative radii:

0 Blade section chord length;
Pitch of the section;
Maximum thickness;
Maximum camber;
Position of maximum camber;

0 Skewness.

When blade sections geometry is not available, the Wageningen B-series propeller geometry

can be generated for specified D, Z, Ag/Agand P [4, 5].

The propeller blade geometry is built by the traditional formulas used in the propeller
design [5, 6]. The blade section is approximated by the analytical expression [7] in order to reduce
the amount of the required initial data. The offset is added to the sections’ counters near the hub
to develop fillet. The outer surface of the propeller hub is approximated by Akima approximation
out of 3 sections' diameters. The inner hub surface is build out of aft and forward inner diameters
or table of diameters to match the propeller drawing.

The specialized data structure was developed and implemented to create and operate with 3D
models, specifically marine propellers. This data structure consists of three general objects — nodes,
faces and bodies that are in the relation with each other. A node contain coordinates in the virtual
space, a face consists of several nodes (three or more), a body consists of faces. An algorithm of
triangulation was implemented to provide simplification of complex faces topology. In addition, an
algorithm of 3D model subdivision by arbitrary plane was implemented. This gives the possibility
to get separate bodies of wet and dry parts of a partially submerged propeller (Fig. 2). The 3D
model is visualized using OpenGL technology, the geometry also can be exported to the STL file,
for example for using in CFD simulations. The developed algorithm for 3D modelling is general
and in the future can be used to solve problems that is not related to the propeller geometry.

O O0OO0oo

Propeller o ox
File  Disgrams
Propeller Data | Hub Data | 30 Maodel
Blade Geometry ~Sections
Number of Blades 4 Expanded Area Ratio |0.5500 View |Straight
Rotation Right - Pitch Ratio 1.0000 0.1
Propeller Diameter, mm |1000,0000 Mominal Pitch, mm  |1000.0000 0.08
0.06
Rake Angle, degree (15,0000 Fillet Radius, mm 25.0000 0oe
Phase Angle, degree  [0.0000 Fillet Ratio 0.0500 0.02 e e e
0 - e ., :)
[~ Bladls sections table 002
Number of Sections [12 004
R c, mm [P Fmax, mm__ [Tmax, mm___[0, mm cs, mm =HES
0.2000 220.0000 0.8000 6.3684 36,6000 83,1500 17.8200 -0.15 -0.1 -0.05 ] 0.05 0.1 0.15
0.3000 251.9000 0.8667 7.4196 32,4000 91,1878 21,1596
0.4000 279.4000 0.9333 8.5164 28.2000 100.8634 22,3520
0.5000 297.4125 0.9833 9,2830 24.0000 108.8530 20,8189
0.6000 308.4125 1.0000 9.0684 19.8000 119.6641 16.0375 Blade Geometry
0.7000 308.9625 1.0000 7.4568 15.6000 134.3987 7.4151 — =
0.3 e —
0.8000 293.1500 1.0000 5.4264 11.4000 138.0736 -5.8630 ‘\
0.8500 275.6875 1.0000 4.4222 9.3000 133.7084 -14.3358 025 \\
0.9000 247.2250 1.0000 3.4200 7.2000 121.1403 -24.2281 02 I \\
0.9500 197.1750 1.0000 2.4327 5.1000 94,6440 -35.8859 \
0.9750 154.2750 1.0000 1.9400 4.0500 69,4238 -42,1171 015 \
1.0000 34.3750 1.0000 0.7696 1.6000 13.3031 -55.0000 \
0.1 \
0.05 "
@ =] @ 02 03 0.4 05 08 07 0.8 09 1

Fig. 1 — User’s interface
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Fig. 2 — Partially submerged propeller (60%)

The general method for calculating geometric characteristics of 3D polygonal objects [8] has been
implemented in order to assess geometric characteristics of the propeller’s 3D model. This method
allows determining volume, centroid coordinates, inertia moments of an arbitrary close facet 3D
geometrical object, for example a marine propeller.

Results.

In this research, geometrical characteristics of 14 different existing propellers (Fig. 3) were
studied. Their main parameters and inertia characteristics are shown in the Table 1. The relative
error of calculation using different approaches are shown in the Table 2. As can be seen, the
developed method provides accurate enough results. Formulas for the propeller mass and polar
inertia moment provided in [1] and [3] correspondingly also gives reasonable results.

The calculated values of polar Iy and diametrical Iy(l,) inertia moments allow to develop an
approximate relation between them for typical marine propellers: ly = I, = 0.6 ly. This approximate
formula allows more accurate assessing the diametrical inertia moment using the approximate

formulas for the polar inertia moment.
Ne5 *

Fig. 3 — Propellers used in the research
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Table 1 — Propellers’ parameters

Ne| D [Z|AdA| Ly [ Dn | p | M' L M2 (= M M I
m m m kg/m3 kg kg'm2 kg kg‘m2 kg'm2 kg kg kg‘m2 kg‘m2
1| 1.600| 3| 0.500| 0.420| 0.342| 7850 410, - 404| 40.1| 24.2 381 379 419| 39.5
2| 1.000|{ 4| 0.550{ 0.300| 0.188| 7600 - - 96.2| 3.25| 2.15] 90.0 93.3] 4.00] 4.07
3| 1.300] 4| 0.634| 0.240| 0.188| 8300| - - 157 143| 7.58 216 182 14.9 19.5
4| 1.575| 4| 1.175| 0.700( 0.230| 7600 625| 89.54 588| 65.3] 49.2 352 578 38.8] 99.2
5| 1.700] 4| 0.850] 0.335]| 0.321| 7600 612| 96.77 432 68.3] 383 442 517 56.8] 96.9
6| 1.800| 4| 1.000| 0.450| 0.368| 7600| - - 689 113] 67.8 525 771 75.6 158
7| 2.850( 4| 0.594| 0.608| 0.809| 7600| - - 2586 735 437 2083| 2658 752 837
8| 5.600( 4| 0.700| 1.350{ 1.120{ 7600| - - 18696| 24495| 14147| 15805| 17726 22029| 29747
9| 1.350| 5| 1.100] 0.300]| 0.213| 7600 346| 32.629 311 304 17.1 221 311 179 422
10{ 1.800| 5| 0.550| 0.430( 0.315| 7600 573| 89.45 474  69.1| 40.1 525 4521 75.6] 76.9
11| 1.980| 5| 0.550| 0.480| 0.414| 7900| 1021| 180.49 889 153] 894 726 727 122 129
12| 7.900| 5| 0.800| 1.612| 1.422| 7600| - - 43984|134218| 73891| 44374| 46245|123082(195077
13| 8.250| 5| 0.795| 1.650| 1.456| 7600| 62950(219025| 56323|178785| 97669| 50536| 54041|152873|240462
14(10.200| 6| 0.870] 2.250| 1.934| 7600|123410|641735|112787|560362|308420| 95509|113696|441632|775227

" The data from the propeller's drawings
*The calculated values by the proposed method
> M = 90D’p/7600

*M=p {(0.025 (1.4 + 15.3 D) Ag/Agm D>+ 0.6 Ly (Dy2 - D)}, [1]
*1,=4D’ [2]
6 1,=0.0002744 Ac/Ao (Ac/Ag+ 3) p D, [3]

Table 2 — Propellers’ mass and polar inertia moments calculation error

Ne| MML% [ MML% [ MM % | L/LL% | L6 % [ L7, %
1 -1.6 -7.1 -7.5 - - -
4 -6.0 -43.7 -7.6 -27.1 -56.7 10.7
5 -29.5 -27.8 -15.6 -29.5 -41.3 0.1
9 -10.1 -35.9 -10.0 -6.8 -45.0 29.3
10 -17.3 -8.5 -21.1 -22.8 -15.5 -14.0
11 -13.0 -28.9 -28.8 -15.1 -32.6 -28.6
13 -10.5 -19.7 -14.2 -18.4 -30.2 9.8
14 -8.6 -22.6 -7.9 -12.7 -31.2 20.8
e
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Fig. 4 — Submerged volume vs. rotational angle (Propeller Ne 2)
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The static buoyancy of the partially immersed propeller depending on the propeller phase
angle and immersion level was studied. Buoyancy force is proportional to the submerged volume,
water density (pw = const.) and acceleration of gravity (g = 9.81 = const.). It is enough to research
the submerged volume of the propeller because only this value varies with the propeller rotation and
changing its submergence. The dependence of the submerged volume on the immersion and rotation
angle for the 4-blades propeller model Ne 2 is shown on the Fig. 4. As can be seen, the relative
submerged propeller volume and correspondingly buoyancy force vary with the propeller rotation.
This variation is more significant for the immersions 20-45% and 55-80% (Fig. 2). It is important
that during shaft alignment procedure, the level of propeller immersion 60-80% frequently takes
place, especially for large cargo ships. It shows the significance of the developed tool spreading
light on this uncertainty during shaft alignment calculation.

The Fig. 5 shows the dependence of submerged volume on the immersion level for all studied
propeller models, the values are been phase angle-averaged. It can be clearly seen that for all
propellers the dependence is non-linear. Moreover, at the immersions approximately 40 and 60%,
where the hub comes in and out of the water, the curves have knuckle points. The values correspond
to the linear low only at the immersion 0, 50 and 100 %. The error of the linear assumption could
reach 27% of the full submergence buoyancy. In order to reduce this error, the approximate
polynomial formula was developed using the least square method:

Vs =v[0.5+sign(|m—50)-(3.441-ﬁ—9.302-ﬁ2 +11.890-T’ +6.103-ﬁ4ﬂ,

where V — total volume of the propeller, m®; Im= |(Im -50)/100

; Im — level of the propeller

immersion, %. The proposed formula reduces the possible error to 9%.
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Fig. 5 — Submerged volume vs. immersion level

Conclusions.

The specialized automatic engineering tool for rapid and accurate propeller volumetric and
inertia properties calculation has been developed. This tool allows determining the propeller’s mass,
gravity centroid coordinates, polar and diametric inertia moments, submerged volume out of main
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propeller geometrical characteristics and, if available, blade sections' geometry. This tool does not
have restrictions that are typical for the approximate regression formulas, so can be used for unusual
modern propeller designs.

The calculations for different propellers show good agreement with the mass and inertia
moments mentioned on the drawings. The better accuracy of shaft alignment and vibration
calculations can be provided using the developed program. Also, the recommendations for
diametrical inertia moment and partially submerged propeller volume approximate estimation have
been provided.

Both developed general method and proposed approximate formulas are to be integrated in
the ShaftDesigner software [9] for marine propulsion shafting alignment and vibration calculations.
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Ypcomos Onekcauap Iroposud, @imin Jmutpo CepriiioBud.

HIBuaAKKii MeTOX IJIsl TOYHOT0 BU3HAYEHHS 00’€MHUX Ta iHEPIUITHUX XapaKTEPHCTHK IPeGHOr0
rBHHTA

Pospobreno pospaxynkosuil incmpymenm OJisk WUOKO20 I MOYHO20 GUSHAYEHHSL MACU, KOOPOUHAM YeHmpa
6azu ma MoMeHmis inepyii 2pebHo2o 26uHmMA. 3anponoHo6ano HabauxdCceri hopmynu O diamMempaabHO20
MoMeHmy iHepyii epebHO020 26UHMA | YACMKOB0 3aHypeH020 00'emy. Pesynomamu npusnaueni ons
nIOBUWEHHS MOYHOCTI BUXIOHUX OAHUX OJ1 PO3PAXYHKIE YeHMPYB8aHH I 8i0payii 6a10npo60008.

Kniouosi cnosa: epebnuii 26unm, Macosi Xapakmepucmuxu, npocpamie 3a6e3ne4eHHs, YeHmpyeanHs ma
8ibpayis 6a10nposooa

Ypconos Anekcauap Uropesnd, ®unmun mutpuit CepreeBud.

BbIcTpBIii MeTO/ 1J151 TOYHOTO OMpe/ie/ieHHs] 00beMHBIX 1 HHEPHHOHHBIX XapaKTEPUCTHK IPeOHOTr0
BUHTA

Paspaboman pacuemnviii uncmpymenm 0Js 661ICMpPO20O U MOUHO20 ONPEOeNeHUs MACCH, KOOPOUHAM YeHmpa
msicecmu U MOMEHmMos unepyuu 2pebnozo eunma. Ilpednosicenvt npubrudicénnvie @opmyavlt 0

71



CYYACHI TEXHONOTr i NIPOEKTYBAHHSA, MOBYAOBW, EKCMNYATALIIT | PEMOHTY CYJEH,
MOPCBKMX TEXHIYHMX 3ACOBIB | IHXXEHEPHUX CMOPY[

OUAMEMPAILHOZ0 MOMEHMA UHEePYUU 2PeDHO20 GUHMA U YACTNUYHO NOSPYICEHH020 obvema. Pesyromamor
npeonasHavensvl 0 Y8eauyeHus MOYHOCMU UCXOOHLIX OAHHLIX OJis1 pacuemos YeHmMpoGKU U subpayuu
8AIONPOBOO0S.

Knrouesvie cnosa: epebrotl 6unm, mMaccosvle Xapakmepucmuru, RpoepammHoe odbecneyerue, YeHmposKa u
subpayus 8a10nposoda

VK 629.514
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1,2,3

Anomauia. Ilpedcmasneno pe3yibmamu  pO3PAXYHKIE  OCHOBHUX — 2IOpOCMAMUYHUX
Xapakxmepucmuxk CamoxioHo2o niagyuo2co 0YOUHKY (xaycboma) KOHMeUHepHO20 Mmuny Ha
MPpbOXNONIa8Koeomy nowmoui. Hasedeno pexomenoayii, sKi cnio epaxysamu nio yac
NPOEKMYBANHS, KOHCMPYIO8AHHS MA NOOYO08I NAA8YUUX CNOPYO 0AHO20 MUNY.

Knrwwuoei cnoea: xaycoom, mopexioHi skocmi, MeXHONO2IYHICMb, KOHMEUHEPHI Niaeyyl
MOOYIli, MPbOXNONJABKOBUL NOHMOH.

B ymoBax oOMexeHHs 3eMenb i 3a0yIoBy y Takux €Bponelchkux Kpainax, sk HimeuunHa,
Hinepnanau, Itanis, @paniiis mmpoke po3MOBCIOKEHHS OTpUMalId OyauHKA Ha Bofi [1, ¢. 39-42],
[2, c. 238-240]. Ockinbku Ha TepuUTOpPii YKpaiHU PO3TAIIOBAHO BEJIMKI BHYTPHIIHI aKBaTOpii
(MOpCBhKi y30epexoKs, pikH, 03epa, JUMaHU), a TAKOX Y 3B SI3Ky 13 TOCTIHHHUM 3pOCTaHHSIM
BapTOCTI 3€MEJIbHUX MUISHOK, Taly3b OyAIBHUIITBA Ha BOAI Bce OUTbIIe HaOWpae MOMYJISPHOCTI
1 € TmepcneKTuBHO. B To# e "ac B YKpaiHi MPaKTUYHO BiJCYTHS HOpPMAaTHUBHA JTOKYMEHTAIlis
BIIHOCHO OY/[IBHUIITBA >KHUTJIa HA BOJII.

MeToro JOCHipKEHHSI € po3poOKa aIropuTMy pO3paxyHKy NapaMeTpiB MOPEXiTHOCTI
KHUTJIOBUX IUIaByYuX OYAMHKIB y BIANMOBIAHOCTI 10 BUMOr Perictpy cyanoruiaBctBa Ykpainu [3,
po3min IV].

Teopernunoro 0a3010 TOCTY)KMJIM HAayKoBi poOOTHM B raily3l NpPOEKTYBaHHS Ta
KOHCTPYIOBaHHS XaycOoTiB, nae0OapkajepiB, MNOHTOHIB, HOPMAaTHBHO-TIpaBoBa 0a3za Perictpy
CYAHOIUIaBCTBA YKpaiHM, a TaKoX JOCHIDKeHHS O[O0 MOJAYJIBHOTO (OpMyBaHHS Ta
KOHCTPYKTHBHO-TEXHOJIOTIYHUX pIlIeHb IUIaByYnx Ta OeperoBux cmopya [1, 2, 4-6]. V
JOCII/DKEHHI TpUAHATO 110 yBard po3pooku M.B. CaBumpkoro ta C.€. Ilexopkinoi, ski
BiJOOpaxaroTh KOHCTPYKTHBHI 3aa4i MO3UIIIOHYBaHHS XaycOOTiB 3a JOMOMOTOIO SIKIDHUX CTiHOK,
SK1 BOJTHOYAC KOHTPOJIOIOTH MOCAJIKY IUIaBy4oro OyAWHKY Mij Yac 3HAYHUX MPWIKBIB Ta BiIJIHBIB,
110 XapaKTEepPHO JJIs HWKHBOI Teuil Jninpa Ta dynato [1-6].
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