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ABSTRACT

The need fornew propeller seriesis required fora new generation of medium-speed vessel ranging from 18
to 30 knots. Currently a naval architect and boat designers are still depending on old propeller series such as
Wageningen B series, KCA series, Newton Rader series, but most of this propeller series are either suited for low
speed vessels or high speed vessels. Therefore, thereis a requirementfora propeller series for medium-speed vessek.
The existing propeller series as mentioned above i.e. B series, KCA series, and Gawn series are already outdated and
need some improvementto be suited to a modern medium speed hullform. Theseold propeller series are notefficient
aswhata modern propeller required. Nowadays, more ships are usingthe state-of-the-art propeller, thereforea new
modern propeller seriesis needed for modern medium speed vesselwith moderate to a high skewfor less noise and
vibration. This is the main reason onwhywe need for our ownnew upto date propeller series with a high skew blade
profile. This propeller are fixed-pitch propellers which have a moderate blade skew and camber. The aim for this
projectisto developthe 3D modelandthe CAD drawingfor4,5,6 and 7 bladed propellers with bladearea ratio from
0.4 to 0.758. The series have a range of pitch diameter ratio from 0.40 to 1.2. Before any modelling can be done in
PropCAD, the blade thickness of the propeller need to be defined earlier. This estimation of the blade thickness was
based on Bureau Veritas Class rules on Propeller, NR 467. The blade thickness calculations were done in Matkb.
Once, the blade thickness was defined using the BV rules, the modelling of the FP series propeller was done in
PropCAD. The FP series propeller which consisted of 62 propellers then were varied in its pitch diameter ratio,
expandedarea ratio, skewtip angle andrakeangle. The 3D modelin PropCAD were enhanced in Rhinoceros in order
to make the propellerasin a solid form. In the PropCAD, the offset tables and the 2D CAD drawings were produced
and printed out. Once the solid propeller modelling was completed, the 3D printing of a sample of propeller was
printed. Asample of 6 bladed propellers was 3D printed using PLA or Polylactic Acid plastic material. The sample is
250 mm in diameter. Overall there were 62 propellers were modelled in Rhinoceros whereallthe 62 propellers were
varied in itsexpandedarea ratio and its pitch diameter ratio.

Keywords: propeller, design, geometry

INTRODUCTION

In the preliminary design of ships and propellers, it iscommonto choose propellers using a standard propeller
series. A propellerseries, is a range of a propeller which were varied in its pitch diameter ratio, expanded blade area
ratio, number of blades andrake angle. Then this propeller series was open water tested either in a towingtank orin
a cavitation tunnel. From this openwater test, the open water characteristics can be found where the KT -KQ-J chart
were plotted. To find the optimum propeller for the specific design is by using propeller this open water diagram for
the said propeller series. Some of the existing propeller series are Wageningen B series, Gawn series, KCA series, AU
series and Newton-Rader series. All the propeller series mentioned above were developed somewhere around 1940 —
1962. Butsomehow, these propeller series are stillbeingused in the preliminary design of shipsand propellers.

The need fornew propeller series is required fora new generation of medium-speed vessel ranging from 18
to 30 knots. Currently a naval architect and boat designers are still depending on old propeller series such as
Wageningen B series, KCA series, Newton Rader series, but most of this propeller series are either suited for low
speed vessels or high speed vessels. Therefore, thereis a requirementfora propeller series for medium-speed vessek.

The existing propeller series as mentioned above i.e. B series, KCA series, and Gawn series are already
outdated and need some improvement to be suited to a modern medium speed hull form. These old propeller series
are not efficient aswhat a modern propeller required. Nowadays, more ships are using the state-of-the-art propeller,
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therefore a new modern propeller series is needed for modern medium speed vessel with moderate to a high skew for
less noise and vibration. This is the main reason on why we need forourown new up to date propeller series with a
high skewblade profile. This propelleris a fixed-pitch propeller which have a moderate blade skewand camber. The
aim forthisprojectisto develop the 3D modeland the CAD drawingfor4,5, 6 and 7 bladed propellers with blade
area ratio from 0.4 t0 0.758. The series will have a range of pitch diameter ratio from0.40to 1.2.

A sample of 6 bladed propellers was 3D printed using PLA or Polylactic Acid plastic material. The sample
is at 250 mm in diameter.

In a preliminary design of shipsand propellers, it is commonto choose propellers usinga standard propeller
series. A propellerseries, is a range of a propeller which were varied in its pitch diameter ratio, expanded blade area
ratio, number of blades and rake angle. To find the optimum propeller for the specific design is by using propeller
open waterdiagramforthesaid propeller series.

This Wageningen B series is the most extensive and widely used propeller series as reported by Carlton
(2018). The extentof the propeller seriesis shown in Table 1. The B seriesare from 2 bladed to 7 bladed propellers.
Theblade arearatios are from 0.30to 1.05. The pitchdiameter ratios are from 0.5to 1.4.

Table 1 The range of theWageningen B series

No of
blade BLADE AREA RATIO AE/AQ
2 0.30
3 0.35 0.50 0.65 0.80
4 0.40 0.55 0.70 0.85 | 1.00
5 0.45 0.60 0.75 1.05
6 0.50 0.65 0.80
7 0.55 0.70 0.85

Propeller B-Series, or best known as Wageningen, is a propeller often used specifically for the form of ship
merchant. The B-Series propeller's shape is very basic. The B series propeller blade section consist of aerofoil and
segmental section. The aerofoils blade section starts from 0.2Ratends at radius fraction 0.5R. The segmental section
startsfrom 0.6R to 1.0R. This can beseen in the general plan of B5-screw series showing the blade section profile for
B5.45,B5.60,B5.75and B5.105 in Figure 1. The newly developed FP series propeller was based on the Wageningen
B series propellerand BB series section profiles.
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Figure 1 The general planof B5-screw propeller series (Carlton, 2018)

The Wageningen B-series has a moderate skew of 13.7 degree. Inthe FP series, this skew angle was increased
to41to 45.1 degrees. Therefore, makingthe FP seriesas a high skew propeller series. The pitch distribution of the B
series is at full pitch from 0.60R to 1.0R, but only 80% pitch for radius fraction 0.2R to 0.5R. The FP series pitch
distribution followed exactly asthe B series propeller. The hubratio of the B seriesis at 0.169.

The AU series was developed in Japan by Yazaki (1962). This propeller series is almost similar to the
Wageningen B-series. The development of this Au-outline type propeller is the result of "AU type Aerofoil". This
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propeller series is complementary to the Wageningen B-series in severalways, but it hasnot achieved the universal
success of the B-series outside of Japan.
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Figure 2 The sectionand profileof the AU 4-70series (Yazakiand Takahashi, 1969)

The propellerblade varied from 4 bladesto 7 blades. The expanded blade area ratio e xtended from 040 to
0.758. The pitchdiameter ratioswere varied from 0.4to 1.2. The rake angle is set at 0 degree and 10 degrees. Thehub
ratio isat 0.180. The newly developed FP series followed the range of the AU series exceptforthe5 bladed propeller
where the expanded area ratio ischanged from 0.65 to 0.75. The section profile of the AU series is shown in Figure
2. The section usedaerofoil sectionfrom0.2R to0.5R. The segmental section is used at radiusfraction0.6Rto 1.0R.
The Au series also has a moderate skew at 13.8 degree similar to the Wageningen B series. The details of the AU
series, can be foundin Carlton (2018).

The Gawn serieswas developed by Gawn (1952). Gawn (1952) tested a series of 37 threebladed propellers
coveringrangeof pitch diameter ratios from 0.4 t02.0. Thebladearearatios covera range from0.2to1.1. The Gawn
propeller was tested at 503 mm in diameter. The illustration of the Gawn series propeller is shown in Figure 3. The
Gawn series has a uniform face pitch, segmental blade parts, constantblade thickness ratio, namely 0.060, and a boss
diameterof0.2D foreachofthepropellers. The propeller did nothave any skewanddid not haveany rake. The blade
section is segmental as described earlier. The maximum thickness locationis at 50% of the chord length.
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Figure 3 Blade outline ofthe Gawnseries (Carlton, 2018)

The details of this Gawn series canbe foundin Carlton (2018). As this propeller is outdated and suitable for
high speed vessel, none of the geometry of the Gawn series is chosen for the FP series propeller.

The KCA series was developed by Gawnand Burrill (1957). Gawn and Burrill (1957) tested a series of 30
three bladed propellers covering range of pitch diameter ratios from 0.6 to 2.0. From 1950 to 1955, the detailed
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research period consisted of over 3000 propeller measurements and some 1600 photos in patterns of cavitation. At the
University of Newcastle upon Tyne, England, this propeller sequence was tested in the cavitation tunnel. As the
cavitationtunnelwas used and subsequently, the propeller array, rather than the towing tank, was a variety of dif ferent
cavitation numbers have been tested. The blade area ratios cover a range from 0.5to 1.1. The KCA series propeller
was tested at 406 mmor 16 inches in diameter. The illustration of the KCA series propeller isshown in Figure 4.

I 1.0R

Parent Propeller Table of chord lengths

Diameter 16.0in Non-dimensional radius

Blade thickness fraction 0.045

Boss diameter ratio 0.20 0.25 | 0.375 | 0.50 | 0.625 | 0.750 | 0.875 | 0.9375
Number of blades 3 1.212 |1.139 | 0.
Direction of rotation ~ RH Ciase [0608] 081 | 100 |'1:140 i
Blade area ratio 0.80 Sections symmetrical about directrix

Figure 4 KCAblade outline (Carlton, 2018)

The KCAseries has segmental sectionateachradius fraction. This series did not haveany skew. This series
had a uniform face pitch, segmental sections over the outer half of the blade, and in the innerhalf. The flat faces of
the segmental sections were lifted at the leadingand trailingedges. The KCAseries did not have any rake. The hub
ratio isat 0.20. Asthis propeller design is moresuited fora high-speed or naval craft, the profile and the section shape
arenotchosenfortheFP series. The details of this KCA series can be found in Carlton (2018).

The Newton-Rader propeller series was developed by Newton and Rader (1961). They tested the propeller
series in a cavitation tunnel. The series was tested in a comparatively small collection of 12, three-bladed propellers
designed for high-speed craft propulsion. The Newton-Rader propeller series was designed to have pitch ratios
between 1.04 and 2.08 and blade area ratios between 0.48 and 0.95. The extent of this propeller series are listed in
Table 2. The profile, the transverse view andthe section of the Newton-Rader series propeller is shown in Figure 5.

Table 2 Extent of theNewton Rader series

BAR FACE PITCH RATIO

0.48 1.05 1.26 1.67 2.08
0.71 1.05 1.25 1.66 2.06
0.95 1.04 1.24 1.65 2.04
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Figure 5 Newton Rader series blade form

The propeller series, had a diameterof 254mm (10 in.). The propeller series has a constant face pitch ratio
of 1.2 andablade area ratio of 0.750. This propeller has a non-linear blade thickness distribution with a blade thickness
fractionof 0.06. The blade sector structure was basedon a =1.0 mean line of the NACA with a superimposed quask
elliptic thickness form. The series was constructed in such a way that the series propellers could have the same
distribution of camberratio as the parent propeller. As this propeller design is more suited fora high-speed or naval
craftsimilarto the Gawnand KCA series, the profile and the section shapeare not chosen for the FP series. The detail
of this Newton-Rader propeller series can be foundin Carlton (2018) and Newton and Rader (1961).

PROBLEMSTATEMENT

The existing propeller series are already outdated and need some improvement for modern medium speed
hull-form. The Wageningen B series, Gawn series, KCA series are old series thatmaybe not thatefficientaswhat the
modernpropeller required. With the introduction of the energy efficientdesign index or EEDI, animprovement of the
propeller design in reducing fuel consumption is required. Thus, this is a driving force for the development of new
propeller series. A new modern propeller series is needed for modern medium speed vessel with moderate to high
skew (for less noise and vibration). Therefore, a new modern propeller series is needed for modern medium speed
vessel. In this project, the geometry of the newly designed propeller is developed.

General, EEDI is the Energy Efficiency Design Index for new ships hasindeed beenmade mandatory. EEDI
is a rule madeforallnewly designedships by the International Maritime Organisation orthe IMO, which must meet
the EEDI index, otherwise the ship would not be authorised. EEDI is a measure of how muchengine power is used
by each emitted pollutant gas.

One measure in gettingthe EEDI improved is by gettingan efficient propeller. Therefore, in this project, it
is the aim isto develop an up-to-date propeller to cater the needs for modern vessels.
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RESEARCHMETHODOLOGY

Before anymodelling canbe donein PropCAD, the blade thickness of the propeller needto be defined earlier.
This estimationofthebladethickness was based on Bureau Veritas Class rules on Propeller, NR 467 (Bureau Veritas,
2020). Once, the blade thickness is defined using the BV rules, the modelling of the FP series propeller can be done
in PropCAD. The FP series propeller which consisted of 62 propellers then were varied in its pitch diameter ratio,
expandedarearatio, skewtip angle and rakeangle.

The 3D modelin PropCAD were enhanced in Rhinoceros in order to make the propeller asin a solid form.
Inthe PropCAD, the offset tables and the 2D CAD drawings were producedand printed out. Oncethe solid propeller
modellingwas completed, the 3D printing of a sample of propellerwas printed.

Developmentof FP series propeller

The range of the newly developed MIMET FP series were based on the AU series range (Carlton, 2012)
which consist of4 to 7 blades propeller. The pitch diameter ratios were varied for 0.4to 1.2. The expanded area ratios
were varied from 0.4 t0 0.758. The skew at the tipwassetat 0.15. The bossratio wassetat 0.15. The rake angle is
also varied at two positive rake at 0 degree and 10 degrees. The details of the FP series range are listed in Tablke 3.
These variations were used in the modeling of the surface in PropCAD. These values will be the input in the editing
the section data. The identification of the FP propeller series is designated as XZ_BARXX_PDXX, where the first
term isthe number of blade, thesecond is the expandedarea ratio, and the third is the pitch diameter ratio.

Table 3 The range of MIMET FP series.

NUMBER 4 5 6 7
BLADES
PITCH 0506 | 0406 |0406 | 0507 | 08 0.8
RATIO 0810, | 0810, |08 1.0 | 09 1.1

1.2 1.2 1.2
DIAMETER | 0.250 0250 | 0250 | 0250 | 0250 | 0.250
(m)
EXPANDED
AREA 040,055 | 050 0.75 055 | 055 | 065
RATIO 0.70 0.758
SKEW TIP 0.15 0.15 0.18 018 | 015 0.18
BOSS 0.180 0180 | 0180 | 0.180 | 0.180 | 0.180
RATIO
RAKE 10, 0 10, 0 10, 0 10,0 | 100 | 100
ANGLE

Modelling the FP seriesin PropCAD

The steps for modelling the FP series in PropCAD is shown in a flow chart as in Figure 7. The steps in
modellingthe surface ofthe propeller blade, starts with editing the section data. The first input data to be keyed-inis
the diameter of the propeller. Then theexpanded area ratios of the propeller were keyed-in in the section data according
to Table 3. Then the rake angle and the expanded skewat the tip over D were keyed-in in the section data. Once all
the datawere keyed-in, all these changes are accepted by clicking the ‘build’ buttonand also the ‘refresh’ button.

The nextstepisto edit the hub data. The key-in values thatare needed in the hubdata are (1) the hub length
(2) the forward hubdiameter (3) mid hub diameter (4) Aft hub diameter (5) Shaft diameter (6) Shafttaper (7) the root
radiusand (8) the locationof the propelleraxis.

The principal data forinstance (1) the diameter (2) nominal pitch and (3) number of blades were keyed-in in
the prop summary table at the main menu screen. To add thickness to the blade section which were pre-calculated
using BV rules on propeller, were added in the ‘Prop Builder’ where the thickness rule was selected as ‘User’. The
radius fractionr/R was change to 0.25 with the correct thickness. More explanation on howthe blade thickness was
calculated isexplainedin section4.2. An example of a complete propeller built in PropCAD is shown in Figure 8.
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SECTIONS DATA | GEOMETRY AT 0.3 |
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FILE | SAVE CAD VIEW AS AUTOCAD
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SAVE

FILE | EXPORT | RHING 3 MACRD | SAVE

Figure 7 The flowchart ofthe modellingthe 3D modelin PropCAD
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Figure 8 3D view FP series propeller in Propcad software
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RESULTS AND DISCUSSION
Blade thickness calculation using Bureau Veritas Classification Rules.

The blade thickness is required to be at a certain thickness as to provide some structural strength to the
propellerblade. The bladethickness for the FP series propeller were determined using the NR467 classification rules
from Bureau Veritas (2020). There are six calculations thatare described in Bureau Veritas (2020) whichare (1) blade
thicknessat0.25R (2) blade thickness at 0.60R (3) blade thickness at 0.25R for propeller having skew more than 25
degrees but lessthan 50 degrees. (4) blade thickness at0.60R for propeller having skew more than 25 degrees but less
than 50degrees (5) blade thickness at 0.9R for propeller having skew more than 25 degrees but less than 50 degrees.
(6) the radius at theblade root.

The maximum thickness at 0.25 R in mm for a solid propeller is not to be less than what is obtained in
Equation1.

{p Y CF
1.5%10° p. M, +51.5] % | BIN*E
fos =32 1. S

I-R,
(Equationl)

The equation 1 istaken from NR467 classificationrules, Bureau Veritas (2020) (pg. 183), where:
F is the material factorasindicatedin Table 4.
Pisp = D/H.

H is the mean pitchof propeller, in m. When H is not known, the pitch at 0.7 radius from the propeller axis
HO0,7 maybe usedinstead of H.

D is the propeller diameter, in m.

MT is the continuous transmitted torque, in KN.m; where not indicated, the value given by the following
formula maybe assumed for MT: MT =9.5 (P/N).

P is the maximum continuous power of propulsion machinery, in kW.
N is the rotational speed of the propeller, in rev/min.
¢ is the density of blade material, in kg/dm?, as indicated in Table 4.
B is the developedarearatio.
His therake,inmm.
L is the expanded width of blade section at 0.25 radius from propelleraxis, in mm.
The maximum thicknessat0.6 R in mm fora solid propelleris not to be less than whatis obtained in Equation 2.

43 i ’
1.5x10% o, M, +18.4.5 D | BINR
; 1100/

fos =19 /- 106-R,

(Equation 2)
where:
posis D/HO.6
Hosis the pitch at0.6 radius fromthe propelleraxis, in m
los is the expanded width of blade sectionat 0.6 radius from propeller axis, in mm.

The maximumthicknessat 0.25 R in mm fora solid propeller having skewangles between 250 and 500, is
not to be less thanwhat is obtained in Equation 3.
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li02s = fo,zs(

0.92 +0.00320) (Equation 3)
The maximumthicknessat0.6 R in mm for a solid propeller having skewangles between 25°and 50° is not
to be less thanwhat is obtained in Equation 4.

ty 06 = 105(0.74+0.01290—0.0001*) ( )
Equation4

The maximumthicknessat0.9 R inmm fora solid propeller having skew angles between25°and 50° is not
to be less thanwhat is obtained in Equation 5.

[y =1,,(0.35+0.00150) (Equation 5)

Theradiusatthe blade rootcan be calculated using the formula as obtained in Equation 6.
Radiusofblade root =% x to2s (Equation6)
where:

ts-025is the maximum thickness, in mm, of skewed propeller blade at the section at 0.25 is the radius from
the propelleraxis.

to.2s is the maximum thickness, in mm, of normal shape propeller blade atthe sectionat 0.25 radius from the
propelleraxis.

ts06 is the maximum thickness, in mm, of skewed propeller blade at the section at 0.6 radius from the
propelleraxis.

tos is the maximum thickness, in mm, of normal shape propeller blade at the section at 0.6 radius from the
propelleraxis, obtained by the formula in [2.2.1]

ts-09 is the maximum thickness, in mm, of skewed propeller blade at the section at 0.9 radius from the
propelleraxis.

v is the skewangle.

The values for the maximum torque mt and the shaft speed N were obtained from Mustaffa Kamal (2016).
These values were based onthe powering of a medium-speed wave-piercing catamaran. Theseinputdata are listed in
Appendix 1. All the input data listed in Appendix 1 are in fullscale. The scale ratio is 1:13.6. The propeller diameter
D, mean pitch of propeller H, rake angle h were varied in 62 propellers. The expanded width of blade sectionat 0.6
radius from propelleraxis | _06, theexpanded width ofblade sectionat0.251, and thepitchradius from the propeller
axisat 0.6 H_06 needto be taken tobe calculated for the results in this project. The skewangle v for the propeller was
takenfrom PropCAD.

Thedatato be include in a blade thickness calculation is the material factor f, the minimum tensile strength
of blade material Rm, density of blade material 8, where Nickel-Manganese Bronze was chosen for the FP series
propellerto fulfilthe suitable strength forthe modern speed vessels. All the values mentioned above is shownin Table
4,

Table 4 Normallyused materials for propeller blades and hub (Bureau Veritas, 2020).

Material Rm [ f
Comman Bronze 400 83 7.6
Manganese 440 83 76
Bronze
Mickel-
Manganese 440 8.3 79
Bronze
Aluminium 590 76 8.3
Bronze
Steel 440 79 9.0
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Calculation of Blade Thickness using Matlab

The calculations of the blade thickness as mentioned earlier were programmed in Matlab. All the
programmingwas done using the editor in Matlab using the m file format. This is to make the repetitive calculation
easierandwithout any humanerror in the calculation. From the propeller diameter in full scale mustbe converted into
model scale by using the formula 1=Ds/Dw. Second, calculate the mean pitch of the propeller and with the design
speed of the catamaran forthe modern speed vessel.

The transmitted torque and the shaft speed of propeller were taken from Mustaffa Kamal (2016) (pg.100)
(pg.119) forthe calculation of the maximum thickness of blade. The values fromthe thicknessat 0.25R in full scale
must be converted back into model scale. There blade thickness was then calculated according to equation 1 to
equation 6 asshownearlier. The expanded width of blade section at 0.6R was taken from PropCAD. The code of the

Matlab programmeis shown asthefollowings:

clc
clear

%% input data - All the inputs shall be in full scale

f =7.9; % Material factor asindicated in Table 4

D =3.4; % Propeller diameterin m

H =3.4; % Mean pitch of propeller,in m. When His not known, the pitch at0,7 radius
% fromthe propeller axis HO,7 may be usedinstead of H

Mt =80; % Continuous transmitted torque, in kN.m;

delta =8.3; % Density of blade material, in kg/dm3, asindicated in Tab 3

B =0.40; % Developedarearatio

| =581.264; % Expanded width of blade sectionat 0,25 radiusfrom propeller axis, in mm

N =150; % Rotational speed of the propeller, in rev/min

h =299; % Rake, in mm

z =5; % Number of blades

Rm =440; % Minimum tensile strength of blade material,in N/mm2.

v =45.1; % Skew angle in degree

lamda =13.6; % Scale ratio, Ds / Dm

H_06 =3.4; % Pitch at 0,6 radius fromthe propeller axis,in m

I_06 =758.472; % Expanded width of blade sectionat 0,6 radius from propeller axis, in mm.

%% Rules Calculationfor max blade thickness at radius fraction r0.25,r0.6 and r0.9

P_D_070 =H/D;
P D 060 =H_06/D;
rho =D /H;
rho_06 =D /H_06;

t 025 =3.2*%(f*(((1.5*1076*rho* Mt) + (51*delta* (D/100)A3*B*I*NA2*h))/(1*2*Rm))}*0.5;

ts_025 =t_025* (0.92+ (0.0032*Vv));

t 06 =1.9%(F*(((1.5%10%6*rho_06*Mt) + (18.4*delta*(D/100)* 3*B*1* NA2*h))/(_06*z*Rm)))0.5;
ts_ 06 =t_06 * (0.74 + (0.0129*V)-(0.0001*vA2));

ts_ 09 =t_06*(0.35+(0.0015*v));

%% Converting to model scale

ts_025_model =ts_025/lamda;
ts_06_model =ts_06/lamda;
ts_09_model =ts_09/lamda;

min_radius_root =(3/4)* ts_025_model
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% Displaying the results

fprintf ('Thickness at 0.25R (in mm, model scale) =')
disp (ts_025_model)

fprintf ('Thickness at 0.60R (in mm, model scale) =')
disp (ts_06_model)

fprintf ('Thickness at 0.90R (in mm, model scale) =')
disp (ts_09_model)

fprintf ('"Min. rootradius(in mm, model scale)=")
disp (min_radius_root)

The Matlab programme starts with clearing the data and screenby using the command ‘clc’ and ‘clear’. The
second stepisthe definingthe input data as defined and shown in Appendix 1. The third major stepis the calculation
usingthe BV rules as defined in Equation 1 until Equation 6.

The next stepin the programme is the conversion of full-scale blade thickness to model scale blade thickness.
Therefore, the scale ratio is needed asan input at the beginning of the programme. Then the final step is to print all
the results in thecommand window. The results of the blade thickness calculation using Matlab are shown in Appendix
2. Even though the blade thickness at 0.25R varied from 7.4 mmto 14 mm, only one blade thickness was chosen for
the building of the 62 FP series propellers. The chosenthicknessat 0.25Risat 14.88 mm.

The 2D CAD drawing

The 2D CAD drawingwas obtained from the PropCAD software. This was achieved by savingthe current
PropCAD file to an AutoCAD drawing file in a .dwg format. Initially the PropCAD 2D view is available in the
PropCAD software itself asshown in Figure 9, but for further documentation, the file is neededto be convertedto an
AutoCAD file. The 2D drawing consists of three views which are (1) the profile view (2) the transverse viewand (3)
the expanded view. Apartfrom that the radius fraction r/R from 0.2Rto 1.0R, the maximum blade thicknesst at each
radius fraction, the local pitch p at each radius fraction, the local radius r, local skew at each radius fraction and
expandedwidth orsection chord length at each radius fraction.

The propeller particulars were also included in the 2D CAD drawing such as rotation direction, number of
blades, fulldiameter, nominal pitch, expanded area ratio, rake aft, skew, material type, density, design power, design
RPM and the thickness rules used.

Figure 9 CADview of FP series propeller
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The offsettable of the FP series.

The offset table was obtained from the PropCAD software. This was achieved by exporting the current
PropCADfile to a PropCAD offset file in a off format. In the beginning of the offset table, the particulars suchas the
chord, the maximum thickness, the skew, the pitch, the pitch angle and the rakeangle ateach radius fractionare listed
asin Table 5. Then, the offsets are shown in three ways, (1) 2D offsets (2) 3D XYZ offsets, (3) 3D radial offsets. In
the beginning of thetable of offsets, the particulars of the section data are shown as listed in Table 5. The columns in
table 5 are (1) the radius fraction, (2) thelocal radius, (3) the chord or the expanded width, (4) the maximum thickness
(5) the skew length (6) pitch (7) the pitchangle and (8) the rakeangle.

Inthe 2D offsets table, the coordinates X, y at the back and the coordinate x, y at the face are listed from the
leadingedge LE to the trailingedge TE. In between the LE and TE, there are stations from 2.5,5. 10 to 95 as shown
in Figure 10.

Figure 10 Blade Section Stations

In the 3D XYZ offsets table, the coordinates of x, y and z for radius fraction 0.2R to 1.0R are listed. This
coordinate system is using the three dimensional cartersian coordinates system. In the 3D radial offsets table, the
cylindrical coordinates of'r, 6, ¢ were used to represent the coordinates of the blade surface. The illustration of the
Cartesian coordinate systemisshown in Figure 11 (a) and the illustration of the cylindrical coordinate system is shown
in Figure 11 (b). An example of thecoordinated being applied to a propeller blade is shownin Figure 12. Theexamples
are shown for FP propeller4Z_BAR040_PD10to7Z_BAR055 PD080_RAOQin Figure 17.

AZ z °
P(xy,2) 3669

Figure 12 The 3D XYZ coordinates at a propeller blade.
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Table 5 Table of section particulars

R r C MT SK P P4° RL
0.2000 25.000 39.790 17.950 -13.770 241.950 57.01 0.0
0.2500 31.250 42.750 16.880 -15.040 251.640 52.04 0.0
0.3000 37.500 45.550 15.800 -16.150 261.300 47.96 0.0
0.4000 50.000 50.300 13.650 -17.220 280.650 41.78 0.0
0.5000 62.500 53.820 11.500 -15.910 285.170 36.93 0.0
0.6000 75.000 55.780 9.350 -12.350 300.000 3248 0.0
0.7000 87.500 55.890 7.200 -6.030 300.000 28.62 0.0
0.8000 100.000 | 53.040 5.050 4.230 300.000 25.52 0.0
0.9000 112,500 | 44.710 2.900 18.500 300.000 23.00 0.0
0.9500 118.750 | 35.660 1.830 28.000 300.000 21.50 0.0
0.9800 121.880 | 26.220 1.290 32.810 300.000 21.39 0.0
0.9900 123.440 | 19.100 1.020 35.160 300.000 21.15 0.0
1.0000 125.000 0.750 0.380 37.500 300.000 20.91 0.0

Modelling the FP seriesin Rhinoceros.

To make thepropelleris solid form, further modelling is needed in orderto closeallthe gaps in between the
propeller blade surfaces. The improvements to be madeare (1) closingthe trailingedge gaps (2) closing the tip gaps
(3) making radius fillet at blade root (4) arraying the number of blades (5) trimming the inner surface of the blade
palm inthehuband (6) joining all surfaces. The details of the steps in making a solid propeller in Rhinoceros is shown
in Figure 13.

RHINO | OPEN | TOOLS | COMMMAND |
READ FROM FILE | OPEN BLADE FILE TEXT
| ENTER | OPEN HUB FILE TEXT | ENTER

DOUBLE RIGHT CLICK AT PERSPECTIVE
VIEW | CHOOSE AND CHANGE TO SHADED

DELETE HUB CURVE | DELETE BLADE
POINT CLOUD

SURFACE | FILLET SURFACE | KEY IN
RADIUS | CHANGE EXTEND = NO |
CHANGE TRIM = YES | ENTER | SELECT

CURVE | CURVE FROM OBJECT |
DUPLICATE EDGE | SELECT
CURVE RIGHT AND LEFT SIDE
BLADE TO DUPLICATE | ENTER

SURFACE | SWEEP 2 RAILS |
SELECT RIGHT CURVE OF BLADE |
SELECT LEFT CURVE OF BLADE |
SELECT TOP CURVE AND
BOTTOM CURVE OF BLADE |
ENTER

SURFACE | EDGE CURVE | SELECT
RIGHT AND LEFT SIDE OF EDGE
CURVE | SELECT LINE CURVE |

ENTER

CURVE | CURVE FROM OBJECT |
DUPLICATE EDGE | SELECT ALL
CIRCUMFERENCE OF BLADE ON

ON RIGHT VIEW | FIND CENTER
AND LEFT CLICK | ENTER | KEY
IN BLADE NUMBER | ENTER

ON PERSPECTIVE VIEW | TRIM
| SELECT CIRCUMFERENCE
CURVE OF BLADE ON HUB |

ENTER | CLICK ENTER IN HUB

UNHIDE HUB (IF HIDE) | SELECT
ALL BLADE AND HUB SURFACES
| CLICK JOINT TO JOINT ALL
TOGETHER | ENTER

CLICK ON THE END OF BLADE |
HIDE | DELETE ALL CURVE |

NHI
BLADE | SELECT HUB | ENTER HUB | ENTER bt
CURVE | FREE FORM | INTERPOLATE ON
SURFACE | CLICK ON HUB | MAKE A LINE SELECT ALL SURFACE OF BLADE | FILE | SAVE

TO JOINT BLADE TOGETHER FROM ONE
POINT TO ONE POINT | ENTER

Figure 13 Modelling FP Seriesin Rhinoceros 3D

JOINT | ARRAY | POLAR ARRAY
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Figure 14 (a) The making of root filletand (b) the closing of the trailing edge of the blade in Rhinoceros
|

Figure 15 The completedsolid propeller after polar arrayingandjoiningall the blade surface and hub together.

41_BAR040_PD10 51_BARO75_PD10_RAO 5Z_BAR050_PD10_RAO

61_BAR070_PD50_RAO 71_BAR0758_PD080_RAOQ 71_BAR055_PD080_RAO

Figure 16 The examples of completed FP series

102



VOL 11, NO. 2, 2020 MARINE FRONTIER@UNIKL MIMET ISSN: 2180-4907

An example of making the root fillet and closing the trailing edge in Rhinoceros is shown in Figure 14 @)
and (b). Thecompleted solid 3D propelleris shown in Figure 15. The complete solid file is then saved in a 3dm format.
Six examples of a completed and rendered FP propeller series for 4Z_BAR040_PD10,5Z_BAR075_PD10 RAQ,
5Z_BARO050_PD10_RAO0, 6Z_BAR070_PD050_RAO0, 7Z_BAR0758 PD080_RA0and 7Z_BAR055_PD080_RAD
are shown in Figure 16.

3D printing of the FP series propeller.

A sample fordisplay was made using 3D printer. The printingwas outsourced to LZ 3D Printing Malaysia.
The cost of the printing is at RM59 where the rate is at RM0.20 per gram. The total weight of the propeller is 210
grams without the base support. This was cheaper than other 3D printing company, where AA3D Printing &
Engineeringrate isat RM0.70 per gram wherethe total costisat RM210.00. The 3D printer is the ‘Fused Deposition
Modelling (FDM) type printer. The material used for the propeller 3D printing is Polyactic Acid Plastic or PLA. The
PLA materialchosenis PLA Black. The propellerwas printed in model scale where the diameter of the model scale
propelleris at 250 mm.

Figure 17 (a) Setting of 3D printingusing STL file (b) infill ratio (c) The layer thickness of 0.2 mm (d) complete
printed propeller

(c) (d)

Figure 18 The 3D printing process (a) the supportbaseis printed (b) printingin progress (c) completed printed
propeller (d) propeller removed fromthe support base.

103



VOL 11, NO. 2, 2020 MARINE FRONTIER@UNIKL MIMET ISSN: 2180-4907

The settingof the 3D printer is with 20% infilland 0.2 mm layer height. The 20% infill layer means that in
the solid propeller, contained 20% PLA material and the rest of 80% areair cavity. The source file forthe 3D printer
is in STL format, therefore in Rhinoceros the 3dm file format need to be converted into STL file format before the
printing process. This can be achieved by saving as the 3dm file into a STL file. The setting using the STL file is
shown in Figure 17 (a), where the infill ratio canbe seen in Figure 17 (b). The layerthickness of 0.2 mm can be seen
in Figure 17 (c). Then complete printed propeller canbe seenin Figure 17 (d). The actual printing is shown in Figure
18, where in Figure 18 (a) the base is printed, in Figure 18 (b) and (c) the propeller is printed on the base that was
printed earlier. In Figure 18 (d) the complete printed propeller is shown. The whole printingwas donein 28 hours. A
further polishing and finishing are required to smoothen the propeller surface to an acceptable level for display
purposes.

CONCLUSION AND RECOMMENDATION

The development of the MIMET FP series is presented. As a result of that, a new propeller series for medium
speed vessel were developed in this project.

This report presents the 3D model and the CAD drawing development for 4, 5, 6 and 7 bladed propellers
with blade area ratio from 0.4 to 0.758 which range from 0.4 to 1.2 of pitch diameter ratio. This project existed,
because the existing propeller series such as Wageningen B series, Gawn series, KCA series and Newton-Rader series
are already outdated. This project is meant for the development of propeller series for the modern medium speed
vessels. With the old series propeller, there are maybe not efficient as what the modern propeller needed. Therefore,
in this project the FP series is designed to minimize noise and vibration by usingmoderate to high skewangle. This
project has developed the geometry of the new propeller series with high skewwas discussed earlier in chapter 4. This
project has achieved its objectives by building a modelling of surface in PropCAD and making the propeller into a
solid form in Rhinoceros. The offsetsdata was also produced using PropCAD. Later this table offsets can be used for
3D manufacturing. The offset tables include the chord, pitch diameter ratio, maximum thickness for the propeller
series. But prior to that, the blade thickness was calculated according to NR467 classification rules from Bureau
Veritas, 2020 for strength purposes. Asample of a 3D printed model propeller with a diameter of 250 mmiis printed.
However, the propeller needto be sanded and polished for a high quality finish. Finally, the outcomes of the FP series
propeller have beenachievedto fulfilthe need of therequirements for highly skewed propeller. Overall there were 62
propellers were modelled in Rhinoceros where allthe 62 propellers were varied in its expanded area ratio and its pitch
diameterratio.

REFERERENCES

[1] BureauVeritas, Rules of the Classification of Steel Ships, Part C — Machinery, Electricity. Automation and Fire
Protection, NR467, BV Marine and Offshore, Paris, (2020).

[2] Blount, D.L., Hubble, E.N. Sizing for segmental section commercially available propellers for small craft.
Propellers 1981 Conference, Trans. SNAME, 1981.

[3] Carlton,J.S.. Marine Propellers and Propulsion. UK, Butterworth-Heinemann. (2007)

[4] Emerson, A., Sinclair, L. Propeller design and model experiments. Trans. NECIES, 1978.

[5] Gawn,R.W.L.,Burrill, L.C. Effectof cavitation onthe performance ofa series of 16 in. model propellers. Trans.
RINA, 1957.

[6] Gawn,R.W.L.Effectof pitch and blade width on propeller performance. Trans. RINA, 1952

[7] Gawn,R.W.L.Effectof pitch and blade width onpropeller performance. Trans. RINA, 1952.

[8] Gawn,R.W.L.,Burrill, L.C. Effectof cavitationonthe performance ofa series of 16 in. m odel propellers. Trans.
RINA, 1957.

[9] Lammeren, W.P.A.van, Manen, J.D. van, Oost-erveld, M.W.C. The Wageningen B-screw series. Trans. SNAME,
1969.

[L0]Mustaffa Kamal, I. The Powering Performances of Large Waterjetand Propeller Driven Catamarans at Medium-
Speed. Australian Maritime College. Launceston, Tasmania, University of Tasmania. PhD. (2016).

[L1]Newton, R.N., Rader, H.P. Performance data of propellers for high speedcraft. Trans. RINA, 103, 1961.

104



VOL 11, NO. 2, 2020 MARINE FRONTIER@UNIKL MIMET ISSN: 2180-4907

[12]Oosterveld, M.W.C., Ossannen, P. van. Fur-ther computer-analysed data of the Wageningen B-screw series. ISP,
22,July 1975.

[13]Troost, L. Open watertestseries with modern propeller forms. Trans. NECIES, 54, 1938.

[L4]Troost, L. Open water testseries with modern propeller forms. I1. Three bladed propellers. Trans.NECIES, 1940.

[15]Troost, L. Open water test series with modern propeller forms. I11. Two bladed and five bladed propellers —
extension of the three and four bladed B-series. Trans. NECIES, 67, 1951.

[16]Yazaki, A Design diagrams of modern four, five, six and seven-bladed propellers developed in Japan. 4th Naval
Hydrodynamics Symp., National Academy of Sciences, Washington, 1962.

APPENDIX
Appendix1: InputData for BV Rules Blade Thickness Calculation
f D H mt 5 B 1 N h z Rm v A H_06 1_06
PROPELLER {m) [m) | kNm | kg/dm? mm rev/min mm N/mm? | deg mm
4Z_BAR040_PDO50 7.9 3.4 1.7 30 8.3 0.4 581.264 150 299.2 4 440 43.5 13.6 1.7 758.472
47 _BAR040_PDOGO 7.9 3.4 2.04 30 8.3 0.4 581.264 150 299.2 4 440 41.9 13.6 2.04 | 758472
47 _BAR0O40_PDOBO 7.9 3.4 2,72 80 8.3 0.4 581.264 150 299.2 4 440 38.7 13.6 2.72 | 758472
47_BAR040_PD10 79 3.4 3.4 80 8.3 0.4 581.264 150 299.2 4 440 35.8 13.6 3.4 758.472
47 _BAR040_PD12 79 3.4 4.08 335 8.3 0.4 581.264 252 299.2 4 440 33.2 13.6 4.08 758.472
47 _BAR040_PDO50_RAO 79 3.4 1.7 80 8.3 0.4 581.264 150 0 4 440 43.5 13.6 1.7 758.472
47 _BAR040_PDO60_RAO 79 3.4 2.04 80 8.3 0.4 581.264 150 0 4 440 419 13.6 2.04 758.472
47 _BAR0D40_PDO20_RAO 79 3.4 2.72 80 8.3 0.4 581.264 150 0 4 440 38.7 13.6 272 758.472
47 _BAR040_PD10_RAO 79 3.4 3.4 80 83 0.4 581.264 150 0 4 440 35.8 13.6 3.4 758.472
47 _BARO40_PD12 RAO 79 3.4 4.08 335 8.3 0.4 581.264 252 0 4 440 33.2 13.6 4.08 | 758.472
4Z_BAR0O55_PDO50 7.9 3.4 1.7 30 8.3 0.55 | 799.272 150 299.2 4 440 43.5 13.6 1.7 | 1042.984
4Z_BARO55_PDO60 7.9 3.4 2.04 30 8.3 0.55 | 799.272 150 299.2 4 440 41.9 13.6 2.04 | 1042.984
4Z_BARO55_PDOB0 7.9 3.4 2,72 30 8.3 0.55 | 799.272 150 299.2 4 440 38.7 13.6 2,72 | 1042,984
47 _BARO55_PD10 7.9 3.4 3.4 30 8.3 0.55 | 799.272 150 299.2 4 440 35.8 13.6 3.4 | 1042.984
47 _BARO55_PD12 7.9 3.4 4.08 335 8.3 0.55 | 799.272 252 299.2 4 440 33.2 13.6 4,08 | 1042.984
47 _BARO55_PDO0O50_RAO 79 3.4 1.7 80 8.3 0.55 | 799.272 150 0 4 440 43.5 13.6 1.7 1042.984
47 BAROS5_PDO0O60_RAO 79 3.4 2.04 80 8.3 0.55 | 799.272 150 0 4 440 419 13.6 2.04 | 1042.984
47 _BARO55_PDO0O80_RAO 79 3.4 2.72 80 8.3 0.55 | 799.272 150 0 4 440 38.7 13.6 2.72 | 1042.984
47 BAROS5_PD10_RAOD 79 3.4 3.4 80 8.3 0.55 | 799.272 150 0 4 440 35.8 13.6 3.4 1042.984
A4Z_BARO55_PD12_RAOD 7.9 3.4 4.08 335 8.3 0.55 | 799.272 252 0 4 440 33.2 13.6 4.08 | 1042.984
5Z_BAROS0_PD040 7.9 3.4 1.36 30 8.3 0.5 581.264 150 299.2 5 440 451 13.6 1.36 | 758.472
5Z_BAROS0_PDO060 79 3.4 2.04 80 8.3 0.5 581.264 150 299.2 5 440 419 13.6 2.04 758.472
57_BAROS0_PDO080 79 3.4 2.72 80 8.3 0.5 581.264 150 299.2 5 440 38.7 13.6 2.92 758.472
5Z_BAROS0_PD10 79 3.4 3.4 80 8.3 0.5 581.264 150 299.2 5 440 35.8 13.6 3.4 758.472
5Z_BAROS0_PD12 79 3.4 4.08 335 83 0.5 581.264 252 299.2 5 440 33.2 13.6 4.08 | 758.472
5Z_BAROS0_PD040_RAO 79 3.4 1.36 80 8.3 0.5 581.264 150 0 5 440 451 13.6 1.36 | 758.472
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f D H mt 5 B 1 N h z Rm v A |HO6| 106
5Z_BAROS0_PDO60_RAO | 7.9 | 3.4 | 204 | 80 8.3 0.5 | 581.264 | 150 0 5 440 | 419 | 13.6 | 2.04 | 758.472
5Z_BAROS0_PDO8S0 RAO | 7.9 | 34 | 272 | 80 8.3 0.5 | 581.264 | 150 0 5 240 | 387 | 13.6 | 2.72 | 758.472
5Z_BAR050_PD10_RAQ 79 | 34 | 34 30 3.3 0.5 | 581.264 | 150 0 5 440 | 35.8 | 13.6 | 3.4 | 758472
5Z_BAR050_PD12_RAQ 7.9 | 3.4 | 408 | 335 8.3 0.5 | 581.264 | 252 0 5 440 | 332 | 13.6 | 4.08 | 758.472
5Z_BAROTS5_PD040 79 | 3.4 | 136 | 80 83 | 075 | 872.032 | 150 299.2 5 440 | 542 | 13.6 | 1.36 | 1137.776
57_BARO75_PDO60 79 | 34 | 204 | 80 83 | 075 | 872.032 | 150 299.2 5 440 | 503 | 13.6 | 2.04 | 1137.776
5Z_BARO75_PDO80 79 | 34 | 272 | 80 83 | 0.75 | 872.032 | 150 299.2 5 440 | 464 | 13.6 | 2.72 | 1137.776
5Z_BAR0O75_PD10 79 | 34 | 34 30 83 | 075 | 872.032 | 150 299.2 5 440 | 429 | 13.6 | 3.4 |1137.776
5Z_BARO75_PD12 7.9 | 3.4 | 408 | 335 83 | 075 | 872.032 | 252 299.2 5 440 | 39.9 | 13.6 | 4.08 | 1137.776
5Z_BARO75_PDO40_RAO | 7.9 | 3.4 | 136 | 80 83 | 075 | 872.032 | 150 0 5 440 | 542 | 13.6 | 1.36 | 1137.776
57_BARO75_PDOG0_RAD | 7.9 | 3.4 | 204 | 80 83 | 075 | 872.032 | 150 0 5 440 | 503 | 13.6 | 2.04 | 1137.776
5Z_BARO75_PDO8S0 RAO | 7.9 | 34 | 272 | 80 83 | 0.75 | 872.032 | 150 0 5 440 | 464 | 13.6 | 2.72 | 1137.776
5Z_BAR0O75_PD10_RAQ 79 | 34 | 34 30 83 | 075 | 872.032 | 150 0 5 440 | 429 | 13.6 | 3.4 |1137.776
5Z_BAR0O75_PD12_RAO 79 | 34 | 408 | 335 83 | 075 | 872.032 | 252 0 5 440 | 39.9 | 13.6 | 4.08 | 1137.776
6Z_BARO55_PDO50 79 | 3.4 | 17 30 83 | 055 | 532.848 | 150 299.2 6 410 | 523 | 13.6 | 1.7 | 695.232
6Z_BARO55_PDO70 79 | 3.4 | 238 | 80 83 | 055 | 532.848 | 150 299.2 6 440 | 483 | 13.6 | 2.38 | 695.232
6Z_BAROS5_PD090 79 | 34 | 306 | 80 83 | 055 | 532.848 | 150 299.2 6 440 | 446 | 13.6 | 3.06 | 695.232
6Z_BAROS5_PD11 79 | 34 | 374 | 80 83 | 055 | 532.848 | 150 299.2 6 240 | 414 | 136 | 3.74 | 695.232
6Z_BAROS5_PDOS0_RAO | 7.9 | 3.4 | 17 80 83 | 055 | 532.848 | 150 0 6 440 | 523 | 13.6 | 1.7 | 695.232
6Z_BAROS5_PDO70_RAO | 7.9 | 3.4 | 238 | 80 83 | 055 | 532.848 | 150 0 6 440 | 483 | 13.6 | 2.38 | 695.232
6Z_BAROS5_PD090_ RAD | 7.9 | 3.4 | 306 | 80 83 | 055 | 532.848 | 150 0 6 240 | 446 | 13.6 | 3.06 | 695.232
6Z_BAR0S55_PD11_RAO 79 | 34 | 374 | 80 83 | 055 | 532.848 | 150 0 6 240 | 414 | 136 | 3.74 | 695.232
6Z_BARO70_PDO50 79 | 34 | 17 30 3.3 0.7 | 678.232 | 150 299.2 6 440 | 523 | 13.6 | 1.7 | 884.952
6Z_BARO70_PDO70 79 | 3.4 | 238 | 80 8.3 0.7 | 678.232 | 150 299.2 6 440 | 483 | 13.6 | 2.38 | 884.952 |
6Z_BAROT0_PD090 79 | 3.4 | 306 | 80 8.3 0.7 | 678.232 | 150 299.2 6 440 | 446 | 13.6 | 3.06 | 884.952
6Z_BARO70_PD11 79 | 34 | 374 | 80 8.3 0.7 | 678.232 | 150 299.2 6 240 | 414 | 13.6 | 3.74 | 884.952
6Z_BARO70_PDOS0 RAO | 7.9 | 34 | 17 80 8.3 0.7 | 678232 150 0 6 440 | 523 | 13.6 | 1.7 | 884.952
6Z_BARO70_PDO70_RAO | 7.9 | 3.4 | 238 | 80 3.3 0.7 | 678.232 | 150 0 6 440 | 483 | 13.6 | 2.38 | 884.952

Appendix1: Cont..Input Datafor BV Rules Blade Thickness Calculation

f D H mt 5 B 1 N h z Rm v A |HoO8| 106
6Z_BARO70_PDO90 RAO | 7.9 | 3.4 | 3.06 | 80 8.3 0.7 | 678.232 | 150 0 6 440 | 446 | 136 | 3.06 | 884.952
6Z_BARO70_PD11_RAQ 79 | 34 | 374 | 80 3.3 0.7 | 678.232 | 150 0 6 440 | 41.4 | 13.6 | 3.74 | 884.952
7Z_BAROS5 PDOS0 RAO | 7.9 | 3.4 | 272 | 80 3.3 0.55 | 456.688 | 150 209.2 7 440 | 387 | 13.6 | 2.72 | 595.952
7Z_BAROS5_PDOS0_RAO | 7.9 | 3.4 | 272 | 20 2.3 0.55 | 456.688 | 150 0 7 440 | 387 | 13.6 | 2.72 | 595.952
7Z_BAROG5_PDOSO RAO | 7.9 | 3.4 | 272 | 80 8.3 0.65 | 539.784 | 150 299.2 7 440 | 46.4 | 136 | 2.72 | 704344
7Z_BAROGS PDOSO RAO | 7.9 | 34 | 272 | 80 83 0.65 | 539.784 | 150 0 7 440 | 46.4 | 136 | 2.72 | 704.344
7Z_BARO758_PDOSO_RAO | 7.9 | 3.4 | 272 | 80 83 | 0.758| 629544 | 150 299.2 7 440 | 46.4 | 136 | 2.72 | 821.304
7Z_BARO758 PDOSO_RAD | 7.9 | 3.4 | 272 | 80 8.3 |0.758]| 629.544 | 150 0 7 240 | 46.4 | 13.6 | 2.72 | 821304
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Appendix2 Blade Thickness Calculation Results

RAKE
PROPELLER SERIES NO ts 0.25 is 0.6 s 0.9 radius ANGLE
47 BARO40_PDOS0 11.2962 59673 2,2287 8.4722 10
47 _BARO40_PDOG0 10.3621 54341 2.0304 7.7716 10
47 BARO40_PDOS0 9.0557 4.6747 1.7505 6.7918 10
47 BARO40_PD1O 8.1748 4,1507 1.5607 6.1311 10
47 BARO40_PD12 14.8875 7.5879 2.8672 11.1657 10
47 _BARO40_PDOS0 10.7291 5.8544 2.1862 8.0469 0
47 BARO40 PDOG0O 9.747 5.3108 1.98432 7.3102 0
47 _BARO40_PDOE0 8.3591 4,5348 1.6985 6.2693 0
47 BARO40_PD10O 7.4102 3.9572 1.503 5.5576 0
47 BARO40_PD12 13.7312 7.3585 2.7805 10.2934 0
47 BAROS55_PDOS0 10.0444 51735 1.9322 7.5333 10
47 BARO55_PDO60 9.279 47257 1.7657 6.9592 10
47 BAROS5_PDOS0 8.2156 4.0897 1.5318 6.1617 10
47 _BAROS55_PD10 7.3045 3.6523 1.37332 5.6284 10
47 BAROS5_PD12 13.5138 6.6401 2.5091 10.1353 10
47 BARO55_PDOS0 9.1457 49525 1.8644 6.8622 0
47 BARO55_PDO60 83121 4.5289 1.6922 6.2341 0
47 BARO55_PDOS0 7.1285 3.8671 1.4484 5.3464 0
47 BARO55_PDI10 6.3193 3.4087 1.2817 4,7395 0
47 _BAROS5S5_PD12 11.7097 6.2751 23711 8.7823 0
5Z_BARO50_PDO040 11.3508 6.0026 2.2416 8.5131 10
5Z_BARO50_PDOG0 9.4007 4.8876 1.8262 7.0505 10
5Z_BAROS50_PDO80 8.2481 42115 1.5775 6.1861 10
3Z_BARO50_PD10 1.4729 3.7461 1.4085 5.6047 10
57_BARO50_PDO12 13.3621 6.8372 2.5835 10.1716 10
5Z_BARO50_PDOD40 10.7810 5.8884 2.1530 8.0858 0
5Z_BAROS50_PDO&0 8.7180 4,7501 1.7748 6.5385 0
5Z_BARO50_PDOE0 7.4766 4.0561 1.5192 5.6075 0
5_BARO50_PD10 6.6279 3.5752 1.3443 4.9709 0
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PROPELLER SERIES NO ts 0.25 is 0.6 s 0.9 radius ARNA(li(fE
5Z_BAROS0_PD12 12.2815 6.5816 2.4870 9.2112 0
5Z_BARO75_PDO040 10.0866 5.1362 1.934 7.5649 10
3Z_BARO75_PDOG0 8.5318 4,2421 1.5885 6.3588 10
5Z_BARO75_PDO80O 7.6228 3.703 1.3833 5.7171 10
5Z_BARO75_PD10 7.0178 3.3318 1.2444 5.2633 10
5Z_BARO75_PD12 12.5109 6.0392 2.2594 9.3832 10
5Z_BARO75_PDO40 9.0428 49239 1.8541 6.7821 0
5Z_BARO75_PDOG0O 7.2591 3.9268 1.4533 5.4744 0
5Z_BARO75_PDO80O 6.2483 3.4144 1.2755 4.6862 0
5Z_BARO75_PD10 5.5300 3.0162 1.1265 4,1475 0
5Z_BAROD75_PD12 10.2365 5.5639 2.0816 7.6774 0
6Z_BAROS55_PDO050 10.0147 5.2489 1.9707 7.511 10
6Z_BAROS55_PDOVO 8.0632 4,433 1.6576 6.4224 10
6Z_BAROS55_PDOS0 7.6384 3.8589 1.4355 5.7288 10
6Z_BAROS5_PDI11 6.9912 3.5146 1.3135 5.2434 10
6Z_BAROS55_PDOS0 9.3529 5.124 1.5238 7.0447 0
6Z_BAROS55_PDO70 7.8430 4.,2874 1.6032 5.8838 0
6Z_BAROS55_PDOS0 6.8424 3.7365 1.3553 5.1318 0
6Z_BARO55_PDI11 6.1296 3.3381 1.2476 4,5572 0
6Z_BARO70_PDO50 9.2017 4,7197 1.772 6.9013 10
6Z_BARO70_PDO70 7.8553 4.0072 1.4584 5.5654 10
6Z_BARO7O_PDOS0 7173 3.0421 1.3227 53738 10 |
6Z_BARO70_PDI11 6.6261 3.2083 1.1591 4.9696 10
6Z_BARO7O_PDO30 83233 4.541e 1.7052 6.2442 0
6Z_BARO70_PDO7O0 6.9535 3.8002 1.4210 5.2152 0
6Z_BARO7O0_PDOS0 6.0645 3.3118 1.2367 44,5487 0
6Z_BARO70_PDI11 5.4330 2.9587 1.1058 4.0748 0
7Z_BAROS5_PDO8O 7.7686 3.956 1.4567 5.8265 10
7Z_BAROS5_PDO80 7.1288 3.8673 1.4485 5.3466 0
7Z_BAROG5_PDOB0 7.5401 3.8371 1.4334 5.6531 10
7Z_BAROG65_PDO8O 6.712 3.6677 1.3701 5.034 0
7Z_BARO758_PDOE0 7.2382 3.6082 1.3475 5.4286 10
7Z_BAROD758_PDOB0 6.2151 3.3565 1.2688 4.6613 0
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