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ABSTRACT

Experimental design is a fairly old method of statistically analyzing an experimental prediction. This is used to
replace a fairly old system as well, namely in the form of a trial and error method. Because with this method the
response results approach from a study can be predicted statistically. In this study, we will calculate some torque
values of a propeller on a displacement ship type. Where the ship's operational displacement ship runs on a
Froude number below 0.25, for that the Wageningen B-series propeller type is very suitable for this ship.
Furthermore, dimensional analysis is carried out with variables that affect propeller performance and uses
multivariate combination calculations. The results of the study show the regression equation between the KQ
values of the B-series propeller data and the regression formula with the equation Y = 0.9916x + 0.000835 with
the value of R? being 0.9931. so we try to apply an experimental design method to be validated with the
polynomial results of the B-series propeller on blades 3 to 6, so that the statistical method of this experimental
design is up-to-date in propulsion design calculations.
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Introduction propellers and the condensed loaded tip (CLT) [1],
[2], [3], [4], and [5] and CLT [6, 7, 8] were also
created employing numerically sophisticated
methodologies [3, 4, 6], and optimization techniques
to take full use of tip loading and their superior
performance. In this study's solutions, we will
determine several propeller torque values for a
displacement ship type.

The biggest incentive to improve ship energy efficiency
at the moment is the recent enactment of international
laws for ship emissions and their phased
implementation plan with even stricter limits in a few
years. Significant goals have been attained from a
hydrodynamic perspective, particularly with regard to
advances in propulsive efficiency. The development of
numerical and modelling tools has increased the
popularity of optimization techniques for the
construction of extremely efficient propellers and made
it possible to reliably exploit the performance of typical

These solutions in this study, we will calculate some
torque values on a propeller on a displacement ship
type. Where the ship's operational displacement
ship runs on a Froude number below 0.25, for that
the Wageningen B-series propeller type is very
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suitable for open propellers supported by previous
research, namely the B-series propeller is much better
as an open propeller (both default and with PBCF), while
the Kaplan series is excellent when fitted with ducted
[9].

In general, experimental design is a series of
experimental research conducted. Thus, a series of tests
in which intentional changes are made to the input
variables or factors of a system so that we can observe
them and identify reasons for changes that might be
observed in the output response.

In this experimental design, we use a factorial design
raised to the power of 4 so that we have 16 variables for
the response to the Y value (table.6). this is done to
illustrate the use of factorial designs to develop simple
models in the form of regression equations as a
substitute for complex equations or time-consuming
computer models.

Develop a simple equation model to estimate the
torque coefficient value of the B-series propeller on
blades 3 to 6. Where there are several variables that are
considered influential, namely, Blade Element ratio,
pitch ratio, camber to diameter ratio, and advance
coefficient. Made a minimum limit (-) and Maximum
Limit (-) (table 4).

Methodology

Methodology can be divided in two ways, namely
dimensional analysis and experimental design on B-
Series propeller performance.
Determination of dimensional analysis is carried out by
carrying out several input variables that affect the
propeller torque coefficient. so that in this study we
tried to input 16 variables that might have the potential
to change the output response in the form of the torque
coefficient to be searched for. After that, an equation
for the function of the torque coefficient is created
which contains several variables that have been input.

e dimensional analysis is carried out; priority variables
are selected based on the direction of our research
objectives. The maximum and minimum assessment
limits are carried out.

e Experimental design analysis was carried out with 24
multivariate combinations so that variations were
obtained to get the response output value in the
form of KQ. With 16 calculations, we can estimate 15
effects. Four main effects (A, B, C, and D), and ten
two-factor interactions (CE, AB, BE, CD, AD, AC, BD,
BC, AE, DE),
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e Making a Pareto diagram by making the effect
values of variables and the interactions between
variables made absolute from the highest
absolute value to the lowest, as well as
calculating the coefficients on each variable and
the interactions between variables.

¢ Create a regression equation from the coefficient
values obtained for each variable and the
interaction of variables

¢ As well as proving the calculation of the torque
coefficient value by comparing the calculation
results with regression and B-series propeller
polynomials.

Result and Discussion

This paper has demonstrated the benefits of the
developed on the calculation of the B-series
propeller torque coefficient, can be seen in Table 1.

Table 1. Variables that affect the propeller torque

calculation
Symbol Descriptions | Units Dimension
number of
z propeller - -
blades
skew
0 d d
propellers 8 8
diameter m L
n rpm rpm T!
d
Va spee m/s LT?
advance
Speed 2 2
& gravity m/s LT
p density kg/m?3 mL3
p Picth m L
propeller
Diameter
Dh Hubs m L
Expanded
AE Propeller m? L2
Area
C Camber m L
Chord
ca Lenght m L
Fluid
kg/m?.s? | ML?T?
P Pressure g/m*s
Foil
t L
thickness m
Dynamic
k . MLT?
K viscosity g/m.s
Q Torque kN ML2T2
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Table 2. Dimensional analysis of propeller torque

L T M Variable
1 0 0 D
0 -1 0 n
-3 0 1 p
2 -2 1 Q
1 -1 0 Va
1 -2 0 g

1 0 0 P
1 0 0 Dh
2 0 0 Ao
2 0 0 Ag
1 0 0 C
1 0 0 Ca
-2 -2 1 p
1 0 0 t
-2 -1 1 vl

Table 3. Dimensional analysis of propeller torque after
equation C=A"1xB

Variable
D
n
p

Q
Va
g
P
Dh
Ao
Ae
C
Ca
p
t
vl

So the dimensional analysis equation of the propeller
torque can be written with the following equation:

n
0

[
[

RIRR[IRININ[R[R[R[R|lW|w|lO|~|O
oO|r|O|lO|O|O|O|O|O|O|R|RLR|O|O|D

O|INO|O|O|O|O|O|N|RL|N|O

N
[uny
[uny

lQ V. g PD, ApCC, P t BZJ—O

¢ D5N2p’DN’DN2’D’ D 'D2’D’ D ’'Dn2p’D’D2np’ ']~
O | Yo & DA CCy Pt kg,
DSn2p 'Dn'Dn2’'D’D 'D2'D’D 'Dnp’ D’ D2np’ "’

So, it can be written:

Q =(p[] 8 PDyACC Pt 1 gzl
p n2D® ""Dn2’'D’'D "A,’D’ D’ Dn2p’'D’'D2np’ "’
Description:
= Propeller torque
2
pn’D’
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Vv
a = Advanced Coefficient (J)
Dn
P . : :
— = Pitch/diameter ratio
D
i = Blade area ratio
A
Ca . .
B = Chord length /diameter ratio
C . .
B =Camber/diameter ratio
D, , .
F = hub ratio and propeller diameter

Some equation _& P ,_E _isanon-dimensional
Dn? pp2p D2np

value that has a constant value. Several variable
factors that greatly influence the calculation of the
B-series propeller torque coefficient according to
literature studies from [10] is J, P/D,
Ae/Ao, Z. In this study, C/D was added as a factor
that affects the value of the torque coefficient. thus,
the equation used to do the analysis is:

P Ap C
Q = (p ) J_I)_E)_IZ
p n2D5 D"A,’'D
Table 4. Control Factors
Low | High
Parameter Symbol Level | Level
Number of
A Blade z -1 1
B | Expanded Bar | Ae/Ao -1 1
C | Pitch Ratio P/D -1 1
Ratio Camber
D -
D and Diameter ¢/ 1 1
Advanced
= D -
E Coefficient 1=(Va/n.D) ! !

Table 5. Control Factors and Ranges for Response
Surface Design

Low High

Parameter Symbol Level Level
Number of

A Blade z 3 6

g | Expanded Ae/Ao 05 0.8
Bar

C | Pitch Ratio P/D 0.5 1.1
Ratio

D | Camberand | C/D 0.002 | 0.004
Diameter
Advanced

E Coefficient J=(Va/n.D) | 0.2 1.2
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The data of propeller performance table in the
Wageningen Propeller B-series book was used for
determining KQ diagram and multivariate combinations

can be made:

Table 6. Propeller Performance Table

Std Order RunOrder |[A (B |C |D |E
1 1 17111111
2 2 1 |-1|-1]-1]-1
3 3 171 |-1)-1 -1
4 4 1|1 |-1]-1]|1
5 5 1711 |-1)-1
6 6 1 |11 |-1]1
7 7 1)1 1 |11
8 8 1 |1 1 |-1(-1
9 9 11111 |1
10 10 1 |-1(-1/1 1
11 11 1)1 |11 |1
12 12 1 |1 (-1]1 |-1
13 13 17111 |1 1
14 14 1 |-1|1 |1 |-1
15 15 -1 1 1 |1 (-1
16 16 1|1 1 |1 1

The determination of the KQ value is obtained from the
B-series propeller performance diagram with the types
of number of leaves 3 and 5 and several control factor
parameters described in table 5. The following is an
example of a B-series propeller performance diagram

[11].

FIGURE 21. WAGENINGEN B-SERIES PROPELLERS
FOR 3 BLADES  RAE/AO=~ 0.500
P/D=0.50 TO 1.40

020 0.40 de0 **  Cgen T
ADVANCE COEFF(J)

Figure. 1 B3-50 Propeller Performance Graph

FIGURE 59. WAGENINGEN B-SERIES PROPELLERS
FOR S BLADES RE/AO= 0.800
P/D=0.50 TO 1.40

" 0ed Tos” “100
ADVANCE COEFF(J)

Figure. 2 B5-80 Propeller Performance Graph

Table 7. is a combination of 5 factorials based on the
propeller KQ value obtained from the open water
test propeller diagram.

Table 7. Combination Factors

g':;er Z| Ae/Ao | P/D | ¢/D J KQ

1 305 05 |0002 |12 |00025
2 6|05 05 |0002 |02 |0.015
3 308 05 |0002 |02 |0019
4 608 05 |0002 |12 |0.005
5 305 11 | 0002 |02 |0063
6 6] 05 11 | 0002 | 1.2 |0.006
7 308 11 | 0002 |12 |0003
8 608 11 | 0002 |02 |0077
9 305 05 |0004 |02 |0.012
10 6|05 05 | 0004 |12 | 00035
11 308 05 | 0004 |12 |0.0045
12 6] 05 05 | 0004 |02 |0.013
13 305 11 | 0004 | 1.2 |0.005
14 6| 05 11 | 0004 |02 |0075
15 308 11 | 0004 |02 |0078
16 608 11 | 0004 |12 |0.004

With the DOE analysis run in the multivariate
program it can be seen, the 15 effect estimates
shown in Table 4 are arranged in descending order
by absolute effect sizes and plotted as a Pareto chart
shown in Figure 3. By using a Pareto chart, one can
determine visually several important effects.

Table 8. Estimated Effect (Based on Absolute Order)

Term Effect Coefficient
Constant - 0.02409
E -0.03981 -0.01991
C 0.02956 0.01478
C*E -0.02894 -0.01447
A*B -0.00281 -0.00141
B*E -0.00281 -0.00141
B 0.00269 0.00134
C*D 0.00269 0.00134
A*D -0.00244 -0.00122
A*C 0.00181 0.00091
B*D -0.00169 -0.00084
A 0.00144 0.00072
D 0.00056 0.00028
B*C 0.00056 0.00028
A*E -0.00056 -0.00028
D*E -0.00044 -0.00022

From Table 4 and Figure 3, it is clear that the most
important effects in order of absolute magnitude
are: E (advance coefficient), C (Pitch Ratio), CE
(interaction of pitch ratio with advance coefficient),
AB (interaction of number of leaves with ratio of leaf
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area) propeller), BE (interaction of propeller blade area
ratio with advance coefficient), and BC (interaction of
propeller blade area ratio and Pith).

Pareto Chart of the Effects
(response is Y, Alpha = 0.05)

0.00675

actor Name
A

T
A
B
CE- | c
D
E

moo®

Term

T T T T
0.00 0.01 0.02 0.03 0.04
Effect

Lenth's PSE = 0.002625

Figure. 3 Pareto effect chart

Normal Plot of the Effects
(response is Y, Alpha = 0.05)

Effect Type
® Not Significant
95 uc W Significant

904 Factor Name
A A

B B
c
60 D D
3 E

Percent
8

51 mE

004 -003 -002 -001 000 001 002 003
Effect

Lenth's PSE = 0.002625

Figure. 4 Normal Graph Effect Plots

By using significant effects, one can develop a
regression equation.

V(K_Q) = 0.02409-0.01991(/)+0.01487(P/D)-
0.01447(P/D.J)-0.00141(Z.BAR)-
0.00141(BAR.J)+0.00134(BAR)+0.00134(P/D.C/D)-
0.00112(Z.C/D)+0.00091(Z.P/D)-
0.00084(BAR.C/D)+0.00072
(2)+0.00028(C/D)+0.00028(BAR.P/D)-0.00028(Z.))-
0.00022(C/D.J}

So that data comparison can be made between the Q
value from the open water diagram and the Ks value
from the results of the above formula. The following is
a comparison table.

From figure. 5 show a regression equation between the
KQ values of the B-series propeller data and the
regression formula with the equation Y = 0.9916x +
0.000835 with the value of R2 being 0.9931.
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Table 9. Comparison of KQ data between Propeller
B-series graphs and KQ regression formula

KQ Data KQ Regression
Run Order B-Series Formula Data
1 0.0025 0.00349
2 0.0150 0.01519
3 0.0190 0.01412
4 0.0050 0.00467
5 0.0630 0.05948
6 0.0060 0.00929
7 0.0030 0.00764
8 0.0770 0.08059
9 0.0120 0.01459
10 0.0035 0.00366
11 0.0045 0.00561
12 0.0130 0.01518
13 0.0050 0.00415
14 0.0750 0.07645
15 0.0780 0.07752
16 0.0040 0.00399
Fitted Line Plot
KQ Rumus = 0.000835 + 0.9916 KQ data
0.09 4 S 0.0025486
0.08 { ° Ry o

0.074
0.06
0.054
0.044

KQ Rumus

0.034
0.024
0.01

0.004
O.bO 0.61 0.62 O.b3 0.64 O.bS 0.66 0.67 0.68
KQ data

Figure. 5 The regression equation between the KQ
values of the B-series propeller data and the
regression formula

Conclusion

The present work discusses dimensional analysis and
experimental design on propeller performance. In
this case, the types of well-known series of
propellers are used, namely the B-series. Overall
results The study shows a regression equation
between the KQ values of the B-series propeller data
and the regression formula with the equation Y =
0.9916x + 0.000835 with the value of R? being
0.9931.

Page | 77




B. A, Adietya, et al., IMEST 2022;3

Acknowledgements

The authors acknowledge the facilities, scientific and
technical support form Hydrodynamics Laboratory,
National Research and Innovation Agency.

References

[1]

[2]

3]

[4]

[5]

[6]

Journal of Marine-Earth Science Technology, Volume 3 Issue 3 ISSN: 2774-5449

Mishima, S., Kinnas, S.A., 1997. Application of a
numerical optimization technique to the design
of cavitating propellers in nonuniform flow. J.
Ship Res. 41 (2), 93-107.

Bertetta, D., Brizzolara, S., Gaggero, S., Viviani,
M., Savio, L., 2012. CPP propeller cavitation and
noise optimization at different pitches with panel
code and validation by cavitation tunnel
measurements. Ocean engineering 53, 177-195.
Gaggero, S., Gonzalez-Adalid, J., Sobrino, M.P.,
2016a. Design of contracted and tip loaded
propellers by using boundary element methods
and optimization algorithms. Appl. Ocean Res.
55, 102—-129.

Gaggero, S., Gonzalez-Adalid, J., Sobrino, M.P.,
2016b. Design and analysis of a new generation
of CLT propellers. Appl. Ocean Res. 59, 424—-450.
Breslin, J.P., Andersen, P., 1996. Hydrodynamics
of Ship Propellers, vol. 3. Cambridge University
Press.

Sanchez-Caja, A., Sipil€a, T., Pylkk€anen, J., 2006,
September. Simulation of the incompressible
viscous flow around an endplate propeller using
a RANS solver. In: Proceedings of the 26th
Symposium on Naval Hydrodynamics.

(7]

(8]

(9]

(10]

(11]

Sanchez-Caja, A., Gonzalez-Adalid, J., Perez-
Sobrino, M., Saisto, I., 2012, August. Study of
end-plate shape variations for tip loaded
propellers using a RANS solver. In: Procedings
of the 29th Symposium on Naval
Hydrodynamics, Gothenburg, Sweden,pp. 26—
31.

Sanchez-Caja, A., Perez-Sobrino, M., Quereda,
R., Nijland, M., Veikonheimo, T., Gonzalez-
Adalid, J., Saisto, |[., Uriarte, A., 2013.
Combination of pod, CLT and CRP propulsion
for improving ship efficiency: the TRIPOD
project. In: Proceedings of Third International
Symposium on Marine Propulsors Smp’13.
May 2013, Launceston,Tasmania, Australia.
Adietya BA, Utama IKAP, Aryawan WD, Sutiyo.
2022. CFD Analysis into the Effect of using
Propeller Boss Cap Fins (PBCF) on Open and
Ducted Propellers, Case Study with Propeller
B-Series and Kaplan-Series. CFD Letter. 2022
May  6;14(4):32-42.  Available  from:
https://doi.org/10.37934/cfdl.14.4.3242
Edward V. Lewis (Editor). 1988. Principles of
Naval Architecture Volume |[I: Resistance,
Propulsion and Vibration. Society of Naval
Architects & Marine Engineer. United States
of America.

Bernitsas M. M. D. Ray and P. Kinley. 1981. Kt
Kq and Efficiency Curves for the Wageningen
B-Series Propellers. Ann Arbor: University of
Michigan.

Page | 78



https://doi.org/10.37934/cfdl.14.4.3242

