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Development of Optimum Design B-Series
Propeller with Engine Propeller Matching, A
Case Study 60-Meters Patrol Boat
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Abstract—in preliminary ship design and ship propulsion systems, it is important to have a simple method of determining
the optimization of the propeller diameter and propeller efficiency, as the minimum input data to arrive at a rough estimate
of performance. This problem can be solved using propeller diagrams of the open water test series or polynomial regression.
This research will introduce an optimization method for the design of the B series. The propeller design process, which was
carried out as a single objective function using the MatLab code numerical method, encountered problems due to
cavitation, required propeller thrust and engine propeller matching. Engine propeller matching is the matching of engine
power, the hull and the propeller to achieve design speed with optimal efficiency. This research focus on case study results
of testing a patrol boat with a length of 60 m. By using a computer program, this 60m patrol boat is able to reach a speed of
23.5 knots using a B5-92 and an engine power of 2935 kW with an efficiency of 64.2%. Using the DESPPC program, the
60m patrol boat is able to reach a speed of 23.5 using a B5-989 and an engine power of 2927 kW with an ETA-O efficiency
of 64.5%. It can be concluded that the small computer program can be used as a B-Series propeller optimization method.
For future research, this method will be developed for the other series based on polynomial regression such as Gawn series

and Kaplan series.

Keywords—B series, engine propeller matching, optimation, single objective, small computer program.

I. INTRODUCTION

Two methods can be used in preliminary propeller
design. The first theoretical used propeller design
methods using a computer without the geometry
constraints seen in series propellers [1]. The second is to
use an open water series diagram [2]. In the preliminary
design process of a ship and ship propulsion system, it is
important to have a simple method to the determination
of propeller efficiency, that requires a minimum of input
data to arrive at a rough performance estimate. In such
cases, propeller series can be used. This research focuses
on B series propeller. The B series is one of the most
commonly used series because however, in practice, the
B series data is among the most widely applied in the
industry[3].

In this study, a simple method for optimum design
propeller used the small computer program based on
numerical code has been developed. The propeller design
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specifically to find a simple procedure for determination
of optimum propeller efficiency, applying experimental
results from tests with the B series propellers
polynomials. The small computer program is handled as
a single objective function, experiencing several
problems such as cavitation, engine propeller matching,
required propeller thrust and advance coefficient.

Il. METHOD

The preliminary design propeller problem has been
tackled as a multi-purpose limited optimization problem
[4][5]- In this study, the problems included cavitation,
thrust requirement and engine propeller matching. There
are two main steps for the B series propeller leading to a
simple optimization problem. The first is selection of the
best open water efficiency of each blade. Step two is
comparing all the efficiency values and take the best
value. Two main ways of dealing with 'multi-purpose’
problems, both leading to a single goal optimization
problem is chosen and the other is defined as constraints
and sum of all objectives forms the optimization
objective function [6]. This efficiency open water test
optimization all blades can be seen in formulano 1 [7]:
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where:
X is optimum propeller efficiency of the propeller
type

1] is efficiency of different type of propeller
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Z is the number of blades One easy way of optimization
is to develop a small computer program that calculates
Kt and J as functions for each blade number, blade area,
and pitch ratio.

In this study using 3 main constraints, namely the
efficiency of open water test, cavitation and engine
propeller matching. In addition to the best efficiency, it
is necessary to consider the avoidance of cavitation.

117

The Open water characteristics in Reynold 2 x 10°
numbers can be seen in formula no 11:

4T
K, = Z Co ()50 (P/D) ty (Az [Ag) 1ty (2) v (3)
n=1

o
Ky = ZL Cal)Sn (P/D) by (A2 /A0) tn (D) ¥

Another thing that is not less important is the power
required by :hg bprg?eller.must be matched with the where, C, is the regression coefficient of the thrust and
power generated by the engine. torque coefficients. The values of the coefficients and
A. The Wageningen B-Series propeller exponents in Eq. (3) and (4) are given in (6).
The Wageningen series is the most comprehensive series The eff.|C|ency va]ue of all k?lades will be calculat_ed
. 8]. It contains more for each pitch per diameter ratio and Blade area ratio.
which has been tested by Troost [8]. Then the best efficiency value will be obtained for each
than 120 propellers it includes 2 - 3 -4 -5 -6 and 7 pjage The next step is to compare the best efficiency
bladed propellers with blade areas ranging from 0.30 55 5o that each blade gets the best efficiency.
~1.05. For each blade area and blade number, pitch ratios
in the region P/D = 0.5 ~ 1.4 was tested [9] [10] as in
table 1.
TABLE 1.
WAGENINGEN B-SERIES OF PROPELLERS.
Z Blade Area Ratio
2 030
3 0.35 0.50 0.65 0.80 1.00
4 0.40 0.55 0.70 0.85 1.05
5 0.45 0.60 0.75
6 0.50 0.65 0.80
7 0.55 0.70 0.85
The maximum load on the B series propeller occurs  of propeller design. Cavitation in the propeller cannot be
around 0.75R. Therefore, the Reynolds number of the  eliminated but can be avoided. One way to avoid
radius is used as a representative for all propellers.  cavitation is to increase the blade area ratio suggested by
Reynolds number 2 x 106 has been taken as a reference  Keller 1966 [13].
Reynolds number to represent the experimental results B
series. Meanwhile, when the test was carried out with a
lower Reynolds number, the test results were corrected Ap _ (1.3+032)T7 @)
for this difference. If the calculation result of the _D = (P, —P,)D?
Reynolds propeller number at 0.75R is greater than 2 x mH
106, it is necessary to make corrections by adding to AKr where :

and AKg.
Corsr *+/ [VF + (0,757 n D) (5)

1

Hnn 758 =

where, Co 7sr is the blade chord length at 0.75R and V4 is
the advance velocity in m/s.

B. Optimum function

Optimal goals in the design propeller is the maximum
propeller efficiency (nmax) [12]. That marine propeller
efficiency can be calculated as follows:

] E;
21" K,

(6)

1

The optimum design used in the small computer
program in this research is the highest efficiency value.
Cavitation can affect the performance of the propeller, so
cavitation needs to be avoided in the preliminary process

T is Thrust (N or kN)
Z is the number of blades
Po-Pyv is pressure at centerline in the propeller in N
per m2(or KN per m?)
K is a constant varying from 0 (for transom stern
naval vessels to 0.2 (for high powered single-
screw vessel)

C. Engine propeller matching

Matching point is a point of intersection between engine
characteristics and propeller load characteristics so that
all the power generated by the propulsion engine will be
absorbed by the propeller [14]. At engine speed n, is the
point of rotation of the driving motor that according to
propeller load conditions. The power generated by the
driving motor is the same as the power absorbed by the
propeller. All motor power is absorbed completely by the
propeller. This results in no wasted motor power. So that
it will provide optimal consequences on the use of
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material consumption fuel from the ship's propulsion  does not exist, there is only the propeller rotation
motor to the desired design speed of the ship. indicator. So the determination of the operating speed of
the driving motor in the propeller design is the key to
optimization in the design of the ship's overall
propulsion system.

The indicator that can be seen on the ship is the
engine indicator speed (rpm, or rps) and boat speed
(knots, or mile/hour). While the propeller load indicator

propeller oad at
13 : design conditions
& operating envelope
41
100 MCR propeller load at
EM ] trial conditions
701 CSR . /
] /
SM
/0 power during
&0 J sea trial
50 4
40 .
30
20
[0 e — lg
0 Me
0 10 20 30 40 50 60 70 80 90 100 " [%]

Figure. 1. Engine Propeller Matching [14].

Equal to the power produced by the engine and the resulting ship speed close to (exactly) the planned ship service
speed. Propeller characteristics are as in Figure 1

T  : Thrust deduction factor
o= %p # WEA = CT (8) W : Wake fraction

Py = A ®) I11. RESULT AND DISCUSSION
(1—-¢¥1l—w)?
Tonoe = Ky #p+n®+D* (10) A _llf:]ow chart Small computer program
e small computer program has been developed
specially to find the optimum characteristics of any B-
series propellers used numerical method.
as VP (11) There are 3 main constraints in making the Small
computer program, namely Krgesign, Mminimal AgAo and
Reynolds number. Krgesign IS needed to get thrust in
accordance with Kt requirements. In addition, the Ky
design will be related to Engine Characteristics. It is at
this point of intersection that the Engine Propeller
Matching will be obtained. A minimum AgAo is required
to reduce the risk of cavitation. Reynolds number is
needed to determine the magnitude of AKt and AKq. The
optimum value is obtained from the highest ETA-O
Efficiency value in each blade. Then the optimum value
of 1 blade is obtained. The detail numerical method is
summarized in the flowchart in Figure 2.

Tsair = Topor

Kr

Tt (l—w)ispsnisD*

where :

WSA:Wetted Surface area(m?)

CT : Resistance Coefficient

P : Specific gravity of seawater(1025 Kg/m?)
Tship : Thrust required ship(N or kN)

Torop : Thrust required by propeller(N or kN)
Va :Advanced Velocity(m/s)

Kt : Coefficient Thrust Propeller

n:  : Rotation of propeller in m/s

D : Diameter Propeller(m)
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Input Data : Rr, Vs, Npropetier, h,Diameter Propeller,
wake, thrust deduction factor, The coefficient and
exponents of the regression equations of B-series

propellers.

v

a*VA

2

K Tdesign

A-t)(1-w2)*p*n?*p 4

‘ Number of blade =3-7 ‘

v

AEe

_(1.3+0.32)T g

5

Ao

(Po—Pv)

%2

v

‘ Calculate Reynold Number(Rn) ‘

‘ Calculate AKt & AKq

AKT =0
AKg=0

KT +AKT P

Ko+ AKg [~

‘ Calculate P/D base on ] ‘

v

‘ Find Kr, Kq, n base on Krgesign

v

‘ Find nmax per blade ‘

STOP

Figure 2. Flowchart small computer program for B-Series marine Propellers.

B. Case study 60-meters patrol Boat

The 60 meters patrol boat, according to operational
needs are warships that are prepared as multirole vessels,
as fast patrol boats, combatants, and Combat SAR which
has agile speed and maneuverability and can be operated
optimally in archipelagic seas. [15][16]. Main Functions
60 Meter Patrol Boat has the ability as a fast missile boat

as well as a patrol ship killer with the special hit and run
capabilities in attacking and destroying targets. The 60m
Patrol Boat was chosen to be designed using the MatLab
Program based on Polynomial Regression and Engine
Propeller Matching so that it is expected to get a speed
according to the design speed of 23 knots.

The main dimension of the 60 m patrol boat as in table 2.

TABLE 2
MAIN DIMENSION OF 60 METERS PATROL BOAT.

No. Item Symbol Score Unit

1 Design Speed Vs 23 Knot

2 Displacement A 4502 m?

volume moulded
3 Length over all LoA 59.543 m
Length on

4 waterline Lwl 54.032 m

5 Engine PE 3000 kw

6 Breadth B 8.100 m
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7 Depth
8 Draught on FP
9 Draught on AP
Mass density of
10
seawater
11 Wetted surface
area bare hull
12 Block coefficient
13 Mid ship section
coefficient
Prismatic
14 coefficient

Te
Ta

Cs
Cm

Ce

120

4.900 m

2.570 m

2.570 m
1025 ton/m®
467 m?

0.391

0.563

0.694

The problem is finding the optimal characteristics (P
/ D, J/ Ky, Ko, ETA, n_Blade, Ae/ Ao) of all B types of
twin screw propellers. The diameter of the propeller (D)
is limited to the specified value according to an
acceptable line 60 meters patrol boat to avoid vibrations.

Ship speed (Vs) and ship resistance (Rt) are given from
the model test results of the 60-meters patrol boat. Based
on the main dimensions as presented in Table 2 and the
ship’s lines plan, a ship model is made as in Figure 3

TABLE 3
MAIN DIMENSION OF MODEL 60 METERS PATROL BOAT

No Item Symbol Score Unit

1 Length Over All LOA 3.962 m

2 Length on Water Line LWL 3.654 m

3 Draught surface 0.539 m

4 Displacement (submerge) 0.326 kg

5 Displacement surface 0.171 kg
Ship model material fiberglass determining wake fraction (w) and thrust deduction
Scale model A =15.03 factor(t). The test was carried out in a towing tank. In

The interaction between the hull and the propeller
produces a wake fraction and thrust deduction factor.
The estimation of these two factors greatly influences the
estimation of engine power (Brake Horsepower) and
propeller design. Self-propulsion test is very important in

addition, the test results of this model are for ideal trial
conditions (no currents, winds and waves). The results of
the ship's self-propulsion test are shown in table 4.

Figure. 3. Testing the self-propulsion model at a load of 2.57 meters, Vs = 25 knots
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TABLE 4
SHIP RESISTANCE DATA AND PROPULSIVE COEFFICIENT
OF THE MODEL 60 METERS PATROL BOAT
(T=2.6M, V=454M®, D=466TS, 0% SEA MARGIN

VS (Knot) (El-\lr) t w EtaR
23 257 0.058 0.047 1.002
24 271 0.058 0.047 1.002
25 288 0.058 0.047 1.002
26 301 0.058 0.047 1.002
27 314 0.058 0.047 1.002
28 328 0.058 0.047 1.002
29 341 0.058 0.047 1.002
30 355 0.058 0.047 1.002
31 368 0.058 0.047 1.002

C. Developed Small Computer Program

The Small Computer program is specifically designed to
calculate the optimal performance of each propeller B-

in Figure 4.
TABLE 5
INPUT DATA COMPUTER PROGRAM
Lower Upper .
Input Data . B Unit
P Limit Limit

Ship Resistance(RT) 257 368 kN

Ship speed 23 31 knot

Number of Propeller Blades (Z) 3 7

The diameter of propeller(D) 1.800 1.800 m

Specific gravity of seawater 1025 1025 kg/m?

Grafity 9.8 9.8 m/s

Vapour pressure 1700 1700 Pascal
B Editor - C:\Users\Draeger\Documents\Disertasi 53 Cahya Kusuma\Hasil Matlab\keller81.m

| liftline3.m | liftlined.m cahyo3.m | keller81.m | keller82.m | +]

E - = E -
124 T
125 3
126 — KIT (i) = KT1+KT2+KI3+KT4+KIS+KT6+KI7+KIS8+KT9+KT10;
127 = ETAQO (1)=J*KTT (i) / (6.283185*KQQ (1))
128
129 $ —-—--—- TAM N-2 —===
130 — n = Va/(J*DiaProp):
3= C75= 2.073*A*DiaProp/Z;
32 Rn = C75*sgrt(Va”2 + (0.75*pi*n*DiaProp)”"2)/nu;
133
134 - if Rn > 2*1076
135
136 $ ———- TAM —-—
137
138 3 COEFFICIENTS FCOR dKT POL}Y IAL =
139 = Bl= 0.000353485;B2= -0.00333758; B3= -0.00478125;B4=0.000257792;B5=0.0000643192;
140 — B&=-0.0000110636;B7=-0.0000276305;B8=0.0000954;B89=0.000003204;
141
T2 = dKT1 = Bl + B2*A*J"2 + B3*A*R*J + B4* (loglO(Rn)-0.301)"2*A*J"2;
143 — dKT2 = B5* (loglO(Rn)-0.301) *R"6*J"2 + B6* (loglO(Rn)-0.301)"2*R"6*J"2; v
< >
Command Window ®

HASIL OPT =

1.1241 0.8441 0.1835 0.3720 0.6420 5.0000 0.9141

Figure. 4. The results of calculation using a Matlab program at a speed of 24.1 knots, 5 blades.

121

series polynomials using MatLab Code. The input
computer program data as in table 5. The results of
calculations using a small computer program are shown
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0.8

AeffAo = 091403

1.8

122

Figure. 5. The optimum result of.diagram open water test at 23.5 knots used 5 blades propellers.

MatLab has been used in ship optimization, including
Ship Power Plant Simulation [17], the propulsion plant
of a large container ship[18] Engine simulation[19], the

From table 6. The maximum capability of the B series by
using the existing engine is a speed of 23.5 knots, at B5-
92 P/ D 1.1241 with an engine power of 2937 kW with

ship propulsion system[20] and Contra rotating efficiency 64.2%. The optimum of open water test
propeller[21]. The output result developed the small  diagram as in Figure 5.
computer program as in table 6.
TABLE 6.

OUTPUT RESULT OF THE DEVELOPED SMALL COMPUTER PROGRAM

VS VS RT N 10KQ PB B series

knot m/dt KN RPS kW ETA0  PID BAR

230 11.83 2520 852 0.367 2844 6457 112 088

231 1188 2539 853 0.367 2859 6453 112 088

232 1194 2558 854 0368 2878 6445 112  0.89

233 1199 2577 855 0370 2897 6437 112 090

234 1204 2596 856 0371 2917 6428 112 090

235 12.09 2615 857 0372 2937 6420 112 092

236 1214 2634 858 0429 3401 6413 123 096

237 1219 2653 859 0431 3422 6404 123 096

238 1224 2672 860 0432 3445 6399 123 097

239 1230 2691 861 0461 3686 6391 126 098

240 1235 271.0 862 0434 348 63.88 123 099

241 1240 2727 865 0435 3529 63.88 123 099

242 1245 2744 868 0436 3578 6377 123  1.00




International Journal of Marine Engineering Innovation and Research, Vol.7(2), Jun. 2022. 116-125
(pISSN: 2541-5972, elSSN: 2548-1479)

D. MARIN program DESPPC

MARIN program DESPPC is a preliminary design

123

Used 60m patrol boat data input, the maximum speed

obtained for all types of B series is 23.5 knots are shown

: in Table 7.
program created by MARIN for the propeller B series.
TABLE 7.
OUTPUT RESULT MARIN PROGRAM DESPPC
Ship Parameter Value Unit
Design Speed 235 Knot
Number of Propeller Blade (Z) 5
Diameter of propeller(D) 1.8 meter
AcAo 0.989
PDRA 1.010
Power Engine 2927 KW
ETA-O 64.5 %
Propeller design conditions
The results of the DESPPC Program can be as follows: =~ "
o Design speed 23.00 [knots]
MARIN program DESPPC Performance Prediction of Propeller diameter 1.800 [m]
Displacement Ships Page 1 Minimum revolutions 500.0 [1/Min]
Maximum revolutions 600.0 [1/Min]
PATROL BOAT 60M SARAT2.6M Addition to AEAO 0.100 []
Main propeller data
' ' Number of props 2 []
Main particulars Number of blades 5 [-]
"""""""" Clearance prop. tip -0.41 [m]
LWL 55.20 [m] Propeller roughness 0.000030 [m]
LPP 53.71 [m] Diameter 1.800 [m]
B 7.23 [ng] AEAQ 0.989 [-]
VOL 467 [m’] PDRA : 1.010 [
TF 2.60 [m] Propeller type: B-series propeller
TA 2.60 [m] Miscellaneous
Trim 0.00 [m
. Aftbody hullform (CSTERN) -10.0 [-]
Hull ratios based on LPP Aperture configuration (CSC) 10.0 ]
"""""""""""" Water depth not provided
LWL/B 7.429 [
B/IT 2.781 [ General data
SLDR 6.923 [
TRIM 0.00 [Degr] CA-Calculated 0.000627 [
IE 27.0 [Degr] Addition to CA 0.000000 [-]
Hull roughness 0.000150 [m]
o Addition to wake 0.000 [
Hull form coefficients based on LPP Bare hull formfactor 11.826 [-]
CB : 0.463 [-] Specific mass water 1025.0  [kg/m3]
CM 0.632 [-] Temperature water 30  [DegrC]
LCB -0.054 [%LPP] Addition to thrust
Cwp 0.827  [-] (based on LWL) ded. 0.000 [-]
CP 0.732 [-]
MARIN program DESPPC Performance Prediction of
Bulbous bow and transom stern Displacement Ships Page 3
ABULB 0.0 [m’] PATROL BOAT 60M 2.6M
HBULB 1.30 [m]
ATRANS 5.1 [m?] Resistance deep water (calm water)
Wetted surface hull R- R- R- R- R- R- R-
"""""""""" Vs FRIC WAV BULB TRANS APP ALL TOT
S 460 [m?
[knt] [kN] [kN]  [KN] [kN]  [kN] [KN] [KN]
Appendages
__________ 200 402 83.5 0 14.0 0.6 157 161.3
SAPP 2.1 [m?]
205 421 92.4 0 13.6 0.6 165 1729
1+K2 3.00 []
L 210 440 1014 0 13.1 0.6 17.3 1845
MARIN program DESPPC Performance Prediction of
Displacement Ships Page 2 215 460 1103 0 125 06 182 1961
PATROL BOAT 60M SARAT2.6M 220 480 1192 0 119 07 190 2076
225 50.1 128.2 0 111 0.7 199 2191



Vs
[knt]
20.0
205
21.0
215
22,0
225
23.0
235
24.0
245
25.0
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230 522 1371 0 102 0.7 208 2306 MARIN program DESPPC Performance Prediction of
235 544 1461 0 93 08 217 2421 Displacement Ships Page 5
240 565 1550 O 8.2 08 226 2534 PATROL BOAT SARAT2.6M
245 588 163.7 0 70 0.8 236  264.6 Propulsion deep water (calm water)
ETA-
250 610 1724 0 5.6 09 246 2756 VS THRUST D CAVP CAVN N PE
[knt] [kN] [-] [ [ [UMin]  [kwW]
MARIN program DESPPC Performance Prediction of Displacement 20.0 173.0 0631 1000  1.000 4273 1659
Ships Page 4
205 1855  0.630 1.000 1.000 4399 1823
PATROL BOAT 60M SARAT2.6M 21.0 1979 0629 1000 1000 4523 1993
Interaction deep water (calm water) 21.5 2104 0.628  1.000 1.000 464.5 2169
R- ETA- ETA- ETA- ETA- 22.0 2228 0628 1.000 1.000 4765 2350
TOT THRUST W T H R 0 D 22.5 235.1 0.627 1.000  1.000 488.2 2536
(kN] -~ [kN] e o N N I 230 2474 0627 1000 1000 5000 2729
161.3 1730  0.055 0.068 0987 0.986 0.649 0.631
1729 1855 0055 0068 0986 0986 0648 0.630 235 2597 0627 0998 1002 5125 2927
184.5 1979  0.055 0068 0986 0986 0.647 0.629 24.0 2719 0626 1000 1.005 5256 3129
1961 2104 0055 0068 098 098 0646 0628 245 2839 0624 1004 1010 5394 3335
2076 2228  0.055 0.068 0986 0986 0.646 0.628 250 2957 0620 1010 1016 5538 355
2191 2351  0.055 0.068 0986 0986 0.645 0.627
2306 2474 0055 0.068 0986 0986 0.645 0.627
2421 259.1 0055 0068 0986 0986 0645 0.627 Output results of the developed small computer program
2534 2719 0055 0.068 0986 0986 0.644 0.626 an dpDESPP C are shown in Tpable 8 P prog
2646 2839  0.055 0068 0986 0986 0.642 0.624 '
2756 2957  0.055 0.068 0986 0986 0.638 0.620
TABLE 8.

DEVELOPED PROGRAM MATLAB VS THE DESPPC PROGRAM.

Iltem Developed Program DESPPC  Unit Validation (%)
Vs 235 235 knot 0.00
Number of Blades 5 5 0.00
ETA-O 64.2 64.5 % 0.47
D 18 18 m 0.00
Blade Area Ratio  0.920 0.989 750
P/ID 112 1.01 10.00
n 514.0 512.5 RPM (09
PE 2936 2927 kw 0.31

IV. CONCLUSION

Using a computer program based on MatLab program,
the 60m patrol boat is able to reach a speed of 23.5
knots, using the B5-92 P/D 1.1241 engine power of 2936
KW ETA-O 64.2%. Validation was carried out using the
DESPPC program, the 60m patrol boat was able to reach
a speed of 23.5 using the B5-989 P/D 1.01 Engine power
2927 KW ETA-O 64.5%. Based on the validation data
carried out in table 8, the percentage value of validation
of ship speed is 0%, Number of Blades is 0%, ETA-O is
0.47%, Propeller diameter is 0%, Blade Area Ratio is
7.5%, Pitch per diameter ratio is 10%, propeller rotation
is 0.29% and engine power is 0.31%. All validation
parameters are below 10%, so it is concluded that a small
computer program based on the Numerical method using
MatLab code can be used as an initial design for the B-

series propeller. Based on the speed design, it is
concluded that the B series is capable of propelling a
60m patrol boat
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