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Abstract The choice of an optimum marine propeller is one of the most important problems in
naval architecture. This problem can be handled using the propeller series diagrams or regression
polynomials. This paper introduces a procedure to find out the optimum characteristics of B-series
marine propellers. The propeller design process is performed as a single objective function subjected

to constraints imposed by cavitation, material strength and required propeller thrust. Although
optimization software of commercial type can be adopted to solve the problem, the computer pro-
gram that has been specially developed for this task may be more useful for its flexibility and pos-
sibility to be incorporated, as a subroutine, with the complex ship design process.
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1. Introduction

Naval architects can easily design an optimized propeller with
the theoretical propeller design methods (lifting-line/surface
theories) using a computer without the geometry constraints
seen in series propellers [1]. However, series propellers are still
valuable; they are still widely used in the preliminary design of
light or moderately loaded propellers [2]. Moreover, for those
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who cannot afford lifting surface software, traditional series
propellers are good choices. Among the propeller series, the
B-series is one of the commonly used series.

In this study, a computer program has been specially devel-
oped to find the optimum characteristics of any B-series pro-
peller. The propeller design process is handled as a single
objective function subjected to several constraints such as cav-
itation, material strength and the required propeller thrust.

2. Optimization problem

The main difficulty in most optimization problems does not lie
in the mathematics or methods involved. It lies in formulating
the objective all the constraints.

The propeller design problem has been handled as a multi-
objective constrained optimization problem [1-4]. There are
two principal ways to handle ‘multi-objective’ problems, both
leading to single objective optimization problems [5]:

e one objective is selected and the other objectives are formu-
lated as constraints.
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Nomenclature

Ag propeller expanded area, m?

Ao propeller disk area, m?

Co7szr  blade chord length at 0.75R, m

Chi regression coefficient of torque coefficient

Cy regression coefficient of thrust coefficient

D propeller diameter, m

Hpap  height of propeller aperture, m

J advance coefficient

Ko torque coefficient

Kt thrust coefficient

N propeller rotating speed, rpm N = 60 *n

Np number of propellers

n propeller rotating speed, rps

M number of the design variables

P propeller blade pitch, m

Pcr. propeller immersion, m

Pp developed power, kW

Pg shaft power per blade, kW

Po static pressure at the centerline of the propeller
shaft, Pa

Py vapor pressure, Pa

P total number of constraints

q number of inequality constraints

Rn Reynolds number

Rt ship total resistance, N

Sc maximum allowable stress of the propeller
material, MPa

si exponent of (J) in Kt equation

si/ exponent of (J) in Kq equation

T propeller thrust, N

Tcal calculated propeller thrust, N

Tr required propeller thrust, N

T propeller blade thickness, m

tq thrust deduction

ti exponent of (P/D) in Kt equation
ti’ exponent of (P/D)in Kq equation
tmin minimum thickness of propeller blade, m
ui exponent of Ag/Ap in Kt equation
ui’ exponent of Ag/Ao in Kqg equation
Va speed of advance, m/sec

Vs ship speed, m/sec

Vi exponent of Z in Kt equation

Vi exponent of Z in Kq equation

w wake fraction

Z number of propeller blades

AKq correction of torque coefficient
AK~t correction of thrust coefficient

n propeller efficiency

Nmax maximum propeller efficiency

p water density, kgy,/m?

v water kinematic viscosity, m?/s

e a weighted sum of all objectives forms the optimization
objective function.

The rather arbitrary choice of weight factors makes the
optimization model obscure and the first option is mostly
preferred [5]. In this study, the propeller design problem is han-
dled as a constrained optimization problem according to the
first option.

Any constrained optimization problem can be handled
according to the optimization model shown in Fig. 1.

This optimization problem can be formulated as follows [6]:

X1
X2

Find X = . (1)
Xm

which maximizes an objective function called f{X) subjected to
the following constraints:

and (2)
Z](X):()» /:‘]+1>‘I+2a7l7

where, gj(X) and /;(X) are the inequality and the equality con-
straints, respectively.

3. B-series propeller

B-series propellers were developed in the Netherlands Ship
Model Basin, and the section of the blade was improved later.

> New Design

!

Feasibility Check of the Design

!

Objective Function Evaluation
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Analysis of the results

|
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Figure 1  Optimization model for constrained problems.

For any B-series propeller, the thrust and torque coefficients
can be expressed as functions of the blade number (Z), blade
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area ratio (Ag/Ao), pitch ratio (P/D), and advance coefficient
(J) as follows:

39 P\ A\
K+ = . i - 7k ZVI
=yer(5) (3) g
and,

47 ti’ ui’
/P AE> ]
K=Y il (%) (55) 2z 4
¢ i=1 <D) (AO ( )

where, Cy; and Cp,; are the regression coefficients of the thrust
and torque coefficients, respectively. The values of the coeffi-
cients and exponents involved in Egs. (3) and (4) are given in [7].

If Reynolds number of a propeller at 0.75R is greater than
2 % 10%, corrections to the thrust and torque coefficients must
be taken into consideration [1].

(Rn)o,mg _ Corsr * \/[VA j}‘ (0.75% n D)7 (5)

where, Cy 75z is the blade chord length at 0.75R and V, is the
advance velocity (m/s).

3.1. Objective function

The most common objective function, for the optimum marine
propellers, is the propeller maximum efficiency (1max) [8]. The
efficiency of marine propellers can be computed as follows:

J Kr

U:E'K—Q (6)

3.2. Constraints

3.2.1. Cavitation constraint

Cavitation could affect a propeller’s performance and needs to
be considered in the propeller design process. A simple way to
avoid cavitation is to increase blade area ratio. The minimum
blade area ratio required to avoid cavitation was suggested by
Keller [1] as follows:

Ag]  (134032)T
|:A_O:| min B (PO - PV)D2 K (7)

where, (Ag/A0)min 1S the minimum expanded area ratio. The
coefficient K equals 0.1 for twin-screws ships, and 0.2 for sin-
gle-screw ships.

3.2.2. Strength constraint

To achieve adequate blade thickness and thus ensure material
strength, the following formula can be used to determine the
minimum ratio of blade thickness at 0.7R to the diameter [4]:

[zmm] 00028 4 021% [3183.87 — 1508.15(P/D)] Ps

D losr 1266652.04nD*(Sc + 20.9D%12)
(8)

where, (fmin/D)o.7r 1 the minimum propeller blade thickness
ratio at 0.7R.

According to the B-series propeller geometry [7], the ratio
of maximum thickness of propeller blade at each section to
the propeller diameter is given as shown in Table 1.
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Table 1 Maximum blade thickness % of D for B-series
propellers.
r/R Max. blade thickness (% of D)

Z =3 Z=4 Z =
0.2 4.06 3.66 3.26
0.3 3.59 3.24 2.89
0.4 3.12 2.82 2.52
0.5 2.65 2.40 2.15
0.6 2.18 1.98 1.78
0.7 1.71 1.56 1.41
0.8 1.24 1.14 1.04
0.9 0.77 0.72 0.67
1.0 0.30 0.30 0.30

As shown in table 1, the ratio of maximum thickness of pro-
peller blade at 0.7R to the diameter is given as follows:

0.0171 for Z=3

t

{B]m: 0.0156 for Z=4 9)
0.0141 for Z=5

Using Eq. (8) and the geometry of B-series propellers, the
required propeller blade thickness can be obtained as follows:

(Bore = [50e (10)

3.2.3. Thrust constraint

The calculated propeller thrust (7c,;) must be equal to the re-
quired thrust (7r). The propeller thrust can be calculated as
follows:

TeaL = Kyr p n* D* (11)
Ry

TR=——— 12

R Np*(l _Zd) ( )

where, Rt is the ship total resistance, Np is the number of pro-
pellers and ¢4 is the thrust deduction.

4. Developed computer program

A computer program has been specially developed to find the
optimum characteristics of any B-series propellers. This pro-
gram starts with an initial feasible point and proceeds towards
the optimum point according to the steps shown in Fig. 1. The
detailed procedure of this program is summarized in the flow
chart shown in Fig. 2.

5. Case study

The problem is to find the optimum characteristics (D, Ag/Ao,
P/D, J) of four bladed B-type propeller of a twin screw ship.
The propeller diameter (D) is restricted at specified value to
suit the ship lines and to provide acceptable hull clearances
to avoid hull vibration. Ship speed (¥s) and corresponding
resistance (Rt) are given for this design condition. Wake frac-
tion (w) and thrust deduction (z4) are given for this design con-
dition. This problem can be formulated as follows:
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Input Data: Ry, Np, Z, Hpap, Vs, W, tg, Pc. and Sc
The upper and lower limits of (D), (P/D) and (J). The
coefficients and exponents, of the regression equations,
of B- series propellers.

v

Calculate: Tr= (Rp)/[NP*(1-tq)]

v

Take: Rj= 0 and My = 0 |(—| Set : Iteration number (I) I=1
>»| Calculate: Dy = 0.8% Hppp and D=Dy + R/*[ Dy-Dp] |«
Calculate: The minimum blade area ratio required to
avoid cavitation.
(1.3+03Z) 71«
{E} = +[0.2/ NP]
Ao min (PO_PV)DZ
v
| Set: Ro= 0 e set: (A&/ Ao) = (Ac/ Ao i |

: Calculate: P/D = (P/D). + R, * [ (P/D)y - (P/D).] > Set: Ry=0

7

)l Calculate: J= + Ra*[Jn- 1l I(—

Calculate:  The thrust and torque coefficients
(Kr and Kq).
f Rn >2%10° ——| Calculate: Reynolds number (Rn) at 0.75R L Rn<2%10° _‘L
Calculate: (AKy and AKq) the Corrections to the thrust Calculate: The calculated thrust (Tcay)
and torque coefficients . Also, find the final Krand Kq > Tear = Kppn®D*
t fmin Calculate: The minimum ratio of the maximum blade |[€ Tea=Tr J
I |~ > | thickness at 0.7R to the propeller diameter . (tmin/D)o7r

D lo7r D 1ok

»| Calculate: The propeller open water efficiency (1) Tear# Tr

T T
< M N 2 Mmax
R:< 1.0 1S M ' [L} < {m}
D 0.7R D 0.7R
Set: Nmx= M
& |
)
R; = R;+0.001 I=I+1
[~ (
R, <10 Ry > 1.0
¥

_| R,= R, +0.001 l— R,>1.0 —)I Ri= R;+0.001

R; > 1.0
A 4

Output: Optimum Solution M., (D), (Ag/ Ao), (P/D), (J), (n), (T) and (Pp)

Figure 2 Flow chart for B-series marine propellers design process.




Optimum design of B-series marine propellers

17

Table 2 Input data.

Ship total resistance (Rt)

Ship speed (Vs)

Number of propellers (Np)

Number of propeller blades (2)

Height of propeller aperture (Hpap)

Propeller immersion (Pcy)

Wake fraction (w)

Thrust deduction (z4)

Max. allowable stress of propeller material (Sc)

35000.0
10.289
2

4

1.25
2.0
0.20
0.15
260

Boundary constraint
Design variable
Propeller diameter (D)
Area ratio (4Ag/Ao)
Pitch ratio (P/D)
Advance coeff. (J)

Lower Limit

0.25
0.35
0.7
0.3

Upper Limit
0.8 HPAP
0.85

1.5

1.5

[ Output - Notepad

File Edit Format View Help
Optimum propeller diameter [D] = 1.00 s
Optimum advance coefficient [J]=0.78 Optimum area ratio [Agp Ap]=0.346
Number of revolutionmtps [n]=10.37 Optimum pitchratio [PD] =1.073
The maximum propeller efficiency = 0.620
[Torque coefficient [KQ]= 00362 Developed poswer per blade [Ppy ] =68.33
Thrust coefficient [K ] = 0.1309 Total developed powermkwatt = 346.66
The calculated thrust per propeller [ Tq]  =203882N —
v

Figure 3  Output results of the developed computer program.

Use the input data which are shown in Table 2 to find
(D, Ag/Ao, P/D, J) which maximize the propeller efficiency
(n) when subjected to the following constraints:

e Cavitation constraint: the expanded area ratio should be
larger than a minimum value in order to avoid cavita-
tion, (Ag/Ao) = (Ae/Ao)min Where (Ag/A0)min can be
calculated using Eq. (7).

Thrust constraint: the calculated propeller thrust (7cy)
has to match the design requirement, as follows:
Tcal = Trequired-

Strength  constraint: to ensure adequate material
strength, a minimum propeller blade thickness is
required, as shown in Eq. (8).

(Bl > 5]
Dlosr D Joir

Boundary constraint: to obtain an optimum design
point, the design variables must lie in an acceptable
domain.

In this part, the problem under consideration is carried out
in details by using the following techniques:

Open Water Diagram
0.8 - - -

BT 1 USSR Optimum Point H
& i nm
-]

13
o

—é —10KQ
3
o
-t
— =:=ne
¥

1) S S S S S S S S S
0 01 02 03 04 05 06 07 08 09 1 11
Advance Coefficient [J]
Figure 4 Open water diagram.

’Eﬁie Edit LINGO Window Help BIEES
DisES] (=8 20 vele| OfF R &
Global optimal solution found at iteration: 127 A
Objective wvalue: 0.620131é

Variable Value Reduced Cost

[ D ] 1.0000000 0.000000

[ Be/Bo ] 0.5445637 0.000000

[ J 1 0.7841496 0.000000

[ B/D ) 1.0820710 0.000000

[ n ] 10.496980 0.000000

[ Ko 1 0.0367040 0.000000

[ Er ] 0.1822916 0.000000

[ Tear ] 20588.24 0.000000

[ Pp ] 546.54810 0.000000

[Pp per blade] €8.318520 0.000000

.................................................... v

For Help, press F1 NUM MOD

Figure 5  Output results of Lingo software.

e Using the developed computer program.
e Using a commercial software (Lingo).
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Table 3 Output results.

Items Developed program Lingo
Objective: Hmax. 0.620 0.62013
Design variables

D 1.00 1.00
Ag/Ao 0.546 0.54456
P/D 1.075 1.082
J 0.78 0.784
[n] RPS 10.57 10.497
Coefficients

Kt 0.1809 0.1823
Kq 0.0362 0.0367
Power in kwatt

Pp 546.66 546.548
Pp, (Blade) 68.33 68.318

5.1. Using the developed computer program

The data which are shown in Table 2 are used to perform the
problem under consideration by using the developed computer
program. The output results of this program are shown in
Fig. 3.

The obtained optimum point is plotted on the open water
diagram for this design condition as shown in Fig. 4.

5.2. Using a commercial software (Lingo)

Lingo [9] is a comprehensive tool designed to make building
and solving linear, nonlinear and integer optimization models.
The problem under consideration is recalculated using LINGO
software [9] and the output results are shown in Fig. 5.

5.3. Analysis of the results

The output results obtained by the presented solutions are
shown in Table 3. It is clear that, the output results of Lingo
software are found in a good agreement with those obtained
by the developed program.

6. Conclusions

e The design process of a series propeller by traditional calcu-
lation or chart methods is a tedious job due to the multiple
parameters and constraints involved.

e To handle the multi-objective constrained problem of the
propeller design, one objective is selected and the other
objectives are formulated as constraints.

e The developed computer program represents a tailored and
simple tool to find the optimum characteristics of any B-ser-
ies marine propeller. It is more flexible to use it as a subrou-
tine in global ship design problems than to use commercial
optimization
software.
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