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Abstract

Propellers usually operate in the ship’s stern, where the inflow of the non-uniform wake generates oscillating
loads and changes the hydrodynamic performance. Therefore, determination of the forces on propellers and
hydrodynamic performance due to a non-uniform wake field are the challenging problems for naval architects
and hydrodynamists. The main objectives of the present study are to assess the hydrodynamic performance for
a single blade and all the blades. The propeller is a B-series propeller under non-uniform wake field behind the
Seiun-Maru (hereafter SM) ship hull. A practical approach is employed to calculate the hydrodynamic oscil-
lating loads of the ship propeller under a non-uniform wake field. Results of the computations on the propeller
behind the SM ship, due to a non-uniform wake field, are presented and analyzed using classical mathematical
methods over a single cycle. The results show that a variation of thrust with the discussed parameters is the
same as that shown for torque, also the blade-frequency of the total force, thrust and torque is an increasing
function of radial sections, whereas these parameters decrease with increasing radial blade sections.

Introduction of propellers may be affected by this non-uniform
wake. Indeed, inflows wake regime entry to pro-

Marine propellers are essential part of the ship pellers has a major effect on their behavior. The
propulsion systems. Propellers due to their opera- non-uniform wake regime is strongly related to the
tional position at the ship stern are under the effects shape of the ship hull. As a result, prediction of the
of a non-uniform wake. This wake leads to fluctu- ship’s propeller performance under non-uniform
ating loads on the propeller, which may be induced wakes is a necessity to achieve an efficient propel-
towards the ship’s hull. Moreover, the performance ler. Moreover, because of the ship’s propeller flow
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interaction with non-uniform wake field behind the
hull, prediction of the ship’s propeller performance
under the non-uniform wake is a great challenge for
scholars.

Kamarlouei et al. (Kamarlouei et al., 2014)
presented a computational method to estimate the
hydrodynamic performance of the minimum cavi-
tation, highest efficiency, and the acceptable blade
strength using multi-objective evolutionary optimi-
zation technique. The included parameters were the
number of blades, chord length, thickness, camber,
pitch, diameter, and skew. Gaafary et al. (Gaafary,
El-Kilani & Moustafa, 2011) introduced a procedure
to find out the optimum characteristics of B-series
marine propellers. In this research, the propeller
design process is performed as a single objective
function subjected to constraints imposed by cav-
itation, material strength and required propeller
thrust. Taheri and Mazaheri (Taheri & Mazaheri,
2013) developed a propeller design method based
on a vortex lattice algorithm. They applied a two
gradient-based and non-gradient-based optimization
algorithm to optimize the shape and efficiency of
the two propellers. Szelangiewicz and Abramows-
ki (Abramowski & Szelangiewicz, 2009, 2010;
Abramowski, Zelazny & Szelangiewicz, 2010) pre-
sented results of numerical calculations of hull resis-
tance, wake, and efficiency of a propeller operating
in a non-homogenous velocity field, performed for
research on 18 hull versions of a B573 ship designed
and built in the Szczecin Nowa Shipyard.

Recently, several studies have reported attempts
to calculate a ship hull wakes obtained by experi-
mental tests (Guo et al., 2017; Kleinwéachter et al.,
2017; Kumar, Nagarajan & Sha, 2017). Also, var-
ious experimental and numerical studies are done
to investigate ship propeller behavior under inflow
wakes. For example, Ghassemi (Ghassemi, 2009)
studied the effects of wake and skew on the ship
propeller performance by using a boundary element
method (BEM). He reported the pressure distribu-
tion, open water characteristics and thrust oscillating
on a conventional propeller and highly skewed one
under two types of non-uniform wakes. Ji et al. (Ji
et al., 2012b) simulated the cavitating flow around
a marine propeller under a non-uniform inflow
wake by Partially Averaged Navier—Stokes (PANS)
method. In another study, Ji et al. (Ji et al., 2012a)
investigated the excited pressure fluctuation around
propellers operating in a non-uniform wake. They
conclude that the acceleration due to the cavity vol-
ume changes is the main source of the pressure fluc-
tuations. Berger et al. (Berger et al., 2013) designed
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a simulation procedure to calculate of wake scale
influences on hull pressure fluctuations. They com-
pared the volume acceleration and pressure ampli-
tudes at different scales. Performance of a marine
propeller under free wake in an open water condition
is evaluated numerically by Greco et al. (Greco et
al., 2014). They considered the propeller thrust and
torque, slipstream velocities, blade pressure distri-
bution and pressure disturbance to analyze of the
performance of a marine propeller by BEM. Shin
et al. (Shin, Regener & Andersen, 2015) simulated
the unsteady cavitation on a tip-modified propeller
under the ship wake fields by using BEM and CFD.
They used two types of ship wakes including a model
test measurement and bare hull RNAS simulations.
Martin et al. (Martin, Michael & Carrica, 2015)
investigated the maneuverability of submarines
by considering the propeller forces and moments
under the hull wake, numerically. They used a cou-
pled CFD/potential flow propeller solver to assess
the propeller performance. Abbas et al. (Abbas et
al., 2015) simulated the oscillating loads on marine
propellers under a non-uniform and non-stationary
wake, numerically. They used the hybrid URANS-
LES model to predict unsteady loading on a marine
propeller behind a KVLCC2 tanker. Moreover, Vaz
et al. (Vaz et al., 2015) reported performance char-
acteristics, pressure distributions, limiting-stream-
lines, and cavitation volumes of the E779A propel-
ler in open water and in a cavitation tunnel behind
anon-uniform wake generating plates which are per-
formed by eight different flow codes. Pecoraro et al.
(Pecoraro et al., 2006) analyzed the propeller inflow
of a single-screw chemical tanker vessel affect-
ed by massive flow separation in the stern region.
Flow measurements were performed in the propeller
region using a scaled model, in the Large Circulating
Water Channel of CNR-INSEAN by Laser Doppler
Velocimetry (LDV). Tests were undertaken with and
without the propeller in order to investigate its effect
on the inflow characteristics and the separation
mechanisms. Starke et al. (Starke, Windt & Raven,
2006) presented and discussed a full-scale wake
field validation for a number of ships. Kadoi et al.
(Kadoi, Okamoto & Suzuki, 1980) performed wake
surveys both in the towing tank and in a cavitation
tunnel using three GeoSim (geometrically similar)
ship models, in order to investigate the tunnel wall
influence on the wake distributions behind the ship
models in the cavitation tunnel. Kim and Moon (Kim
& Moon, 2006) applied the neuro-fuzzy technique
to estimate the wake field distribution on propeller
plane of ship. In this paper the wake distribution
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datasets of stern flow fields were collected system-
atically by model tests of a ship. Also, Calcagno et
al. (Calcagno et al., 2002) presented an experimental
investigation of a five blade MAU propeller wake
behind a Series 60 Cz = 0.6 ship model, using Stereo
Particle Image Velocimetry (Stereo-PIV) in a large
free surface cavitation tunnel.

In the recent years, Pereira et al. (Alves Pereira,
Di Felice & Salvatore, 2016) performed an experi-
mental study on a cavitating propeller operating in
a non-uniform flow field. They used a wake sim-
ulator to create a local flow perturbation upstream
of the propeller and suggested quantitative correla-
tions between the near pressure fields and the cavi-
tation pattern. Ueno and Tsukada (Ueno & Tsukada,
2016) perform an experimental study to estimate
the fluctuating full-scale propeller torque and thrust,
using a free-running model ship in waves and
under non-uniform wakes. Sun et al. (Sun et al.,
2017) predicted the propeller exciting force under
the non-uniform wake of a KCS container ship in
oblique flow, numerically. They utilized a hybrid
method of RANS and a volume of fluid (VOF) mod-
el. In addition, Zou et al. (Zou et al., 2017) conduct-
ed a hydro-elastic analysis on the marine propeller
under the inflow wakes and the effects of shafts,
numerically by using coupled FEM-BEM. Recently,
Mahmoodi et al. obtained a mathematical function
of the propeller thrust and torque coefficients fluctu-
ations at non-uniform wake flow including geometry
effects (Mahmoodi, Ghassemi & Nowruzi, 2018).

According to cited work, the performance and
oscillating loads on propellers under the non-uniform
wakes is not well-known. Therefore, in the present
study, the hydrodynamic performance of oscillating
loading of a B-series propeller under non-uniform
inflow wake, behind the SM ship hull by classical
mathematical methods over one cycle is studied.

The rest of this paper is organized as follows:
the first section gives an outline of the mathemat-
ical formulations’ technique to compute oscillating
thrust, torque, and forces. The next section provides
some details about propeller and inflow wake data,
respectively. After this, the results of computations
of the thrust, torque, and forces are presented, and
the results are compared and discussed. This is fol-
lowed by the conclusive remarks in the final section.

Mathematical formulations
In this section a short overview of the formulas

utilized to calculate the propeller forces and per-
formance are given. The following formulas have
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conventional and well-known forms and, in these
formulas, different types of simplifications and
approximations are used to estimate the desired
quantities.

The velocity into the propeller in Cartesian coor-
dinates is defined by:

Vol ,2)=V, (1= (x.y.2)) )
And in cylindrical coordinates as follows:
v, (x,r,0) =V, (1= (x,7,1)) ()

where I;w is the non-uniform wake velocity towards
the propeller in cylindrical coordinates, which is
used to obtain the propeller performance, w (x,r,t)
denotes the measured non-uniform wake flow, and
Vs is the ship speed. The non-uniform wake field is
strongly dependent on the ship’s stern and on envi-
ronmental conditions, so each vessel may be consid-
ered to have a unique wake field.

The flow into the propeller varies along the cir-
cumference at each radius; this phenomenon causes
oscillations in thrust and torque, and produces an
oscillating load on the propeller blades. Non-uni-
form flow into the propeller may result in periodic
forces and moments, also periodic cavitation caus-
ing enhanced vibration, noise, erosion, and fatigue
failure. The axial and tangential components of the
flow velocity, into the propeller disc, typically vary
around the circumference at a given radius. Let V,
V: and V, be the axial, tangential and radial veloci-
ties, respectively, and 6 be the angle measured from
the vertical upward. The nominal wake velocity field
including tangential and axial components is rep-
resented via a Fourier series. In general, the axial,
tangential and radial velocities in the propeller disc
can be decomposed into an infinite set of sinusoidal
components of various harmonic orders represented
in terms of Fourier series, as follows:

Va(r,e)zg a (r)cos(mB)+b, (+)sin(m6)}
v (-0)= z &’ (r)cos(mB)+ .. (+)sin(m6)}
v (r,0)= z {a" (r)cos(mB)+ b (r)sin (m6))

3)

where a,,, a'y, a" and by, b',, b",, are Fourier coef-
ficients. In practice, only a limited set of harmonic
components are used, typically when m = 15 to 20
a reasonably accurate representation to define the

11



Hassan Ghassemi

wake field. Similar equations can be defined for the
tangential and radial components of the velocity.

The quasi-static approach is a simple method to
determine the oscillating propeller forces based on
the Fourier series representation of the axial and tan-
gential velocities. This theory neglects all influence
of the shed vorticity and the influence of all time-de-
pendent effects on the loading and assumes that
the thrust and the moment coefficients are known
(Kl‘v KQ)

The thrust 7 and torque Q at the angle 6 for all the
Z blades are as follows:

7(6)= i{ 2n(i 1)
o) =1

Solo+®
i=l1

where the thrust and torque of the first blade (i = 1)

at the angle 0 are given as:

“4)

1(60)= K, (0)o n*(0)D"

)

0.0)= Ko(0)p w*(0)0"

where p and D are the density of water and diameter
of propeller, respectively. The thrust and torque coef-
ficients (K7 (#) and Ky (6)) can be obtained from the
open water characteristics. Also, n(6) is the instanta-
neous revolution rate at the angle 6:

n(ﬁ) =n- v (9)
XnR
where n, R (= D/2), and X (= r/R) are the rotational
speed, propeller radious and non-dimentional radi-
al section, respectively. The advance coefficient for
a blade at the angle 0 is:

J(0)= 7,(6)

n(6)D

The mean thrust and torque are determined by
integration of the local thrust and torque along the
blade span. So, the mean thrust and torque of the
propeller are:

(6)

(7

2n
r=1(r(0)de
27t
®)
0= j 00
For all the Z blades, the tangential force and its
horizontal and vertical components are:

12

©)

It is assumed that the propeller oscillating load-
ing is a linear phenomenon. The tangential force and
its horizontal and vertical components at the first
blade are:

F(0)=0,(0)/r,
F,(6)=F,(6)cos(6) (10)
Fy (0)=F(0)sin(0)

where 7o is the centroid of the tangential force on
each blade. The condition for cavitation to occur on
a propeller blade section is that the minimum val-
ue of pressure coefficient C, be equal to the local
cavitation number. The C,, for a blade section at
a non-dimensional radius X = #/R and angle 6 to the

upwardly directed verticalline is as follows:
—c, = P, +p g(h—XRcos(@))—P,, (1)

p[VA2 +{2nn)d€—K}2]

where P; and Py are atmospheric pressure and
vapour pressure, 4 is the depth of immersion of the
propeller shaft axis, and g is constant acceleration
due to gravity (P, =101 kP, Py=2 kP, g=9.81 m/s).
The non-dimensional hydrodynamic characteristics
of the oscillating propeller are expressed as:

_ 1(9)
O o
Ko(0)= EZ;D (12)
77(0):1(;((9))2(?

In the steady calculations, the hydrodynamic
characteristics of the propeller are obtained using
polynomial regression analysis as given below:

T S, U v,
K= i =2 GV (PID) (dp 14y (&)

=2.C,)" (P/Df (45 4 )" &)
(13)

K
0~ pn2D5
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The K; and Ky parameters are functions of pro-
peller blade number (Z), the blade area ratio (4z/A4o)
and the pitch ratio (P/D). The values of C,, sy, tu, Ux
and v, are regression coefficients (Carlton, 2013).

B-Series Propeller and SM ship wake

In order to evaluate the applicability of the dis-
cussed method, a B-series propeller (B:5-0.95) with
pitch ratio of 0.9 and 3.6 m in diameter is examined.
Figure 1 shows a schematic represenatation of this

propeller. Figure 1. Schematic view of th 11
The comparison of the open water characteristics teure 1. Schematic view of The propetier
of the propeller is prenseted in Figure 2. The pres- 07

— Kt (Present method)
— 10Kq (Present method)
+ Kt (Exp)

ent results are shown in good agreement with the

experimental data. With the relative error is found 06

about less than 3 percent at low advance velocity 05 4 10Kq (Exp)
coefficient. >
The inflow of non-uniform SM ship wake is g
applied to this selected propeller. Contour and vec- < 03
tor inflow non-uniform wake velocity distribution
and axial, tangential and radial velocity at sixteen 02
radii for SM ship are presented in Figure 3. The most 0.1
significant velocity is along the axial direction con-

. . . . 0+ T T T T T T T T 1
sidering the hydrodynamic problem, while the tan- 0O 01 02 03 04 05 06 07 08 09
gential and radial velocities are focal in the noise and J = Va/nD
vibration problems. The axial velocity is important Figure 2. Comaprison of the open water characteristics
a) 2 T T b) 1

15 /! ! N 1 091
/ [ III 1 \
1+ ANNAE 1 0.8
Sl Bt | o7l
Sl RN > | f
= o»/}/ i NAAAN < 06}
" W >
05T \ 05§
s N /
YU NN |
uR; S
/ \
1.5 [ 0.3
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0 (degree)
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Figure 3. (a) Contour and vector velocities (b) axial, (c) tangential, and (d) radial velocity in the propeller plane at sixteen radii
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in the hydrodynamic characteristics, while the other
two velocities (radial and tangential) are important
in terms of the vibration and cavitation problems.
It means that the resultant velocity and attack angle
is very important in the propeller performance under
anon-uniform flow condition. The next section pres-
ents the thrust, torque, vertical and horizontal oscil-
lating loads during one rotation for one blade and all
blades during one cycle.

Results and discussions

In this section, oscillating loads are calculated
with the theoretical approach discussed in the Math-
ematical formulations sections and the obtained
results are analyzed. The propeller behind the ship

hull is assumed to rotate with a constant rotating
speed, n, around the x-axis, in a negative direction
0, as shown in Figure 4. The results of the oscillat-
ing thrust, torque, horizontal and vertical forces are
presented for one and for all the blades during one
cycle, in the two following sub-sections.

Oscillating thrust and torque

A propeller produces its thrust by creating a dif-
ference between the pressures acting on the propel-
ler blades. The oscillating inflow in to the propeller
blades causes dynamic changes in the blade pressure
distribution. If at a point the pressure in water drops
to a value equal to the vapor pressure, then cavita-
tion occurs. If the minimum value of C, (Eq. (11))

25

15

p min

-C

wg —

r/R=0.20
r/R=0.25
| | =——— 1Rr=030
r/R=0.35
r/R=0.40
1 r/R=0.45
r/R=0.50
r/R=0.55
r/R=0.60
r/R=0.65
{ | ———— Rr=070
r/R=0.75
r/R=0.80
r/R=0.85
r/R=0.90
r/R=1.00

0 (degree)

Figure 4. Minimum value of the pressure coefficient distributions at different radial sections
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r/R=0.50
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r/R=0.60
r/R=0.65
r/R=0.70
r/R=0.75
r/R=0.80
r/R=0.85
r/R=0.90
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56 L L L

0 50 100 150 200
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Figure 5. One blade thrust oscillating at different radial sections
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Figure 6. One blade torque oscillating at different radial sections
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Figure 7. Oscillating thrust of all blades at different radial sections
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Figure 8. Oscillating torque of all blades at different radial sections
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is equal to the local cavitation number, a condition
for cavitation on a propeller blade section occurs.
The minimum value of the pressure coefficient
(=Cp min) distributions, at angular positions of 0 to
360 degrees at different radial sections of the pro-
peller, is presented in Figure 3. It can be concluded
from this figure that with increasing radial sections,
the C, min decreases and therefore the probability
of cavitation occurrence increases. Due to these
effects, the oscillating inflow variations are inves-
tigated on the propeller to determine the thrust and
torque over a single cycle. Figures 5 and 6 present
the oscillating thrust and torque of the propeller at
different radial sections for one blade as a func-
tion of the blade angular position (0—360 degrees)
for one cycle. Variations of the thrust are achieved
between 56.5 and 63.5 KN, and variations of the
torque are found between 29.5 to 33 KNm. The total
oscillating thrust and torque are presented in Figures
7 and 8, respectively. Higher loads and low oscil-
lating amplitude are obtained at lower radii (near
root), whilst a high amplitude is found at higher
radii (near tip). Variations domain of the total thrust
are 290~301 KN, and variations of total torque are
around 151~156 KNm.

Oscillating horizontal and vertical forces

Oscillating loading may transmit through the
propeller shafting and bearings and often produces
severe vibration, noise and structural fatigue. In this
subsection, the oscillating horizontal, vertical and
all forces on the propeller in one cycle of the SM
ship have been calculated with classical mathemati-
cal methods, discussed in section Mathematical for-
mulations. The Figures 9 and 10 present one blade
and an all blade forces variations for the propeller
at different radial sections, as a function of the blade
angular position (0—360 degrees) for a single cycle.
As observed in Figure 9, one blade horizontal and
vertical force variations are almost constant for dif-
ferent radial sections.

Conclusions

The non-uniform wake field of an SM ship was
analyzed for a B-Series propeller. From the results of
this study, it can be concluded that the aforementioned
considered method provides a simple, fast and reliable
solution, and gives oscillating load and hydrodynamic
performance variations with the sufficient accuracy,

a) 30 T T T T

~

N

-10 |

Horizontal Force (kN)

20 +

-30
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_____ —-—-— /R=055
r/R=0.60
————e———- [R=065
---------------- r/R=0.70
----- o—-—-— /R=075
r/R=0.80
————e———- [/R=0.85
-------- e-emme- [/R=0.90

150 200
0 (degree)

(Zoom view)

250 300 350 | === o—-—-— 1/R=1.00

T

Horizontal Force (kN)

—————— /R=020
________ r/R=0.25
---------------- r/R=0.30
——— r/R=0.35

r/R=0.40

r/R=045
---------------- r/R=0.50
——— r/R=0.55

r/R=0.60
———————— r/R=0.65
---------------- r/R=0.70
RS —— r/R=0.75

r/R=0.80
———————— r/R=0.85
---------------- r/R=0.90

170 175 180
0 (degree)

185 ———————e r/R=1.00

Figure 9. One blade oscillating loads including (a) horizontal force at different radial sections
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Figure 9. One blade oscillating loads including (b) vertical force, (c) total force at different radial sections

for the practical purpose of propeller pre-design. Such

information is critical to the design of propulsions that

can keep vibratory forces at a minimum. The main
results of this study are as follows:

» Thrust and torque variations of one blade and all
blades are shown in one cycle at different radial
sections. A lower amplitude is found at low radial
sections and a larger amplitude is obtained at high
radial sections.

» With increasing radial sections, the —C, min is
decreases and therefore the probability of cavita-
tion occurrence increases.
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* Generally, the variation in thrust with the dis-
cussed parameters is the same as that shown for
torque.

» The blade-frequency of the total force, thrust and
torque is increased with an increase in the radial
sections.

* The total force thrust and torque decrease with
increasing radial blade sections and they decrease
as the velocity increases.

* The presented results are useful for comparing
competitive designs for the same ship and can
give a good indication of which will be superior
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Figure 10. Oscillating loads of all blades variations including (a) horizontal force, (b) vertical force, and (c) total force at differ-
ent radial sections
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Practical approach to calculating the hydrodynamic oscillating loads of a ship propeller under non-uniform wake field

from a loading, vibration, cavitation and noise

point of view.

The future plan is to work on the stress-strain
analysis, vibration problems and dynamic motion
of the propeller including the added mass, dump-
ing coefficients and external forces generated by the
shaft engine.
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