
This document is downloaded from the
VTT’s Research Information Portal
https://cris.vtt.fi

VTT
http://www.vtt.fi
P.O. box 1000FI-02044 VTT
Finland

By using VTT’s Research Information Portal you are bound by the
following Terms & Conditions.

I have read and I understand the following statement:

This document is protected by copyright and other intellectual
property rights, and duplication or sale of all or part of any of this
document is not permitted, except duplication for research use or
educational purposes in electronic or print form. You must obtain
permission for any other use. Electronic or print copies may not be
offered for sale.

VTT Technical Research Centre of Finland

A coupled potential–viscous flow approach for the prediction of propeller
effective wakes in oblique flow
Sánchez-Caja, Antonio; Martio, Jussi; Siikonen, T.

Published in:
Journal of Marine Science and Technology

DOI:
10.1007/s00773-018-0588-5

Published: 13/09/2019

Document Version
Peer reviewed version

Link to publication

Please cite the original version:
Sánchez-Caja, A., Martio, J., & Siikonen, T. (2019). A coupled potential–viscous flow approach for the prediction
of propeller effective wakes in oblique flow. Journal of Marine Science and Technology, 24(3), 799-811.
https://doi.org/10.1007/s00773-018-0588-5

Download date: 22. May. 2023

https://doi.org/10.1007/s00773-018-0588-5
https://cris.vtt.fi/en/publications/c847e62f-c565-42fb-803e-58bc5af65571
https://doi.org/10.1007/s00773-018-0588-5


1

A Coupled Potential-Viscous Flow Approach
for the Prediction of Propeller Effective Wakes
in Oblique Flow
A. Sánchez-Caja1, J. Martio1 & T. Siikonen2

1VTT Technical Research Center of Finland
2Aalto University
Corresponding author: Antonio Sánchez-Caja, VTT Technical Research Centre of Finland,
Tietotie 1A, Espoo, FI-02044 VTT, Finland. Phone: +358 50 352 4743

antonio.sanchez@vtt.fi

ABSTRACT

This paper presents a method for the estimation of propeller effective wakes in

oblique flows. It extends to inclined flows an approach based on correction

factors previously developed for the estimation of effective wakes in straight flow.

The approach converts propeller-induced velocities approximately predicted via

potential flow theory into viscous induced velocities on the basis of a viscous flow

RANS analysis. The correction factors are a function of both the radial and

angular position on the propeller disk. They are calculated for a reference

advance number and work accurately in a neighboring continuous region of

advance numbers. This procedure allows controlling one of the errors present in

the calculation of effective wakes, namely the error derived from coupling a

potential flow method for the representation of the propeller with a RANS solver.

Consequently, it permits calculating the effective wake more precisely in off-

design conditions, reducing the CPU time and therefore, enlarging its range of

applicability to situations like those resulting from ship maneuvering. The

approach is tested for a podded propulsor unit in oblique flow.

Key words: Effective wake, oblique or inclined flow, potential flow, RANS, CRP,

pod propulsor, coupling error
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1. INTRODUCTION

Several procedures for the estimation of the effective wake in the CFD context

have been proposed over the years [1-7]. They couple potential flow methods for

the simulation of the propeller action with RANS solvers for the simulation of the

bulk flow around the hull. However, such procedures have been developed mainly

for straight flow conditions as a support for propeller design, leaving inclined

flow off-design conditions outside their focus. As a result, they succeed to a

certain degree in giving a good estimation of the effective wake in straight flow,

but their accuracy noticeably decreases in oblique flow conditions. In fact, current

prediction methods fail to estimate the circumferential variation of the effective

wake in a case as simple as that of a propeller in uniform oblique flow.

Generally, effective wake prediction methods incur two types of errors:

those derived of the limitation of potential flow methods to simulate correctly the

viscous flow solution, and those derived from deficiencies in coupling the

potential and viscous flow solvers.

Unfortunately, coupling errors have not been paid enough attention in

current approaches and sometimes they have been completely ignored. They have

been absorbed or included into other categories of numerical uncertainty.

Generally, body forces are usually spread continuously in circumferential

direction over the RANS grid whereas propeller induced velocities are calculated

by potential methods based on a discrete number of blades. It is clear that the

assumptions made for the viscous solution are different from those of the potential

flow, and therefore a coupling error must exist. Such an error may be small in

some ideal design conditions, but not necessarily in other more demanding off-

design ones such as oblique flow conditions, where lack of circumferential

symmetry is significant.

Concerning recent literature on effective wake predictions, Rijpkema et al.

[8] highlighted the importance and influence of the location of the coupling plane

for effective wake evaluation on self-propulsion results. They extrapolate the

effective wake to the propeller plane linearly from two upstream planes to obtain

reasonable results in the prediction of the self-propulsion point. Kinnas et al. [9]

also quantified coupling errors for an open propeller in straight flow conditions. In

the paper, the effective wake in inclined flow for a ducted propeller was also

estimated. Martin et al [10] showed the limitations of a lifting surface method
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coupled to a RANS solver for predicting the effective wake in inclined flow in

maneuver simulation, revealing large underprediction (40%) in force harmonics

representing fluctuations on the average force. Neitzel et al. [11] showed

limitations of body force distributions coupled with boundary element methods

and actuator disks to reproduce rudder forces in maneuver simulation.

Regener et al. [12] stressed the importance of using the effective wake for a

correct estimation of propeller cavitation behavior in behind condition in straight

course. They compute the effective wake on a single curved surface that follows

the blade leading edge contour closely (at a distance of 2% of the propeller

diameter), resulting in a curved coupling plane just upstream of the propeller.

Some workshops [20, 21] have established benchmarks cases that can be

used to some extent for effective wake validation. In [21], the self-propulsion

point was investigated for three types of vessels using actual propellers (RANS)

and propellers modeled by several potential flow methods. The latter included

constant body forces, lifting-line methods, lifting surface and panel methods. The

difficulty to draw conclusions on the accuracy of modeled propellers was

apparent. Sometimes a simple method based on constant body forces seemed to

yield better results than more sophisticated panel methods. Random cancellation

of different types of errors (including coupling errors) was responsible for such a

situation.

In Sanchez-Caja et al. [13] the nature of the numerical error in coupling

potential-viscous flow methods for the accurate estimation of effective wakes was

studied. A procedure for estimating the coupling error in straight flow at different

loadings was proposed. Verification studies were made. The approach was

validated in straight flow for a CRP unit in [14].

Hally [15] applied a correction approach similar to that in [13], but he

calculated the corrections for a range of advance numbers in open water to be

interpolated later for the advance number of interest. During the discussion of the

conference paper, a concern was expressed that current procedures of calculating

the effective wake are not appropriate for maneuvering simulation. In fact, they

are time-consuming and lose accuracy in oblique flow conditions.

Next, we will present an approach that overcomes some of the limitations

mentioned above. In particular, it allows evaluating the effective wake at the

propeller plane avoiding the need for extrapolated solutions from planes or



4

surfaces in front of the propeller. It also allows controlling coupling errors in

oblique flow conditions with low CPU consumption, and consequently it is suited

for maneuvering simulation. The approach is an extension to inclined flow

conditions, of the correction factor method developed in [13]. Such factors are

dependent on the radial and circumferential coordinates around the propeller axis

and are calculated only for one advance number. They succeed in estimating

accurately the effective wake when applied to other advance numbers located in a

wide region in the vicinity of the reference advance number. Improved estimation

of the effective wake results in improved predictions of performance, force

fluctuation and cavitation in off-design conditions.

2. NUMERICAL APPROACH

Viscous and Potential Flow Coupling

The viscous flow simulation is based on the solution of the RANS equations by

either the artificial compressibility or the pressure correction method using RANS

solver FINFLO. A detailed description of the numerical method including

discretization of the governing equations, solution algorithm, boundary

conditions, etc. can be found in [16] and [17]. The SST k-omega turbulence model

is used in the simulations [19]. The conceptual approach for the estimation of the

effective wake is explained in [13, 18]. It is based on a correction factor scheme

for the cancellation of the numerical errors derived from coupling a potential flow

method with a RANS method. It can be summarized as follows (Fig.1).
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Figure 1. Notional scheme for effective wake evaluation for a CRP/tandem pod unit.

First, the geometries of one or various propellers integrating the propulsor

unit are analyzed by a potential flow method, either lifting line, momentum

theory, lifting surface or panel method. Next, the calculated propeller forces and

moments (T, Q) are expressed in terms of body forces (fT, fQ) and included in the

RANS computation via an actuator disk interface. The interface may consist of

only one or more layers of axial cells at the location of the propeller plane where

the body forces, evaluated from the potential flow solution, are distributed. The

body forces generating thrust (fT) and torque (fQ) are added on the centers of the

computational cells in the momentum equation and can be expressed in the form,

( , ) =
, + + ,

−1
2 ,

2
, sin I,m

∀ ∈ [1, ] (1)

( , ) = , + ,

−1
2 ,

2
, cos I,m

∀ ∈ [1, ] (2)

where at panel m, rm is the radius, VA,m is the axial inflow, VT,m is the tangential

(circumferential) inflow, VE,m the effective total velocity, UA,m and UT,m the

propeller-induced axial and tangential velocities, respectively, Gm the circulation,

cm the local chord, CD,m the drag coefficient, bI,m the induced angle of attack, Drm is
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the panel length, M is the number of panels in the radial direction, Z the number of

blades, r is the water density and u is the circumferential volume over which the

forces are spread. The body forces are then transformed into Cartesian

components. A lifting line, quasi-steady approach will be followed in this study.

The RANS solution provides a new inflow at the location of the propellers

after subtracting the local induced velocities from the total velocities of the bulk

flow. The procedure is repeated for each RANS iteration. More details about the

approach can be found in [13, 14], including verification studies and providing

validation data of global forces in straight flow.

When a lifting line approach is selected as potential flow reference method,

the computation becomes very fast and the potential flow solution can be sought

even within each RANS iteration without noticeably increasing the CPU time.

Only one layer of axial cells may be used in the actuator disk interface, the width

of which will determine the sharpness of the actuator disk solution. The propeller

rake can be easily introduced in the model by adapting the grid shape to the rake

line. This approach allows calculating the effective wake directly from the

velocity field at the propeller plane. The effective axial wake is extracted at this

layer of cells (i.e. at the propeller plane) by subtracting the propeller induced

velocities from the total velocities in the RANS computation. In order to avoid

inaccuracies in the prediction of the effective tangential wake due to the large

axial gradients in the tangential flow at the propeller plane a special treatment is

made. The total velocities are taken from a layer 3-5 cells upstream of the

propeller plane. The width of such cells can be made small so that the location of

the control points is very close to the actual propeller plane. The advantage of this

approach is clear, since upstream of the propeller plane the circumferentially-

averaged self-induced tangential velocities are zero. The 3-5 cell layer choice

guarantees the adequate sharpness of the solution.

The use of a computationally-fast potential-flow method is especially suited

for massive computations like those related to ship maneuvering in multi-phase

flows. To improve the accuracy of the lifting line analysis, lifting surface

correction factors, traditional in propeller theory, can be used together with

correction factors for viscous-potential flow coupling.
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Correction Factors for Flow Coupling in Oblique Flow

The accuracy of the coupling technique in estimating the effective wake has been

traditionally tested for a propeller in uniform straight flow. Usually, the potential

flow methods reasonably succeed in reproducing the field of induced velocities

generated by the body forces within the RANS solver. However, to our

knowledge, the coupling techniques are not usually validated in uniform oblique

flow conditions. This is due to the fact that the coupling errors become significant

under such conditions.

For a uniform inflow V at a yaw angle of a, the axial effective wake due to a

propeller alone (i.e. in the presence of no surrounding bodies) is Vcosa, then

, −
= cos (3)

where VA,Bulk is the total axial velocity of the bulk flow in the RANS solver on the

propeller plane and UA
exact is the exact propeller-induced axial velocity within the

RANS solution.

However, the induced axial velocity predicted by the potential flow solver UA

will differ from the exact one and a correction to UA can be expressed as follows,

∆
= cos − , −

(4)

where DUA represents the correction term that should be applied so that the

potential flow induced velocities UA will be converted into ‘viscous’ flow induced

velocities, UA -DUA.

The corrections can be calculated at the end of each iteration loop and

introduced into the viscous solver for the next iteration. When convergence is

reached, the final loading of the propeller will be that resulting from a potential

flow calculation, and the effective wake will be the inflow VA provided that the

‘viscous’ induced velocities of magnitude UA -DUA are used in the updating

procedure.

Once the corrections to the induced velocities are derived, correction factors

can be introduced. If VA0 represents the inflow at a reference advance number J0

where the correction term is DUA0, the correction term (DUA1) at other advance
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number J1 can be estimated (DU*
A1) on the basis of the reference correction as

follows,

∆ 1
∗

1
=
∆ 0

0

1 1⁄

0 0⁄ (5)

This approach allows defining correction factors (FA) that are independent

of the advance number:

0 = 0 − ∆ 0

0
= 1 − ∆ 1

∗

1
= 1 (6)

A proof on the independency of the correction factor to the first order can be

found in [13] for straight flow.

These correction factors work accurately in the neighborhood of the

reference advance number and, therefore, need to be evaluated only once. In

practical applications the reference advance number can be chosen around that

corresponding to the nominal wake fraction.

Analogously, a correction term can be defined for the tangential and radial

induced velocities. In this case the solution to the y-and z- effective wake is Vsina

and zero, respectively. The tangential and radial effective wake now depends on

the q angle around the rotation axis. Setting q=0o at 12 o’clock position, the

equivalent expressions to equations (4), (5) and (6) are

∆
= −cos sin − , − ∆

= sin sin − , −
(7)

∆ 1
∗

1
=
∆ 0

0

1 1⁄

0 0⁄
∆ 1

∗

1
=
∆ 0

0

1 1⁄

0 0⁄ (8)

0 = 0 − ∆ 0

0
= 1 − ∆ 1

1
= 1 0 = 0 − ∆ 0

0
= 1 − ∆ 1

1
= 1 (9)

However, the correction for the effective tangential wake could be ideally

avoided in straight flow provided that the cell layer used to evaluate the tangential

wake is chosen 3-5 cells upstream from the propeller plane, where the body forces

do not induce tangential velocities and the errors in tangential wake prediction

would be negligible. If the inflow is oblique, the correction would not be

completely avoided, but it would be small.
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A final remark is that for UA values around zero the corrections are enforced

to be those at the reference J. In the case of radial induced velocities with values

close to zero in a wide region at blade mid span, UA at r/R=0.7 can be used for the

non-dimensionalization of all correction factors.

Figure 2. Definition of parameters related to correction factors. For q*=90o, a is the yaw angle.

For q*=0o, a is the vertical inclination angle.

For straight flows the correction factors at a generic point P on the propeller

disk were dependent only on the distance to the axis r, i.e. F=F(r). Now for

oblique flows, they also depend on the angular position at the propeller disk,

q, and on the direction of the inflow that can be expressed in terms of an inflow

angle relative to the propeller axis a, and of an inflow plane containing the

propeller axis q*, i.e. F=F[r, q; a, q*] as shown in Fig. 2.

The correction factors are calculated in the same way as in [13], i.e. for a

propeller alone in uniform flow, but now the uniform flow is oblique. Note that

for a uniform inflow with a yaw angle c0, the vertical inclination angle is b=0, the

axial angle is a=c0, and the flow is parallel to the plane q*=90o including the

propeller axis. If instead we consider a uniform inclined inflow with a yaw angle

0o and inclination angle b=c0, then the axial angle is a=c0 also, and the flow is

parallel to a plane q*=0o including the propeller axis. The solution for the

correction factors for the latter case will be the same as that for the former case

but the correction factors will be shifted 90o. Therefore, once we know the

correction factor solution for an inflow angle a=c0 at q0*=90o, we know it for any

angle q*  by performing a proper rotation.
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[ , ; , ∗] = [ , − ( ∗ − 0
∗); , 0

∗] (10)

In straight flow, the corrections factors were calculated once at a reference

advance coefficient, and then they were used at other advance coefficients in the

vicinity of the reference one. Similarly, in oblique flow the correction factors can

be calculated at one reference advance coefficient, but both for straight flow and

for the largest oblique flow expected at a=c0. For other a angles the factors can

be obtained by interpolation. Note that once the correction factors are known for

a=c0, they are also known for a=-c0, and therefore the interpolation for a generic

a can be based on three a points (c0, 0, -c0).

3. IMPLEMENTATION OF THE MODEL

3.1 Verification
Contrary to the straight flow case, a solid hub is not modeled in the RANS mesh

when correction factors are evaluated in oblique flow for the reference advance

number. The reason for proceeding in this way is that the exact solution of the

effective wake in oblique flow is known only when there is no hub. In this case,

the exact magnitude of the effective wake components is that of the velocities at

the inlet plane. Consequently, the computational grid for evaluating the correction

factors extends inside the hub region, and no solid boundary conditions are to be

enforced in that zone.

Next, the impact of the correction factor approach on the prediction of the

effective wake is illustrated from the standpoint of both spatial velocity

distribution and overall force coefficients induced by the effective wake.

Figure 3 shows the coupling error for the notional case of a hubless

propeller in uniform oblique flow. The propeller is that reported in [13] for

straight flow. The reference propeller is an 8.95 m diameter, 6-bladed propeller

working at an advance number based on the axial inflow of 0.67, with a loading of

CT=1.27 with a yaw angle of 20o. CT is the loading coefficient defined as

2
8

DV
TC

A
T

pr
= (11)

The number of panels used in the lifting line was 24 (more than required for

engineering accuracy), and the number of cells in the radial direction in the RANS



11

grid at the propeller plane was 50. In the circumferential direction, the number of

cells was 120. The polar diagrams on the left of the figure show the effective

wake predicted at different non-dimensional propeller radii (r/R) and

circumferential locations (q) when coupling errors are present. The diagrams on

the right show the exact solution, which is common for all radii. The coupling

errors are significant.

The scatter in the prediction of the tangential effective wake is smaller than

that of the axial and radial wakes. This is due to the way the tangential effective

wake is calculated (see previous section) in front of the propeller plane where

practically no tangential velocities are induced by the propeller. In fact, the

effective tangential velocity can be taken almost free of disturbances caused by

the induced flow since tangential velocities are induced suddenly at the propeller

plane, not in front of it. On the contrary, the axial and radial induced velocities

change in a continuous way across the plane, and their induced flow with the

corresponding coupling errors cannot be avoided.

The thrust loading for the uncorrected wake is 1.13, which differs from the

exact value of 1.27 in 12 %. The difference in efficiency is -1.5 %. The difference

in thrust coefficient KT is somewhat larger than that reported in straight flow [13]

for the same case. Table 1 summarizes the results. CT is also defined as

8*KT/(pJ2), being J a disk-averaged value of the effective axial advance number

evaluated by subtracting the propeller-induced velocities from the total velocities;

and KT the thrust coefficient. Note that even though the difference in KT is 5.7

percent, the difference in CT is doubled (12%) due to the additional error in J

prediction,

J
J

K
K

C
C

T

T

T

T ddd 2+» (12)

Table 1. Performance coefficients with and without effective wake corrections for the reference

advance number and an inflow yaw angle of 20o.

J CT KT KQ h 

uncorrected 0.689 1.13 0.211 0.0349 0.665

corrected & exact 0.667 1.27 0.223 0.0363 0.651

difference 3.2% 12% 5.6% 4.0% -2.1%
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Figure 3. Polar diagram of axial, tangential and radial distribution of effective wake velocities

without (left) and with (right) corrections (i.e. exact) for the reference advance number. The

velocities for different angular positions on the disk are presented as radial distances, made non-

dimensional using the inflow. The exact solution is common to all radii. The yaw angle is 20o.
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Next, the way the correction factors cancel the coupling error is illustrated

for loading coefficients larger than that at the reference evaluation point.

Performance coefficients with and without effective wake correction factors are

compared in Tables 2 and 3 for low advance numbers corresponding to CT

increases of 35 % and 50 %, respectively over the reference load. The inflow yaw

angle is 20o. The corrections that were previously evaluated for the reference J are

used now for the low J cases. The results are summarized in the tables. Note in the

fifth row of the tables that the differences between the exact and the corrected

values are below one percent for all coefficients except for CT (below 2-3

percent). The coupling errors are much higher for the uncorrected values (fourth

row).

The spatial velocity distribution of the coupling error is shown in Figure 4

for the 50 % increase load case. The local coupling errors in axial velocities of

about 15 percent with a peak about 30 % (diagrams on the left) are reduced to

about 3 % (diagrams on the right). The exact solution for 20o yaw angle is also

that presented in the right diagrams of Fig. 3.

Table 2. Performance coefficients with and without effective wake corrections for a low advance

number corresponding to a CT increase of 35% and an inflow yaw angle of 20o.

J CT KT KQ h 

(1) uncorrected 0.645 1.47 0.240 0.0388 0.637

(2) corrected 0.620 1.69 0.254 0.0405 0.619

(3) exact 0.616 1.72 0.256 0.0407 0.616

difference (3)/(1) -4.5% 17.0% 6.7% 4.9% -3.3%

difference (3)/(2) -0.6% 1.8% 0.8% 0.5% -0.4%

Table 3. Performance coefficients with and without effective wake corrections for a low advance

number corresponding to a CT increase of 50% and an inflow yaw angle of 20o.

J CT KT KQ h 

(1) uncorrected 0.630 1.60 0.250 0.0400 0.627

(2) corrected 0.603 1.85 0.265 0.0419 0.608

(3) exact 0.598 1.90 0.267 0.04217 0.603

difference (3)/(1) -5.1% 18.8% 6.8% 5.4% -3.8%

difference (3)/(2) -0.8% 2.7% 0.8% 0.6% -0.8%
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Figure 4. Polar diagram of axial, tangential and radial distribution of effective wake velocities

without (left) and with (right) corrections for a low advance number with 50% larger CT than that

at the reference advance number (J). The corrections are evaluated at the reference J and used at

the low J. The corrected effective wake is very close to the exact one (the exact coincides for a

yaw angle 20o with the diagrams on the right in Fig. 3).
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3.2 Application to Pushing CRP Podded Propulsor
A pushing CRP pod arrangement is analyzed in this section and the results are

compared to model scale tests. The main data of the propellers are given in Table

4. Figure 5 and 6 shows the shape of the thruster and the location of the propellers

in the form of actuator disks for the port and starboard side, respectively. The

pressure contours are visible for 8o yawed inflow.

Table 4: Propeller main characteristics

Forward propeller Rear propeller

Diameter (m) 0.246 Diameter (m) 0.223
Pitch ratio 1.00 Pitch ratio 1.22
AE/A0 0.45 AE/A0 0.55
Blade no. 4 Blade no. 5

Figure 5: CRP unit modeled with actuator disks. Pressure distributions on the port side of the

housing. The inflow is at a yaw angle of 8o, J =0.7.
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The propellers rotate at 12 rps and the distance between them is 40 percent

of the fore propeller the radius. The yaw angle of the inflow is measured relative

to the positive x-axis direction. The distribution of thrust was around 60-40

percent for the fore-aft propellers, respectively at the off-design condition. Grids

of 0.5 and 4.5 million cells were built for the RANS analysis, yielding differences

in force coefficients smaller than 0.5 %, which is indicative of small numerical

uncertainty [14].

Figure 6: CRP unit modeled with actuator disks. Pressure distributions on the starboard side of the

housing. The inflow is at a yaw angle of 8o, J =0.7

The lifting line code with lifting surface corrections was able to simulate

accurately the performance of each single propeller in open water especially for

advance numbers around 0.6-0.7. Therefore, this zone was the most appropriate to

check to what extent the interactions between the two propellers working in

contra-rotating mode and between propellers and housing were accurately

captured by the hybrid potential-viscous flow approach.  Figures 5 and 6 show the

pressure distribution for 8o yaw on the port and starboard side of the thruster,

respectively.

Figure 7 shows a comparison of computed versus measured non-

dimensional coefficients of unit thrust and torque for a yawed inflow of 8o. The

global interaction is shown to be well captured. The efficiency in the

computations is somewhat smaller than in the experiments. The overall forces in
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the tests were almost symmetric for positive versus negative yaw inflows. In

principle, for an ideal axisymmetric CRP thruster the yaw-symmetry of the forces

occurs not only for the entire unit but also for each single propeller in the unit. In

our case, the strut breaks the symmetry in yaw and some asymmetry of the forces

would be expected. However, due to the cancellation of tangential induced

velocities caused by the CRP propellers, the entire unit behaves as an axial

impeller that is not much affected by the turning side of the propellers in yawed

inflow conditions.

Figure 7: Comparison of numerical and measured performance coefficients for the CRP thruster at

model scale. The inflow is at a yaw angle of 8o.

Figure 8 shows the axial, tangential and radial effective wakes on the fore

and aft- propeller planes for the case shown in Figures 5 and 6. The disks extend

about 10 percent over the propeller radii. The positive x-axis is pointing

perpendicular into the figure so that the positive tangential velocity is clockwise.

The velocities are made non-dimensional with the magnitude of the inflow. The

wake of the strut is visible on the axial effective wake of the fore propeller (up-left

figure). The inflow yaw angle results in a lateral flow leftwards.

The lateral inflow direction due to yaw is against the fore propeller rotation

below the propeller axis, which results in high propeller loading at that location.

This makes the fore propeller induce a peak axial velocity on the aft-propeller

effective wake (up-right figure), and simultaneously reduces the total effective

tangential wake at that location (mid-right figure).  In other words, the tangential
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flow is turned into the axial direction. The opposite occurs above the axis where

the rotation direction of fore propeller coincides with the yawed inflow. This

results in lower blade loading on the fore propeller (and therefore lower axial

induced flow on the effective wake of the aft propeller) and larger total effective

tangential flow on the aft propeller.

Figure 8: Axial (up), tangential (middle) and radial (down) effective wakes at the location of the

fore- (left) and aft- (right) propellers in a CRP unit. The inflow is at a yaw angle of 8o.
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The fore propeller induces a flow contraction on the aft propeller effective

wake, the effect of which adds up to the yaw lateral inflow on the right side of the

down-right figure producing a negative radial flow peak. On the left side, the

contraction and the lateral inflow cancel each other. Similar effects are caused by

the contraction induced by the aft-propeller on the fore propeller radial effective

wake (down-left figure).

The test case was also simulated without correction factors. The uncorrected

run yielded differences in overall force coefficients of 3 percent for the fore

propeller and somewhat smaller for the rear one. Differences in local axial

velocities over the disk reach a maximum of 18 percent around the strut wake,

being below 6 percent over most of the disk. Differences in axial velocities

averaged circumferentially at each radii are between 2 and 3 percent over the

region r/R<0.7. For r/R>0.7 the average velocities are smaller than 2 percent.

Differences in tangential velocities are below 6 percent.

4. DISCUSSION

In this section, we provide clarifications on some issues concerning the

implementation of the model. We mentioned in section 2 (Fig. 1) that the

propeller forces, calculated by the potential flow method (thrust and torque), are

expressed in terms of an equivalent actuator disk (axial and circumferential body

forces). For the case of a lifting line in axisymmetric flow, the lifting line

calculation is made only once per RANS iteration since the flow is steady state.

Then the forces on each blade are spread uniformly in the circumferential

direction over the corresponding blade passage. At this stage, the velocities

induced by the equivalent actuator disk are selected instead of those on the lifting

line. For the case of unsteady flow (for example, oblique flow), the lifting line

calculation is performed several times over the entire revolution at 5 or 10 deg.

time steps. Each time step is treated as in the uniform case, but now the calculated

body forces are active only in its local angular step.

In the case of a vortex lattice or panel method, various implementation

approaches can be followed. For example, the propeller-RANS interface can be

either an intermediate actuator disk (one cell thick layer) or an intermediate

actuator cylinder (multi-cell thickness layer). In the former case, the disk can pass
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through the one-quarter chord points of the blade sections, which approximately

represent the center of forces for the blade sections, and proceed in the same way

as with the lifting line for the conversion of thrust and torque into body forces. In

the latter case, an actuator cylinder would cover the circumferential region swept

by the blade, and the body forces would extend over the chord according to the

loading distribution obtained via BEM calculation.

The correction factors cannot be transferred between potential flow

methods. They are linked to a particular potential flow method. However, the

effective wake calculated via a particular potential flow method may be a good

approximation to that obtained via another one. This can be properly understood if

we consider that the effective wake calculated by the lifting line approach for the

idealized case in Fig. 4 is exact, and therefore it could be transferred to a BEM

method in a post-processing stage to evaluate for instance the fluctuating forces

acting on the blade. In principle, the effective wake is dependent on the potential

method used, but the correction factor approach here proposed for the correction

of the coupling errors represents a step forward towards a more “independent”

effective wake. A full independency could only be obtained for idealized cases

such as that of Fig.4, where any potential flow with correction factors would

provide the same answer: a uniform oblique flow effective wake.

Concerning the obliqueness of the inflow, in practical applications, a

dominant direction of the inflow to the propeller disk can always be defined based

on the direction of ship motion. Such a direction can be used in the correction

factor approach. One can argue that for some hulls with full forms, like those of a

single screw tanker, flow separation at the stern may obscure the definition of

such an inflow direction.  However, once the propeller is included, the propeller

action will decrease separation, and consequently, the effective wake will present

a dominant direction over the entire disk. Note that even though, by definition, the

effective wake does not include the propeller induced velocities, it includes the

reduction of separation induced over the stern flow. Alternatively, the dominant

flow direction can be obtained iteratively by averaging the effective flow over the

disk within each RANS iteration.

A further development of the present approach could be to allow for

corrections at different inflow directions across the propeller disk, instead of

having only one dominant direction. This enhancement would not require
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additional tests for calculating the correction factors. The symmetry relation in

equation (10) and the 3-point interpolation mentioned at the end of section 2

would make it possible to find the right correction factors for any possible

direction of the flow at any point on the disk.

In our previous paper (Sanchez-Caja et al., 2015), we recommended that

the reference advance number for the evaluation of the factors should be a number

somewhat smaller (and therefore thrust coefficient larger) than that of the

expected effective wake. The corrections are then calculated by interpolation,

which is safer than by extrapolation in the opposite situation. We have presented a

“one-sided” verification in section 3.1, but notice that the selected side is the most

demanding one, since it involves extrapolation to CT coefficients larger than the

reference one. The verification to the “other side” should present smaller errors.

In principle, the present approach is intended to work properly for ships

performing ordinary maneuvers using only one reference evaluation advance

coefficient. Notice that in our previous paper even changes of 100% of CT were

considered, and reasonable control of the errors were obtained. More reference

evaluation points can be used if the accuracy of a particular application requires

so.

5. CONCLUSION

In this paper, the correction factor approach on propeller induced velocities

developed in [13] is extended to oblique flows. Knowing the nature of the error

resulting from coupling a potential flow method for the simulation of the propeller

with a RANS solver, correction factors can be defined to accurately estimate the

induced velocities to be used for the prediction of the effective wake at different

loading conditions. The correction factors are functions of the radial and

circumferential coordinates on the propeller disk. A lifting line method for the

simulation of the propeller action was used for the demonstration of the

procedure. An actuator disk was used as an interface between the RANS solver

and the potential flow method. The exact knowledge of the effective wake for a

propeller in uniform oblique flow was used as a reference for numerical

verification.
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The circumferential and radial distribution of the numerical coupling error

was quantified for a propeller with an inflow yaw angle of 20o and the accuracy of

the error correction procedure was tested for loading increases of 35-50 percent.

The differences to the exact solution in KT, KQ, h and J were found to be less than

one percent.

As errors in the estimation of the average effective wake of about five

percent may lead to errors in the estimation of force coefficients of about 15

percent [13], local errors of larger magnitude in the axial effective wake such as

those found at particular circumferential locations in the testing case would result

in inaccurate prediction of force harmonics. This may partially explain the

difficulties in force harmonics prediction found in oblique flows by some authors

[10].

For estimating the correction factors it is recommended that the reference

advance number correspond to a reference nominal wake. The correction factors

need to be evaluated only for one advance number and they depend on the inflow

angle a to the propeller axis and on the inflow plane angle q*. Once the

corrections are known for an inflow plane q*=q*0, they are known for any other

angle q* by a proper rotation. For maneuver simulations, they can be evaluated for

straight flow (a=0o) and for the maximum yaw angle expected, (a=amax; q*=90o).

For other angles they can be interpolated by a three-point interpolation, being the

third point that for the minus maximum yaw angle. It is obtained by applying a

180o shift on the factors evaluated for the positive maximum yaw angle.

Even though the present work focuses on the estimation and cancellation of

numerical errors that can be validated only in ideal conditions as shown in section

3.1, the proposed procedure for the prediction of effective wakes was also applied

to a pushing CRP pod unit subject to a yaw angle of 8o for which experimental

data was available. The correlation of numerical predictions with experiments was

good in terms of forces and moments.
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