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a b s t r a c t

A numerical analysis is carried out for the marine propellers in open water conditions to investigate the
effect of the wall treatments in model and full scale. The standard wall function to apply the low of the
wall and the two layer zonal model to calculate the whole boundary layer for a transition phenomenon
are used with one turbulence model. To determine an appropriate distance of the first grid point from
the wall when using the wall function, a formula based on Reynolds number is suggested, which can
estimate the maximum yþ satisfying the logarithmic law. In the model scale, it is confirmed that a
transition calculation is required for a model scale propeller with low Reynolds number that the tran-
sient region appears widely. While in the full scale, the wall function calculation is recommended for
efficient calculations due to the turbulence dominant flow for large Reynolds number.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In general, since the full-scale hydrodynamic performance of the
commercial ships cannot directly obtain due to physical limitations,
the final performance of the ships is estimated by determining the
self-propulsion factors using the full-scale extrapolation method
from model tests, which consist of resistance test, self-propulsion
test and propeller open water test. During the design stage, the
performance of the ship is estimated through the numerical anal-
ysis due to the cost and time constraints of the model test, and the
results provide the information for the design. Recent advances in
the numerical analysis schemes make it possible to estimate the
hydrodynamic performance of ships quickly and easily, and the
trend is to use numerical analysis for estimating not only the
resistance performance but also the self-propulsion factors.

Although the full-scale performance information is required in
the design stage, most of the numerical analysis has been carried
out for the model scale because the performance of the full-scale is
eventually determined by the model test. So, the performance of
the ship is evaluated by the numerical analysis for the model scale.
The efforts to perform the model test as similar as the full-scale

have been made continuously, such as increasing the size of the
model to increase the Reynolds number and adopting a turbulence
stimulator to reduce the scale effect between the full scale and the
model scale. This can be seen as a reason why the ordinary RANS
analysis, inwhich the entire flow domain is assumed as turbulence,
for the hull resistance gives the results quantitatively close to the
model test results beyond the qualitative comparison between the
designed hull forms. As a result, the numerical analysis is actually
useful for the hull form design (Kim et al., 2005; Choi et al., 2011).
However, the numerical result for the model propeller does not
guarantee the reliability as much as that for the hull resistance. The
numerical analysis of propellers in an open water condition has
been conducted mainly for the model scale to validate the accuracy
of the numerical schemes and to investigate the suitability of
propeller performance estimation as a step of the numerical anal-
ysis for the self-propulsion (Lee et al., 2017; Kulczyk et al., 2007;
Gaggero et al., 2010). In this case, the estimated open water per-
formance is often inconsistent with the results of themodel tests. In
most numerical analyses, the thrust relatively agrees well with the
model test, but the torque is larger than the model test, thus, the
propeller efficiency in the open water condition of the numerical
result is lower than the model test.

It was recommended in the 15th and 17th ITTC (ITTC, 1978;
1984) that the Reynolds number of a model propeller at 0.7 R
should be at least over 3.0 � 105, and also, Kim, et al. (2000)
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suggested Reynolds number be over 5.0 � 105 at 0.7 R based on the
openwater tests of various model propellers according to Reynolds
number. However, in most model tests, the propellers operate at
very low Reynolds numbers compared to their hulls. Usually, for
resistance computation in towing condition, the Reynolds number
of the model hull is around 107, thus, it is common to use the wall
function for efficient computation because of the large amount of
computation required for the complex turbulent boundary flow in a
very small area near the wall. So, considering the self-propulsion
calculation, the wall function has been applied in the numerical
analysis for the model propeller to be consistent with the hull
resistance computation. However, since the Reynolds numbers of a
model propeller at 0.7 R are below 106 in openwater condition and
about 105 behind the hull, a transition region including laminar is
relatively wide.

The use of the wall function in computation is to treat the log
layer of the boundary layer as a function under the assumption that
the boundary layer flow is turbulent, and in the case of the model
propeller with low Reynolds number, a laminar and a transition
flow appear, so the use of the wall function is not appropriate. To
solve this problem, recently, some studies calculate by using a
revised turbulence model with the wall function (Kim et al., 2018)
and some use the transition model (Wang and Walters, 2012;
Carrica et al., 2013; Paik, 2017; Moran-Guerrero et al., 2018). These
studies have shown that the computations for the model propellers
in open water conditions agree well with the model test, and
although the turbulence model had some effect, it is shown that
there was a fundamental improvement in the numerical result by
the wall treatment scheme.

In the case of using the wall function, called the wall function
calculation, since the range of the log layer gets wider as the Rey-
nolds number increases (Patel, 1998), the distance of the first grid
point away from the wall, yþ1 , can be used with a larger value
enough for high Reynolds number. From this, it can reduce the
number of grid and improve the quality of a gird. So it is possible to
have the solution that can be well converged and the efficient
computation, but it is impossible to simulate a transition flow.
Whereas, in the case of using the transition model, called transition
calculation, there is a merit that the transition phenomenon
including laminar can be computed so that strict analysis is
possible. However, since yþ1 is less than 1, problems may occur due
to the increasing number of grid and the decreasing quality of the
grid, and, especially, in full-scale flows, it is an inefficient compu-
tation. As such, the wall treatment scheme has a significant influ-
ence on the numerical analysis for a propeller, especially, for a
model propeller, but, it is still insufficient to scrutinize the differ-
ence of flow characteristics, forces, or force distributions between
these numerical schemes.

On the other hand, recently, efforts to directly estimate the
performance of a full-scale ship rather than to indirectly estimate
through a physical similarity, such as a model test, have beenmade.
Numerical studies on full-scale have been actively conducted
(Müller et al., 2009; Castro et al., 2011; Bhattacharyya et al., 2016),
and various attempts have been made in the case of full-scale
measurements (EFFORT, 1998; JoRes, 2019). However, the data
that can be reflected in the design may be obtained through nu-
merical analysis since that is the only alternative due to the physical
limitations. A practical method to solve the above-mentioned nu-
merical problems for full-scale flow and to calculate that efficiently
is to use a wall function. In the case of the hull, the model ship can
be assumed to be turbulent from the effort to reduce the scale ef-
fect, and so, a highly accurate analysis result can be obtained from
which the wall function is applied. In the case of a full-scale, since
the boundary layer thickness becomes thinner as the Reynolds

number increases, the grid must be distributed close to the wall so
that the number of grids increases and the quality of the grid, such
as aspect ratio, decreases. So, if the distance of the first grid point
from the wall (yþ1 ) can be appropriately determined according to
the Reynolds number, the effective computation can be conducted
using the wall function.

Whereas, since a propeller works at about 105 Reynolds number
in the model scale as the transition flow and at about 107 Reynolds
number in the full-scale as the turbulent flow, and so, a computa-
tion for the full-scale propeller is appropriate to use the wall
function because there are problems like grid quality and the
number of the grid in the use of the transition model as mentioned
above. However, although it is necessary to examine the validity of
using the wall function in the computation for a full-scale propeller
performance with changing local Reynolds number by a radius as
well as a chordwise position, the investigation has not been con-
ducted properly.

In this study, the effect of the wall treatment schemes on the
numerical analysis for propeller performance in the model scale
and the full scale is investigated. For this, numerical analyses are
conducted for the propellers of the model scale in the open water
condition according to the wall treatment schemes, and the dif-
ferences of propeller performance between them are investigated
in terms of the total force, force distribution, and flow. And from
these, the level of the current numerical analysis methods for the
model propeller is evaluated. Also, it is investigated on the results
from the computation for full-scale propeller according to the wall
treatment schemes, and it is discussed on the validity of using the
wall function in the full scale and how to determine the distance of
the first grid point away from the wall.

2. Numerical analysis

2.1. Numerical method

For the 3-dimensional steady-state incompressible turbulent
flow, the governing equations are continuity and momentum
equation (RANS equation). Through a process of discretization
based on the finite volume method, the algebraic equations are
solved. A commercial CFD code, Fluent (V15), is used for the com-
putations. The convection and diffusion terms of momentum
equation are discretized by QUICK and 2nd order central-difference
scheme, respectively. The SIMPLEC algorithm is used for the
velocity-pressure coupling and MRF (Moving Reference Frame)
scheme is adopted for propeller rotating. The calculations are
regarded to be converged as the residuals of the velocity and the
pressure are lower than 10e5.

The turbulence model in this work is the realizable k-ε that is
used often in calculating the turbulent flow around the hull form.
The propeller open water calculation is intended not only to esti-
mate the open water performance, but also to confirm the validity
of numerical schemes and then to be applied to the self-propulsion
calculation. Therefore, since the numerical schemes of the propeller
open water calculation must be consistent with the hull form
calculation, the same turbulencemodel, which is widely used in the
hull form calculation, is applied for the propeller open water
calculation. The wall treatments are both the standard wall func-
tion and the enhanced wall treatment. The former is to apply the
law of the wall in the log layer (or overlap layer) that a boundary
layer is calculated from the log layer, and the latter, which is
generally known as the two-layer zonal model, is to calculate the
whole boundary layer including viscous sublayer. In the case of the
standard wall function (Launder and Spalding, 1974), a normalized
distance of a first grid point from the wall (yþ1 ) must be located in
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the log layer (or overlap layer) so that the flow field is assumed to
be a turbulent flow existing the log layer (ANSYS, 2015).

Usually, the logarithmic law of thewall, i.e. log law, is satisfied in
which yþ is over about 60 and the range of yþ satisfying the log law
increases according to the Reynolds number increment (Patel,
1998). So a yþ1 can be determined appropriately locating on log
layer considering Reynolds number. Fig. 1 shows the wall profiles in
the wall coordinate for the numerical result of a flat plate. The
vertical axes are the non-dimensional velocity by a wall velocity
(uþ ¼ u=ut) and the horizontal axes are the non-dimensional dis-
tance away from the wall (yþ ¼ uty=n). It was confirmed that a
range of yþ satisfying the log law becomes larger as the Reynolds
number increases from the previous study of the authors (Choi and
Kim, 2010). Also, the authors have shown that the error of drag was
varied by yþ1 when using the wall function. From this, the authors
recommended carefully applying the wall function below Reynolds
number 106 which the error of friction stress appears largely as
using the wall function. This is indicated that yþ1 must be deter-
mined appropriately according to Reynolds number to reduce an
error of force. Therefore, the information of a maximum
yþ satisfying the log law in a certain Reynolds number can be useful
to determine a yþ1 when using the wall function.

According to Coles (1956), the velocity profile of the outer layer
above the log layer, which have awake-like shape, can be presented
in a function of a distance normalized by boundary layer thickness
(y/d), and the wake function, the so-called Coles’ law of the wake,
was proposed. So, a starting point of the wake region after the log
layer can be regarded as a maximum yþ satisfying the log law. A
boundary layer thickness is inversely proportional to Reynolds
number so that a maximum yþ satisfying the log law (yþlog�max) is

proportional to Reynolds number. Using White (1974)’s results,
which the boundary layer thickness is inversely proportional to Re1/
7 for a turbulent flow, and the numerical results of the previous
study (Choi and Kim, 2010), yþlog�max can be proposed as Eq. (1).

ln yþlog�max ¼
�

1
8:15

Re
1
7

�2
þ ln 60 (1)

Here, the second term on the right-hand side indicates yþz60
where the log law begins. The yþlog�max obtained from the previous

numerical results are shown in Fig. 2 with Eq. (1). In this study, to
maintain consistency of the numerical analysis with the standard
wall function, yþ1 is determined by yþ1 ¼ ðyþlog�max þ60Þ=2 using Eq.

(1).
On the other hand, the enhanced wall treatment is applied to

calculate a whole boundary layer including the inner layer (viscous
sublayer). This is generally known as the two-layer zonal model and
it is possible to reproduce a transition phenomenon. The turbulent
Reynolds number normalized by the distance from thewall and the
turbulent kinetic energy is defined as Rey ¼ yk/n. And the flow is
divided into the fully turbulent region and the viscosity affected
near-wall region based on the specific value 200 of Rey. For the
transition calculation with the enhanced wall treatment, the
normalized distance of a first grid point from the wall (yþ1 ) must be
under 1. Because this model is not the turbulence model and just a
wall treatment method, it is different from the strict transition
turbulence model that some factors, such as the intermittency, the
momentum thickness Reynolds number, and so on, should be
considered for the transition onset (Menter et al., 2006) or the
turbulent and laminar kinetic energy should be calculated sepa-
rately (Walters and Cokljat, 2008). So, this numerical scheme used
in this study has a limitation in reproducing the precise transition
phenomenon. However, it was confirmed that this numerical
scheme is considerably useful for calculating a whole boundary
layer and transition phenomenon from the previous study of the
authors (Choi and Kim, 2010). In this study, to investigate an effect
of the wall treatments, while excluding the effect of the turbulence
model, the realizable k-ε turbulence model is used because both of
the two wall treatments can be applied through this method. And
the realizable k-ε turbulence model is widely used in a hull form
design because it simulates model tests for ship resistance and
wake flow and is also a two-equation model that can be efficiently
calculated within time and convergence. Also, there is a reason to
apply the consistent analysis scheme to the hull and propeller since
it can be applied to self-propulsion analysis in the future.

Fig. 1. Wall profiles in flat plate boundary layer by Reynolds number from previous
numerical study (Choi and Kim, 2010).

Fig. 2. Maxium yþ which validate the logarithmic law of the wall from numerical
results of flat plate (Choi and Kim, 2010) with estimating maxium yþ from Eq. (1).
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2.2. Coordinate and grids system

The coordinate system for numerical analysis, as shown in
Fig. 3(a), is consisted of the origin at the propeller center, the main
flow direction towards positive x, the centerline of the key blade
towards positive z, and consequently, the direction of the propeller
rotation towards negative x. The radial distance from the propeller
center in y-z plan is defined as the radius r and in arbitrary radius r,
the direction along the section surface from the leading edge to
trailing edge is defined as the positive x. The computational domain
is shown in Fig. 3(b) and the domain size is determined based on
the size generally used in hull calculation for the lateral and the
downstream distance considering a future self-propulsion calcu-
lation. The boundaries of that is defined as follows: the inlet and
external boundaries are located at 12D upstream and 10D lateral,
respectively, from the propeller center with velocity inlet condi-
tion; the outlet boundary is located at 18D downstream with
pressure outlet condition.

The 3-dimensional spatial grids of OeH type around the pro-
peller are generated and a multi-block grid system is used that the
grids are divided into two blocks of a fixed block for the outer re-
gion and a rotating block for propeller rotation. The reason behind
the division of rotating and fixed block is since the propeller rotates
and the hull is fixed in the self-propulsion calculation, thus the
rotating block used in the propeller open water calculation should
be used in the self-propulsion calculation. A grid system for the
numerical analysis of a propeller is a trend in which an unstruc-
tured grid is preferred over a structured grid (Yao and Zhang, 2018;
Paik, 2017; Kim et al., 2014). There aremany reasons for this, but the
representative reason is that the propeller shape is complicated and
so there is a difficulty to generate a high-quality structured grids. In
particular, the skewness of the grid increases on the leading edge
with large curvature, so it is difficult to obtain a smooth and high-
quality grid in the vicinity of the leading edge which is very
important when calculating pressure. And a numerical analysis is
inefficient because it takes a lot of time and effort to generate a
quality grid.

However, the structured grids are required for highly accurate
calculation of the boundary layer flows, especially transition flow
for a rotating body like a propeller, whereas, in the case of the
unstructured grids, a very large number of grids is required.
Therefore, in this study, the outer fixed block is a structured grid
system and the inner rotating block of the propeller is a hybrid grid
system that a structured grid is used in the vicinity of propeller
surface for calculating the boundary layer flow and the rest of it is

an unstructured grid system. For the grid generation, Pointwise
(V18) is used. On the left side of Fig. 4, the propeller surface grid of
the rotating block is shown and the diameter of the rotating block is
1.2D considering that it is attached to the hull stern in a self pro-
pulsion calculation in the future. On the right side of Fig. 4, the
vicinity grids of the cross-section of KP505 propeller in the leading
and traniling edge at 0.7 R are shown. The structured grids are
generated in the boundary layer region near the wall and the un-
structured grids are generated in the rest of it. In the case of the
transition calculation, the structured grids are distributed very
close to the wall because the yþ1 must be under 1 so that the many
grids are used. The grid system like this is applied for all propellers
of this study, but the number of grids is applied differently
depending on the number of blades, propeller diameter, and the
wall function using or not.

2.3. Objectives and conditions

Two propellers were selected for this study, P4119 (Jessup, 1989)
and KP505 (Kim et al., 2018), with model test results. In Table 1, the
main conditions for both propellers are summarized with the
Reynolds number at 0.7 R. The propeller Reynolds number at 0.7 R
in model tests was recommended over 3.0 � 105 in 15th and 17th
ITTC (ITTC, 1978; 1984) and Kim et al. (2000) recommended
5.0� 105 through the openwater tests of various propellers varying
the Reynolds number. Two propellers in this study satisfy the rec-
ommended Reynolds number in the model scale.

On the other hand, in the case of a flat plate, a critical Reynolds
number is known to be over 5.0 � 105 (Schlichting, 1979), so a
transition region including laminar may appear widely in a lower
radius than 0.7 R. This infers that a numerical analysis with the
turbulence model and the wall function holds difficulty for simu-
lating a model test. So, the two propellers with different Reynolds
numbers in model scale are selected. P4119 propeller is suitable for
verifying the reliability of the numerical scheme since there are
experimental data on the open water performance as well as the
pressure distribution and flow velocity distribution.

KP505 propeller is the propeller of 3600TEU container ship and
the open water performance from the model test exists (SIMMAN,
2014). Also, the full-scale open water performance can be obtained
from the full-scale correction (ITTC78). The rps of the model test is
used in the computation for the model propeller and the rps of the
full-scale computation is determined from that of self-propulsion
point. The computations are carried out for 5 different advance
ratios and that is varied by changing the inflow velocity with fixed

Fig. 3. Coordinate system and calculation domain.
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rps. The shape of the propeller is presented in the description of the
numerical results of each propeller.

The thrust and the torque of the results are normalized and the
open water efficiency is defined as Eq. (2). And the pressure and
shear stress are normalized as Eq. (3). Here, r (kg/m3) is a fluid
density, D (m) and n represent a diameter of the propeller and a
revolution per second of the propeller, respectively. And Cp and Cf
are pressure and local friction coefficient, respectively, and u rep-
resents angular velocity, r radius, and U0 inflow velocity. The Rey-
nolds numbers are defined as global and local Reynolds number in
Eq. (4). The velocity used in the Reynolds number definition is the
relative velocity for the angular velocity of the propeller and inflow
velocity. And the local Reynolds number is normalized by the chord
length (Cr) in each radius, the local length x, and kinematic viscosity
n.

KT ¼
T

rn2D4; KQ ¼ Q
rn2D5; h0 ¼ JKT

2pKQ
; J ¼ V

nD
(2)

CP ¼ P � P0
1
2 r

n
U2
0 þ ðurÞ2

o; Cf ¼
tw

1
2 r

n
U2
0 þ ðurÞ2

o (3)

Re ¼
Cr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
0 þ ðurÞ2

q

n
; Rex ¼

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2
0 þ ðurÞ2

q

n
(4)

3. Results and discussion

3.1. Solution validation for P4119

To confirm the validity of the numerical scheme, the computa-
tions are carried out for P4119 (Jessup, 1989) which has experi-
mental data on force and flow. As shown in Table 2, the diameter of
P4119 is 0.305m, the number of the blade is 3 and the section of the

blade is NACA 66 (DTRC modified), a ¼ 0.8 meanline. The shape of
the blade has a nearly constant pitch without the skew and the rake
so that the shape of P4119 is relatively simple compared to a
modern commercial propeller. The Reynolds number by advance
ratio and the main particular is shown in Table 2. The Reynolds
number increases as the radius increment until 0.8 R and then
decreases. The difference in Reynolds number due to the advance
ratio is small. In most radius, ITTC recommendation is satisfied and
the Reynolds number is larger than that of general propeller model
tests.

Table 3 shows the results of the grid dependency test. Since this
study is to confirm the numerical results according to the wall
treatment scheme, the grid dependency of the rotating block
around the propeller, especially the structured grid for boundary
layer, is investigated. Accordingly, the number of grid in the outter
fixed block is constant, and the number of grid in the rotating block
is changed. The structured grid of the boundary layer resigon is
defined by the number of points in the chordwise direction, the
number of points in the spanwise direction, and the number of
layers in the normal direction, and the unstructured grid depends
on the number of points in the structured grid. Using case 3 as the
base grid number, the total of 5 cases are investigated by increasing
or decreasing by 2 times. At this time, the value of yþ1 is maintained
at about 1.

The thrust appears larger than that of the experiment in the
lower grid number, and then it almost converges after case 3. The
torque can be seen that it converges after case 4. Therefore, case 4 is
the most appropriate grid system considering the number of grids,
so the subsequent calculations are conducted using the grid system
of case 4.

The numerical scheme and the grid system are the same as the
one mentioned above, and Table 4 shows the number of grids and
the turbulence model with wall treatment used in numerical ana-
lyses. When the wall function is not used, called the transition
calculation, yþ1 is set to under 1 based on 0.7 R, and consequentially,
a large number of grids are used. When the wall function is used,
known as the wall function calculation, yþ1 is determined by
yþ1 ¼ ðyþlog�max þ60Þ=2 using Eq. (1). In this case, the number of

grids in the boundary layer is significantly reduced, so the differ-
ence in the total number of grids is large compared to the transition
calculation. The number of unstructured grids of the rotating block
and structured grids of the stationary block is the same in both of
the transition and the wall function calculation.

In Fig. 5, the wall yþ of the numerical results is shown. The gird

Fig. 4. Numerical grids system of rotating block of KP505.

Table 1
Objectives and geometrical conditions.

Objective Model scale Full scale

Diameter(m) rps Re0.7 R Diameter(m) rps Re0.7 R

P4119 0.305 10 1.0 � 106 e e e

KP505 0.25 14 7.21 � 105 7.9 1.2 6.30 � 107
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near the wall for transition calculation is distributed as yþ1z 1 and
then the wall yþ results of transition calculation appear under 1. In
the case of the wall function calculation, the grid near the wall are
distributed as yþ1z100 and then the wall yþ results appear under
100 in most regions. In the region over 0.8 R, some are over 100, but
since the Reynolds number is large so that the wall yþ is located in
the log layer, it can be seen that the calculations are performed
properly.

The openwater performances of numerical results are shown in
Fig. 6(a) with experimental results. It seems that the thrust coef-
ficient (KT ) and the torque coefficient (KQ ) of both of the transition
and wall function calculations agree well with the experiments.
However, the results of the wall function calculation are larger than
that of the transition calculation in KQ and from this, the open
water efficiency of the wall function calculation is lower than that
of the transition calculation in the entire range of advance ratio.
Whereas, the open water efficiency of the transition calculation
agreeswell with the experiment near the design advance ratiowith
exception of high advance ratio.

In Fig. 6(b), the thrust and torque are shown by dividing into
pressure and friction components. The superscript P means pres-
sure component and F means friction component. In the case of the
thrust, the pressure component is dominant and the friction is very
small which acts drag as a negative value and rarely changed by
advance ratio. Although the difference of friction in the thrust be-
tween both calculations is about 17.4% in average, it is too small to
be negligible. The pressure component of the thrust in the transi-
tion calculation is larger by 3.2% in average than the wall function
calculation. In the case of the torque, the friction component of the
wall function calculation is higher by 23.5% in average than that of
the transition calculation and it cannot be ignored since the effect

Table 2
Local Reynolds numbers of P4119 in model scale and principal dimensions.

Diameter(m) 0.305

P/D mean 1.086

P/D 0.7 R 1.084

No. Of blades 3

Section NACA66

rps 10

Design advance ratio 0.833

Re mean 0.80 � 106

Re 0.7 R 1.00 � 106

Table 3
The number of grids for the grid dependency test and the results.

Cases Rotating block � 10e3 Stationary block structured
grids
� 10e3

Total
grids
� 10e3

Structured grids for blades
(chord*span*layer)

Unstructured
grids

1 768 (70*70*20) 552 1290 2610

2 1200 (100*100*20) 1116 1290 3606

3 1800 (150*100*20) 2043 1290 5133

4 2700 (150*100*30) 3143 1290 7133

5 4050 (150*150*30) 4654 1290 9994

Table 4
Wall treatment and number of grid of P4119 for computations.

Scale Wall treatment yþ1 Grids type No. Of
grids

Model Enhanced wall treatment (Transition
calculation)

1 Rotating
block

5.8 M

Stationary
block

1.3 M

Total 7.1 M
Standard wall function (Wall function
calculation)

100 Rotating
block

3.1 M

Stationary
block

1.3 M

Total 4.4 M
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of friction in the torque is increased as the advance ratio increases.
Whereas, the pressure component of the wall function calculation
is lower by 1.7% in average than that of the transition calculation. It
means that the difference between the wall treatments appears
mainly in the friction component of the torque.

As shown in Table 5, the error of the transition calculation in the
design advance ratio is very small but that of the wall function
calculation is relatively large in thrust. Especially, the difference of
the error between thrust and torque is larger in the wall function
calculation than the transition calculation and this can also be

confirmed in the total square mean error. This difference of error
can be seen as the reasonwhy the wall function calculation can not
accurately estimate the open water efficiency of the experiment.
The pressure coefficient (CP) of numerical results is shown in Fig. 7
(a) ~ (c) with experiments and the local friction or shear stress
coefficient (Cf ) of numerical results is shown in Fig. 7 (d) ~ (f). Note
that the horizontal axis is a chordwise location in a certain radius as
shown in Fig. 3 and that is normalized by a chord length in the
radius. Also, note that the vertical axis of CP is inverted to become
the suction side upward. In CP of 0.3 R, the tendency of numerical
results is similar to the experiment, but the numerical results are
slightly larger. It seems to the reason why there are differences in
the flow of the propeller root that the hub nose and fillet are not
modeled. On the other hand, the transition process of change
laminar to turbulent flow is not easy to confirm from flow pattern,
aspects of local friction coefficient (Cf ), however, can show the
transition process along a flow directionwhich Cf is decreased from
the leading edge to some position as a laminar region and after the
transition region, Cf increased rapidly and then decreased again
which is the turbulence region. This transition process can be
confirmed in the transition calculationwith yþ1 ¼ 1 and as shown in

Fig. 5. Wall yþ results of key blade at design advance ratio (J ¼ 0.833).

Fig. 6. Open water performance curves of P4119.

Table 5
Computation errors of the open water performance of P4119 compared with
experiments.

Error at design advance
ratio (%)

Total square mean
error (%)

Transition cal. (yþ1 ¼
1)

Thrust 0.14 1.10
Torque �0.79 0.87

Wall function cal.
(yþ1 ¼ 100)

Thrust �2.21 3.20
Torque 0.56 1.00
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Fig. 7 (d) ~ (f), the transition region including laminar appears in the
transition calculation but the wall function calculation. In 0.3 R, it
can be regarded as a turbulence region over x=Cr ¼ 0.6 and it can be
seen that at least half of the suction and pressure side are transition
regions including laminar.

In 0.7 R and 0.9 R, CP of numerical results is in a good agreement
with the experiment except for the vicinity of the learding edge and
both calculations are nearly identical. The pressure gradient is
rarely found except near the leading and trailing edge and this
shows well the character of a ¼ 0.8 meanline wing section. In Cf ,
turbulence regions appear earlier than 0.3 R due to the larger
Reynolds number. Generally, it is known that the transition region
of pressure side in 2-dimensional wing appear wider than suction

side by which an adverse pressure gradient in pressure side is
occurred due to camber and angle of attack (White, 1974), and this
is confirmed from the experiments (Fage and Falkner, 1930) and the
numerical analyses (Choi, 2014). However, a 3-D rotating wing such
as a propeller is different from the 2-D wing due to the 3-D effect of
the change in shape from the root to tip, the effect by centrifuga-
tion, and the cross-section characteristic with little adverse pres-
sure gradient in the pressure side. In 0.7 R, the range of transition
region of the suction side is slightly wider than that of the pressure
side. In 0.9 R, the difference between the suction and pressure side
is reduced and the turbulence region is slightly wider than 0.7 R.
The local friction coefficient in the transition region is particularly
different in the transition calculation and the wall function

Fig. 7. Pressure and shear stress distribution for P4119 at design advance ratio (J ¼ 0.833).
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calculation but in the turbulence region, both calculations show
similarity in the value and the tendency.

The surface limiting streamlines are shown in Fig. 8. Also, for the
transition calculation, the turbulent region is shown as the dash-
dot red lines that starts from the points of the turbulent region at
each radius are connected. The starting points of the turbulent
region at each radius are the points where the local friction co-
efficients (Cf ) begins to decrease after Cf is rapidly increased as the
transition region at each radius. The surface flow of the transition
calculation moves to the outer radii in a wide range of the leading
edge and this region can be regarded as the transition region
including laminar. After that, the limiting streamlines become
parallel to the direction of rotation and this is regarded as the
turbulence region. In the case of thewall function calculation, these
transition phenomenon does not appear and in the whole region,
the surface flow moves mostly in the streamwise direction. The
difference between the suction and pressure side is rarely found
except near the tip. In the transition calculation of Fig. 8(a), it is
observed that the streamlines converge in the vicinity of the trail-
ing edge of the inner radii on the suction side, and in this region, a
3-D separation is expected. Also, the streamline converging is
observed near the tip region of the suction side and it is indicated
that the tip vortex is generated. This phenomenon is rarely found in
the wall function calculation and the pressure side of the transition
calculation. Therefore, it is indicated that the transition calculation
is more useful to confirm the properties of the propeller tip vortex
flow of themodel scale. On the other hand, the turbulence region of
the transition calculation is shown to be wide in the inner radii and
is reduced as a radius increases at a certain point and then it widens
again. It can be surmised that some kind of transition occurs due to
the boundary layer flow of the hub and the influence of the junc-
tion. Also, these surface flow characteristic is consistent with pre-
vious experimental studies (Bhattacharyya et al., 2016; ITTC
propeller committee, 1984; Kuiper, 1981).

These limiting streamlines characteristic can be seen as the
difference in the flow calculation of the propeller blade boundary
layer according to the wall treatment method, and in order to
confirm this in more detail, the velocity profiles in the boundary
layer are investigated. The velocity is derived in the sameway as the
LDV measurement of the experiment (Jessup, 1989), and Fig. 9
shows the relative velocity relationship around the propeller. The
relative flow between the inflow and the propeller rotating veloc-
ities moves into the propeller. Since the velocity of the propeller
rotation and the fluid particle on the wall is the same, the relative

velocity can be obtained by subtracting the propeller rotation ve-
locity from the total velocity. Eq. (5) is the relative freestream ve-
locity at the given radius in the moving blade coordinate system.
Where, Vx represents the streamwise velocity in the pitch angle 4

direction relative to the moving blade coordinate system, V4 ve-
locity measured in 4 direction in the fixed frame of reference, Vt

tangential velocity that is positive in the direction of propeller
rotation, Vx axial velocity that is positive in downstream, ðVtÞm
tangential velocity in the blade moving frame, and Vr resultant

inflow velocity to the blade section as Vr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x þ ðurÞ2

q
.

Vx¼�V4þurcos4¼ðVtÞmcos4þVxsin4; ðVtÞm¼ur�Vt (5)

The boundary layer profiles of the numerical results are shown
in Fig. 10 with the experiments (Jessup, 1989). The development of
the boundary layer to the streamwise direction of the numerical
results agree well with the experiments.

In the suction side shown in Fig. 10(a), there are good agree-
ments between the transition calculation and the experiment in
x=Cr ¼ 0.3, where can be seen as a laminar region from which the
boundary layer profile is nearly linear, as well as in 0.7 Cr and 0.9 Cr
as the turbulence region. It shows that not only the flow accelera-
tion occurs out of the boundary layer from the leading edge but also
the acceleration becomes smaller as it goes to the downstream. In
the case of 0.6 Cr , while the shear profiles of the numerical result
near the wall coincide with the experiment, the boundary layer
thickness is larger than the experiment. In the pressure side in
Fig. 10(b), it shows well the flow deceleration by the pressure re-
covery in the downstream and in x=Cr ¼ 0.39 as the laminar region,
the calculations agree well with the experiment. The tendency of
the boundary layer development of the calculation follows the
experiment well, however, the boundary layer thickness is esti-
mated to be larger in the calculation than the experiment. Espe-
cially, there is a large difference in the boundary layer thickness
between both in x=Cr ¼ 0.608 where it is estimated to be the vi-
cinity that changes from transition to turbulence in the calculation.
It is explained, as mentioned above, that there are difficulties to
estimate correctly the transition region because the numerical
scheme used in this study is not a strict transition turbulence
model. It is indicated that the calculation of the transition region
affects the development of the boundary layer so that the transition
region should be well calculated in order to estimate the boundary
layer flow. Fig. 11 shows the velocity profiles of the calculation and
experiment in the suction side at 0.9 R. The development and the

Fig. 8. Limiting streamlines and turbulent region estimation of P4119 from calculations at J ¼ 0.833.
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thickness of the boundary layer of the calculation agree well with
the experiment except at x=Cr ¼ 0.6 where the boundary layer
thickness is slightly smaller in the calculation than the experiment.

In comparison with 0.7 R, because the curvature of the section in
0.9 R is small so that the pressure gradient is relatively small, the
smaller acceleration out of the boundary layer and the boundary

Fig. 9. Blade boundary layer at 0.7 R of P4119.

Fig. 10. Blade boundary layer at 0.7 R of P4119.
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layer thickness are well estimated. In 0.95 R of Fig. 12, also, the
calculation generally agrees well with the experiment in the
laminar and turbulence region except for some position where is
regarded as the transition region.

In the case of the wall function calculations, the boundary layer

is not calculated in the laminar and transition region as expected. In
the turbulent region, it is somewhat similar to the transition
calculation, but it estimates the thickness of the boundary layer
relatively largely. This is because the entire region is assumed to be
turbulent in the wall function calculation, even though there is a

Fig. 11. Blade boundary layer at 0.9 R suction side of P4119.

Fig. 12. Blade boundary layer at 0.95 R of P4119.
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laminar region near the propeller leading edge. Outside the
boundary layer, the flow acceleration on the suction side and the
deceleration on the pressure side by pressure recovery are well
estimated in the wall function calculation as well.

On the other hand, these boundary layer flow generally follow
the law of the wall which consists of viscous sublayer, buffer layer,
and log layer, which are shown in Fig. 13. In the experiment, since it
was difficult to estimate the local friction coefficient, the wall ve-
locity (ut) could not be obtained so that only the numerical results
are shown. The profiles in the viscous sublayer coincide with the
law of the wall in all position. In x=Cr ¼ 0.3 of the suction side at
0.7 R as shown in Fig. 13(a), the profile changes to the wake from
the viscous sublayer without the buffer layer away from the wall. In
x=Cr ¼ 0.39 of pressure side at 0.7 R, the buffer layer is observed
partially as the transition region. In x=Cr ¼ 0.6 of suction side and x=

Cr ¼ 0.608 of pressure side at 0.7 R that can be regarded as the
transition region, the sublayer follows the law of the wall well, but
in the log layer, the profiles appear below the law of the wall. This
phenomenon can be seen as the effect of the curvature of the blade
and the Reynolds number. A boundary layer flow around a body
with a curvature like a cylinder shows the 3-dimensional flow
characteristic.

The flow in the viscous sublayer very close to the wall follows
the law of the wall (uþ ¼ yþ), but smaller the radius, i.e. the larger
curvature, lower the log layer than the logarithmic law of the wall
in the flat plate. In this case, the logarithmic law of the wall in the
cylinder is given as uþ ¼ 1=k ln Y þ B. Here, the constant k and B are
the same as that of the logarithmic law of the wall in the flat plate,
but the difference is that the Y , instead of yþ, is given in the func-
tion of cylinder radius as Y ¼ aþ lnðr =aÞ ¼ aut=n lnðr =aÞ (Rao and
Keshavan, 1972).

Furthermore, it is experimentally confirmed that the smaller the
Reynolds number, the lower the log layer than the logarithmic law
of the wall in the flat plate (Youssef et al., 1998). From this, since the
curvature is relatively large in the mid-span of the suction side and
the thickness decrease along the outer radii so that the 3-D cur-
vature is formed as shown in Fig. 9 and the Reynolds number is low
by the model scale, it is inferred that the results of this calculation
are reasonable. In x=Cr ¼ 0.9 on the suction side and 0.859 on the
pressure side, the log layer appears slightly, and since the curvature

is relatively small and the local Reynolds number is large, the
profiles in the buffer layer and the log layer are better followed than
the others. Also, in 0.95 R as shown in Fig. 13(b), the profiles agree
well with the law of thewall because of the small thickness, the low
curvature, and the relatively high Reynolds number. In all positions,
the profiles in the viscous sublayer coincide and it is observed that
the profiles get closer to the logarithmic law as the local Reynolds
number is increased with changing the turbulence from the
laminar.

Fig. 14 gives the results of the mean velocity in the propeller
upstream (a) and downstream (b) for both of the calculations with
the experiments. The axial velocity is plotted as Vx-1 because of the
scale with other components. In x/R ¼ �0.3 of upstream, the axial
velocity (Vx) of the calculation agrees well with the experiment
qualitatively but quantitatively, it is slightly higher than the
experiment. The error of the axial velocity in average is 0.7% in the
transition calculation and 0.6% in the wall function calculation. In
the case of the radial velocity (Vr) and the tangential velocity (Vt),
there are the quantitative differences between the calculation and
the experiment but the tendency of both is similar. The possible
reason for this can be the hub nose shape in the calculation not
beingmodeled. The circle shape of the hub extends to the boundary
in the calculations as a cylinder but in the experiment it is modeled
as a hemi-sphere. In the case of x/R ¼ 0.328 of the propeller
downstream as shown in Fig. 14(b), although the calculation and
the experiment have small differences, the tendency is generally
agreed. Especially, the calculation well simulates the experiment in
the flow characteristics near the propeller tip (r/R ¼ 1). When
comparing the transition and the wall function calculation, Vr and
Vt are almost the same but the Vx shows a slight difference in the
inner radius. The thin boundary layer in laminar flow can be seen as
the reason for the larger average flow velocity so that Vx of the
transition calculation appears largely than the wall function
calculation. The error of the axial velocity in average is 2.2% in the
transition calculation and 1.9% in the wall function calculation.
From these results, a propeller with amodel scale Reynolds number
has a wide transition region, so it is necessary to be carried out a
numerical analysis in consideration of this in order to estimate the
force as well as its distribution well. It is confirmed that the
reasonable results for the propeller open water characteristics in

Fig. 13. Blade boundary layer of P4119 in wall coordinate at J ¼ 0.833.
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the force and its distribution point of view can be obtained from the
transition calculation. Also, from the transition calculation, it is
confirmed that not only the boundary layer flow clearly shows the
law of the wall but also the curvature of shape is affected by the
boundary layer flowas shown in the experiment. This indicates that
the numerical methods used in the propeller transition calculation
of this study such as wall treatment scheme, turbulencemodel, grid
system, and so on can simulate the experiment considerably, and
can be considered to have reliability in terms of the force as well as
the flow. In the following calculation, this numerical method is
used.

3.2. Model and full-scale calculations for KP505

The numerical method with reliability confirmed through P4119
is applied to a conventional propeller. KP505 propeller of 3600TEU
container ship (KCS) is developed for research and has the exper-
imental result of the open water characteristic in a model scale as
well as a full scale extended from the model scale result using
ITTC78 method. Table 6 gives the principal dimensions of KP505
and the local Reynolds number defined as Eq. (4) according to
radius for model and full scale. The rotating speed is 14 rps for
model scale and 1.2 rps for full scale which is approximately
determined from the rotating speed of full-scale ship estimated
through the self-propulsion test. The Reynolds number at 0.7 R is
7:21� 105 and this is slightly higher than ITTC recommend but
lower than P4119. The scale difference between the model and the
full scale is very large as shown in Table 6 left, and the full-scale
Reynolds number at 0.7 R is about 6:30� 107 which is almost
100 times larger than the model. The highest Reynolds number
appears near 0.8 R and the differences between the advance ratios
(J) are very small. KP505 is the propeller without the rake but with
the skew so that KP505 is more complex than P4119 and it is more
like a commercial propeller. The numerical methods mentioned
above are applied for KP505 calculation and the same grid structure
is used. However, as the number of the blade is 5, the number of the
grid is used more than P4119.

Table 7 shows the wall treatment and the number of the grid for
both the model and the full scale. In the case of the transition
calculation, the non-dimensional distance (yþ1 ) of the first grid

point from the wall must maintain 1, so a large number of grids is
required. The yþ1 of the wall function calculation is obtained using
Eq. (1), and the number of the grid used is as small as 1/3 of the
transition calculation.

Fig. 15(a) shows the propeller open water (POW) performance
curves of the numerical results in the model scale with the model
test results. Fig. 15(b) shows the pressure and the friction compo-
nents of the thrust and the torque separately. Here, the superscript
P represents the pressure component and F represents the friction
component. The thrust coefficient generally agrees well with the
model test but is slightly lower than the model test and the wall
function calculation is lower than the transition calculation. While
the torque coefficient of the transition calculation is lower than the
model test, the wall function calculation is higher than the model
test. According to this, the open water efficiency of the transition
calculation agrees well with the model test, but the wall function
calculation is lower than the others and these differences become
larger as the advance ratio increases.

In Fig. 15(b), the difference of friction in the thrust between both
calculations is about 58% in average, but it is too small to be
negligible. The pressure component of the thrust in the transition
calculation is higher by 2.3% in average than the wall function
calculation. In the case of the torque, the friction component of the
wall function calculation is higher by 45% in average than that of
the transition calculation and cannot be ignored since the effect of
friction in the torque is increased as the advance ratio increases.
Whereas, the pressure component of the wall function calculation
is lower by 1.9% in average than that of the transition calculation.

Table 8 shows the errors between the calculations and the
model tests. The thrust and torque of the transition calculation are
lower than that of the model test in the design advance ratio
(J ¼ 0.7), and the errors are consistent in both on the same level.
However, in the wall function calculation, the thrust is relatively
smaller and the torque is larger so the errors from both sides are
conflicting. In the total square mean error, while the transition
calculation shows that the errors are almost the same in the thrust
and the torque, the wall function calculation shows a large differ-
ence in the error between the thrust and the torque. These results
indicate that the force and its distribution must be well calculated
to estimate the propeller open water performance and the

Fig. 14. Mean axial (Vx), radial (Vr) and tangential (Vt) velocity profiles in upstream and downstream of P4119 at J ¼ 0.833.
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transition calculation is more suitable for the calculation of model
scale propeller. This conclusion is consistent with the results of
P4119, and it is indicated that the smaller Reynolds number, the
greater the need for the transition calculation.

Fig. 16 shows the pressure coefficients (Cp) and the local friction
coefficients (Cf ) of the numerical results at the design advance ra-
tio. In the case of the Cp in 0.3 R, the difference between the tran-
sition and the wall function calculation is rarely found near the

leading edge but it appears in the downstream. This is caused by
the laminar flow in the inner radius due to the small Reynolds
number. In 0.7 R and 0.9 R with relatively large local Reynolds
number, both calculations are almost the same but the favorable
pressure gradient appears just in the leading edge of 0.9 R of the
transition calculation. In the case of the Cf , although it is found that
the Cf of the pressure side is larger than that of the suction side in
both calculations, the difference between the calculations appear

Table 6
Principal dimensions and local Reynolds numbers of P505 in model and full scale.

Particular Full scale Model scale

Diameter(m) 7.9 0.25

P/D mean 0.950

P/D 0.7 R 0.997

No. Of blades 5

Section NACA66

rps 1.2 14

Advance coefficient 0.5e0.9

Re mean 4:68� 107 5:46� 105

Re 0.7 R 6:30� 107 7:21� 105

Table 7
Wall treatment and number of grid of KP505 for computations.

Scale Wall treatment Grids type yþ1 No. Of
grids

Model Enhanced wall treatment (Transition
calculation)

Model
scale

1 11.1 M

Full scale 1 32.5 M
Standard wall function (wall function
calculation)

Model
scale

90 4.4 M

Full scale 400 9.1 M

Table 8
Computation errors of the open water performance of KP505 compared with ex-
periments in model scale.

Error at design advance
ratio (%)

Total square mean
error (%)

Transition cal. (yþ1 ¼
1)

Thrust �1.58 1.74
Torque �1.32 1.65

Wall function cal.
(yþ1 ¼ 100)

Thrust �5.25 5.18
Torque 1.97 1.31

Fig. 15. Open water performance curves of KP505 in model scale.

J.-K. Choi and H.-T. Kim International Journal of Naval Architecture and Ocean Engineering 12 (2020) 967e987

980



clearly in the aspect of the change along the chordwise direction.
The transition phenomenon can be confirmed from the aspect of
changing the Cf in which the Cf is decreasing from the leading edge
to downstream as a laminar region and then increasing rapidly
beyond the transition region, which is followed by another gradual
decrease as the local Reynolds number increases along the chord-
wise direction. This phenomenon is observed in the transition
calculation but the wall function calculation as expected. The
laminar and transition regions appear widely from the leading
edge, and the difference between the suction and the pressure side
is small but slightly wider in the pressure side. These results are
consistent with the result of the P4119. The turbulence region is

rarely found in 0.3 R but can be observed in 0.7 R and 0.9 R. The
aspects of the Cf of both calculations are also different even in the
turbulence region. This implies that the friction component of
torque in the POW performance is large in the wall function
calculation.

Fig. 17 shows the limiting streamline on the surface of the key
blade. Also, the turbulence region in the transition calculation,
which is obtained from the aspect of Cf behavior in the same
manner as P4119 shown in Fig. 8, is shown in Fig. 17(a). The
streamlines in the transition calculation show the effect of 3-D
shape and centrifugation which is similar to that shown in P4119,
but it shows a difference in the turbulent region between P4119 and

Fig. 16. Pressure and shear stress distribution of model scale calculations for KP505 at J ¼ 0.7.
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KP505. Because the Reynolds number of KP505 is lower than that of
P4119, the turbulence region of KP505 is narrower than that of
P4119. In the case of the wall function calculation, these transition
phenomenon does not appear and the surface flowmovesmostly in
the streamwise direction.

Fig. 18 shows the full-scale performances of the calculations and
the estimation. Here, the estimation data is extended from the
model test results through the ITTC78 method. Also, the model
scale results of the calculation and the model test are shown
together. The difference between the model test and its full scale
extend is shown in the calculations as well. Also, the calculations
show the scale effect that the thrust and the torque are slightly
increased and decreased, respectively, as the Reynolds number
increases. The transition and the wall function calculation agree
well with the full-scale estimation result in the thrust, and the
torque is slightly smaller than the full-scale estimation, so the open
water efficiency is larger than the full-scale estimation. As the
Reynolds number increases, the boundary layer thickness becomes
thinner so that the surface roughness effect connot be ignored. This
roughness affects the torque, which has a significant frictional ef-
fect, but this study focuses only on the scale effect, so the roughness
is not considered in the calculations. Therefore, it can be inferred
that the numerical results, which the efficiency appears larger than
the full-scale estimation, are reasonable and the roughness effects
are left for the future work. On the other hand, there is almost no
difference according to the wall treatment method, and conse-
quently, the open water efficiency is almost the same in both the
transition and the wall function calculation. In Fig. 18(b), the dif-
ference of friction in the thrust between both calculations is about
1.7% in average which is significantly reduced compared to the
model scale, but it is still too small to be negligible as the model
scale. The pressure component of the thrust in the transition
calculation is lower by 1.2% in average than the wall function
calculation. In the case of the torque, the friction component of the
wall function calculation is higher by 4.3% in average than that of
the transition calculation and this is significantly recuded
compared to the model scale as well.

The pressure component of the torque of the wall function
calculation is higher by 1.4% in average than that of the transition
calculation. This is explained by the high Reynolds number flow in
which the transition region is very small and most of the flow
around the propeller is turbulent. Therefore, it is a reasonable
consequence that the result of the wall function calculation, which

assumes a whole domain as turbulent flow, is almost similar to that
of the transition calculation in terms of the force and its
distribution.

Table 9 shows the error between the numerical results from the
full-scale calculation and the full-scale estimation results from the
model test. In the design advance ratio (J ¼ 0.7), the thrust and the
torque of the two calculations are lower than the full-scale esti-
mation. And the magnitude of the thrust error is small but the
magnitude of the torque is relatively large due to the calculation
without the surface roughness as mentioned above. In total square
mean error, the thrust error of both calculations is almost at the
same level but the torque error is larger in the transition calculation
than in the wall function calculation. This can be seen as the dif-
ference in the local frictional stress near the leading edge according
to the calculation of the transition region, which can be found in
Fig. 19.

Fig. 19 shows the pressure (Cp) and the local friction (Cf ) co-
efficients of the full-scale calculations in some radius of the key
blade at the design advance ratio J ¼ 0.7. In the case of the Cp in
0.3 R, the transition calculation and the wall function calculation
are almost identical to each other, which is a big difference from the
results of themodel scale calculations. In the 0.7 R and the 0.9 R, the
Cp of the two calculations are also identical, and unlike the model
scale, both calculations show the same feature of the Cp in the
leading edge that the favorable pressure gradient appears. Also, in
the case of Cf , the tendency of the two calculations is generally
similar and the values are almost the same but there are little dif-
ferences near the leading edge that is expected to be a transition
region including laminar. Since a turbulence flow is dominant in a
high Reynolds number such as more than 107, it is a reasonable
result that the wall function calculation, which assumes a whole
domain as turbulent flow, agrees well with the transition calcula-
tion except a local difference in a transition region which becomes
very narrow in a high Reynolds number flow. Therefore, it can be
also confirmed that they are almost the same in the two calcula-
tions in terms of the thrust and the torque as shown in Fig. 18.

Fig. 20 shows the limiting streamlines of the transition calcu-
lation and the wall function calculation for the full-scale at the
design advance ration J ¼ 0.7. Also, the turbulence region in the
transition calculation, which is obtained from the aspect of Cf
behavior in the same manner as P4119 shown in Fig. 8, is shown in
Fig. 20(a). It is observed that the limiting streamlines are parallel to
the propeller rotating direction in both calculations on the whole

Fig. 17. Limiting streamlines and turbulent region estimation of KP505 from model scale calculations at J ¼ 0.7.
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surface and the two calculations are almost the same. This is
because the flow is dominated by inertia rather than viscosity as a
high Reynolds number flow. And it is found that the streamlines
converge in the vicinity of the propeller tip and the inner radii of
the trailing edge of the suction side in both calculations. In the
transition calculation, the transition region including laminar ap-
pears in the narrow region near the leading edge. Although the
transition region is relatively larger in the inner radii of the suction
side, that can be very small, therefore, the whole region is regarded
as turbulence. In the case of the pressure side, the transition region
is generally larger than that of the suction side and it can be
explained by the effect of the favorable pressure gradient near the
leading edge. For this narrow transition region, the wall function
calculation is possible to analyze a propeller performance in a high
Reynolds number.

Fig. 21 shows the distribution of the thrust and the torque for
the transition calculation and the wall function calculation of the
model and full scale by the radius in J ¼ 0.7. The thrust and the
torque in each radius are normalized as Eq. (5) and note that the
vertical axis of the model scale and the full scale are different
because the values are the curvilinear integral. Here, tr is the local
thrust in each radius, tFr is the friction component of the local thrust,
qr is the local torque in each radius, and qFr is the friction component
of the local torque. The pressure component is dominant, so it is not
shown in the figure for easy distinction.

ktr ¼ tr
rn2D4; k

F
tr ¼

tFr
rn2D4; kqr ¼ qr

rn2D5; k
F
qr ¼

qFr
rn2D5 (6)

In the case of local thrust coefficient (ktr), the maximum appears
near J ¼ 0.8 and then rapidly decreases toward the propeller tip.
This tendency of the local thrust is found similarly from both cal-
culations. However, in the model scale, the transition calculation is
slightly larger than the wall function calculation and the difference
decreases toward the tip, while in the full scale, both calculations
are almost the same. The friction component of the local thrust (kFtr)
is small as negative and that in themodel scale can be distinguished
between the two calculations, but on the full scale, both calcula-
tions are almost identical. In the case of the local torque coefficient
(kqr), the difference between both calculations is clearer. In the
model scale, although both calculations are almost the same in the
inner radii, the transition calculation is smaller than the wall
function calculation in the outer radii over 0.5 R due to the effect of
the friction component (kFqr) rather than the pressure component.
Also, the maximum of kqr appears near 0.77 R in both the model
scale and the full scale, and while the difference between both
calculations in the model scale is clear, it is rarely found in the full
scale. These differences of the torque distribution, as mentioned
above, can be seen as the reason why the radial distribution of the
force affects the moment arm so that the propeller open water
efficiency in the model scale is not validly estimated in the wall
function calculation. Therefore, it can be confirmed that the force
and its distribution of the model propeller can be accurately esti-
mated by which a numerical analysis is carried out considering a
transition phenomenon.

Fig. 22 shows the wall profiles of chordwise position (x=Cr) at
some radius for the model scale and the full scale from the tran-
sition calculations. Each line in the figure is named in order of scale,
chord direction position, and propeller surface and the model scale
represents M, the full-scale F, the suction side S, and the pressure
side P. In r/R ¼ 0.7 as shown in Fig. 22(a), the profiles of all
chordwise positions in the viscous sublayer coincide with the law

Fig. 18. Open water performance curves of KP505 in full scale.

Table 9
Computation errors of the open water performance of KP505 compared with the
full-scale estimation in full-scale.

Error at design advance
ratio (%)

Total square mean
error (%)

Transition cal. (yþ1 ¼
1)

Thrust �0.86 1.48
Torque �2.04 3.00

Wall function cal.
(yþ1 ¼ 400)

Thrust �0.07 1.78
Torque �1.13 1.44
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of the wall. In x=Cr ¼ 0.3, 0.5 of the model scale, none of the buffer
layers presents in this region as a laminar region. In x= Cr ¼ 0.9 of
the model scale, the profiles of the log layer present below the log
law due to the effect of the curvature of the section and 3-
dimensional shape of the propeller as mentioned in Fig. 13 of
P4119. Since the Reynolds number of KP505 in the model scale is
smaller than P4119, this effect is greater than x=Cr ¼ 0.9 of P4119 as
shown in Fig. 13. In the case of full scale, because the flow is tur-
bulent as the high Reynolds number and the effect of curvature is
relatively small, thewall profiles agreewell with the law of thewall.
In r/R ¼ 0.9 as shown in Fig. 22(b), all the profiles in the viscous
sublayer coincide. In the positions of turbulence region, since the

thickness is small, the effect of curvature is also small while the
Reynolds number is high, thus the profiles agree well with the law
of the wall in both the model scale and the full scale. The laminar
appears at x=Cr ¼ 0.3, 0.5 of the model scale. Also, it is confirmed
that the range of yþ, which satisfies the logarithmic law of the wall,
increases as the Reynolds number increases. And the maximum yþ,
which satisfies the log law, appears in between 700e800 from the
results and is estimated at about 760 from Eq. (1) so that Eq. (1) can
be considered reasonable. Therefore, the wide range of yþ in high
Reynolds number flow allows the open water performance for the
full-scale propeller to be estimated through the wall function
calculation inwhich the first grid point is located in the log layer. To

Fig. 19. Pressure and shear stress distribution of full-scale calculations for KP505 at J ¼ 0.7.
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confirm this, the propeller openwater performance according to yþ1
using the wall function is examined. Previously, yþ1 ¼ 400 for the
full-scale calculation was applied through yþ1 ¼ ðyþlog�max þ60Þ= 2

from Eq. (1) and in here, the full-scale calculations at J ¼ 0.7 are
further conducted for the four yþ1 which are 50 located in the buffer
layer, 200 and 650 located in the log layer, and 950 located in the
outer region. The grid system and the number of grid are the same
with the previous wall function calculation, and only the distance
to the first grid point away from the wall in the structured grid
block around the propeller is changed. Fig. 23 shows the propeller
openwater performance at J¼ 0.7 according to yþ1 with the result of
the transition calculation (yþ1z1). The thrust and the torque in-
crease slightly as yþ1 increases. The friction component of the torque
shown in Fig. 23(b) is also increased as yþ1 increases and after 400, it

slowly increases. The friction component of the thrust is a negative
value as a drag. It is large at yþ1 ¼ 50 and then shows a tendency to
decrease, but the magnitude is very small. In the efficiency shown
in Fig. 23(a), it is large in yþ1 ¼ 50, and then decreases, but the
amount of change is relatively large compared to the thrust and the
torque.

From the efficiency, which represents the force and its distri-
bution, using yþ1 ¼ 50 located in the buffer layer may be considered
inappropriate for the propeller calculation. When yþ1 is located in
the log layer, i.e. 200, 400, and 650, it can be considered to be
properly estimated compared to the transition calculation. In the
case of yþ1 ¼ 950 outside the log layer, the differences in the thrust
and the torque are larger than that of the other yþ1 , and the differ-
ence in the efficiency is also large, so it can be considered

Fig. 20. Limiting streamlines and turbulent region estimation of KP505 from full-scale calculations at J ¼ 0.7.

Fig. 21. Local thrust and torque distribution by the radius of KP505 in model and full scale at J ¼ 0.7.
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inappropriate.
Consequently, it is possible to effectively estimate the perfor-

mance of full-scale propeller with the wall function, because the
number of the grid is 1/3 than the transition calculation. Whereas,
in the case of the model scale, the wall function calculation has a
limitation that it is difficult to validly estimate the force and its
distribution as well as errors appear inconsistently between the
thrust and the torque due to the transition region caused by the low
Reynolds number flow of the model scale. Therefore, a transition
calculation is required in a model propeller in terms of force and its
distribution as well as flow characteristics, and the wall function
calculation is reasonable to estimate a full-scale propeller
performance.

4. Conclusions

This study discussed the results regarding the wall treatment
methods of the RANS analysis for the turbulent flow aroundmarine
propellers in the open water condition. Two different wall treat-
mentmethods are usedwith one turbulencemodel (Realizable k-e).
One is a standard wall function that applies the law of the wall
above the log layer and the other is a two-layer zonal model that
can calculate the whole boundary layer including the viscous
sublayer to produce the transition phenomenon. From these nu-
merical schemes, the open water performance of the propeller and
the flow characteristics for the two different propellers, i.e. P4119
and KP505, are investigated.

Fig. 22. Blade wall boundary layer of KP505 in model and full scale at J ¼ 0.7.

Fig. 23. Open water performance variation according to yþ1 for KP505 in full scale at J ¼ 0.7.
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In the case of the standard wall function, a distance of the first
grid point from the wall must be located in the log layer of the law
of the wall to obtain a reasonable result. And the range of yþ

satisfying the log law is increased according to Reynolds number
increment so that a non-dimensional distance (yþ1 ) of the first grid
point from the wall is appropriately determined considering the
Reynolds number. So, in order to determine yþ1 for numerical
analysis with wall function, a formula as the function of Reynolds
number is suggested that a maximum yþ satisfying the logarithmic
law of the wall can be estimated. In the case of the transition
calculation, yþ1 must be under 1 so that the hybrid grid system,
which is consist of the structured grid for boundary layer flow and
the unstructured grid for outer flow, is applied, but in this case, a
large number of grids are used than the wall function calculation.

In the model scale of low Reynolds number, when the wall
function calculation, which the flow is assumed as turbulence, is
used, it is confirmed that not only the friction force and the force
distribution cannot be validly estimated but also the errors of thrust
and torque from the experiments are inconsistent. Especially, the
error of the torque is relatively large so that the propeller efficiency
in open water cannot be obtained reasonably. On the other hand,
the transition calculations can validly estimate the force and its
distribution so that the openwater performance of those agreewell
with the experiments, and also estimate a wide range of the tran-
sition region including the laminar in the boundary layer flow.
From this, it is confirmed that there is a fundamental difference
between the flows of the transition calculation and the wall func-
tion calculation from the limiting streamlines of the propeller
surface. In particular, it is found that the wall profiles of the tran-
sition calculation agree well with the law of the wall and the log
layer of the wall profiles is shifted below the logarithmic law of the
wall due to the effects of curvature and low Reynolds number in the
model scale. Therefore, the transition calculation is needed to es-
timate the propeller performance in the model scale, even though
the number of the grid is increased.

For the full scale with large Reynolds numbers, the turbulence is
dominant so that the standard wall function could also be used to
estimate the propeller open water performance effectively. This is
confirmed from the transition calculation of the full-scale propeller
that the transition region including laminar appears very narrow in
the vicinity of the leading edge, and most of it is turbulent. In the
transition calculations, it is well shown that the wall profiles agree
well with the law of the wall and the range of yþ satisfying the
logarithmic law of the wall increases according to the Reynolds
number increment. And it is confirmed that the limiting stream-
lines on the propeller surface are almost the same in both transition
calculation and wall function calculation. Therefore, the numerical
analysis using the wall function can validly estimate an open water
performance of a full-scale propeller with high Reynolds number
and it can be achieved efficiently due to the relatively small number
of the grid of one-third levels compared to the transition
calculation.
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