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ABSTRACT

The goal of the present work is to improve the prediction of
propeller performance at model-scale using a local correla-
tion transition model. Results are presented for two ma-
rine propellers for which paint-tests have been conducted
and experimental open-water data is available. The numer-
ical results using the k − ω SST turbulence model and the
γ − R̃eθ transition model are compared with the experi-
ments. In order to distinguish between numerical and mod-
elling errors in the comparison with experimental results,
a verification study using a range of geometrically similar
grids with different grid densities is made. The influence
of the turbulence inlet quantities on the numerical results is
discussed and boundary-layer characteristics are presented.
Finally, the numerical predictions are compared with the
experimental results. An improvement in the flow pattern
is achieved with the transition model. However, the model
strongly depends on the turbulence inlet quantities for the
prediction of the transition location. Both propellers show
an increase in thrust of 2% to 4% and similar torque when
using the transition model.
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1 INTRODUCTION

The full-scale prediction of propeller performance is
mostly based on simple extrapolation methods of ex-
perimental results on model scale. Viscous Computa-
tional Fluid Dynamic (CFD) methods, such as Reynolds-
averaged Navier-Stokes (RANS) equations, are increas-
ingly being used for propeller performance prediction
(Krasilnikov et al. 2009, Rijpkema et al. 2015) and are able
to compute the performance characteristics at both model
and full scale. This therefore offers an alternative scaling
method provided that the flow is properly solved at differ-
ent Reynolds number regimes.

In Rijpkema et al. (2015) the performance prediction and
boundary layer flow of propellers in open-water was anal-
ysed with a RANS solver for different Reynolds numbers.
In this study two different two-equations turbulence mod-

els were applied, the k − ω Shear-Stress Transport (SST)
model (Menter 1994) and k −

√
kL model (Menter et al.

2006). At typical model-scale Reynolds numbers the limit-
ing streamlines of the simulations were compared to exper-
imental paint-tests. It was observed that for the numerical
simulations the limiting streamlines were more circumfer-
entially directed than in the paint-tests, indicating a more
turbulent flow for the RANS results. Furthermore, signif-
icant differences were observed in the performance pre-
diction, compared with model tests for a smooth propeller
geometry (without the application of leading edge rough-
ness), in particular for the higher advance ratios.

These turbulence models are known to provide a good pre-
diction for fully developed turbulent flows but were not de-
signed to accurately predict laminar to turbulent flow tran-
sition, and typically predict transition at lower Reynolds
numbers than seen in experimental measurements (Eça and
Hoekstra 2008, Eça et al. 2016). Recent developments in
turbulence modelling provide the possibility to include the
effect of laminar to turbulent flow transition. The γ − R̃eθ
transition model proposed in Langtry (2006) and Langtry
and Menter (2009) is becoming a very popular method for
the simulation of transitional flows, see for example Müller
et al. (2009) and Bhattacharyya et al. (2015). This model
is based on two additional transport equations, one for the
intermittency γ and one for a transition onset criterion in
terms of momentum-thickness Reynolds number R̃eθ. The
intermittency function is coupled with the k−ω SST based
turbulence model of Menter (Menter 1994, Menter et al.
2003) to simulate the flow including transition due to free-
stream turbulence intensity, pressure gradient and separa-
tion.

The goal of the present work is to improve the prediction
of propeller performance at model-scale using the RANS
equations complemented with the k − ω SST turbulence
model and the γ − R̃eθ transition model. Results are pre-
sented for two different marine propellers from where ex-
perimental open-water data obtained from model tests is
available. The boundary layer characteristics at the pro-
peller blade are also presented and discussed. Paint-tests



have been conducted and the blade limiting streamlines are
also compared with the numerical predictions. In order to
distinguish between numerical and modelling errors in the
comparison with experimental results, an estimate of the
uncertainty in the numerical results is made. In contrary to
the commonly-used turbulence models without transition,
the application of a transition model introduces a strong
sensitivity to the turbulence parameters specified at the in-
let. Then, the effect on the performance prediction and
boundary layer flow is also analysed in this study.

The paper is organised as follows: details of the mathemat-
ical model including the turbulence and transition models
are given in Section 2; the flow solver is briefly described
in Section 3; in Section 4 the test cases and the numerical
set-up are considered; results are presented and discussed
in Section 5; the paper ends with the conclusions of the
present study.

2 MATHEMATICAL MODEL

2.1 RANS Equations

In the present work we have assumed that the fluid is
incompressible and that the flow is statistically steady,
i.e. all statistics are invariant under a shift in time.
The time-averaged continuity and momentum equations
(RANS equations) can be written in the differential form
and using the tensor notation as

∂Vi
∂xi

= 0,

ρVj
∂Vi
∂xj

= − ∂p

∂xi
+

∂

∂xj

[
µ

(
∂Vi
∂xj

+
∂Vj
∂xi

)]
+
∂τij
∂xj

,

(1)

where (x, y, z) or xi (i = 1, 2, 3) are the Cartesian coor-
dinates in the non-inertial body-fixed reference frame and
(Vx, Vy, Vz) or Vi are the Cartesian components of the ve-
locity vector ~V in the body-fixed reference frame. The fluid
static pressure and density are defined respectively by p and
ρ. The fluid viscosity is represented by µ and τij are the
Reynolds stresses produced by the averaging process of the
momentum equations. In this work, the selected turbulence
model is based on the Boussinesq eddy-viscosity hypothe-
sis that determines the Reynolds stresses from

τij = µt

(
∂Vi
∂xj

+
∂Vj
∂xi

)
− 2

3
ρkδij , (2)

where µt is the eddy-viscosity, δij is the Kronecker symbol
and k is the turbulence kinetic energy.

2.2 k − ω SST Model

The turbulence model used in the present study is the
Menter two-equation SST k − ω eddy-viscosity model
from 2003 (Menter et al. 2003). The transport equations
for k and ω are:
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with the blending function F1 = tanh
(
arg4

)
given by:
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where CDkω = max
(

2ρσω2
1
ω
∂k
∂xj

∂ω
∂xj

, 10−10
)

and d is
the distance to the wall.

This form of the SST model has several relatively minor
variations from the original SST version (Menter 1994).
The main change is in the definition of the eddy-viscosity,
which uses the strain rate rather than the magnitude of the
vorticity in its definition:

µt =
ρa1k

max (a1ω, SF2)
, (5)

where S =
√

2SijSij is the strain rate magnitude, Sij is

Sij =
1
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)
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and F2 is a second blending function defined by:

F2 = tanh

[max

(
2
√
k

β∗ωd
,

500µ

ρd2ω

)]2
 . (7)

Another minor difference from the original SST version
(Menter 1994) is the production term used for both k and
ω equations:

P̃k = min (Pk, 10β∗ρωk) , (8)

where Pk = τij(∂Vi/∂xj). All constants are computed
by a blend from the corresponding constants of the k − ε
and the k − ω model via α = α1F + α2(1 − F ), etc.
The constants for this model are: β∗ = 0.09, a1 = 0.31,
α1 = 5/9, β1 = 3/40, σk1 = 0.85, σω1 = 0.5, α2 = 0.44,
β2 = 0.0828, σk2 = 1 and σω2 = 0.856.

2.3 γ − R̃eθ Correlation-Based Transition Model
From the concept of intermittency to blend together lam-
inar and turbulent flow regimes, a novel approach based
only on local information was proposed by Langtry and
Menter (2009). This transition model contains two trans-
port equations. One is an intermittency equation for γ:

ρVj
∂γ

∂xj
= Pγ − Eγ +

∂

∂xj

[(
µ+

µt
σf

)
∂γ

∂xj

]
, (9)



where the production term Pγ depends on several empirical
relations that are function of a local transition momentum
thickness Reynolds number R̃eθ. The destruction or re-
laminarisation term Eγ is function of the vorticity magni-
tude and ensures that the intermittency remains zero in the
laminar boundary-layer. The intermittency is always equal
to one in the free-stream. The second one is a transport
equation for the local transition onset momentum thickness
Reynolds number R̃eθt :

ρVj
∂R̃eθt
∂xj

= Pθt +
∂

∂xj

[
σθt (µ+ µt)

∂R̃eθt
∂xj

]
, (10)

which only includes a production term Pθt. The terms
Pγ , Eγ and Pθt and the constants σf and σθt are given
in Langtry and Menter (2009).

The coupling between the k − ω SST turbulence model
(Menter et al. 2003) and the transition model (Langtry and
Menter 2009) is made by an effective intermittency γeff ,
which is used to control the production and destruction
terms in the k-equation, Equation (3). The effective in-
termittency γeff is defined by

γeff = max (γ, γsep) , (11)

where γsep is a modified intermittency for predicting
separation-induced transition. In the transport equation for
k, P̃k is multiplied by γeff and the dissipation term β∗ρωk

is multiplied by min (max (γeff , 0.1), 1.0). The blending
function F1 is also modified in the transition model, where
an extra function that depends onRek = ρd

√
k/µ is added

to the definition of F1.

3 RANS CODE ReFRESCO
ReFRESCO (www.refresco.org) is a community-based
open-usage CFD code for the maritime world. It solves the
multiphase (unsteady) incompressible RANS equations,
complemented with turbulence models, cavitation mod-
els and volume fraction transport equations for different
phases (Vaz et al. 2009). The equations are discretised
using a finite-volume approach with cell-centred colloca-
tion variables. A strong-conservation form and a pressure-
correction equation based on the SIMPLE algorithm is used
to ensure mass conservation. The implementation is face-
based, which allows grids with elements consisting of an
arbitrary number of faces and hanging nodes. The code is
parallelised using MPI and sub-domain decomposition, and
runs on Linux workstations and HPC clusters. ReFRESCO
is currently being developed within a cooperation led by
MARIN. In this study ReFRESCO version 2.1 is used.

4 MESH AND NUMERICAL SET-UP
Two propellers, designated S6368 and S6698, are consid-
ered in the present study. Main particulars are listed in Ta-
ble 1. A set of experiments for the two propellers have been
carried out at MARIN in the Netherlands and SSPA Swe-
den AB.

Table 1: Overview of propeller particulars with R denoting
the propeller radius.

S6368 S6698

Diameter D [m] 0.2714 0.233
Chord length at r = 0.7R [m] 0.0694 0.121
Number of blades 4 4
Pitch ratio P/D at r = 0.7R 0.757 1.224
Blade-area ratio AE/A0 0.464 0.729

Table 2: Overview of the grid sizes and number of face
cells on a single blade. The corresponding maximum y+

values are for the design condition at model-scale.

S6368 S6698
Volume Blade y+ Volume Blade y+

G1 34.8M 39K 0.3 64.9M 151K 0.2
G2 17.8M 25K 0.4 31.7M 96K 0.2
G3 8.0M 15K 0.4 15.6M 60K 0.3
G4 4.3M 10K 0.5 8.2M 38K 0.4
G5 2.2M 6K 0.7 3.4M 22K 0.5
G6 1.0M 4K 0.8 1.6M 13K 0.6

For the two propeller geometries six nearly-geometrically
similar multi-block structured grids were generated. The
grids range from 1 to 35 million cells and from 1 to 65 mil-
lion cells for the propellers S6368 and S6698, respectively.
In Table 2 the number of cells in the volume and on a single
blade are listed for each propeller. The near wall resolution
is chosen such that the boundary layer is fully resolved and
no wall functions are required. A fine boundary layer reso-
lution is obtained, where the maximum y+ is lower than 1
for all grids. An overview of the grids with 8 million cells
for the S6368 and S6698 are presented in Figure 1.

For the construction of the propeller grids, the commer-
cial grid generation package GridPro (www.gridpro.com)
is used. For both propellers, a cylindrical domain is con-
sidered, where the inlet, the outlet and the outer boundary
are located five propeller diameters from the propeller ref-
erence plane. At the outer boundary a constant pressure
is set, at the inlet the uniform velocity and the turbulence
level depending on the turbulence model are prescribed and
at the outlet an outflow condition of zero downstream gra-
dient is used. For the propeller blades and hub, a no-slip
boundary condition is used.

For the propeller calculations in open-water conditions the
RANS equations are solved in the body-fixed reference
frame which is rotating with velocity Ω. This allows to per-
form steady simulations for open-water conditions. For all
calculations, a second-order convection scheme (QUICK)
is used for the momentum equations and a first-order up-
wind scheme is used for the turbulence model and the tran-
sition model.



Figure 1: Overview of the grids around propeller and
blades: S6368 with 8.0M cells (top) and S6698 with 8.2M
cells (bottom).

5 RESULTS
5.1 General
Results are presented for the two propellers in open-water
conditions. The propeller operating conditions are defined
by the advance coefficient J = U/(nD), where U is
the propeller advance speed, D the propeller diameter and
n = Ω/(2π) is the rotation rate in rps. The open-water
characteristics are expressed in the thrust coefficient KT ,
the torque coefficientKQ and the open-water efficiency η0,
defined as follows:

KT =
T

ρn2D4
, KQ =

Q

ρn2D5
, η0 =

J

2π

KT

KQ
, (12)

where T is the propeller thrust and Q the propeller torque.

The propeller S6368 is calculated for a range of ad-
vance coefficients between 0.1 and 0.8, corresponding to
Reynolds numbers from 5.3×105 to 5.6×105. The pro-
peller S6698 is calculated for a range of advance coef-
ficients between 0.1 and 1.1, corresponding to Reynolds
numbers from 8.5×105 to 9.4×105. The Reynolds num-
ber is defined based on the propeller blade chord length
at 0.7 of the propeller radius R and the resulting onset
velocity at the corresponding radial position. We note
that these Reynolds numbers are in the critical Reynolds
number regime, where transition from laminar to turbulent
regime plays an important role in the flow properties.
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Figure 2: L∞ (left) and L2 (right) iterative convergence for
propeller S6368 at J = 0.568 for grid G3. k − ω SST tur-
bulence model (top) and γ−R̃eθ transition model (bottom).

Other useful quantities are the pressure coefficient Cp and
the friction coefficient Cf , defined as:

Cp =
p− p∞
1/2ρV 2

ref

, Cf =
τw

1/2ρV 2
ref

, (13)

where p∞ is the undisturbed static pressure, τw is the local
wall shear stress and Vref =

√
U2 + (0.7RΩ)2 is a refer-

ence velocity defined as the undisturbed onset velocity at
the radial position 0.7R.

5.2 Estimation of Numerical Errors
In this section the numerical errors involved in the calcula-
tions are analysed. For CFD methods there are three con-
tributions to the numerical error: round-off error as a con-
sequence of the finite precision of the computers, iterative
error related to the non-linearity of the transport equations,
and discretisation error due to the discrete representation
of the differential equations. While round-off errors can
be considered to be negligible due to the use of double-
precision arithmetic, the iterative and discretisation errors
are more difficult to control and should be monitored.

The iterative error is analysed from the infinity norm L∞
and L2 norm of the residuals,

L∞(φ) = max |res(φi)|, 1 ≤ i ≤ Ncells,

L2(φ) =

√√√√Ncells∑
i=1

res2(φi)

/
Ncells

(14)
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Figure 3: Iterative convergence of KT (left) and 10KQ

(right) for propeller S6368 at J = 0.568 for grid G3.
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Figure 4: Convergence of KT (left) and 10KQ (right) with
the grid refinement ratio hi/h1 for propeller S6368 at J =

0.568.

in which φi stands for any local flow quantity and Ncells is
the total number of grid cells. The iterative convergence is
presented for the propeller S6368 at J = 0.568. Initial and
inflow turbulence quantities are set to 1% turbulence inten-
sity and an eddy-viscosity ratio of µt/µ = 1 for the k − ω
SST turbulence model. For the simulations with the transi-
tion model, the initial and inflow turbulence quantities are
set to 2.5% and 500 for the turbulence intensity and eddy-
viscosity ratio, respectively. The iterative convergence of
the L∞ and L2 norms for the Cartesian components of
the flow velocity Vx,y,z , pressure p, and turbulence model
and transition model quantities for the grid G3 is plotted in
Figure 2. Convergence of the residuals below 10−6 is ob-
tained with the k − ω SST turbulence model. For the tran-
sition model, iterative convergence of the flow quantities is
difficult to obtain, since the infinity norm for the velocity
residuals stagnate between 10−3 and 10−4. In addition, the
maximum residuals for the intermittency γ are of the or-
der of 10−1 and located in the transition region, suggesting
that denser grids may be needed to better simulate the tran-
sitional flow. Except for the intermittency, iterative con-
vergence of the L2 norm near 10−6 is obtained. The vari-
ation of the propeller forces with the number of iterations

Table 3: Variation of the force coefficients with grid density
compared to the finest grid for S6368 at J = 0.568.

k − ω SST γ − R̃eθ

Grid ∆KT ∆KQ ∆η0 ∆KT ∆KQ ∆η0

G6 3.2% 4.7% -1.4% 1.3% 5.4% -3.9%
G5 1.7% 2.2% -0.5% 0.4% 2.8% -2.3%
G4 0.9% 1.2% -0.3% 0.1% 1.7% -1.6%
G3 0.5% 0.7% -0.2% -0.1% 0.9% -1.0%
G2 0.0% 0.1% -0.1% -0.2% 0.1% -0.3%

Table 4: Variation of the force coefficients with grid density
compared to the finest grid for S6698 at J = 0.87.

k − ω SST γ − R̃eθ

Grid ∆KT ∆KQ ∆η0 ∆KT ∆KQ ∆η0

G6 2.3% 1.4% 0.9% 1.1% 1.3% -0.3%
G5 1.5% 0.8% 0.7% 0.5% 0.5% 0.0%
G4 0.9% 0.5% 0.5% -0.2% 0.0% -0.2%
G3 0.5% 0.2% 0.2% -0.2% -0.1% -0.1%
G2 0.2% 0.1% 0.1% -0.2% -0.1% -0.1%

is shown in Figure 3, where convergence is obtained after
5000 iterations. Although iterative convergence of all flow
quantities is not achieved after 5000 iterations, a small ef-
fect of the iterative error is expected on the propeller force
coefficients predicted by the transition model.

To estimate the discretisation error a numerical uncertainty
analysis is performed following the procedure described in
Eça and Hoekstra (2014). The convergence of the force
coefficients with the grid refinement ratio hi/h1 is pre-
sented in Figure 4, where hi is the typical cell size of
grid i, determined from the total number of grid cells by
hi = (1/Ncells)

1/3. Second-order convergence is obtained
for the propeller forces and the numerical uncertainties are
in the order of 1%-2% for the k−ω SST turbulence model
and lower than 1% for the transition model. From the
comparison between the turbulence model and the transi-
tion model, different estimations of the exact solution (for
hi = 0) are obtained. Finally, the variation of the thrust,
torque and open-water efficiency for each grid compared to
the finest grid is listed in Table 3. A reduction in the vari-
ation of the open-water quantities with the increase of the
number of cells is observed. Differences lower than 1% are
achieved for the grid with 8 million cells (G3). Therefore,
the grid G3 is used for the subsequent numerical studies
presented in this paper, which reduces the computational
effort in comparison with the finest grid.

For the propeller S6698 convergence of the residuals below
10−6 is difficult to obtain with both models. For the k − ω
SST turbulence model, the maximum residuals for the tur-
bulence dissipation rate ω are of the order of 10−1 and lo-
cated near the hub root. For the γ − R̃eθ transition model,



Table 5: Influence of the turbulence inlet quantities on the
propeller forces. Propeller S6368 at J = 0.568. Turbu-
lence intensity at x/R = 1.0 refers to section r/R = 0.7.

Inlet x/R = 10 x/R = 1 Forces
Model Tu µt/µ Tu µt/µ KT 10KQ

k − ω SST 1.0% 1 0.2% 0.8 0.112 0.166
k − ω SST 1.0% 500 1.0% 115.3 0.112 0.166
k − ω SST 2.5% 500 2.2% 489.2 0.112 0.166
γ − R̃eθ 1.0% 1 0.2% 0.8 0.121 0.163
γ − R̃eθ 1.0% 500 1.0% 109.3 0.121 0.163
γ − R̃eθ 2.5% 500 2.2% 489.4 0.117 0.164
γ − R̃eθ 5.0% 500 3.3% 467.3 0.116 0.167

the infinity norm of the velocity residuals stagnate between
10−3 and 10−4. In this case, iterative convergence of the
turbulence dissipation rate ω near 10−6 is obtained. Again,
similar difficulties are seen in the convergence of the inter-
mittency γ. The maximum residuals for the intermittency
are of the order of 10−1 and located near the hub region. In
Table 4 the variation of the thrust, torque and open-water
efficiency for each grid compared to the finest grid is also
presented for propeller S6698. Differences lower than 1%
are achieved for the grid 8.2 million cells (G4). In this case,
the grid G4 is used for the results presented in the paper.

5.3 Influence of the Turbulence Inlet Quantities
In this section the influence of the turbulence inlet quanti-
ties on the propeller simulations is studied. Since the in-
let boundary is located five propeller diameters upstream
from the propeller reference plane, a decay of the turbu-
lence quantities will occur along the streamwise direction
and the “ambient” values in the propeller region can be dif-
ferent from the inlet boundary conditions. This poses the
question of which inlet values should we consider for the
numerical simulation of transitional flows. The decay of
the turbulence quantities for a uniform flow U are given
by the following analytical solutions (Spalart and Rumsey
2007) of the transport equations for k and ω:

k = kinlet

(
1 +

ρβkinlet

(µtinlet/µ)µU
(x− xinlet)

)−β∗/β

,

ω = ωinlet

(
1 +

ρβkinlet

(µtinlet/µ)µU
(x− xinlet)

)−1

,

(15)

where kinlet and ωinlet are the values specified at the inlet,
and the eddy-viscosity is assumed equal to µt = ρk/ω.
The eddy-viscosity ratio is given by

µt
µ

=
µtinlet

µ

(
1 +

ρβkinlet

(µtinlet/µ)µU
(x− xinlet)

)1−β∗/β

.

(16)
These equations show a strong decay especially for the tur-
bulence kinetic energy k. We note that the decay rate re-
duces with the increase of the eddy-viscosity ratio. From
Equation (15), different “ambient” values from the inlet
boundary conditions are expected in the propeller region.

Tu=1.0%, µt/µ = 1 Tu=1.0%, µt/µ = 500

Tu=2.5%, µt/µ = 500 Tu=5.0%, µt/µ = 500

Figure 5: Limiting streamlines on the suction side of the
blade obtained with the γ − R̃eθ transition model. Flow
around the propeller S6368 at J = 0.568. The contours
correspond to Cf on the blade surface.

First, the influence of the turbulence inlet quantities is anal-
ysed for the propeller calculations using the k − ω SST
turbulence model. The standard inlet values (Tu=1.0%
and µt/µ = 1) are compared with two additional cases:
Tu=1.0% and 2.5% with µt/µ = 500. For assessment
of the “ambient” values in the propeller region, the plane
x/R = 1 upstream of the propeller is considered. Table
5 presents the turbulence intensity Tu = 100

√
2k/(3U2)

at the inlet boundary and plane x/R = 1 at the radial sta-
tion r/R = 0.7. As expected, lower turbulence intensities
are seen at the plane x/R = 1. A stronger reduction is
seen for the standard case, which corresponds to a small
eddy-viscosity ratio. Although different “ambient” values
are seen at x/R = 1, similar solutions of the flow around
the propeller when using the k − ω SST turbulence model
are obtained. In Table 5 the thrust and torque coefficients
are also compared, where similar results are achieved.

For comparison, the influence of the inlet quantities is stud-
ied with the γ−R̃eθ transition model. Different inlet values
are considered: Tu= 1.0%, 2.5% and 5.0%, and µt/µ = 1

and 500. The turbulence intensities at x/R = 1 are com-
pared in Table 5. A similar behaviour of the turbulence
intensity is seen in comparison with the k − ω SST turbu-
lence model. However, differences around 5% are obtained



for the propeller force coefficients. For analysis of the dif-
ferent flow solutions, the limiting streamlines and the skin
friction coefficient Cf on the surface of the blade are pre-
sented in Figure 5. The results show a strong influence of
the turbulent inlet quantities in the location of the laminar-
to-turbulent transition flow. A laminar flow is obtained over
the entire surface when Tu=1.0%. By increasing the tur-
bulence intensity, in combination with the increase of the
eddy-viscosity ratio, larger “ambient” values of the turbu-
lence intensity are obtained and transition from laminar to
turbulent regime is seen.

5.4 Comparison With Paint-Tests

Due to the strong dependence of the γ − R̃eθ model on
the turbulence inlet quantities, experimental information is
needed to obtain reference values for the prediction of the
transition location. In this section the flow predictions us-
ing the turbulence and transition models are compared with
paint-tests performed for the two marine propellers S6368
and S6698.

Results are first compared for propeller S6368 at J =

0.568 with the paint-tests carried out at MARIN (Boorsma
2000) in Figure 6. In the work of Boorsma (2000) the effect
of the leading edge roughness (LER) on the propeller per-
formance was investigated, where two sets of experiments
were carried out with and without LER. In the comparison
presented in Figure 6 the paint-tests without roughness are
considered. For the k − ω SST turbulence model the stan-
dard values (Tu=1.0% and µt/µ = 1) are assumed at the
inlet boundary. The results presented for the γ−R̃eθ model
refer to the inlet values Tu=2.5% and µt/µ = 500, cor-
responding to the best qualitative agreement between the
calculated limiting streamlines and the paint-tests. From
this comparison we observe that “ambient” values of the
order of 2.0% for the turbulence intensity are needed for
an accurate prediction of the transition location. Since the
inlet is located five propeller diameters upstream from the
propeller plane, a large eddy-viscosity ratio is needed to
control the decay rate of the turbulence quantities. From
the comparison between the k − ω SST model and the
γ − R̃eθ model, we note the different orientation of the
limiting streamlines and skin friction distributions. The
prediction of the transition location may be estimated from
the skin friction on the blade surface.

In Figure 7 the pressure and friction distributions along the
chordwise direction are shown at the radial station r/R =

0.7. Different flow solutions are obtained depending on
the inlet turbulence quantities, ranging from (almost) fully
laminar to fully turbulent flow. These results show that ref-
erence values or experimental results are needed for tuning
the transition location when using the γ − R̃eθ model. The
predicted propeller forces are compared with the experi-
mental results with and without leading edge roughness in
Table 6. The application of roughness at the leading edge

Figure 6: S6368 propeller paint-tests without roughness
from Boorsma (2000) at J = 0.568 (top). Limiting stream-
lines and skin friction coefficient using the γ − R̃eθ model
with Tu=2.5% and µt/µ = 500 (middle) and the k−ω SST
model with Tu=1.0% and µt/µ = 1 (bottom). Suction side
(left) and pressure side (right).

causes the propeller boundary layer to trip to turbulence.
However, the application of roughness has no effect on the
tripping at the inner radii until 0.5R on the suction side of
the blade (Boorsma 2000). The pressure (p) and friction (f )
contributions to the propeller thrust and torque prediction
are also presented. The results show an increase in mag-
nitude of the friction contribution when changing from a
laminar to turbulent flow solution. In addition, a decrease
in the pressure contribution is obtained, which may be ex-
plained by a de-cambering effect due to the thicker tur-
bulent boundary layer. For this test case, a reduction of
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Figure 7: Blade pressure and skin friction distributions at
r/R = 0.7. Propeller S6368 at J = 0.568. Filled symbols:
Cp; empty symbols: Cf .

Table 6: Pressure and friction contributions to the propeller
thrust and torque. Propeller S6368 at J = 0.568.

Model Tu µt/µ KTp KTf KT

γ − R̃eθ 1.0% 500 0.122 -0.00107 0.121
γ − R̃eθ 2.5% 500 0.118 -0.00177 0.117
k − ω SST 1.0% 1 0.115 -0.00241 0.112

Exp. – – – – 0.129
Exp. (LER) – – – – 0.118

Model Tu µt/µ 10KQp 10KQf 10KQ

γ − R̃eθ 1.0% 500 0.151 0.0118 0.163
γ − R̃eθ 2.5% 500 0.145 0.0197 0.164
k − ω SST 1.0% 1 0.141 0.0258 0.166

Exp. – – – – 0.174
Exp. (LER) – – – – 0.176

the separated area near the trailing edge at the blade suc-
tion side when changing to the turbulent flow regime is ob-
served. Both effects have a negative impact in the propeller
thrust. The same effect was observed in the experimental
thrust, where a decrease is seen by using LER leading to a
more turbulent flow on the surface of the blade (Boorsma
2000). From the analysis of the predicted and experimen-
tal propeller torque, a negligible effect of the different flow
regimes is observed. This result indicates a compensation
effect between the pressure and friction contributions to the
torque. The relative differences for the torque are in the or-
der of 6%. The thrust comparison error reduces from 13%,
with the k−ω SST model, to 9% with the γ− R̃eθ model.

A similar comparison is presented for the propeller S6698,
where paint-tests carried out at MARIN are also available
at J = 0.87 (Kuiper 2004). The results refer to the grid

Table 7: Pressure and friction contributions to the propeller
thrust and torque. Propeller S6698 at J = 0.87.

Model Tu µt/µ KTp KTf KT

γ − R̃eθ 1.0% 500 0.166 -0.00330 0.163
γ − R̃eθ 2.5% 500 0.162 -0.00520 0.157
k − ω SST 1.0% 1 0.160 -0.00638 0.154

Exp. – – – – 0.1555

Model Tu µt/µ 10KQp 10KQf 10KQ

γ − R̃eθ 1.0% 500 0.310 0.0229 0.333
γ − R̃eθ 2.5% 500 0.300 0.0421 0.342
k − ω SST 1.0% 1 0.296 0.0499 0.346

with 8.2 million cells (G4). For this case, the same ref-
erence values as the previous propeller are considered at
the inlet boundary for the γ − R̃eθ and k − ω SST mod-
els. The pressure (p) and friction (f ) contributions to the
propeller thrust and torque prediction are presented in Ta-
ble 7. Again, an increase in the friction contribution and
a decrease in the pressure contribution is observed for the
propeller S6698 when changing from a laminar to a turbu-
lent flow solution. This effect results in a reduction of the
thrust and a increase in the torque. The paint-tests (without
leading edge roughness) are compared with the predicted
limiting streamlines in Figures 8 and 9. Again, a qualita-
tive agreement is seen between the paint-tests and the tran-
sition model results, since a change in the orientation of the
limiting streamlines due to transition is obtained. A turbu-
lent flow solution is obtained with the k − ω SST model,
where the streamlines are aligned with the chordwise di-
rection. For this test case, only the experimental propeller
thrust is available where KT = 0.1555. The relative differ-
ences for the thrust coefficient are equal to -1.2% for k−ω
SST model and 1% for γ− R̃eθ model. These results show
a small effect of the flow regime in the propeller perfor-
mance predictions.

5.5 Boundary-Layer Analysis
In order to understand the differences in the flow solutions
between the k − ω SST and γ − R̃eθ models, the thick-
ness of the boundary layer δ at different radial positions
is estimated. First, the profiles of the chordwise Vs and
radial Vt components of the total velocity tangent to the
blade surface are compared. Figure 10 presents the Vs and
Vt components of the total velocity at the non-dimensional
section chord s/c = 0.6 and r/R = 0.3. The different ve-
locity profiles obtained at the selected location reflects the
laminar and turbulent flow solutions predicted by the two
models. A higher velocity gradient at the blade surface is
visible in the k−ω SST model solution in comparison with
the γ − R̃eθ model. The solid lines presented in Figure 10
represent the boundary layer thickness at that position. For
the identification of the boundary layer, the total pressure
loss in the rotating frame ∆pt is considered:



Figure 8: S6698 propeller paint-tests without roughness
from Kuiper (2004) at J = 0.87 (top). Limiting stream-
lines and skin friction coefficient using the γ − R̃eθ model
(middle) and the k − ω SST model (bottom). Suction side.
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Inside the boundary layer the variation of the total pres-
sure is negative. In the present work, the boundary layer
thickness is defined by the distance normal to the wall to
a point where the total pressure loss coefficient C∆pt is
equal to −0.01, corresponding approximately to the def-
inition of 99.5% of the free-stream velocity at that point.
Figure 11 presents the boundary layer thickness δ made
non-dimensional by the section chord c along the chord-
wise direction at the radial sections r/R = 0.3, 0.5 and
0.7. We note that the presented boundary layer thicknesses
do not follow the local flow and so there is an influence

Figure 9: S6698 propeller paint-tests without roughness
from Kuiper (2004) at J = 0.87. Limiting streamlines and
skin friction coefficient using the γ − R̃eθ model (middle)
and the k − ω SST model (bottom). Pressure side.

of the cross flow on the obtained distributions. A thicker
boundary layer is obtained with the k − ω SST turbulence
model. The rapid increase in the boundary layer obtained
at the blade suction side is related with the trailing edge
separation where the flow is radial directed. The boundary
layer thickness at the pressure side is not presented near
the trailing edge for the radial station r/R = 0.3, since
non-reliable values are obtained in this region due to the
behaviour of the total pressure loss profile.

5.6 Prediction of the Open-Water Performance

In this section the prediction of the open-water perfor-
mance is presented for the two propellers. The k − ω

SST and γ − R̃eθ models are used for the prediction of
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Figure 10: Chordwise Vs and radial Vt components of the
total velocity along the normal direction n at s/c = 0.6

and r/R = 0.3. Pressure (top) and suctions (bottom) sides.
Propeller S6368 at J = 0.568. The solid lines represent the
boundary layer thickness.

the open-water diagram. In this study the same turbu-
lence inlet quantities are assumed for turbulence model
(Tu=1.0% and µt/µ = 1) and transition model (Tu=2.5%
and µt/µ = 500) at all advance coefficients. From the sen-
sitivity study presented for the γ−R̃eθ transition model, the
assumption that the “ambient” values, defined in this study
at the plane x/R = 1, are independent of the inflow veloc-
ity for the modelling of the transitional flow is questionable
and further studies are needed. In this sense, paint-tests at
different advance conditions are also needed for the tuning
of the turbulence inlet quantities.

The comparison between the numerical predictions using
grid G3 and the experimental data available from open-
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Figure 11: Boundary layer thickness δ/c on the blade pres-
sure (top) and suction (bottom) sides. Propeller S6368 at
J = 0.568.

water tests is presented in Figure 12 for the S6368 pro-
peller. The differences in thrust and torque by the appli-
cation of LER are also included in the open-water diagram
of Figure 12, where a constant correction for all advance
ratios is made to the thrust (∆Kt = −0.0110) and torque
(∆KQ = 0.0002) coefficients according to the measure-
ments of (Boorsma 2000). A considerable effect on the
measured propeller thrust is seen with the application of
LER. For these range of advance coefficients, the iterative
convergence of the L∞ norms below 10−3 is obtained with
the k − ω SST model. For the transition model, the L∞
norm of the velocities stagnate near 10−2. The thrust errors
are in the order of 3% for J = 0.1 to 15% for J = 0.6 with
the k−ω SST model. Lower differences are obtained with
the γ − R̃eθ model for the thrust coefficient, ranging from
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Figure 12: Propeller S6368 open-water diagram. Compar-
ison between numerical (G3) and experimental results.

Table 8: Comparison between the numerical and the exper-
imental results for propeller S6368.

KT 10KQ

J E Unum E Unum

k − ω SST
0.300 -5.61% 0.49% -3.08% 1.16%
0.568 -13.31% 1.13% -5.05% 1.70%

γ − R̃eθ

0.300 -3.35% 1.72% -3.34% 1.38%
0.568 -9.46% 0.88% -6.36% 0.84%

0.3% for J = 0.1 to 12% for J = 0.6. For both models, the
differences in the propeller torque are in the order of 2% to
7% for advance coefficients up to J = 0.6. Although there
is no information about the experimental uncertainties, the
comparison error E and the numerical uncertainties Unum

obtained from the verification study are presented in Table
8 for J = 0.3 and J = 0.568. From this study, uncertain-
ties lower than 2% are obtained. However, we note that the
comparison error is larger than the numerical uncertainty.

In Figure 13 the numerical predictions using grid G4 are
compared with the open-water experimental data carried
out at SSPA (Li 2004) for the S6698 propeller. For this
test case, iterative convergence of the flow quantities is dif-
ficult to obtain. Convergence of the infinity norm for the
velocity residuals between 10−2 and 10−3 is achieved with
both models. The thrust errors are in the order of 1.0% for
J = 0.1 to 6.7% for J = 1.0 with the γ − R̃eθ model.
Lower differences are found with the k− ω SST model for
this propeller, where the thrust error is in the order of 3.8%
for advance ratios up to J = 1.0. Similar torque errors
are obtained with both models, ranging from 0.7% to 8.5%
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Figure 13: Propeller S6698 open-water diagram. Compar-
ison between numerical (G4) and experimental results.

Table 9: Comparison between the numerical and the exper-
imental results for propeller S6698.

KT 10KQ

J E Unum E Unum

k − ω SST
0.30 0.30% 0.57% 0.89% 1.58%
0.87 -1.67% 1.51% 3.60% 0.34%

γ − R̃eθ

0.30 1.59% 1.41% 1.61% 1.40%
0.87 0.51% 0.56% 3.03% 0.34%

for advance coefficients between 0.1 and 1.0. A verifica-
tion study using the six nearly-geometrically similar grids
is presented in Table 9 for J = 0.3 and J = 0.87. For the
propeller thrust an opposite effect is seen in the compari-
son error E and numerical uncertainty Unum at J = 0.3

and J = 0.87 between the two models. For the propeller
torque similar comparison errors and numerical uncertain-
ties are obtained with the turbulence and transition models.

6 CONCLUSIONS

The goal of the present study is to improve the prediction
of the propeller performance at model-scale, where laminar
and turbulent flow regimes often occur simultaneously on
the propeller blades. In this work, two models are consid-
ered and the results compared: the commonly-used k − ω
SST eddy-viscosity turbulence model, where flow transi-
tion is taken care implicitly by the model, and the γ − R̃eθ
transition model, which solves two extra transport equa-
tions, γ and R̃eθ, for predicting flow transition. Calcula-
tions are made for two marine propellers, a conventional
propeller (S6368) and a skewed propeller (S6698), and re-



sults are compared with experimental data obtained from
open-water and paint-tests. From the results presented in
this study the following main conclusions can be drawn:

• The comparison of paint-tests and limiting stream-
lines shows that an improved agreement of the bound-
ary layer flow can be obtained when using the transi-
tion model. The simulations without transition model
show a too large turbulent region on the blade. The
transition model is able to better predict the extent
of laminar and turbulent regions, similar to what is
seen in the experimental observations, although the
observed flow regime on the blade strongly depends
on the turbulence inlet parameters.

• The k−ω SST turbulence model shows a very limited
sensitivity to the turbulence inlet quantities. On the
contrary, the transition model does show a high sensi-
tivity, which can lead to different flow regimes on the
blades depending on the turbulence inlet quantities,
ranging from fully laminar to mostly turbulent flow. A
strong decay of turbulence intensity takes place from
the inflow towards the propeller, which is inherent to
the transport equations. Due to the higher sensitiv-
ity of the transition model to the turbulence values in
the propeller region, defined here as “ambient” val-
ues, a high eddy-viscosity ratio at the inlet is required
to limit this decay. At this point, it is not known how
this non-realistic eddy-viscosity ratio may influence
the numerical solution. In this study a turbulence in-
tensity of 2.5% in combination with an eddy-viscosity
ratio of 500 at the inlet was found to give the best qual-
itative agreement in comparison with the paint-tests.

• In general, the transition model at model-scale
Reynolds number predicts a higher thrust in the or-
der of 2-4% with similar torque in comparison to the
simulations with the turbulence model. Visualisation
of the boundary-layer velocity profile shows a less full
velocity profile with reduction of the boundary layer
thickness when using the transition model.

• A low numerical uncertainty in the order of 1-2%
was determined for both simulations with and without
transition model at different loadings. In general, a
good agreement with the experimental values is found
for both propellers, in the range of 1% to 10% for low
and high advance ratios, respectively. The use of a
transition model leads to a better agreement with the
experiments for the conventional propeller and similar
results are obtained for the skewed propeller. Further
numerical studies on a range of propellers in combi-
nation with detailed evaluation of experimental uncer-
tainties are desired in order to perform proper valida-
tion of the turbulence and transition models investi-
gated here.
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DISCUSSION
Question from Andrei Taranov
Did your transition model covers cross-flow transition?

Authors’ Closure
Thank you for your question. The calculations pre-
sented in this paper with the transition model, refer to
the γ − R̃eθ model proposed by Langtry and Menter
(2009), where cross-flow transition effects were not
incorporated in the formulation. More recently, an
extension of this model was published in the follow-
ing reference: Langtry, R.B., Sengupta, K., Yeh, D.T.,
Dorgan, A.J. (2015). ’Extending the γ − Reθt lo-
cal correlation transition model for crossflow effects’. In
Proceedings of the 45th AIAA Fluid Dynamics Conference,
Dallas, Texas, USA. As future work, the authors intend
to investigate the use of the new transition model on the
prediction of the propeller performance at model-scale.

Questions from Stefano Gaggero
Have you considered the use of “turbulent sources” to
avoid turbulence decay instead of using higher values of
the eddy-viscosity ratio? How about the performance of
your implementation of the γ − R̃eθ transition model at
higher Reynolds numbers?

Authors’ Closure
Thank you for your questions. In response to the first ques-
tion, the use of “turbulent sources” to control the turbu-
lence decay was not tested in the present paper. From
the comparison between the transition model simulations
and the paint-tests presented in this paper, the best qual-
itative agreement was obtained when using Tu=2.5% and
µt/µ = 500 at the inlet boundary. However, if a different
approach is used to control the turbulence decay, alterna-
tive values of the inlet turbulence quantities will be found,
which makes the present transition model dependent on the
available experimental data. To the second question, the
purpose of the present paper did not included a study for
different Reynolds number regimes. Nevertheless, a test to
the transition model was carried out for a Reynolds num-
ber of 107 and the results tend to the k−ω SST turbulence
model predictions (Menter et al. 2003).


