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ABSTRACT

We present the results of a fundamental study aimed to in-
vestigate the effect of turbulence models on the prediction
of the hydrodynamic characteristics of typical marine pro-
peller blades sections using URANS methods. Three dif-
ferent families of turbulence models have been investigated
and their main parameters have been tuned on the geometry
of a 6-series NACA wing section at Reynolds number typ-
ical of model scale test (Re = 3e6). The application of a
one-equation model developed by Spalart and Allmaras and a
two-equations models (k−ωSST) demonstrates the weakness
of turbulence closure models for this particular profile for
which laminar-turbulent transition essentially rules the hy-
drodynamic behavior. For this reason a three-equation model
(k-kl) has been applied to predict the pre-transitional flow
characteristics with the goal to improve drag coefficient pre-
diction in the laminar flow region. The behavior of the turbu-
lence models with and without wall functions has been tested
as a function of different dimensionless wall distances. A
wide range of angles of attack has been investigated to verify
its stability on the post-stall region where separation leads to
a highly unsteady flow. Results obtained confirm the weak-
ness of traditional turbulence models in capturing the critical
point. Finally the systematic investigation of this study of-
fers interesting guidelines to CFDers on the uncertainty level
expected from the estimation of the viscous forces of model
scale propellers by RANSE simulations.
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1. INTRODUCTION

One of the most challenging problems of CFD in naval ar-
chitecture is the accurate prediction of turbulent boundary
layers at model scale Reynolds numbers. The typical three-
dimensional structure of turbulence, together with the chaotic
variable fluctuations would normally require very expensive

computational methods for the solution of the Navier-Stokes
equations in a sufficiently refined time and space domain.
Reynolds Averaged methods for the solution of Navier-
Stokes equations (RANS) were introduced with the goal to
get a sufficiently accurate prediction of the average flow char-
acteristics without solving the space and time domain fluc-
tuation of flow variables. These methods were applied to
predict fluid dynamic properties of wing sections and they
demonstrated to be very successful in the solution of lift and
drag coefficients for fully turbulent flow (Abdel-Maksoud,
2011). Often RANSE simulations are invoked to validate de-
sign of modern unconventional propellers after optimization
with lower fidelity methods (such as potential flow based de-
sign and analysis methods), as an alternative to model test
results. But with how much uncertainty are these models
able to represent the real flow on a model scale propellers?
We try to answer this fundamental question by starting with a
simple study on an airfoil section of shape typical of marine
propellers.
For innovative marine propellers designs, parametric opti-
mization methods have been proposed (Brizzolara et al.,
2009) for the design of unconventional blade sections. CFD
simulations are indeed used to predict the solution that will
be finally assessed in model scale through cavitation tests.
In this framework the numerical procedure has to face one
of the most challenging problems in CFD: the prediction of
transition and the characterization of turbulent and laminar
flow. Typical Reynolds numbers of model propellers are in
fact falling in this critical flow regime. Direct Numerical
Simulations and Large Eddies Simulations have been suc-
cessfully applied in the past (Kalitzin et al., 2004), (Wissink
and Rodi, 2006) and (Urnaga, 2011), but the computational
effort is still unfeasible when only an ’engineering’ solution
of the flow is required.
Many turbulence models based on RANS equations and dif-
ferent special wall functions were introduced with the goal
to achieve accurate solutions for low Reynolds number tran-



sitional flow (Wilcox, 1994). These methods pretended to
predict transition but it has been recently demonstrated that
this ability is a numerical peculiarity more than a physical so-
lution (Rumsey, 2007).
Different approaches have been introduced to deal with tran-
sitional flows: the zonal model is probably the simplest one.
The basis of this method relies on the subdivision of the fluid
domain in two different regions, pre-transitional and post-
transitional, where different sets of equations are applied.
The domain subdivision can be either based on a first un-
steady solution of the flow obtained without turbulence mod-
els aimed to predict the point where variable fluctuations start
to appear (Silisteanu and R.M.Botez, 2010). Other meth-
ods are based on an trial and error procedure where a first
transition point is guessed and the global results (in term
of drag coefficients) are compared with the available experi-
ments (Eleni et al., 2012). These methods lack of generality
therefore they cannot be considered a valid solution of the
physical problem.
A different approach, always based on fully turbulent models,
is the application of transitional correlation based on bound-
ary layer momentum thickness which require the use of non-
local integral quantities in simulations. Many CFD commer-
cial code like STAR-CCM+ currently use this approach with
some success Shankara and Snyder (2012). The drawback of
these methods is the lack of a physical description of the tran-
sition mechanism and the difficult application in very com-
plex three dimensional geometries with flow separation.
The implementation of more general approaches based on
phenomenological modeling has been complicated by the
fact that the transition mechanisms are still not entirely un-
derstood. However some relatively recent findings helped
the formulation of a single point approach based on a mod-
ified version of the k-ε turbulence model with an additional
transport equation able to describe the pre-transitional veloc-
ity fluctuations (Walters and Leylek, 2004). This approach
has been successively applied to the k-ω SST model (Walters
and Cokljat, 2008).
In the present study, a traditional NACA profile has been cho-
sen to demonstrate the weakness of traditional fully turbulent
methods: the 6-series geometry was specifically designed to
increase the extent of the laminar flow with the goal of de-
creasing the drag on the low speed wing section. This par-
ticular hydrofoil has been extensively used in the design of
marine propeller blades for its capability of delaying cavita-
tion obtained through a relatively uniform pressure distribu-
tion on the suction side around the ideal angles of attack.
The unmodified version of the k-ω SST turbulence model
(Menter et al., 2003) and the Spalart-Allmaras model (Spalart
and Allmaras, 1992) are numerically validated against wind
tunnel experiments (Abbott and von Doenhoff, 1958). The
insights of these models are interestingly analyzed through a
systematic series of simulations on successfully refined grids
and the capability of these methods on predicting transitional
flow is critically discussed. As it will be demonstrated, the

accurate flow solution strongly depends on the capability of
the numerical method to capture the transition point, for this
reason a single point turbulence model (k-kl) has been even-
tually used to predict the transitional boundary layer.

2. NUMERICAL METHODS FOR NAVIER STOKES

EQUATIONS

In this study, the numerical solution of Navier-Stokes equa-
tions is obtained using the open source libraries of Open-
FOAM based on a finite volume approach with a collocated
arrangement of variables. Different solvers have been used
for the solution of inner iterations. For the pressure equa-
tion a multigrid method (GAMG - Geometric Algebraic Multi
Grid) is used with a Diagonal Incomplete Cholesky based
smoother. This method is based on the generation of a so-
lution on a fictitious (coarser) mesh which is successively
mapped into the actual computational mesh as an initial
guess.
The velocity and the transport equations for the turbulent
variables are solved using a smoothSolver with a Gauss Sei-
del smoother suitable for symmetric algebraic system. The
outer iterations required for the solution of the non-linear
partial differential system of equations rely on the PIMPLE
solver.
This algorithm results from the blending of SIMPLE
(Patankar and Spalding, 1972) and PISO (Issa, 1985) (Fig.1).

Figure 1: SIMPLE, PISO and PIMPLE algorithm loops

PISO algorithm solves the momentum equation once for each
time-step and then applies a pressure correction to satisfy
continuity. PIMPLE solves the momentum equation, then
performs the pressure correction. Within the same time-step
an outer loop iteratively improves the solution of the momen-
tum equation. The number of outer iterations is set using a
parameter called nOuterCorrectors. Setting this parameter
to one reduces the PIMPLE into the PISO algorithm. In the
present study this has been done to exploit the possibility,
offered by pimpleFoam solver, of having an adjustable time-
step according to the local Courant number. Since we are
looking for the solution of an unsteady flow, the time differ-
entiation of the Navier-Stokes equations has to be selected



with particular attention. In the present work an implicit eu-

ler scheme is used with an adjustable time step selected in
order to keep the maximum Courant number under a certain
threshold (Co < 1).
The finite volume approach is based on an integral formula-
tion of the Navier-Stokes equations: numerical schemes are
used to evaluate surface and volume integrals as well as inter-
polations to determine variable values at cell faces knowing
nodal values. A linear central differential scheme (CDS) is
used for spatial derivatives in gradient terms included in the
pressure and velocity equations. The same scheme is used
for the interpolation of the viscosity ν in the diffusive term
∇ � (ν∇U), where ∇U is interpolated through a linear Gauss
method. The velocity convection term is interpolated using
a limited linear scheme for vector fields, while convection
terms for turbulent quantities are interpolated using a linear
upwind scheme.

3. NACA 65-209
One of the key elements for improving marine propeller de-
sign is the prediction of the flow characteristics over uncon-
ventional two dimensional blade sections. When operating a
traditional propeller, a very important flow condition that has
to be avoided is cavitation due to localized area of pressure
lower than vapor tensions on the back surface of the blade.
For this reason blade sections have to be designed in order to
obtain the designed lift coefficient with a very uniform pres-
sure distribution over the chord especially when working in a
non-uniform hull wake..
Traditional NACA laminar profiles (Jacobs, 1939) offer a
good margin to the inception of cavitation, achieving a very
uniform pressure distribution on the back of the profile at
ideal angles of attack (shock free conditions). This is a con-
sequence of their design to maintain a larger possible extent
of laminar flow over their suction side. To achieve this con-
dition NACA designed a series of wing section of a desired
pressure condition aimed to maximize the extent of the lam-
inar boundary layer moving the minimum pressure point far
from the leading edge, both for the suction and pressure sides
of the foil. This resulted in the low-drag, high-critical speed
6-series of airfoil. The particular features of the 6 series
makes these foils particularly suitable to be used in the ge-
ometry definition of marine propellers: the fairly uniformly
distributed loads on the foil chord delays cavitation and a
large extent of laminar region has the effect of reducing the
local friction coefficient in the laminar boundary layer, thus
reducing the global drag coefficient, maximizing the L
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ra-

tio. Since these characteristics cannot be observed in other
standard hydrofoil series proposed by NACA, the numerical
model proposed in this paper has been validated and verified
using a standard wing section of the 6 series: NACA 65-209.
This shape is characterized by a chordwise position of the
minimum pressure located at 50% of the chord (for the basic
symmetrical section at zero lift), with an ideal lift coefficient
of 0.2 and a maximum thickness of 9% of the chord.

The experiments performed by NACA in the low-turbulence
pressure tunnel (von Doenhoff and Abbott, 1947), collected
by Abbott (Abbott and von Doenhoff, 1958) clearly show a
laminar bucket with a minimum drag coefficient on a small
range of angles of attack around shock-free condition.
Among the many features that we are interested in capturing
when simulating the flow over the NACA 65-209 hydrofoil
with RANS methods, the laminar-turbulent transition and the
accurate prediction of wall shear stresses in both flow regimes
at different angles of attack appear to be the most challeng-
ing.

3.1 MESH TOPOLOGY

Due to the non-slip condition at wall boundaries, velocity
and pressure gradients becomes very high. For this reason,
if the flow equations have to be solved up to the wall, a very
fine grid resolution is required in order to predict the veloc-
ity, pressure and turbulent quantities gradients in a very thin
boundary layer. This significantly increases the simulation
time required for an accurate solution.
In wall shear flows, the molecular viscosity imposes the no-
slip condition at solid boundaries; wall bounded flows can be
solved considering that viscous effects are dominant only in
a thin part of the shear layer. Considering a dimensionless
wall distance y+:

y+≡ ρuτδs

µ
(1)

It is well known that viscous effects are always present in the
region where y+ ≤ 5− 6 which is also the so-called viscous

sub-layer (Piquet, 1999).
For high Re number convective effects are important only at
y ≥ δ, where δ is the boundary layer thickness. It can be
observed that for y+ >> 1 and y/δ << 1 the mean velocity
profile follows a logarithmic law:

u+=
νt

uτ
=

1

κ
lny++B (2)

Where νt is the mean velocity parallel to the wall, uτ =
√

|τW |
ρ

is the shear velocity (deriving from the shear stress τW , κ is
the von Karman constant (0.41), B is an empirical constant
related to the thickness of the viscous sublayer and y+ is the
non dimensional distance from the wall.



Figure 2: Computational Domain Extension

Wall functions rely on the existence of this logarithmic region
and they were introduced with the goal to keep reasonable
computational time in turbulent flows exploiting the physical
characteristics of wall bounded flows (Launder and Spalding,
1972).

Figure 3: Structured grid in the near-wall region

Assuming that the production and dissipation of turbulence
are in equilibrium, different wall conditions can be formu-
lated. The application of wall functions for the resolution of
the boundary layer has been successfully demonstrated when
applied to fully turbulent flow (Kalitzin et al., 2005) (Knopp
et al., 2006) and (Knopp, 2006).
Relatively coarse grids with y+ greater than approximately
30 can be used for the solution of the flow in the logarithmic
layer relying on different formulations for the solution in the
viscous sub-layer and the buffer layer (Launder and Spalding,
1972).

(a) grid G1 (b) grid G2

(c) grid G3 (d) grid G4

(e) grid G5 (f) grid G6

Figure 4: Grid Resolution close to the leading edge

We first present a set of six different numerical grids that have
been used to perform a sensitivity study for the application of
fully turbulent models for the solution around the NACA 65-
209 hydrofoil.
A hybrid mesh has been designed in order to achieve a struc-
tured hexahedral grid in the near-wall region and a thetrahe-
dral grid in the far field.
An elliptical computational domain with a major axis 7c and
a minor axis 3.5c rotates around the hydrofoil to simulate dif-
ferent angles of attack (Fig.2). The leading edge is at 4c from
the inlet.
The size of the cell close to the wall in the direction normal
to the surface is controlled by the parameter d1/c and a geo-
metric progression is used to distribute cells in the near-wall
region according to the parameter d1 and the size of the cell
at the boundary of the structured region: d2/c. A Delaunay
triangulation algorithm (Delaunay, 1934) is used to distribute
the thetrahedral elements in the far field according to the size
of the elements at the end of the major axis farthest from the
hydrofoil d3/c. The extension of the structured region is in-
dicated through the parameter o/c.
The cell size close to the wall and the progression in the struc-
tured region (where viscous effects are relevant for the flow
solution) have been systematically changed in order to obtain
six different numerical grids characterized by decreasing y+
values as shown in figures 3 and 4 and in table 1.
A different approach in numerical grid design is used when
the boundary layer is numerically solved without the imple-
mentation of wall functions. In this case the solution of the
turbulent variables as well as fluid velocity and pressure must
be achieved in the viscous sub-layer. For this reason the grid
generation strategy has been tweaked in order to increase the



Table 1: NACA 65-209: parameters used to generate the G
series used in the mesh-sensitivity analysis with wall func-
tions. Estimated y+ number is reported int he last column.

Name d1/c d2/c d3/c o/c Cells

No

Est.

y+
G1 1.647E-3 5.265E-3 1E-1 0.05 27414 98.92
G2 1.098E-3 3.51E-3 1E-1 0.05 55956 65.94
G3 7.32E-4 2.34E-3 1E-1 0.05 117776 43.97
G4 4.88E-4 1.56E-3 1E-1 0.05 253266 29.31
G5 3.91E-4 1.25E-3 1E-1 0.05 390234 23.48
G6 3.13E-4 1E-3 1E-1 0.05 581078 19.22

number of cells close to the foil surface and get a dimension-
less wall distance close to unity. This way the first layer of
cells is characterized by a centroid that falls in the viscous
sub-layer, thus the velocity profile in the closest region to
the wall can accurately be numerically calculated without the
further approximation due to the usage of wall functions.
The drawback of such a strategy is a major increase in num-
ber of cells which reflects into a dramatic increase of the
computational time, sometimes unfeasible for practical en-
gineering purposes. To partially overcome this problem the
extent of the structured region of the computational grid has
been strongly reduced, increasing the aspect ratio of the cells
belonging to the near wall region giving preference to ade-
quately solve normal gradients with respect to stream-wise
ones. Table 2 shows the main cell sizes necessary to describe
the four different grids. The aspect ratio of the first layer
of cells in the near body structured region has been adjusted
from AR1 = 3 to AR2 = 40.

Figure 5: Structured grid in the near-wall region

These results in the five different numerical grids, named
GGx (x is the serial number of the grid), shown in figure ??.

(a) grid GG1 (b) grid GG2

(c) grid GG3 (d) grid GG4

(e) grid GG5

Table 2: NACA 65-209: parameters used to generate the GG
series used in the mesh-sensitivity analysis without wall func-
tions. Estimated y+ number is reported int he last column.

Name d1/c d2/c d3/c o/c Cells

No

Est.

y+
GG1 4.0E-5 9.0E-4 3.2E-1 0.0045 31583 2.40
GG2 3.2E-5 9.0E-4 3.2E-1 0.0045 38713 1.92
GG3 1.6E-5 9.0E-4 3.2E-1 0.0045 74737 0.96
GG4 4.0E-5 1.3E-3 3.2E-1 0.0135 58975 2.40
GG5 4.0E-5 1.3E-3 3.2E-1 0.0135 58817 2.40

The hydrofoil shape has been reproduced using a single cu-
bic spline interpolating a series of more than 650 points. A
new series of points has been obtained extruding the NACA
65-209 profile points along the normal to the surface (by a
given offset o): a second cubic spline interpolates these new
points defining the outer boundary of the structured region of
the grid. These two cubic splines have been subdivided in
uniform curvilinear segments, creating an undesired increase
of the overall mesh non-orthogonality. In these cases, an op-
portune non-orthogonal corrector has been used in the PISO
algorithm. In order to quantify the non-orthogonal mesh ef-
fects, a fifth grid GG5 has been generated using the same set-
ting as GG4 but subdividing the inner and outer cubic splices
in two parts, isolating the leading edge part and reducing the
mesh non-orthogonality. It is anticipated that the effect is ac-
tually negligible.

4. RESULTS

In this section we present the results of the numerical simu-
lations for the viscous flow past a NACA 65-209 hydrofoil at
Re = 3e6. An hydrodynamic smooth wall surface has been



assumed. The present section presents results obtained using
three different turbulence models: k-ω SST, Spalart Allmaras

and k-kl. The objective is to possibly find a single suitable
setup able to combine good accuracy while limiting compu-
tational efforts to simulate most of the flow conditions inter-
esting for model propeller analysis.
The Spalart Allmaras and the k-ω SST models are fully tur-
bulent models, i.e. the turbulent quantities are applied ev-
erywhere in the flow. In the k-kl model, a third equation
has been introduced with the goal of predicting transitional
flow thus wall functions are not used and the laminar and tur-
bulent boundary layer are numerically solved up to the wall
(y+≈ 1). The first set of grids showed in the previous section
is therefore used in conjunction with wall functions, while
the second set is used when the boundary layer is numerical
solved.

4.1 k - ω SST MODEL

The two-equations model presented in this study is the k-
ω SST turbulence model, which is based on two additional
transport equations to close the numerical problem. The first
is a PDE that describes the transport of the turbulent kinetic
energy:

∂(ρk)

∂t
+

∂(ρu jk)

∂x j

=

∂

∂x j

(

µ
∂k

∂x j

)

− ∂

∂x j

(ρ

2
u′ju

′
iu

′
i + p′u′j

)

−ρu′iu
′
j

∂ui

∂x j

− µ
∂u′i
∂xk

∂u′i
∂xk

(3)

In (3) the last term represents the product of density and the
dissipation ε (the rate at which the turbulence energy is irre-
versibly converted to internal energy), while the second term
on the right-hand side represents turbulent diffusion of ki-
netic energy:

−
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(4)

where σk is the turbulent Prandtl number (approximately
one).
The third term on the right-hand side represents the rate
of production of turbulent kinetic energy by the mean flow
(transfer of kinetic energy from the mean flow to the turbu-
lence):

Pk =−ρu′iu
′
j

∂ui

∂x j

≈ µT

(

∂ui

∂x j

+
∂u j

∂xi

)

(5)

One of the workhorse turbulence model is based on a sec-
ond transport equation for the energy dissipation ε which
derives from the assumption that turbulent energy is being
transferred from the largest scale to the smallest one. It has
been found that the k-ε model leads to over-predicted values
of the turbulent length scale, which are responsible of higher
wall shear stress (Wilcox, 1993). For this reason a different

closure equation, based on the specific turbulence dissipation
rate ω has been proposed by Wilcox (Wilcox, 1988). The k-
ω turbulence model second equation is therefore a transport
equation for the specific dissipation rate:
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(6)
In the k-ω model, the eddy viscosity is expressed as:

µT = ρ
k

ω
(7)

The coefficients commonly used are:

α=
5

9
β= 0.075 β∗= 0.09 σ∗

k =σ∗
ω = 2ε= β∗ωk

(8)
Menter showed that this new turbulence model has proven to
be very sensitive to the freestream values for ω. For this rea-
son in the wake region of the boundary layer the k-ω model
has to be abandoned in favor of the k-ε (Menter, 1992).
Menter proposed a new formulation blending the k-ε and the
k-ω models through a smoothing function F1 that selects k-ω
close to the wall (F1 = 1) and k-ε far from the wall (F1 = 0):
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The general idea is that using full Reynolds-stress models it
is possible to take into account the transport of the principal
turbulent shear stress. The details of this formulation have
been accurately described by Menter (Menter, 1993) and the
high level of accuracy has been outlined by NASA (Bardina
et al., 1997). This model has been successively revisited
and perfectionated (Menter and Esch, 2001) (Menter et al.,
2003).
In this study the k-ω turbulence model has been tested on
the six numerical grids previously described: a sensitivity
study has been performed to understand the influence of the
freestream variables as well as the boundary conditions of
the turbulent parameters close to the wall. The freestream
and boundary condition have been chosen according to the
turbulent intensity and length scale based on the boundary
layer thickness following the equations described below.

k =
3

2
(UI)2 ω =

k

νT

νT =
1

ρ

√

3

2
UIl (10)

Where the l indicates the turbulent length scale and has been
chosen according to the boundary layer thickness δ99 of a
turbulent flow on a flat plate.

l = 0.4δ99
δ99

c
=

0.374

Re
1
5

(11)



Simulations have been performed with the turbulence inten-
sity of Tu = 0.01% specified in (Abbott and von Doenhoff,
1958). We present in table 8 the boundary and initial condi-
tions used for the numerical simulations.

Table 3: k-ω Boundary and Initial Conditions

Var.
Internal

Field
Inlet Outlet Foil

ω [1/s] 50 50 zeroGrad. omegaWallFunct. 50
k [m2/s2] 1.35e-7 1.35e-7 zeroGrad. kqRWallFunct. 1.35e-7
νT [m2/s] 2.7e-9 2.7e-9 zeroGrad. nutkWallFunct. 2.7e-9
p [m2/s2] 0 zeroGrad. 0 zeroGrad.
U [m/s] 3 3 zeroGrad. 0

The average values of lift and drag coefficients resulting from
the unsteady simulation previously described are presented
in figure 6 and 7. Tables 4 and 6 show the standard deviation
respectively for the cL and the cD for each numerical grid.
while tables 5 and 5 summarize the cL and cD CFD errors
with respect to experiments.
As it is possible to notice from figure 6 the trend of the lift
coefficient as well as the average values match exactly the ex-
periments for angles of attack up to 3deg. Within this range
of operation the results in term of cL do not show significant
grid dependency. This is mainly due to the fact that the vis-
cous component of the lift coefficient is much lower than the
pressure one. Until separation does not occur solution for
pressure is well predicted by the numerical method proposed
in this section.
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Figure 6: cL, grid sensitivity analysis, k-ω SST with
Tu:0.01%
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Figure 7: cD, grid sensitivity analysis, k-ω SST with
Tu:0.01%

Figure 8 shows that a separation bubble appears close to the
trailing edge, at α = 5deg, on the suction side of the hydro-
foil. The vorticity shed by separation is strongly affected
by the local velocity of the fluid that in the boundary layer
greatly depends on the combination between wall functions
and grid resolution. This is where the numerical method
starts to show relevant mesh dependency.
Figure 7 presents the numerical prediction by the various
grids of the drag coefficients at different angles of attacks.
A very strong grid dependency is clear in the whole range of
angles of attack, but as figure 7 shows, finer grid might lead
to higher discrepancies with respect to experiments. This is
due to the fact that the flow solution in the buffer and vis-
cous sub-layer is governed by wall functions which require
the first cell point to be in the logarithmic region.
When the foil is operated close to the stall angle only a very
high resolution can capture separation effects and thus pre-
dicting lift coefficient with reasonable accuracy.
As table 1 shows, the G4, G5 and G6 configurations are
characterized by y+ values lower than 30 which is the usual
threshold for wall functions usage.

Figure 8: Flow Separation, streamlines, velocity glyph and
contour for α = 5deg, G4 configuration. k-ω SST with
Tu:0.01%



Table 4: Standard Deviation for cL, k-ω SST with Tu:0.01%

α G1 G2 G3 G4 G5 G6
[deg] [/] [/] [/] [/] [/] [/]

0 3.1E-4 6.1E-4 5.4E-4 4.4E-4 2.0E-2 5.4E-4
1.5 2.0E-4 3.7E-4 7.8E-4 4.2E-4 3.5E-4 2.9E-4
3 3.2E-4 6.9E-4 7.3E-4 4.4E-2 2.5E-2 4.8E-4
5 8.8E-4 2.4E-4 6.1E-4 5.0E-2 3.0E-2 3.2E-2
7 6.4E-4 5.3E-4 2.2E-3 4.7E-3 5.4E-2 2.6E-3
10 4.4E-1 6.5E-2 8.3E-2 1.0E-2 1.9E-1 5.3E-3
12 6.2E-3 1.0E-1 4.9E-2 4.8E-2 8.4E-2 5.0E-2

Table 5: cL error with respect to experiments (Abbott and von
Doenhoff, 1958) k-ω SST with Tu:0.01%

α G1 G2 G3 G4 G5 G6
[deg] [%] [%] [%] [%] [%] [%]

0 4.0 1.7 0.8 0.3 1.0 0.2
1.5 2.4 2.0 0.6 1.8 2.3 0.4
3 1.1 0.9 0.9 1.5 0.9 2.0
5 4.6 2.6 1.9 1.0 4.6 3.2
7 10.0 5.5 2.9 1.2 0.3 0.9

10 57.8 47.3 48.4 13.5 3.3 2.1
12 19.1 16.4 15.8 11.7 7.1 29.7

Table 6: Standard Deviation for cD, k-ω SST with Tu:0.01%

α G1 G2 G3 G4 G5 G6
[deg] [%] [%] [%] [%] [%] [%]

0 1.6E-5 4.3E-5 1.8E-4 1.6E-1 1.6E-1 1.6E-1
1.5 7.0E-6 2.6E-5 2.9E-5 3.2E-1 3.2E-1 3.2E-1
3 3.1E-5 5.2E-5 3.2E-4 5.0E-1 4.9E-1 4.8E-1
5 7.7E-5 3.0E-5 1.5E-4 7.2E-1 6.8E-1 6.9E-1
7 9.6E-5 8.6E-5 4.9E-4 8.9E-1 9.0E-1 9.0E-1
10 1.1E-1 1.6E-2 9.2E-3 1.0E+0 1.2E+0 1.2E+0
12 1.3E-3 1.8E-2 9.6E-3 1.1E+0 1.0E+0 1.2E+0

Table 7: cD error with respect to experiments (Abbott and
von Doenhoff, 1958) k-ω SST with Tu:0.01%

α G1 G2 G3 G4 G5 G6
[deg] [%] [%] [%] [%] [%] [%]

0 7.8 25.6 39.0 43.3 1.6 37.4
1.5 10.0 37.0 49.7 44.3 24.6 52.6
3 8.4 5.6 10.1 14.2 10.0 6.5
5 63.6 44.2 30.8 40.1 18.8 26.3
7 170.0 120.3 74.7 38.0 80.6 45.4

10 957.6 546.5 271.9 235.0 583.8 71.0
12 - - - - - -

The coarsest grid G1 shows a good trend for low angles of at-
tack, especially at α = 0. It seems that the numerical method
based on the k-ω SST turbulence model is able to predict drag
coefficients even in the laminar bucket, apparently predicting
the cF for the pre and post-transitional flow. Despite good re-
sults for low angle of attack, the G1 configuration is the one
the worst prediction of cD when separation occurs.
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Figure 9: cP for α = 0, k-ω SST with Tu:0.01%
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Figure 10: cF for α = 0, k-ω SST with Tu:0.01%

An indicator for the flow instability occurring when the tur-
bulence model is used with wall functions, is the higher stan-
dard deviation predicted on global force components (lift and
drag) with the higher resolution grids. This is clear from both
tables 4 and 6 which present increasing standard deviation
values for increasing mesh resolution for lower angle of at-
tack. The increase of lift and drag standard deviation experi-
enced at higher angles of attack is the result of the unsteady
nature of flow separation which causes vortex shedding and
variable fluctuation (not documented in the experiments).
A closer view on the behavior of the k-ω SST turbulence
model at low angles of attack we present in figure 9 and 10,
the pressure and friction coefficients results obtained with
simulations performed with grids of increasing resolution.
The friction coefficient predicted at angle of attack of α = 0
shows a behavior typical of transitional flow. A good esti-
mate of the transition point can be obtained for these types
of hydrofoils, using a well validated integral thin boundary
layer method coupled with potential flow solution, as that im-
plemented in Xfoil (Drela, 1989). For the coarsest grid (G1)



this apparent transition point occurs slightly upstream with
respect to the xFoil predicted transition. When the grid reso-
lution is increased the transition, point moves upstream.
The existence of an apparent laminar region and transition
point in the k-ω SST turbulence model has been largely dis-
cussed in the past (Rumsey et al. (2006), Reif et al. (2006)
and Abid (1993)). In his work Rumsey focused the attention
on the existence of a stable laminar numerical solution of the
flow (νT =0) in presence of low freestream turbulence level
for the Spalart Allmaras turbulence model and in presence of
relatively fine grid when the k-ω SST model is used to solve
the turbulent flow (Rumsey (2007)). It is important to un-
derline that the numerical grids used in Rumsey study were
designed to work without wall functions, thus for the solution
of the viscous sub-layer (y+< 1).
Our results show a different trend: from figure 10 is evident
that the extent of the apparent laminar flow increases for de-
creasing grid resolution. This corresponds to an opposite
trend with respect to Rumsey’s results, and can be imputed
to the use of wall functions for the solution of the near-wall
region flow.

4.2 SPALART ALLMARAS MODEL

The standard Spalart-Allmaras model is a one equation
model based on a transport equation for the turbulent viscos-
ity. In the original paper of Spalart and Allmaras, the trans-
port equation is written for a new variable ν̃ which is equal
to νT except in the viscous sub-layer (Baldwin and Barth,
1991).

νT = ν̃ fv1 fv1 =
χ3

χ3 + c3
v1

(12)

where χ = ν̃
νT

and fv1 is the function defined by Mellor &
Herring (Mellor and Herring, 1968).
Using ν̃ allows the use of coarser grids: once the solution for
this new variable is found in the log layer, the solution in the
buffer and viscous region is found considering that χ = ky+.

∂(ρν̃)

∂t
+

∂(ρu jν̃)

∂x j

= Gν+

+
1

σν̃

{

∂

∂x j

[

(µ+ρν̃)
∂ν̃

∂x j

]

+Cb2ρ

(

∂ν̃

∂x j

)2
}

−

cw1 fw

(

ν̃

d

2)

+ cb1S̃ν̃

(13)

In (13) the cb1Sν̃ represent the production term while the

cw1 fw

(

ν̃
d

2
)

is the distruction term due to the blocking effect

of the wall; this term depends on the distance from the wall
d and on two coefficients: cw1 and fw. The value of cw1 is
obtained balancing the production and the diffusion term (all
positive) with the distruction term:

cw1 =
cb1

k2
+

(1+ cb2)

σ
(14)

The non-dimensional function fw is 1 in the log-layer and it
is introduced to accelerate the decay of the destruction term
in the outer region of the boundary layer. More details on
the model formulation are presented in Spalart and Allmaras
original paper (Spalart and Allmaras, 1992).

Table 8: Spalart Allmaras Boundary and Initial Conditions

Var.
Internal

Field
Inlet Outlet Foil

ν̃ [m2/s2] 5.0e-6 5.0e-6 zeroGradient nutkWallFunct. 5.0e-6
νT [m2/s] 2.7e-9 2.7e-9 zeroGrad. nutkWallFunct. 2.7e-9
p [m2/s2] 0 zeroGrad. 0 zeroGrad.
U [m/s] 3 3 zeroGrad. 0

Only the first four numerical grids are used to check the grid
dependency of this turbulence model. The average values of
the lift and drag coefficients are plotted in figures 11 and 12.
Tables 9 and 11 present the standard deviation respectively
for cL and cD, while tables 10 and 12 show the CFD errors
relative to the experiments.
Two distinctive trends can be observed in figure 11: for angle
of attack up to 3deg the G2 configuration does not improve
the slight over prediction of cL obtained with grid G1. In this
range grid G3 improves the results while G4 configuration
leads to an almost perfect match with experiments as con-
firmed by table 10.
When the hydrofoil is operated at higher angles of attack,
the coarsest mesh cannot solve the pressure part of the lift
coefficient with a very good accuracy. This means that, as
previously seen for the k-ω SST model, the resolution of G1
and G2 is not high enough to get the influence of separation
effects on the velocity field, leading to an underestimation of
the lift coefficient.
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Figure 11: Lift Coefficients for different angles of attack -
SpalartAllmaras Turbulence Model

The stall condition seems to be captured by G3, but as in
the case of k-ω SST (with G6), a further increase in the grid
resolution does not converge onto to consistent results. The
reason for this could be related to the use of wall function in



the context of a detached boundary layer. Further numerical
studies are planned to obtain an accurate solution of the stall
condition with wall functions.

Table 9: Standard Deviation for cL, Spalart Allmaras

α G1 G2 G3 G4
[deg] [/] [/] [/] [/]

0 2.2E-4 1.0E-3 5.6E-4 5.2E-3
1.5 2.2E-4 3.3E-4 1.2E-3 4.7E-3
3 5.0E-4 3.5E-4 5.8E-4 3.6E-3
5 8.1E-4 3.9E-4 2.8E-3 1.2E-3
7 7.8E-4 1.9E-4 1.6E-3 1.3E-3

10 1.7E+0 1.7E+0 7.6E-2 3.7E-3
12 8.4E-1 1.3E+0 5.9E-1 6.3E-4

Table 10: cL error with respect to experiments (Abbott and
von Doenhoff, 1958) Spalart Allmaras with Tu:0.01%

α G1 G2 G3 G4
[deg] [%] [%] [%] [%]

0 16.6 15.2 11.3 3.0
1.5 8.5 8.0 5.8 2.5
3 4.1 4.6 2.7 2.7
5 1.0 0.2 0.1 0.9
7 5.2 3.2 1.0 2.2
10 50.2 27.1 5.3 0.5
12 27.3 8.2 31.1 43.2

Figure 12 presents the drag coefficient predicted at different
angles of attack. None of the grids investigated seems to be
able to predict the laminar bucket, underestimating the drag
for low angles of attack while giving an overall over predic-
tion in presence of flow separation α ≥ 5. The most refined
grid is by far the one that mostly reduces the discrepancies in
respect to experiments, as confirmed in table 12.
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Figure 12: Drag Coefficients for different angles of attack -
SpalartAllmaras Turbulence Model

Figure 13 and 14 present the results obtained at α = 0 in

terms of pressure and friction coefficients: Despite the very
close correlation with experimental values of global forces
obtained by grid G4, it has to be observed that both pressure
and friction coefficient do not show good agreement with the
solution of the integral boundary layer equations with well
validated transition models (Xfoil).

Table 11: Standard Deviation for cD, Spalart Allmaras

α G1 G2 G3 G4
[deg] [/] [/] [/] [/]

0 1.3E-5 1.4E-4 4.7E-5 2.4E-4
1.5 1.4E-5 1.5E-5 2.6E-5 2.2E-4
3 4.3E-5 3.2E-5 7.0E-5 3.7E-4
5 7.0E-5 5.0E-5 9.4E-4 5.2E-4
7 1.5E-4 2.4E-5 9.3E-4 2.6E-4

10 3.3E-1 3.4E-1 7.2E-3 6.5E-4
12 2.0E-1 3.0E-1 1.4E-1 1.4E-4

Table 12: cD error with respect to experiments (Abbott and
von Doenhoff, 1958) Spalart Allmaras with Tu:0.01%

α G1 G2 G3 G4
[deg] [%] [%] [%] [%]

0 52.2 47.1 31.4 12.0
1.5 31.9 29.9 15.1 0.6
3 31.8 36.1 31.1 24.5
5 22.4 0.5 5.6 1.5
7 147.5 63.0 30.1 22.1

10 439.3 651.7 88.2 47.5
12 - - - -

Both cP and cF are characterized by a clear numerical insta-
bility at the trailing edge for x/c > 0.8. When grid resolution
increases, the effect of the freestream turbulence might affect
the viscous wake, leading to numerical instability. Figure 14
also shows a constant underestimation of the friction coeffi-
cient along the whole pressure side of the hydrofoil.
The friction coefficient curves presented in figure 14 does not
suggest the existence of any transition. The cF is almost uni-
formly distributed over the hydrofoil chord and it shows an
evident trend in respect to increase in grid resolution: when
the y+ decreases the friction coefficient increases.
Both the Spalart Allmaras and the k-ω SST turbulence model
presented in this paper, are using the nutkWallFunction.
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Figure 13: cP for α = 0,G1 mesh, Spalart Almaras with
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Figure 14: cF for α = 0,G1 mesh, Spalart Almaras

4.3 kkl MODEL

Results obtained with the two fully turbulent models previ-
ously presented, clearly show the weakness of standard clo-
sure models in predicting the hydrodynamic performances in
cases where the pre-transitional flow represents a non negli-
gible part of the overall dynamic of the boundary layer.
Walters and Leylek first highlighted this problem while in-
vestigating a valid CFD method suitable for the prediction
of turbine aerodynamic losses in presence of film-cooling jet
(Walters and Leylek, 2000). The discrepancies found with
experimental values were attributed to the inability of stan-
dard two equations fully turbulent models to deal with tran-
sitional flows, proposing a new approach indipendent from
integral or non-local variables indeed able to be implemented
in a single-point CFD solver (Walters and Leylek, 2003).
A first version of a single point three equations turbulence
model was proposed as a modification of the standard k-ε
model (Walters and Leylek, 2004). In this study we used a

second version of the model, based on the k-ω framework,
whose insights are briefly presented later on in this section.
The new model is based on the existence of streamwise fluc-
tuation which develops in the pre-transitional boundary layer
under the influence of freestream turbulence. The energy
fluctuations are mainly in the streamwise component and re-
main at relatively low frequency. Since this behavior is con-
ceptually different with respect to the usual (chaotic) turbu-
lent energy, a new variable called laminar kinetic energy (kL)
representing these fluctuations, has been introduced along
with a third transport equation.

DkT

Dt
=PkT

+RBP+RNAT −ωkT −DT +
∂

∂x j
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∂x j
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(15)
DkL
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(16)
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This model is based on the definition of a cutoff eddy size
λe f f : scales smaller than λe f f (kT,s) are responsible for the
production of typical turbulence, while larger scales (kT,l)
contribute to the production of kL.

PkT
= νT,sS

2 (18)

where
νT,s = fν fINT Cµ

√

kT,sλe f f (19)

And
PkL

= νT,lS
2 (20)

where

νT,l =min

{

fτ,lCl1

(

Ωλ2
e f f

ν

)

√

kT,lλe f f

+βTSCl2ReΩd2Ω,
0.5(kL + kT,l)

S

}

(21)

In equation (21) the first term represents the sum of the con-
tribution to the laminar streamwise fluctuations due to by-
pass transition and the one due to natural and mixed transition
caused by Tollmein-Schlichting waves. Terms RBP and RNAT

in equation (15) and (16) model the breakdown of stream-
wise laminar fluctuations into turbulent kinetic energy, re-
spectively due to transport of streamwise fluctuations at a
certain distance from the wall and due to instabilities. Fur-
ther details on the formulation can be found in (Walters and
Cokljat, 2008).
Table 13 shows the boundary and initial conditions set for the
solution of RANS equations.



Table 13: k-kl Boundary and Initial Conditions

Var.
Internal

Field
Inlet Outlet Foil

ω [1/s] 50 50 zeroGrad. zeroGrad
kT [m2/s2] 1.35e-7 1.35e-7 zeroGradient 0
kL [m2/s2] 0 0 zeroGrad. 0
νT [m2/s] 2.7e-9 2.7e-9 zeroGrad. 2.7e-9
p [m2/s2] 0 zeroGrad. 0 zeroGrad.
U [m/s] 3 3 zeroGrad. 0
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Figure 15: cL grid sensitivity analysis, k-kl

Figure 15 shows the average values for the lift coefficient
predicted using the k-kl turbulence model; tables 14 and 15
present respectively the standard deviation and the error of
the cL numerical prediction with respect to experimental val-
ues. The grid sensitivity study confirms results already dis-
cussed for the fully turbulent models: the lift coefficient is
not significantly affected by grid resolution until flow separa-
tions occurs.
The grid designed to solve the flow up to the wall is able to
better solve the flow detail of the separated flow when those
effects remain within the structured region of the mesh. Re-
sults obtained for α = 10deg show a significant error reduc-
tion. Configurations GG1 and GG4 are characterized by the
same y+ but in the GG4 grid the extension of the structured
region is three times the one in GG1. A larger portion of
structured cells is responsible for a better solution of the shed
vorticity induced by separation. When stall is reached the av-
erage values described in table 15 are associated with very
high standard deviation values 14, therefore their validity can
be argued.

Table 14: Standard Deviation for cL, k-kl

α GG1 GG2 GG3 GG4 GG5
[deg] [/] [/] [/] [/] [/]

0 1.0E-2 1.2E-2 1.3E-2 1.4E-2 1.4E-2
1.5 1.2E-2 1.2E-2 1.5E-2 - 1.5E-2
3 1.3E-2 1.3E-2 1.5E-2 1.5E-2 1.6E-2
5 1.5E-2 1.6E-2 1.5E-2 2.0E-2 2.0E-2
7 2.3E-2 1.8E-2 1.5E-2 2.4E-2 2.6E-2
10 8.9E-2 1.2E-1 3.3E-2 3.4E-2 7.9E-2
12 1.3E-1 4.3E-2 1.6E-1 1.0E-1 1.3E-1

Table 15: cL error with respect to experiments (Abbott and
von Doenhoff, 1958) k-kl

α GG1 GG2 GG3 GG4 GG5
[deg] [%] [%] [%] [%] [%]

0 1.4 1.7 1.8 2.0 2.2
1.5 1.9 0.3 0.7 - 0.9
3 1.5 1.0 1.1 0.7 0.7
5 3.4 2.9 3.2 2.7 2.6
7 5.5 3.4 2.6 6.0 6.7

10 24.4 24.2 9.7 15.6 16.6
12 8.4 22.1 19.6 18.4 21.1
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Figure 16: cD grid sensitivity analysis, kkl with Tu : 0.01

Figure 16 shows the average values for the drag coefficient
predicted using the k-kl turbulence model; tables 16 and 17
present the standard deviation and the numerical error of the
predicted cD with respect to the experiment, respectively. A
correct discussion of the accuracy in the viscous drag predic-
tion comes from the analysis if the chordwise location of the
transition point at each angle of attack. Face and back transi-
tion points predicted with RANSE-k-kl model are compared
with the results obtained from Xfoil (Fig. 17).



Table 16: Standard Deviation for cD, k-kl

α GG1 GG2 GG3 GG4 GG5
[deg] [/] [/] [/] [/] [/]

0 2.9E-4 3.4E-4 3.6E-4 3.9E-4 4.1E-4
1.5 5.9E-4 6.2E-4 7.3E-4 - 8.4E-4
3 9.6E-4 9.9E-4 1.1E-3 1.2E-3 1.3E-3
5 1.6E-3 1.7E-3 1.7E-3 2.2E-3 2.2E-3
7 3.7E-3 2.6E-3 2.2E-3 3.5E-3 3.8E-3

10 2.1E-2 2.7E-2 7.3E-3 7.9E-3 1.6E-2
12 2.4E-2 2.2E-2 1.7E-2 1.1E-2 3.3E-2

Table 17: cD error with respect to experiments (Abbott and
von Doenhoff, 1958) k-kl

α GG1 GG2 GG3 GG4 GG5
[deg] [%] [%] [%] [%] [%]

0 25.7 22.7 21.8 27.4 27.2
1.5 8.0 4.8 1.5 - 9.6
3 25.9 24.1 19.5 27.2 26.8
5 4.7 6.9 17.8 12.0 17.6
7 53.4 45.6 62.4 66.9 76.0
10 340.6 481.9 123.7 230.2 291.1
12 - - - - -
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Figure 17: CFD chordwise transition position x/c, GG1 con-
figuration, k-kl

Figure 17 shows that the k-kl is able to get accurate predic-
tion in almost the whole range of angles of attack, slightly
anticipating transition both for the pressure and the suction
side. Figure 18 and 19 present pressure local friction coef-
ficient distribution on the hydrofoil obtained for α = 0. The
turbulence model proposed in this study is able to predict the
flow in the laminar region with relatively high accuracy both
for pressure and for viscous force. The transition point is
slightly anticipated for both the pressure and the suction sur-
face, but the turbulent flow condition is becoming unstable
for x/c > 0.65. This instability results into a high fluctuation
of the predicted local flow variables which eventually leads

to lower local average values of predicted cF and cP with re-
spect to Xfoil.
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Figure 18: cP for α = 0, GG1 Mesh, k-kl
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Figure 19: cF for α = 0, GG1 configuration, k-kl

Different effects must be taken into account: the underesti-
mation of laminar extent, the underestimation of the cF in the
turbulent region and the underestimation of the pressure co-
efficient in the turbulent flow. Apparently the combination of
these effects leads to an underestimation of the cD in the lam-
inar bucket region, while an overestimation is experienced
when turbulent flows becomes dominant. For α = 3 turbu-
lent flow would be expected on the major part of the suction
side, while RANSE-k− kl still predicts a laminar flow for al-
most 50% of the chord on the suction side and 70% at the
pressure side. This explain the large discrepancies found at
this condition (error within 20%-30%)

5. CONCLUSION

A systematic investigation over the capability of RANS
solver to predict the hydrodynamic characteristics of blade



sections typical of marine propellers has been presented. The
hydrofoil geometry chosen for this study has been particu-
larly selected to enhance the effects of laminar-turbulent tran-
sition. Accurate predictions of viscous forces in transitional
flows is largely an open issue in RANSE modeling. These
problems are of particular interest to propeller designers deal-
ing with geometry optimization driven by high-fidelity com-
putational methods. Experiments are usually involved in the
design process to validate numerical methods: in these cases,
neglecting transition might lead to very inaccurate results.
This problem is especially true for marine propellers which
use of foil geometries specifically designed to delay cavita-
tion through a fairly uniform pressure distribution over the
foil chord.
A 6-series NACA wing section, characterized by a very large
extent of laminar flow region has been tested over a large
range of angles of attack with two fully turbulent models
among the most commonly used: the k-ω SST and the Spalart
Allmaras. Results obtained at low angles of attack clearly
show that the fundamental flow physics is not adequately cap-
tured since the pre-transitional flow is neglected. Moreover
it has been confirmed that the apparent transition predicted
with the k-ω SST model is a result of a numerical peculiarity
rather than the representation of a real physical phenomenon.
The calibration of the fully turbulent models have been driven
towards the minimization of the CFD errors with respect to
experimental results. The Spalart Allmaras model, used with
wall function together with a sufficiently refined grid (G4)
gave fairly good results up to the stall condition (errors<
25%) but this is not representative of a non-correct physical
description of the transition process (as confirmed by figures
13 and 14). For this reason a third single point transitional
turbulence model has been studied and validated over a series
of successively refined grids characterized by a dimension-
less cell size at the wall close to 1. Figure 17 demonstrates
the good capability of this method to predict the chordwise
position of the transition as well as figures 18 and 19 demon-
strate the accurate prediction of the pre-transitional flow, both
in terms of cP and cF in the laminar bucket region (ideal an-
gles of attack). The lift and drag coefficients prediction sig-
nificantly improve reducing the grid sensitivity at angles of
attacks sufficiently far from stall conditions.
Although the k-kl model shows very promising results, some
issues are still to be solved. The post-transitional flow condi-
tion suffer of numerical instabilities that might be due to the
boundary layer development in presence of streamlines cur-
vature and pressure gradients. The influence of freestream
turbulence on the boundary layer development has to be in-
vestigated as well as the impact of the boundary layer wake
on the viscous sublayer solution. The overall prediction of
lift and drag in the stall condition has to be significantly im-
proved eventually considering the influence of the overall di-
mensions of the computational domain.
Even though Detached Eddies Simulations (DES), Large Ed-
dies Simulations (LES) and Direct Numerical Simulations

(DNS) seem to be able to adequately model the physical
behavior of transitional flow and stall regimes, improving
RANSE based models in representing these complex flow
phenomena might lead to important savings in computational
effort, at an equal level of fidelity.
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