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ABSTRACT

Full-scale propeller performance prediction is mostly based
on model-scale experiments that are extrapolated to full-
scale values. Computational fluid dynamics (CFD) sim-
ulations are able to predict propeller performance at both
model and full scale and therefore provide an attractive
alternative for predicting scale effects. A prerequisite is
of course that the numerical simulations correctly predict
the flow behaviour and corresponding performance on both
scales.

In this study a Reynolds-averaged Navier-Stokes (RANS)
method is used for prediction of propeller performance
and analysis at different Reynolds numbers, ranging from
Re=1 × 104 to Re=1 × 107. For the turbulence model the
commonly-used k−ω SST and the k−

√
kL two-equation

turbulence models were applied. In order to distinguish be-
tween numerical and modelling errors in the comparison
with experimental results, an estimate of the uncertainty in
the numerical results is made.

The results at model-scale Reynolds number show a low
numerical uncertainty, in the order of 1% or lower for the
performance characteristics at different advance ratios. A
comparison with experimental results shows higher com-
parison errors for higher advance ratios and for the pro-
peller with less pronounced leading edge separation. Since
the flow over the propeller at model-scale Reynolds num-
bers is mostly in the critical Reynolds number regime,
where transition from laminar to turbulent flow takes place,
the differences in performance are likely related to laminar
to turbulent flow transition on the propeller blade.

The prediction of propeller scale effects and the influence
of the turbulence model on the performance was investi-
gated by performing simulations for a range of Reynolds
numbers. The variation of the Reynolds number showed
an increase of thrust and decrease in torque for increas-
ing Reynolds number. Compared to the model-scale re-
sults (Re=5× 105) this results in a decrease of open-water
efficiency of 15 to 35% for the lowest Reynolds number
(Re=1 × 104), dependent on propeller geometry and ad-
vance ratio, and an increase of efficiency of 5% for the

highest Reynolds number (Re=1 × 107). The effect of
Reynolds number and influence of the turbulence model on
the boundary-layer shape and flow is analysed in detail.
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NOMENCLATURE

c Chord length m

D Propeller diameter m

E Comparison error -
F Force N

µ Dynamic viscosity kgm−1s−1

n Rotation rate rps

p Pressure Nm−2

P Pitch m

Q Torque Nm

T Thrust N

τ Sectional shear-stress com-
ponent

Nm−2

U Uncertainty -
Va Advance velocity ms−1

Z Number of blades

AE/A0 Expanded blade area ratio -
Cp Pressure coefficient p−p∞

0.5ρV 2
ref

Cp0 Total pressure coefficient p+0.5ρV 2−p∞
0.5ρV 2

ref

cf Sectional shear-stress coeffi-
cient

τ
0.5ρV 2

ref

J Advance ratio Va

nD

KT Thrust coefficient T
ρn2D4

KQ Torque coefficient Q
ρn2D5

Re Reynolds number at 0.7R ρc0.7RVref(0.7R)
µ

Vref Reference velocity
√
V 2
a + (2πnr)2

1 INTRODUCTION
The performance prediction of propellers at full scale is
predominantly based on model-scale experiments carried
out in a towing tank (open water) or cavitation tunnel. The
full-scale performance is subsequently determined using
corrections of the model-scale results, for example using



the ITTC78 procedure as described in ITTC (1999). The
flow over the propeller at model-scale Reynolds numbers
is mostly in the critical Reynolds number regime, where
transition from laminar to turbulent flow takes place. Vi-
sualisation of the flow at these Reynolds numbers, for ex-
ample with the help of paint tests, typically shows regions
of laminar and turbulent flow on the blade, as for exam-
ple discussed in Kuiper (1981). A typical flow pattern
over the suction side of a propeller blade at model-scale
Reynolds number is illustrated schematically in Figure 1,
which shows a laminar flow region for the inner radii with
transition to turbulent flow downstream (C-D). At the lower
radii near the trailing edge, a laminar separation area (D-E)
can be observed due to lower velocities and thicker root
sections. For the upper radii, a laminar leading edge sep-
aration bubble due to a strong adverse pressure gradient is
present which causes a turbulent boundary layer on the rest
of the chord (A-B). In paint tests the laminar flow regions
and transition to turbulent flow can also be distinguished by
considering the direction of the paint streaks. The centrifu-
gal acceleration on a fluid element is independent of the
flow regime. The lower shear stress in a laminar boundary
layer causes the flow to be radially directed. For a turbu-
lent boundary layer the shear stress increases and the paint
streaks become more circumferentially directed.

Figure 1: Schematic overview of flow regimes on pro-
peller suction side for model-scale Reynolds numbers,
from Kuiper (1981)

Complementary to experiments, computational fluid dy-
namics (CFD) simulations are able to predict propeller per-
formance and provide the possibility to extract detailed
flow field quantities, which can be visualized at any loca-
tion of the flow field. An additional advantage is the ability
to perform an analysis of the propeller at both model and
full scale. These features make CFD an attractive alterna-
tive for predicting scale effects. A prerequisite is of course
that the numerical simulations correctly predict the flow be-
haviour and corresponding performance on both scales.

Reynolds-averaged Navier-Stokes (RANS) methods are in-
creasingly being used for prediction of propeller perfor-
mance and analysis at different scales (Krasilnikov et al.
(2009); Müller et al. (2009); Rijpkema & Vaz (2011); Ha-
suike et al. (2013)). The RANS formulation requires the
use of a turbulence model for modelling the effect of tur-
bulence on the mean flow. Currently, (variants of) the k−ε
and k−ω two-equation turbulence models are commonly
used in simulations for performance prediction. These
models are able to provide a good prediction for fully de-
veloped turbulent flows but were not designed to accurately
predict laminar to turbulent flow transition, and typically
predict transition at lower Reynolds numbers than exper-
imental measurements (Rosetti et al. (2015)). Recent ad-
vances in turbulence modelling allow to include additional
transport equations that more accurately represent the lam-
inar to turbulent transition (Langtry & Menter (2009)).

Before these more advanced transition models are applied,
it is important to know what the commonly used turbulence
models predict in different Reynolds regimes with respect
to propeller performance and boundary-layer flow. In this
study RANS simulations for two propellers with different
geometrical characteristics and flow features are consid-
ered using commonly used eddy-viscosity turbulence mod-
els without transition model. The propeller performance
and corresponding boundary-layer characteristics are con-
sidered for a range of Reynolds numbers, from the laminar
flow regime, i.e. where there is no influence from the turbu-
lence model near the blades, up to full-scale Reynolds num-
bers. Important flow features that affect performance and
play a role in transition are treated in detail for the differ-
ent Reynolds regimes. Operating conditions are addressed
where a modelling error due to boundary-layer transition
might play a role.

In order to distinguish between numerical and modelling
errors, an estimate of the uncertainty in the numerical re-
sults is made. Accurate and high-quality CFD results, i.e.
with low numerical uncertainty, require high-density grids
and fully-resolved boundary layers without the application
of wall functions, as has been carried out in this study.

The paper is organised as follows: the next section de-
scribes the viscous flow solver ReFRESCO and numeri-
cal settings that were used for the simulations and is fol-
lowed by an overview of the propeller characteristics and
numerical set-up. The model-scale performance prediction
of both propellers is treated in Section 4 including an esti-
mate of the numerical uncertainties and a comparison with
experimental results. Section 5 shows the variation in per-
formance prediction and boundary-layer flow for different
Reynolds numbers. The paper ends with concluding re-
marks of the discussed results.



2 NUMERICAL METHODS

2.1 ReFRESCO

ReFRESCO is a viscous-flow CFD code that solves mul-
tiphase (unsteady) incompressible flows using the RANS
equations, complemented with turbulence models, cavita-
tion models and volume-fraction transport equations for
different phases (Vaz et al. (2009)). The equations are dis-
cretised using a finite-volume approach with cell-centered
collocated variables, in strong-conservation form, and a
pressure-correction equation based on the SIMPLE algo-
rithm is used to ensure mass conservation (Klaij & Vuik
(2013)). Time integration is performed implicitly with first
or second-order backward schemes. At each implicit time
step, the non-linear system for velocity and pressure is lin-
earised with Picard’s method and either a segregated or
coupled approach is used. In the latter, the coupled lin-
ear system is solved with a matrix-free Krylov subspace
method using a SIMPLE-type preconditioner (Klaij & Vuik
(2013)). A segregated approach is always adopted for the
solution of any other transport equation. The implementa-
tion is face-based, which permits grids with elements con-
sisting of an arbitrary number of faces (hexahedrals, tetra-
hedrals, prisms, pyramids, etc.). For turbulence modelling,
RANS/URANS, SAS and DES approaches can be used.
The code is parallelised using MPI and subdomain decom-
position. Earlier work on propeller open-water simulations,
including uncertainty analysis, has been reported in Rijp-
kema & Vaz (2011).

In this study the equations are solved in the body-fixed ref-
erence frame, thus rotating with the propeller, which allows
to perform steady simulations for open-water conditions. A
QUICK scheme was used for discretisation of the convec-
tive part of the momentum equations and upwind was used
in the turbulence equations.

2.2 Turbulence models

For our simulations two different eddy-viscosity based tur-
bulence models were used: the k−ω SST and k−

√
kL two-

equation turbulence models. The SST model is a combina-
tion of two of the most commonly-used two-equation mod-
els: the k−ω model in the viscous sublayer and logarithmic
part and the k−ε model in the wake region of the bound-
ary layer with a blending function that gradually switches
between the models. As discussed in Menter (1994), the
k − ω model generally gives superior behavior in the sub-
layer and logarithmic part, but has a strong sensitivity to
the free stream values outside the boundary layer, which is
not the case for the k−εmodel. The k−ω SST model com-
bines the best properties of both models and is therefore a
popular choice of turbulence model for many engineering
applications.

The k−
√
kL model has the ability to recognize and adjust

to already resolved scales in the simulation (Menter et al.
(2006)), making it part of a class of scale-adaptive simu-

lation (SAS) models. This turbulence model is more ap-
plicable for unsteady simulations in which turbulent scales
need to be resolved with higher accuracy, but also has at-
tractive numerical properties regarding its boundary con-
ditions. This can also result in improved iterative conver-
gence for steady simulations and is therefore included in
the current study.
With respect to laminar to turbulent flow transition, numer-
ical studies for the flat plate friction coefficient demonstrate
early transition for both models with respect to experimen-
tal values and turbulence models that include a transition
model (Rosetti et al. (2015)). These authors also show
that the k−ω SST model shows a sharp and short transi-
tion length, whereas the k−

√
kL shows a more gradual and

mild transition.

2.3 Numerical uncertainty analysis
The use of any numerical method requires an analysis of
the numerical errors involved. For CFD methods the two
most important errors to consider are the iterative error and
the discretisation error. The iterative error is introduced
due to the linearisation of the transport equations and be-
cause an iterative approach is used for coupling the trans-
port equations and solving the linear system of each equa-
tion. It is commonly monitored with the variation of the
residual during the simulation and should be several orders
of magnitude lower than the discretisation error. The lat-
ter is due to the discrete representation (in space and time)
of a (partial) differential equation. The exact discretisation
error can only be determined for cases that have an exact
solution, but for more complex cases without exact solu-
tion an estimate can be obtained by performing a numerical
uncertainty analysis, commonly referred to as verification.
In this study the numerical uncertainty (Unum) is deter-
mined following the procedure described in Eça & Hoek-
stra (2014). Here the uncertainty is determined from the
multiplication of a safety factor (Fs) and an estimate of the
discretization error (ε). The latter can be expressed as a
power-law relation if the solution is within the asymptotic
region, where the first term in the truncation error is the
dominant error, expressed as follows:

Unum = Fs|ε| (1)

ε = φi − φ0 = αhpi (2)

in which φi denotes the known solution on grid i, φ0 the
estimate of the exact solution, α a constant, hi the typi-
cal cell size and p the apparent order of convergence. The
unknown coefficients in the power law relation are deter-
mined from a least-squares fit of numerical solutions on ge-
ometrically similar grids with different densities. The value
of the safety factor depends on the fit. If a ”good” fit is ob-
tained, for which the apparent order is within the expected
order of discretisation, a low safety factor of Fs = 1.25 is
applied, otherwise a higher safety factor of Fs = 3 is used.



The complete procedure is treated in more detail in Eça &
Hoekstra (2014).
The difference between numerical and experimental re-
sults, referred to as the comparison error (E), can sub-
sequently be compared to the total validation uncertainty
(Uval), which includes the experimental uncertainty in ad-
dition to the numerical uncertainties. If the comparison er-
ror is within the validation uncertainty the results can be
said to be validated within that uncertainty. This is only
meaningful if the uncertainty is sufficiently small. If the
validation uncertainty is too high, the numerical and/or ex-
perimental uncertainty should be decreased and the valida-
tion exercise should be repeated. If the comparison error is
larger than the validation uncertainty, a modelling error ex-
ists between the experiments and the numerical model. If
the modelling error is considered too large, than the numer-
ical model should be improved or a different model should
be applied.

3 NUMERICAL SET-UP

In this study two propellers with different geometrical char-
acteristics were considered, designated E779A and S6368.
Their particulars are listed in Table 1. The E779A has a rel-
atively simple propeller geometry with almost no skew and
has often been used in numerical studies (Salvatore et al.
(2009)). The S6368 propeller has a lower blade-area ratio
and more skew and was used in Boorsma (2000) for stud-
ies on the application of roughness on the propeller leading
edge.

Table 1: Overview of model-scale propeller particulars
E779A S6368

D 0.2273 0.2714
c0.7R 0.0862 0.0694
Z 4 4
P/D (0.7R) 1.1 0.757
AE/A0 0.689 0.456

For both propeller geometries a series of structured grids
were generated. An overview of the grid is presented in
Figure 2. In here the contraction of cells towards the pro-
peller region can be observed in the volume grid. On the
blade surface, the cells are clustered towards the propeller
edges to capture the high local curvature. In Table 2 the
number of cells in the volume and on a single blade are
listed for both propellers. In both cases a set of five grids
was used for the grid sensitivity studies and uncertainty
analysis, ranging from 2 to 55 million cells and 2 to 35
million cells for the E779A and S6368 propeller respec-
tively. The near wall resolution was chosen such that the
boundary layer is fully resolved and no wall functions are
required. The listed maximum y+ value is in the order of 1
or lower for all grids.
In the simulations a cylindrical domain is used extending

Figure 2: Grid (G3) around propeller (left) and on pro-
peller blades (right) for E779A (top) and S6368 (bottom)
propeller

Table 2: Overview of grid density and number of faces on
single blade with M and K denoting million and thousand
respectively. The corresponding maximum y+ values are
for the model-scale Reynolds number (Re=5× 105)

id E779A S6368
Volume Blade y+ Volume Blade y+

G1 55.2M 63K 0.2 34.8M 39K 0.5
G2 24.2M 36K 0.2 17.8M 25K 0.7
G3 11.6M 22K 0.3 8.0M 15K 0.9
G4 6.9M 16K 0.4 4.3M 10K 1.1
G5 2.3M 8K 0.5 2.2M 6K 1.6

five propeller diameters in downstream, upstream and ra-
dial direction with respect to the propeller origin. On the
inlet surface a uniform inflow is set, on the outlet surface an
outflow boundary condition is specified, in which the gradi-
ent in normal direction is set to zero for all flow variables.
On the outer boundary a reference pressure is prescribed.
On the propeller blades and shaft a no-slip condition is used
with zero velocity in the rotating frame of reference. Initial
and inflow turbulence quantities for model-scale conditions
are set to 1% turbulence intensity and an eddy viscosity ra-
tio of µt/µ = 1.

4 MODEL-SCALE PERFORMANCE

Most propeller open-water experiments are carried out at
a Reynolds number around Re = 5 × 105. For the model-
scale Reynolds number the numerical simulations for both



propellers were compared to experiments in terms of open-
water performance. In both cases an estimate of the numer-
ical uncertainty was determined for two advance ratios, one
around the expected design point of the propeller and one
for a higher loaded condition.
The comparison of open-water characteristics for the
E779A propeller is presented in Figure 3 and correspond-
ing comparison error and numerical uncertainties for the
two selected advance ratios are listed in Table 3. For this
propeller, simulations with both the k−ω SST and k−

√
kL

turbulence model were performed.

Figure 3: Open water diagram for E779A propeller on grid
G3

Figure 3 in general shows a good agreement between ex-
perimental and numerical values. At higher advance ratios
a slightly larger deviation of the thrust can be observed re-
sulting in a lower efficiency prediction at these advance ra-
tios for the numerical predictions.
Very similar results for both k−ω SST and k−

√
kL turbu-

lence models are obtained at this Reynolds number. Notice-
able differences are only found for the thrust at the lowest
advance ratios with highest propeller loading. With respect
to the iterative convergence, the k−

√
kL is in general eas-

ier to converge and therefore also favourable in terms of
computation time.

Table 3: Comparison error and numerical uncertainties at
model scale (Re=5× 105) for the E779A propeller

KT KQ η0

E Unum E Unum E Unum

[%] [%] [%] [%] [%] [%]

k−ω SST
J = 0.3 -0.6 0.1 -0.9 1.5 0.3 1.7
J = 0.7 -3.8 0.2 -1.3 0.1 -2.5 0.1

k−
√
kL

J = 0.3 -0.3 1.0 -1.7 1.1 1.4 0.1
J = 0.7 -3.7 0.2 -1.8 0.2 -2.0 0.3

The numerical uncertainty listed in Table 3 is low for simu-
lations of both advance ratios and for both turbulence mod-
els. In particular for J = 0.7 a very low uncertainty is ob-
tained, less than 0.5% for all performance characteristics.
For the higher loading condition, an extensive leading edge
separation region is present on the propeller suction side,
developing into a tip vortex. This is illustrated in Figure 4,
in which the boundary layer flow over the blade is visual-
ized with the help of limiting streamlines for both advance
ratios. The more complex flow pattern on the blade for
the higher loading condition is more sensitive to the spatial
resolution of the computational grid and therefore a higher
variation in thrust and torque is obtained. This leads to a
higher uncertainty in the numerical results for this advance
ratio.

Figure 4: Limiting streamlines of the flow on the suction
side of the E779A propeller at model scale (Re=5 × 105)
for J=0.3 (left) and J=0.7 (right)

For the S6368 propeller the open-water comparison is
shown in Figure 5 with corresponding comparison error
and uncertainty estimation listed in Table 4. These sim-
ulations only used the k−ω SST turbulence model. In
Boorsma (2000) the influence of leading edge roughness
on propeller performance was investigated for this partic-
ular propeller. The application of surface roughness (three
millimetre wide band with 60 µm carborundum grains) at
the leading edge causes transition to turbulence for lower
Reynolds numbers. This results in a more turbulent flow
regime on the propeller blades. The difference in thrust and
torque between rough and smooth blade surface is included
in the open-water diagram of Figure 5 and comparison in
Table 4. It is taken as a constant KT and KQ correction for
all advance ratios, which is valid for the normal operating
range of the propeller according to Boorsma (2000).
The open-water comparison of Figure 5 now shows a
clear deviation between numerical and experimental results
when no leading edge roughness is applied. The largest
differences are obtained for thrust at higher advance ratios,
which also results in a difference in propeller efficiency.
The application of leading edge roughness on the blade



Figure 5: Open water diagram for S6368 propeller on grid
G3

has a considerable effect on the measured propeller thrust
(∆KT = −0.0110) and only a minor effect on torque
(∆KQ = 0.0002). This leads to a visibly better agreement
with the numerical results.

Table 4: Comparison error and numerical uncertainties at
model scale (Re=5 × 105) for the S6368 propeller. k−ω
SST turbulence model was used for the numerical simula-
tions

KT KQ η0

E Unum E Unum E Unum

[%] [%] [%] [%] [%] [%]

Experiments without LE roughness
J = 0.2 -4.4 0.6 -2.9 1.0 -1.5 0.4
J = 0.5 -10.4 0.9 -4.4 1.2 -6.3 0.2

Experiments with LE roughness
J = 0.2 -0.5 0.6 -2.3 1.0 1.9 0.4
J = 0.5 -3.7 0.9 -3.6 1.2 -0.3 0.2

The uncertainty for the S6368 propeller, as listed in Ta-
ble 4, shows similar values for both advance ratios, in the
order of 1% for thrust and torque. The comparison error
is considerably larger for the experimental results without
leading edge roughness and similar to the E779A propeller
results when the roughness is applied in the experiments.
The flow patterns on the suction side of the blade are visu-
alized in Figure 6. Distinct differences between flow pat-
terns on the S6368 propeller can be observed compared to
the flow patterns of the E779A propeller. The S6368 has a
smaller extent of the leading edge separation bubble for the
high loading condition and a more radially extended sepa-
ration region at the trailing edge.
For the performance prediction both propellers show a very
low numerical uncertainty, therefore providing confidence
in the solution for the current numerical set-up. The com-
parison error of the performance characteristics is larger
at higher advance ratios for both propellers and a better

Figure 6: Limiting streamlines of the flow on the suction
side of the S6368 propeller at model scale (Re=5 × 105)
for J=0.2 (left) and J=0.5 (right)

agreement for the E779A propeller than for the S6368 pro-
peller without leading edge roughness is found. A plau-
sible reason for the better agreement might be the larger
extent of the leading edge vortex at the lower advance ra-
tios, especially for the E779A propeller. After reattach-
ment of the flow the boundary layer on the blade is turbu-
lent (as sketched in Figure 1). The boundary layer on the
blade in the experiments therefore more closely resembles
the RANS flow regime with the applied turbulence models
when leading edge separation is present.

In addition to open-water performance measurements of
the propeller, paint tests were performed that allow to vi-
sualize the character of the boundary layer on the propeller
blade. The resulting flow patterns are visualized in Fig-
ure 7 for the S6368 propeller pressure and suction sides
with and without leading edge roughness applied. For both
the pressure and suction side turbulent flow is observed at
the outer radii (more circumferentially directed) and a lam-
inar flow region at the inner radii (more radially directed).
At the trailing edge of the suction side a separation region
is present at the radii where laminar flow is observed. With
leading edge roughness the turbulent flow extent increases
to lower radii on the suction side and a reduction of the
trailing edge separation can be observed. On the pressure
side a more circumferential flow is seen for the lower radii,
indicating a larger extend of the turbulent boundary layer
here.

The paint tests were performed for an advance ratio of
J = 0.57. For the same operating conditions the limit-
ing streamlines from the CFD simulations are visualized
in Figure 8. The limiting streamlines show a turbulent
boundary-layer flow pattern for all radii. On the suction
side the presence of trailing edge separation area can also
be observed. Although some differences between numeri-
cal and experimental flow patterns are still visible, such as
a more radial flow on the inner radii of the suction side in
the experiments, the numerical flow patterns more closely



Figure 7: S6368 propeller paint tests without roughness
(top) and with roughness (bottom) for pressure side (left)
and suction side (right) at J=0.57, from Boorsma (2000)

resemble the experimental results with leading edge rough-
ness.

Figure 8: Limiting streamlines of the flow on the pressure
side (left) and suction side (right) of the S6368 propeller at
model scale (Re=5× 105) for J=0.57

The experimental observations with leading edge rough-
ness of the S6368 propeller also show a better agreement
with the numerical simulations in terms of propeller per-
formance and boundary-layer characteristics. The applica-
tion of roughness in the model-scale experiments results in
a more turbulent boundary layer on the blade. The exper-
iments demonstrate that a change in boundary-layer flow
can have a significant effect on propeller performance.

Although the experimental uncertainty is unknown, and
thus no validation procedure can be performed, it is be-
lieved that with current turbulence models the boundary-
layer flow at model-scale Reynolds numbers is not cor-
rectly captured when both large laminar and turbulent re-
gions are present on the blade and laminar-turbulent tran-
sition plays an important role. In future work the use of
a transition model in the numerical simulations will be in-
vestigated. This should show if the use of more advanced
turbulence modelling results in an improved performance
prediction with CFD at model-scale Reynolds numbers.

5 REYNOLDS NUMBER VARIATION
The numerical prediction of scale effects for propellers and
the influence of the applied turbulence models on perfor-
mance is investigated in this section. Simulations at var-
ious Reynolds numbers were considered that cover dif-
ferent flow regimes, from fully laminar to turbulent flow.
For the CFD simulations the same geometrical scale was
used as for the model-scale simulations and the variation
of Reynolds number (at 0.7R) was achieved by adapting
the propeller rotation rate (n) as follows:

n =
µRe

ρc0.7RD
√
J2

ref + (0.7π)2
(3)

where Jref refers to the reference advance ratio at which the
specified Reynolds number should be achieved. For differ-
ent advance ratios at similar Reynolds number, the rota-
tion rate is kept the same and only the advance velocity is
adapted. All presented results in this section were obtained
with the k−ω SST turbulence model unless stated other-
wise. For the higher Reynolds number the first cell height
and boundary-layer grid distribution was modified in order
to ensure that a y+ of the order 1 was also maintained at
these conditions.

5.1 Performance prediction
The influence of the Reynolds number on the propeller per-
formance is shown in Figures 9 and 10 compared to the
model-scale performance at Re=5 × 105. Both propellers
show a similar trend for the change in propeller perfor-
mance. With increasing Reynolds number the thrust in-
creases and torque decreases, which results in an increased
open-water efficiency for higher Reynolds numbers. In
both cases the higher advance ratios experience a larger
relative variation of the performance characteristics with
varying Reynolds number. Compared to the model-scale
Reynolds number results, the performance drops consider-
ably for lower Reynolds number, by between 15 and 35%
in open-water efficiency for the different propellers. For
the higher Reynolds numbers a more modest increase can
be observed, around 5% for both propellers at the highest
computed Reynolds number.
For the E779A propeller the Reynolds number variation
was also performed with the k−

√
kL turbulence model.



Figure 9: Difference in performance characteristics com-
pared to model scale (Re=5 × 105) values for the E779A
propeller

Figure 10: Difference in performance characteristics com-
pared to model scale (Re=5 × 105) values for the S6368
propeller

For all Reynolds numbers close agreement was obtained
with the results of the k−ω SST turbulence model, within
0.5% for thrust and torque values and are therefore not pre-
sented in Figure 9.
An uncertainty analysis was performed for three Reynolds
numbers: at Re=1×104 with laminar flow on the blades, at
the model-scale Reynolds number Re=5×105 as presented
in the previous section, and around the full-scale Reynolds
number of Re=1 × 107. The corresponding uncertainties
for thrust and torque are listed in Table 5.

Table 5: Numerical uncertainty (Unum) for different
Reynolds numbers

E779A S6368
KT KQ KT KQ

[%] [%] [%] [%]
J = 0.3 J=0.2

Re=1e4 4.2 3.1 Re=1e4 3.2 1.0
Re=5e5 0.1 1.5 Re=5e5 0.6 1.0
Re=1e7 0.2 2.5 Re=1e7 1.1 1.1

J = 0.7 J=0.5
Re=1e4 0.6 0.6 Re=1e4 2.9 1.8
Re=5e5 0.2 0.1 Re=5e5 0.9 1.2
Re=1e7 0.5 0.8 Re=1e7 0.4 1.3

The uncertainty analysis shows that, in particular for the
higher advance ratios, the uncertainty in performance is
smaller than the difference due to the variation in Reynolds
number. For the E779A propeller the uncertainties are
higher for the higher loading due to the more complex flow
pattern on the propeller blade. It should be noted that for
the full-scale Reynolds number at high loading, iterative
convergence was more difficult to obtain which could af-
fect the performance prediction and corresponding numer-
ical uncertainty.
A more detailed comparison of propeller performance is
obtained by considering the radial loading on the propeller
blade, presented in Figures 11 and 12 for the higher ad-
vance ratios. In here the radial distribution of the non-
dimensional axial (fx) and tangential (ft) forces per unit
radius is shown, where:

fx,t =
∆Fx,t/(∆r/R)

ρn2D4
(4)

and ∆Fx,t is the elemental force acting on the element of
width ∆r of the radial section at radius r/R.

Figure 11: Radial loading distribution at J=0.7 for axial
force (fx) and tangential force (ft) for the E779A propeller

The radial loading shows for both propellers that the thrust
is higher over the entire radius for higher Reynolds num-
bers except close to the tip. The relatively lower contri-
bution of the shear stress to the thrust in combination with
higher pressure force contribution due to the thinner bound-
ary layer results in the increase of thrust for the higher
Reynolds numbers. The relatively higher shear stress con-
tribution to the forces at the lowest Reynolds number re-
sults in an increased tangential force at this condition. For
the higher Reynolds numbers similar distributions of the
tangential force are obtained.
A slight difference in loading distribution between the two
propellers can be observed at the tip. For the E779A pro-
peller the effect of the tip vortex shifts more towards the
tip for higher Reynolds numbers. For the S6368 propeller



Figure 12: Radial loading distribution at J=0.5 for axial
force (fx) and tangential force (ft) for the S6368 propeller

the loading at the tip is very similar for different Reynolds
numbers, except for the lowest where no influence of the
tip vortex on the loading at the tip is observed.

5.2 Flow-field analysis

The variation of Reynolds number not only has a strong
effect on the propeller performance, but also on the
boundary-layer flow. This is visualized for different
Reynolds numbers and advance ratios in Figure 13 for the
E779A propeller and Figure 14 for the S6368 propeller.
In the figures the radial direction of the boundary-layer flow
due to the centrifugal force is clearly visible for the lower
Reynolds numbers. The higher radial component results
in a clearly different flow pattern compared to the higher
Reynolds numbers. With an increase in Reynolds number
the limiting streamlines become more circumferentially di-
rected due to the relatively higher shear-stress component.
In addition, when existing the extent of the laminar sepa-
ration regions decreases with increase in Reynolds number
at the lower radii near the trailing edge and at the leading
edge. The latter is particularly visible for the E779A pro-
peller at high loading conditions. At Re=1 × 105 laminar
separation can be observed along almost the entire leading
edge. At higher Reynolds number the separation region
decreases with two distinct separation regions remaining,
one at the higher radii near the tip and one at the lower
radii with attached flow in between. It is also interesting
to see that due to a lower adverse pressure gradient at the
leading edge for Re=1× 104 (shown later on in Figure 16)
the leading-edge laminar separation almost disappears for
this Reynolds number. For the higher advance ratio only a
leading-edge separation region is visible at the higher blade
radii decreasing for higher Reynolds numbers. The effect
of the tip vortex on the radial loading of Figure 11 is also
visible in the boundary-layer flow, the tip vortex detach-
ment line moves more towards the tip for higher Reynolds
numbers.

The reduction of laminar separation at leading and trailing
edge may also be observed for the S6368 propeller. The
flow patterns for the S6368 propeller at different Reynolds
number show more similarity between both advance ratios.
The higher loading condition has a larger radial extent of
the leading-edge separation. For both advance ratios the
trailing edge separation decreases with higher Reynolds
numbers.
The shape and thickness of the boundary layer is affected
by the Reynolds number and flow regime. For the CFD
results with k−ω SST turbulence model a qualitative com-
parison of the boundary layer shape is presented in Fig-
ure 15 for the E779A propeller. The pressure loss is defined
here as the total pressure of local pressure and velocities (in
the propeller fixed reference frame) subtracted from the to-
tal pressure at the free stream with free stream pressure and
reference velocity. A contour line of the pressure loss co-
efficient (Cpl) at a blade section is used as an indication of
the boundary-layer shape at different Reynolds numbers.

Re = 1e4

Re = 1e5

Re = 1e6

Re = 1e7

Figure 15: Contour line of total pressure loss (Cpl = 0.01)
representing the boundary-layer shape for J=0.7 for E779A
propeller at 0.7R

The boundary-layer thickness visually decreases with in-
crease in Reynolds number, with the Re = 104 result clearly
showing a much thicker boundary layer than the results at
the higher Reynolds numbers. Furthermore, it can be ob-
served that the boundary layer at the suction side is thicker
than on the pressure side due to adverse pressure gradient
on the suction side retarding the flow.
Corresponding distribution of pressure and shear-stress
components along the section contour over the same sec-
tion are shown in Figure 16. The pressure distribution is
in general similar for all Reynolds numbers. The most no-
ticeable differences are observed at the leading and trailing
edge. For the lowest Reynolds number the pressure peak
at the leading edge is clearly decreased. The (dimension-
less) shear-stress component distribution shows the higher
shear-stress coefficient over the complete section for lower
Reynolds numbers. This results in a decreased axial force



Re = 1× 104

J=0.3

Re = 1× 105 Re = 1× 106 Re = 1× 107

J=0.7

Figure 13: Limiting streamlines of the flow on the suction side of the E779A propeller at J=0.3 (top) and J=0.7 (bottom)
for different Reynolds numbers

Re = 1× 104

J=0.2

Re = 1× 105 Re = 1× 106 Re = 1× 107

J=0.5

Figure 14: Limiting streamlines of the flow on the suction side of the E779A propeller at J=0.3 (top) and J=0.7 (bottom)
for different Reynolds numbers



component and increase in torque as can also be seen from
the radial loading distribution of Figure 11.

Figure 16: Chordwise distributions of pressure and shear-
stress component along the section contour for J=0.7 for
E779A propeller at 0.7R

For the same section the influence of the turbulence model
at different Reynolds numbers is visualized in Figure 17.
In here the level of eddy viscosity shows the effect of the
turbulence model on the numerical solution. For the lowest
Reynolds number the eddy viscosity value is zero along the
blade section. For Re = 105 an increase of eddy viscosity is
observed with values higher than the fluid viscosity along
the section. The eddy-viscosity ratio increases for higher
Reynolds numbers and the region of high eddy viscosity
shifts towards the leading edge. The effect on boundary-
layer flow was already demonstrated in Figure 13, in which
the laminar separation at the leading edge was reduced for
higher Reynolds numbers corresponding with the increased
eddy-viscosity level at the leading edge.

6 CONCLUDING REMARKS
In this study numerical viscous flow simulations were car-
ried out for two propellers in open-water conditions. The
performance prediction and boundary-layer flow was anal-
ysed in detail for a range of Reynolds numbers, from lam-
inar flow (Re=1 × 104) up to full-scale (Re=1 × 107)
Reynolds numbers. Commonly-used two-equation turbu-
lence models were used in the simulations. In order to
provide confidence in the numerical results, high-density
grids with fully resolved boundary layers were used and a
numerical uncertainty analysis was carried out at various
Reynolds numbers. The results of this study lead to the
following concluding remarks:

Re = 1e4

Re = 1e5

Re = 1e6

Re = 1e7

Figure 17: Contour plot of eddy-viscosity ratio (contour
line at µe/µ = 2) for J=0.7 for E779A propeller at 0.7R

• At model-scale Reynolds numbers a low uncertainty
was obtained, in the order of 1% or lower, for the
performance characteristics. A comparison with ex-
perimental results showed higher comparison errors
for higher advance ratios and for the S6368 propeller
which has a less pronounced leading-edge separation
region. The differences in performance are likely re-
lated to laminar to turbulent flow transition on the pro-
peller blade, which can play an important role at these
Reynolds numbers and is not correctly captured with
the applied turbulence models. Future work includes
the use of transition model to investigate this influ-
ence.

• The prediction of propeller scale effects and the influ-
ence of the turbulence model on the performance was
investigated by performing simulations for a range of
Reynolds numbers. The variation of the Reynolds
number showed that the thrust increases and torque
decreases with increasing Reynolds number. Com-
pared to the model-scale results (Re=5 × 105), this
results in a relative decrease of open-water efficiency
of 15 to 35% for the lowest Reynolds number (Re=1×
104) and an increase of efficiency of 5% for the high-
est Reynolds number (Re=1×107), dependent on pro-
peller geometry and operating condition.

• A detailed analysis of boundary-layer flow shows a
more radially directed flow for the lower Reynolds
numbers and more circumferentially directed flow for
higher Reynolds numbers. The separation areas de-
crease both at the leading edge and trailing edge with
increasing Reynolds number. A simple visualisation
of the boundary-layer shape clearly shows a thicker
boundary layer for lower Reynolds number affect-
ing the pressure distribution at lower Reynolds num-



bers. The eddy viscosity distribution demonstrates
that the turbulence model is not active for the lower
Reynolds numbers and has an increasing effect for
higher Reynolds numbers.

• Simulations with the k−
√
kL turbulence model for

the E779A propeller showed very similar results to
the simulations with the k−ω SST model with respect
to performance prediction and flow field. Differences
in performance characteristics were within 0.5% for
different operating conditions over the studied range
of Reynolds numbers. In general the iterative conver-
gence improved with the use of the k−

√
kL model.
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