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ABSTRACT
The fluctuations in propeller thrust, torque and individual
blade loading are investigated in model scale for a subma-
rine hull-propeller configuration. The time resolved flow
is computed around a complete hull-propeller model using
LES and a dynamic grid method to account for the pro-
peller motion. A detailed analysis of the time history of the
load forces is given, including statistics computed in phase
with the propeller position and spectral analysis.
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1 INTRODUCTION

The unsteady load on the propeller, and on its individual
blades, is the underlying cause of propeller noise in non-
cavitating condition, since it can induce vibrations in the
propeller itself or transmitted through shaft and bearings
in the hull structure. Furthermore, flow generated noise is
caused by the fluctuating flow near the propeller and hull.
As the passive acoustic signature is of high significance
for submarines, and the associated propeller contribution
is considerable for many operating conditions, it is crucial
to obtain a better understanding of the hydrodynamics in-
volved.

The current study employs Large Eddy Simulation (LES)
and a dynamic grid method to simulate the flow around
the fully appended submarine propeller-hull configuration
shown in Figure 1, on a straight course and in model scale.
The hull model is described by Groves et al (1989), and is
referred to as the AFF8 DARPA1 SUB-OFF model. The
propeller was designed at INSEAN2, and an open water in-
vestigation of it was reported by Di Felice et al (2009).

A more conventional computational approach to the prob-
lem a blade load fluctuations is to couple an unsteady

RANS model for the flow around the hull with the Bound-
ary Element Method (BEM) describing the propeller effect.
We point out that the present, LES-based, approach cap-
tures additional information concerning the large scale un-
steady flow features which, in turn, are responsible for the
cycle-to-cycle variations in blade and propeller load.

Figure 1: The submarine hull-propeller configuration.

Computational results for this submarine hull-propeller
configuration, with LES, were recently reported by Alin et
al (2010b), including an analysis of the flow field and the
flow generated noise. The new contribution of the present
paper consists of the detailed investigation of the fluctuat-
ing forces on the propeller, and their cycle-to-cycle varia-
tion, presented in Section 3.2. Before this, in Section 2, we
give an overview of the LES-techniques and the numerical
methods which have been employed. In Section 3.1, we
discuss the main features of the flow around the submarine
hull, with a special emphasis on the stern region and the
unsteady inflow to the propeller.

2 METHODS

We give a brief description of the computational method
which we have applied to simulate the flow around the
propeller-hull configuration. A detailed presentation of the
different components of the method can be found in the ref-
erences given below. Simulation results for the same con-
figuration were presented by Alin et al (2010b), with a fo-
cus on the flow around the hull, and in particular in the stern
region, and for the flow generated noise computed from the
LES solution, see also Fureby and Svennberg (2010) for
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more information about the acoustic model. The new con-
tribution of the present paper is the detailed analysis of the
time history of the forces and moments on both the pro-
peller and on a designated blade of the propeller.

2.1 Large Eddy Simulation

The conventional way of deriving the LES equations is to
apply a low pass filtering operation to the incompressible
viscous momentum equation. After neglecting the commu-
tation terms, this results in,

∂tv+∇ · (v⊗v)=− 1
ρ

∇p+∇ · (S−B) (1)

where v is velocity, ρ the density, p the pressure, S = 2νD
the viscous strain tensor, D = 1

2 (∇v + ∇vT ) the rate of
strain tensor, and ν the kinematic viscosity. The new term
in (1), arising from the filtering, is the subgrid stress tensor
B = v⊗v−v⊗v. Here, variables with overbar denote fil-
tered quantities. We recommend Sagaut (2002) as a general
reference for LES, and Fureby (2008) and the references
therein for LES applied to problems in naval hydrodynam-
ics.

The LES modeling consists of deriving an expression for B.
In the present study, we have employed the One Equation
Eddy Viscosity Model (OEEVM) by Schumann (1975).
This consists of an additional transport equation for the
subgrid kinetic energy k,

∂tk+∇ · (kv) = ∇ · (νtot∇k)+2νk‖S‖2− ε.

Here νk = ck∆
√

k (with ck=0.07 and where ∆ is the filter
width), νtot = ν + νk, and the dissipation ε = −cε k3/2/∆

(with cε =1.05). The subgrid stress is then computed as
B = 2νkD. In the remaining sections of the paper, we drop
the overline notation for filtered quantities.

For the turbulent boundary layer near walls (hull and pro-
peller), we apply wall modeling such that the velocity in
the first cell layer and the skin-friction on the wall matches
the standard law-of-the-wall (without pressure gradient ef-
fects).

The approach described above, with OEEVM and wall
modeling, has been validated with wind tunnel data for the
flow in the stern region for the hull without propeller (Alin
et al 2010b).

2.2 Numerical methods and mesh generation

The computations are performed with an unstructured finite
volume method implemented in the open source software
library OpenFOAM. The main program of the solver, con-
taining subgrid modeling, wall modeling and the dynam-
ics mesh method, was written inhouse at FOI and is linked
with the OpenFOAM-library which provides a high-level
application programmer interfaces to the numerics of the

finite volume discretization, the mesh handling and other
software components.

The discretizations are formally second order accurate both
in space and time. The momentum equation is treated
using a segregated approach, where each component is
treated separately and solved sequentially. The pressure-
velocity coupling is handled using a PISO-type proce-
dure. The approach leads to a CFL-number restriction,
and a CFL-number below 0.5 is preferred to achieve ad-
equate numerical stability and accuracy. An efficient MPI-
implementation has been used for running on parallel com-
puters. For simulations with a moving computational grid,
the convective fluxes at finite volume cell faces are modi-
fied while respecting the so-called discrete space conserva-
tion law (Demirdžić & Perić 1990).

To account for large boundary motion, such as propeller
rotation, we employ a dynamic mesh method developed
at FOI, which is based on the deformation and regener-
ation (D&R) of the boundary fitted computational grid.
The D&R-method is described in detail by Liefvendahl and
Troëng (2007a, 2007b, 2008).

Figure 2: The division into sub-regions for the application of the
D&R-method. The propeller region Vp occupies the volume be-
tween the inner cylinder and the propeller. The hull region Vh
occupies the main part of the computational domain, outside the
outer cylinder. The region between the concentric cylinders is
denoted the transition region, Vt .

In order to apply the D&R-method to a propeller-hull con-
figuration, we divide the computational domain V into
three disjoint subdomains,

V =Vh∪Vp∪Vt ,

with Vh being the main part of the computational domain,
surrounding the hull, Vp is inside a relatively small cylinder
enclosing the propeller, and Vt covers the transition region
between the hull and propeller regions. The transition re-
gion Vt is located between two concentric cylinders. This
domain division is illustrated in Figure 2, together with the
computational grid in the stern region.



The mesh in Vh is fixed throughout the simulation, the mesh
in Vp rotates as a rigid body with the propeller, and the
mesh in Vt is deformed and regenerated when the mesh de-
formation leads to poor quality mesh cells. For a complete
propeller revolution, 18 topologially different meshes are
used in Vt , i.e. the grid is regenerated every 20o of rotation
in Vt .

The simulation was carried out on 20 cores of a Linux clus-
ter. The load balancing, in terms of the number of cells/core
is given in Table 1, for the complete mesh as well as for the
mesh in the sub-regions.

Table 1: Size of the computational mesh in terms of the number
of finite volume cells in the three sub-regions. The distribution of
cells on processor cores for parallel computation is indicated in
columns three and four.

# cells # cores cells/core
Total 8.15 ·106 20 0.41 ·106

Vh 6.26 ·106 14 0.47 ·106

Vp 1.53 ·106 5 0.31 ·106

Vt 0.36 ·106 1 0.36 ·106

2.3 Computational setup

The parameters of the simulation case are given in Table 2.
It corresponds to wind tunnel measurements presented in
Huang et al (1992). The Reynolds number given in the ta-
ble is based on the hull length, Re=V∞L/ν , and the advance
number is the non-dimensionalized rotational speed of the
propeller J = V∞/(nDp). The setup gives a rotational pe-
riod of the propeller, Tr = 1/n≈ 0.096s.

Table 2: Paramaters.

Quantity Notation Unit Value
Hull length L m 4.27
Propeller diameter Dp m 0.262
Number of blades Z - 7
Free-stream velocity V∞ m/s 3
Rotation number n 1/s 10.4
Kinematic viscosity ν m2/s 10−6

Reynolds number Re - 12.7 ·106

Advance number J - 1.1

We use a cartesian coordinate system with the origin in the
propeller plane on the propeller axis. The x-axis points
downstream in the main flow direction, the y-axis point in
the transversal direction, and the z-axis in the vertical direc-
tion. Since the frame of reference is moving with the hull,
the velocities are given relative to the hull. In the simula-
tion, we use the time step ∆t ≈ 13.35µs, which corresponds
to a sampling frequency of approximately 75Hz.

Due to the high computational cost of the simulation with
the complete propeller-hull configuration, the start-up pro-
cedure of the simulation requires some care in order not to
be excessively expensive. The starting point for the present

investigation was the flow field around the hull without
propeller (at Re=12.7 · 106, straight course and constant
speed), which was computed before, using LES. The re-
sults from this simulation are reported in Alin et al (2010a).
The fully developed flow for the hull without propeller was
interpolated to the computational grid used here to provide
the initial data. This procedure significantly shortened the
required simulation time of the transient phenomena asso-
ciated with the start-up, since the flow structures generated
by the sail and other appendages were already present in the
initial data. The transients in the stern region, around the
propeller, were considered do have disappeared after ap-
proximately 4 propeller revolutions, and from this instant
onwards, the force time history data presented in Section
3.2 were sampled during more than 8 propeller revolutions.

3 RESULTS

The presentation of the computational results is divided
into two sections below. First, we discuss the general char-
acteristics of the submarine flow field and comment on the
previous validation study (Alin et al 2010a). Then, in Sec-
tion 3.2, we present a detailed analysis of the fluctuating
thrust and torque on the propeller, and the transversal forces
acting on the propeller, as well as the fluctuating forces on
an isolated propeller blade.

3.1 The flow around the submarine

Figure 3 shows a perspective view from the stern of the
flow past the simulated hull-propeller configuration using
contours of the axial velocity along the hull. On the fore-
body, the flow is dominated by the stagnation point and the
favorable pressure gradient. The hull boundary layer thick-
ens as the pressure gradient accelerates the flow over the
fore-shoulder. During the acceleration the boundary layer
gradually becomes turbulent.

Figure 3: Perspective view from the stern. Contour plots of the
axial velocity are shown on cross-planes along the hull.

The flow along the hull midbody is dominated by the horse-
shoe vortex generated by the sail, and by the flow past the
sail cap and the sail wake. The horseshoe vortex is visible
in Figure 3 in the two small low velocity regions on the
upper part of the hull, symmetrically placed with respect
to the center plane. The horseshoe vortex develops along
the hull, interacting with the turbulent boundary layer, and
persists all the way down to the stern. The flow over the



sail cap is dominated by the sharp turning of the flow, and
the development of the sail tip vortex pair at the junction
between the sail and its cap. This vortex pair persists far
downstream but does not interact with other vortices and
passes well above the very sensitive propeller region. The
sail wake is unsteady and contains relatively large fluctuat-
ing flow structures, as can be seen in Figure 3.

At the tapered stern, the flow is very complex. The sail
wake and horseshoe vortex interacts with the boundary
layer which is thickened by the adverse pressure gradient
and then reaches the stern rudders. What is produced is an
inflow to the propeller which contains a relatively large re-
gion of low flow velocity containing interacting larger flow
structures as well as turbulence. This complicated inflow to
the propeller, in turn, is the cause of the unsteady propeller
loading which is analyzed in detail in the next section.

3.2 Analysis of forces on the propeller

While the results presented above were discussed in de-
tail in Alin et al (2010), the results of this section presents
new contributions. With a focus on fluctuating forces on
the propeller, which may induce vibrations, we compute
the time history of forces and moments on different parts.
The viscous contribution to the force is neglected. In the
computational set-up, this corresponds to integrals over dif-
ferent patches of the propeller geometry which are speci-
fied during pre-processing and are then continually com-
puted during the simulation. We use the time history of the
forces during 8 complete propeller revolutions, thus cov-
ering a time interval 8Tr = 0.769s with one sample each
time step, which corresponds to a sampling frequency of
fs = 1/∆t ≈ 75kHz.

The force and moment, respectively, on a surface patch S,
are given by:

T(S) =
∫

S
pndS Q(S) =

∫
S

p(n× r)dS (2)

where n is the local unit normal vector of the surface, point-
ing out of the fluid, and r is the radius vector from the point
with respect to which the moment is computed to the inte-
gration point. The propeller moment considered below is,
of course, taken with respect to a point on the propeller
axis.

When the integral above is computed over the complete
propeller Sp, including hub and hub cap, we obtain the fol-
lowing expressions for the thrust and torque coefficients.

KT x =
T(Sp) · ex

ρn2D4
p

, KQ =
Q(Sp) · ex

ρn2D5
p

. (3)

Here, ex is the unit vector in the x-direction.

We introduce the subscript x on the thrust coefficient since
we also will also consider the non-dimensionalized force in
the transversal and vertical directions, KTy and KT z, respec-

tively, given by the corresponding expressions. Finally, we
will also consider the contribution to the thrust of a single
propeller blade, Sb, for which we introduce the following
notation for the non-dimensionalized force:

KT bx =
T(Sb) · ex

ρn2D4
p

Figure 4: Above: The propeller thrust and torque as a function
of time. Below: Non-dimensionalized force in the transversal and
vertical directions, as functions of time.

In Figure 4, we show the time history of the thrust, KT bx,
and torque, KQ, of the propeller, as well as the non-
dimensionalized transversal force, KT by, and vertical force,
KT bz. In all quantities, in particular thrust and torque,
we note a slow variation at approximately 10Hz, which
is caused by variations in the inflow to the propeller. In
particular, the KT x-curve also contains numerical noise, on
the order of 2-3% of the thrust, associated with the mesh
switching employed in the D&R-method. At the present
stage, we do not believe that this is inherent in the method,
but rather, with how the simulation was set up, in particular,
in which point the reference pressure is set. The variations
in torque follows the variations in thrust very closely. The
magnitude of the transversal force on the propeller is in
the order of 1% of the thrust. The RMS-value of the ver-
tical component, KT z, is 0.8% of the mean thrust and the
RMS-value of the transversal component, KTy, is 0.7% of
the mean thrust. This represents a significant fluctuating
force which may induce vibrations in the hull structure, via
the propeller shaft and bearings.

Next we turn to a study of the fluctuations in the contribu-
tion to the thrust of a single propeller blade, KT bx. These
fluctuations are caused by the variation in the inflow to the
propeller, through the complete rotation, when the blade
“meets” regions with different flow velocity. The quantity
KT bx is important since it is closely related to the possible
induction of vibrations of the first (i.e. lowest frequency)
mode of the propeller blade, in the form of flexing of the
blade.



Figure 5: Upper left: The polar coordinate φ used to indicate the
blade position. The zero angle is in the vertical position and it
increases in the propeller rotational direction. Lower left: High
load of the indicated blade (at φ ≈ 140o). The contour plot shows
axial velocity, vx/V∞, on a cross plane just upstream of the pro-
peller. Lower right: Low load of the indicated blade (at φ ≈ 180o).
Upper right: KT bx (phase averaged) during one propeller revolu-
tion, with the position of high and low blade thrust indicated with
dot-markers.

The relation between the blade thrust and the inflow to the
propeller is illustrated in Figure 5, where the chosen pro-
peller blade is shown relative to the inflow to the propeller
in two positions: one position with the blade in a region of
high flow velocity, which implies low blade load, and one
position with low flow velocity and high blade load. As
noted above, we process data from 8 propeller rotations,
and use these to calculate phase statistics, i.e. mean and
standard deviation of forces, with the propeller blade in a
specific position φ . Clearly, statistics based on 8 samples is
far from converged, but due to the computational cost, it is
difficult to produce a large sample set for phase-averaged
statistics in the present case. In the upper right graph of
Figure 5, the locations, corresponding to high/low blade
load, on the phase averaged KT bx-curve are also shown.
The definition of the angular coordinate, φ , used to indicate
blade location is shown to the upper left in Figure 5. We
observe that the peak of the phase averaged blade thrust is
approximately 15% higher than the mean blade thrust, and
the lowest phase-averaged blade thrust during one rotation
is approximately 15% below the mean. The pattern with
four clear and roughly similar peaks, in blade load during
one rotation, is easily seen to be due to the four regions
of low flow velocity into the propeller, centered around
φ ≈ 45o, 135o, 225o and 315o respectively. This is the typ-
ical structure of the propeller inflow of an submarine with
an ’+’ configuration of the stern rudders.

Next, we investigate how this blade thrust pattern changes
between different propeller rotations, i.e. the cycle-to-cycle

variation in the blade load. In Figure 6, we show the time
history of KT bx over more than 8 propeller rotations. The
four-peak-pattern is clearly seen, as well as relatively large
variations in the size and shape of the peaks between dif-
ferent cycles.

Figure 6: Time history of blade thrust, KT bx.

A second way to illustrate the cycle-to-cycle variations in
blade load is seen in Figure 7, where we show a “scatter
plot” of the blade load during the 8 different cycles, rela-
tive to the phase averaged blade load. This is thus only a
different way to visualize the data already shown in the up-
per right picture of Figure 5, and in Figure 6. We observe
that there are as large varations between the peaks during
one cycle as there are variations in the “same” peak dur-
ing different cycles. The largest KT bx-peak is more than
30% higher than the average blade thrust. This is to be
compared with the value 15% noted in connection with
Figure 5, which high-lights the importance of investigat-
ing cycle-to-cycle variations, and not only phase averaged
quantities. The lowest KT bx-value is approximately 20%
below the mean.

Figure 7: Blade load, KT bx, during 8 different propeller revolu-
tions, indicated with the thin lines. The thick line shows the phase
averaged blade load as reference.



Figure 8: Magnitude of the Fourier transform of the blade
thrust KT bx(t).

In Figure 8, we present a spectral analysis of the blade load
time history, in terms of the magnitude of the (complex)
Fourier transform of KT bx(t). The spectrum has a strong
peak at 41.6Hz=4/Tr, which corresponds to the four blade
load peaks during each rotation caused by the four regions
of low flow velocity, see Figure 5. Furthermore, there is a
significant broad band contribution to the spectrum, from a
few Hz up to 70-80Hz. This represents the cycle-to-cycle
variations in blade load, which does not have any domi-
nant frequency. Above 100Hz, the simulation only show
negligeble variations in blade load, except for the small
peak at 187.2Hz=18/Tr, which is a numerical artefact cor-
responding the mesh switching which occurs 18 times per
propeller revolution. From the spectral representation we
see that this numerical artefact is quite small as compared
to the physical fluctuations below 100Hz, and that it is well
separated in frequency range from the computed physical
processes.

Figure 9: Phase statistics of blade load. Mean, m(KT bx(φ)), and
standard deviation, s(KT bx(φ)). The standard deviation is multi-
plied by 10 in order to clearly illustrate both curves in the same
diagram.

The phase statistics, mean and standard deviation of KT bx,
are shown in Figure 9. The mean has already been pre-
sented, but it is included here to provide reference posi-

tions for the standard deviation. We see that the standard
deviation (or RMS-fluctuations) of KT bx is 3-8% during the
propeller rotation. It is difficult to correlate the pattern in
the RMS-fluctations to the flow field. As remarked earlier,
due to computational cost, the phase statistics is based on
only 8 samples. This is a very low number for the computa-
tion of the averages, and estimates of the standard deviation
converges slower with sample size than estimates of mean.
Therefore, the data for the standard deviation shown in Fig-
ure 9, does not support conclusions about the variation with
phase/blade angle φ . It does, however, provide an estimate
of the magnitude of the cycle-to-cycle variations in KT bx,
which then are on the order of 5%.

4 CONCLUDING REMARKS

We have applied LES to investigate the cycle-to-cycle vari-
ation in blade load for a submarine hull-propeller config-
uration in model scale. From a theoretical point of view,
concerning the assumptions underlying the LES subgrid
modeling, it may be questioned if a computational grid con-
sisting of O(107) cells is sufficient to simulate the flow in
the present case, with high Reynolds number and a hull
flow which is to a large extent dominated by the turbulent
boundary layer. Previous validations studies for ship hy-
drodynamics (Fureby 2008), submarines (Alin et al 2010a),
and propellers (Di Felice et al 2009), have, however, de-
mostrated that the present LES-based approach is able to
give accurate predictions of the largest unsteady flow struc-
tures. Furthermore, since the cycle-to-cycle variations in
blade load are caused by the non-uniform and unsteady
inflow to the propeller, it is necessary to apply a time-
resolved method, such as LES, to compute the dynamic
flow structures, generated by the appendages of the hull,
which enter the propeller.

From the detailed analysis of the forces and moments on
the propeller, and the forces on an individual blade, in Sec-
tion 3.2, we highlight the following findings:

• The magnitude of the transversal propeller forces is
on the order of 1% of the propeller thrust, which rep-
resents a significant fluctuating force which may in-
duce vibrations in the hull structure via the propeller
shaft and bearings.

• The inflow to the propeller contains four regions with
lower velocity, see Figure 5, and the computed blade
load shows the corresponding pattern with four peaks
during each propeller revolution.

• Large cycle-to-cycle variations in blade load were
found. The phase averaged peak value is approxi-
mately 15% above the mean blade load, whereas the
peak value of the instantaneous blade load over the
simulated time interval is as much as 30% above the
mean blade load.



• The spectrum of the blade load, see Figure 8, shows
one clear peak at four times the shaft frequency.
There is also a significant broad band contribution
from a few Hz up to 70-80Hz, which represents the
cycle-to-cycle variations in blade load which thus do
not have any dominant frequency.
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