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ABSTRACT
Bow tunnel thrusters are essential for low-speed manoeu-
vring, berthing, and dynamic positioning, but their oper-
ation is frequently associated with vibration- and noise-
relevant unsteady hydrodynamic loads. These loads orig-
inate from confined-flow mechanisms, including entrance-
edge separation, vortex–wall interaction, blade–duct in-
teraction, and cavitation. This paper compares scale-
resolving CFD simulations of a full-scale bow tunnel
thruster for three cases: the Initial design, the Optimized
design in normal operating direction (Optimized design
NOD), and the Optimized design in reverse operating di-
rection (Optimized design ROD). The objective is to iden-
tify how passive geometric optimization changes the dom-
inant unsteady-load mechanisms in normal operation and
how reverse operation modifies the remaining hydrody-
namic excitation.

The numerical framework combines a rotating sliding-
mesh treatment of the propeller, hybrid URANS–LES tur-
bulence modelling, and Schnerr–Sauer cavitation mod-
elling. The simulations are based on a previously vali-
dated full-scale bow-thruster configuration and are post-
processed here with emphasis on thrust fluctuations, vor-
ticity and cavitation topology, and pressure-fluctuation lev-
els at the tunnel inlet and outlet. The comparison shows
that the Initial design is dominated by entrance separation,
non-uniform propeller inflow, and strong vortex–wall inter-
action. In the Optimized design NOD, entrance rounding
and protection-grille profiling reduce the separated region,
weaken coherent vortex interaction, and lower the hydrody-
namic source of thrust and inlet/outlet pressure pulsations.
In the Optimized design ROD, the modified upstream–
downstream relation between propeller, strut, grille, and
tunnel entrance changes the separation and vortex topology
and leads to a different unsteady-load distribution. The re-
sults demonstrate that passive geometry optimization can
reduce the primary hydrodynamic excitation in normal op-
eration, while reverse operation remains a critical condition
for vibration and noise assessment.
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1 INTRODUCTION
Bow tunnel thrusters are widely used to generate transverse
forces during harbour manoeuvring, berthing, and station
keeping. In these operating regimes, the main propeller and
rudder have limited control authority, and the bow thruster
therefore becomes a critical auxiliary propulsion device. In
contrast to open propellers, a tunnel thruster operates in-
side a confined duct integrated into the hull. The result-
ing flow is affected by the tunnel entrance, outlet geome-
try, propeller, hub, strut, protection grille, and nearby hull
surfaces.

The confined geometry produces hydrodynamic mecha-
nisms that are directly relevant to vibration and noise.
Flow entering the tunnel can separate at the lower en-
trance edge, producing a non-uniform inflow to the pro-
peller. The rotating blades then interact with this distorted
inflow, while blade-tip, hub-root, strut-induced, and wall-
secondary vortical structures evolve in a restricted tunnel
cross-section. Cavitation further modifies the pressure field
and can amplify fluctuating loads. Consequently, the engi-
neering problem is not limited to the prediction of mean
thrust, but also includes the prediction and reduction of un-
steady force and pressure fluctuations.

Previous numerical investigations have shown that steady
RANS approaches are useful for mean-performance assess-
ment, but are not sufficient when the quantities of interest
are pressure pulsations, vortex dynamics, and cavitation-
induced load fluctuations. For this reason, scale-resolving
approaches, including hybrid URANS–LES methods, are
required for vibration- and noise-relevant bow-thruster
flows [1]. The baseline hydrodynamics and vortex topol-
ogy of the present full-scale configuration were analysed
previously using validated scale-resolving CFD [1]. Pas-
sive mitigation by entrance rounding and protection-grille
profiling was investigated in a separate optimization study
[2]. The effect of normal and reverse operating directions
was analysed in [3].

The present paper builds on the previously validated nu-
merical framework and uses it for a compact three-case
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comparison of unsteady bow-thruster hydrodynamics. The
investigated cases are the Initial design, the Optimized de-
sign NOD, and the Optimized design ROD. The compari-
son focuses on thrust fluctuations, vorticity and cavitation
topology, and pressure-fluctuation levels at the tunnel in-
let and outlet. These quantities are selected because they
are directly related to hydrodynamic excitation of vibration
and noise.

The main objectives are: (i) to identify the dominant
unsteady-flow mechanisms in the Initial design; (ii) to
quantify how the Optimized design NOD reduces thrust
fluctuations and inlet/outlet pressure pulsations relative to
the Initial design; and (iii) to assess how reverse opera-
tion changes the remaining unsteady-load mechanisms in
the Optimized design ROD.

The paper is organized as follows. Section 2 describes the
investigated cases and numerical method. Section 3 sum-
marizes verification and validation aspects. Section 4 dis-
cusses the unsteady-flow mechanisms of the Initial design.
Section 5 compares the Initial design and Optimized design
NOD to isolate the effect of passive optimization. Section
6 compares Optimized design NOD and Optimized design
ROD to assess the effect of reverse operation. Section 7
discusses the resulting load-reduction mechanism, and Sec-
tion 8 summarizes the conclusions.

2 INVESTIGATED CASES AND NUMERICAL METHOD

2.1 Investigated bow thruster and simulation cases
The computations consider the same full-scale tunnel-
thruster configuration used in the validated studies of
Kazemi et al. [1] and Kazemi and Kornev [3]. The pro-
peller diameter is approximately D = 0:62 m, and the unit
is representative of a yacht-class side thruster supplied by
Jastram GmbH & Co. KG. In the present paper, the config-
uration is used as a reference case for comparing the hydro-
dynamic origin of thrust fluctuations and inlet/outlet pres-
sure pulsations under the Initial design, Optimized design
NOD, and Optimized design ROD cases.

Table 1: Investigated simulation cases.

Case Geometry Direction
Initial design Baseline entrance and

conventional grille
NOD

Optimized design
NOD

Rounded entrance and
profiled grille

NOD

Optimized design
ROD

Rounded entrance and
profiled grille

ROD

The Initial design contains a conical tunnel entrance and
a conventional protection grille. The Optimized design in-
cludes a rounded lower entrance region and a profiled guide
surface integrated into the protection grille. The compari-
son between the Initial design and Optimized design NOD
isolates the effect of passive geometry optimization under
normal operation. The comparison between Optimized de-
sign NOD and Optimized design ROD isolates the effect
of reversing the operating direction while keeping the op-
timized geometry unchanged. All simulations were per-
formed at zero forward ship speed.

Initial design 

Optimized designOptimization

Figure 1: Geometry of the investigated bow-thruster configu-
rations.

2.2 Governing equations
The liquid and vapor phases are modelled as incompress-
ible, isothermal, Newtonian fluids with constant material
properties. In the cavitating two-phase formulation, how-
ever, the mixture density varies locally due to changes in
the vapor volume fraction. The mixture density is defined
as

� = �l�l + �v�v; �l + �v = 1; (2.1)

where �l and �v denote the liquid and vapor volume frac-
tions, respectively.

Phase change is represented through the liquid–vapor
mass-transfer rate _mlv, where _mlv > 0 denotes vaporiza-
tion. The corresponding phase-fraction transport equations
can be written as
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Adding Eqs. (2.2) and (2.3) gives the non-solenoidal veloc-
ity constraint
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Thus, the divergence-free condition is recovered only in re-
gions without phase change, i.e. when _mlv = 0.

The mixture momentum equation is solved in conservative
form as
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where ui is the velocity component, p� is the modified pres-
sure, and � l

ij and � t
ij are the laminar and modelled turbulent

stress tensors, respectively.

Cavitation is represented using the Schnerr–Sauer cavita-
tion model [4]. In this model, the mass-transfer rate _mlv is
obtained from a Rayleigh–Plesset-type bubble-growth rela-
tion and is introduced as a source term in the phase-fraction
transport equations.

2.3 Turbulence modelling and numerical implementa-
tion
The underlying validation studies considered both URANS
and hybrid URANS–LES turbulence modelling, whereas
the present three-case comparison is based on the scale-
resolving Shielded LeMoS Hybrid (SLH) model [8, 9],
in which the computational domain is locally treated in a
RANS-like or LES-like manner depending on the relation
between a shielded turbulence length scale and the grid fil-
ter width. The wall-adjacent regions are retained in RANS
mode, whereas detached and wake-dominated regions are
allowed to develop resolved turbulent structures.

Propeller rotation is resolved by separating the domain into
stationary and rotating regions coupled through an Arbi-
trary Mesh Interface (AMI), following the validated setup
of Kazemi et al. [1]. The computational procedure follows
the previously validated OpenFOAM-based workflow, with
body-fitted grids used to resolve the tunnel, propeller, hub,
strut, and protection-grille geometry [1, 3]. The time step
corresponds to a one-degree propeller advance, consistent
with previous verification studies.

Initial design

Optimized design

NOD ROD

Figure 2: A representative part of the computational mesh in
the bow-thruster tunnel.

3 VERIFICATION AND VALIDATION
The validation strategy follows the previously published
baseline study [1]. Integral quantities such as propeller
thrust, total force, and torque are compared against experi-
mental data. Grid-dependence and averaging-window stud-
ies are used to assess numerical uncertainty and statistical
convergence following the validation framework of Stern
et al. [7] and the baseline study of Kazemi et al. [1].

The grid study indicated that the selected mesh resolution is
sufficient for the target quantities, with mean integral loads
varying only weakly under further refinement. The time-
averaging study showed that statistically stable mean quan-
tities are obtained after a sufficient number of propeller rev-
olutions. The validated setup is therefore used as the basis
for the analysis of unsteady flow structures, pressure fluc-
tuations, and passive mitigation.

The signed relative deviation is defined as

"rel =
XCFD �XEFD

XEFD
� 100%; (3.1)

where XCFD and XEFD denote the numerical and experi-
mental values, respectively.

Table 2: Validation summary for the baseline bow-thruster
case using the SLH model with cavitation.

Quantity CFD EFD Rel. dev.
Propeller thrust [N] 6630.51 6300.82 5.23%
Total force [N] 11204.83 10401.76 7.72%
Propeller torque [N m] 551.83 557.29 -0.98%

The validation is reported for the SLH simulation with
cavitation, since this case is used as the reference scale-
resolving setup for the subsequent three-case compari-
son. The propeller thrust and total force are overpredicted
by 5:23% and 7:72%, respectively, whereas the propeller
torque is underpredicted by 0:98%. Considering the ge-
ometric complexity of the full-scale tunnel-thruster con-
figuration, the strongly confined separated flow, and the
known modelling limitations of cavitation mass-transfer
closures, this level of agreement is considered satisfac-
tory. The signed relative deviation is evaluated according
to Eq. (3.1).

4 FLOW MECHANISMS IN THE INITIAL DESIGN

4.1 Separation and vortex topology
The Initial design is used as the reference case for iden-
tifying the hydrodynamic source mechanisms of unsteady
loading. The flow entering the tunnel experiences strong
curvature and an adverse pressure gradient near the lower
entrance region. This produces a separated region that dis-
torts the inflow to the propeller and initiates coherent vorti-
cal structures. The resolved flow field reveals a coupled
system of blade-tip, hub-root, propeller–strut–pod, wall-
secondary, and grille-related vortical structures. Rather
than acting independently, these structures evolve within
the confined tunnel and interact with the wall boundary
layer, thereby contributing to localized pressure pulsations
and non-uniform blade loading [1].

The main vortex structures for the three investigated cases
are summarized in Fig. 3. The comparison supports the in-
terpretation that the Initial design is dominated by entrance
separation and strong vortex–wall interaction, whereas the
Optimized design NOD exhibits a weakened separation re-
gion. In the Optimized design ROD, the reversed flow di-
rection changes the spatial relation between the propeller,
hub, strut, grille, and tunnel entrance, leading to a different
vortex topology.
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Figure 3: Representative vorticity distribution for the Ini-
tial design, Optimized design NOD, and Optimized design
ROD. The labels indicate the main vortical structures: A,
separation/attachment-related region; TV , tip vortex; RV ,
root vortex; and HV , hub-related vortex.

4.2 Cavitation topology
Cavitation develops in low-pressure regions associated
with blade loading, separated shear layers, and vortex
cores. In the Initial design, cavitation is not spatially uni-
form over the propeller revolution because the blades en-
counter a strongly non-uniform inflow field. This links en-
trance separation, vortex dynamics, and azimuthally vary-
ing blade loading.

The corresponding cavitation topology is shown in Fig. 4.
The comparison indicates that the cavitating structures are
strongly affected by both passive geometry modification
and operating direction. Therefore, cavitation is consid-
ered part of the same unsteady-load mechanism that also
governs thrust fluctuation and wall-pressure pulsation.

Initial design

Optimized design NOD

Optimized design ROD

Figure 4: Representative cavitation topology for the Initial de-
sign, Optimized design NOD, and Optimized design ROD.

4.3 Unsteady thrust and pressure response
The non-uniform inflow in the Initial design produces az-
imuthally varying blade loading. The resulting propeller
thrust contains a periodic component associated with blade
passage and a broadband component associated with re-
solved turbulent structures, separation dynamics, and vor-
tex interaction. Because the propeller operates inside a con-
fined tunnel and close to wall-bounded vortical structures,
the fluctuation level is substantially affected by local inflow
distortion and wall interaction.

The pressure fluctuations field provides a direct indica-
tor of vibration- and noise-relevant excitation, that is ex-
pected to be strongest in regions where entrance sepa-
ration, blade-passing effects, cavitation, and vortex–wall
interaction overlap. This motivates the use of thrust-
fluctuation RMS, vorticity and cavitation topology, and in-
let/outlet pressure-fluctuation levels as the primary compar-
ative quantities in the present study.

5 EFFECT OF PASSIVE OPTIMIZATION: INITIAL DE-
SIGN AND OPTIMIZED DESIGN NOD
The optimized geometry considered in this section is based
on the geometry-optimization study of Kazemi et al. [2]. In
the present paper, this geometry is compared directly with
the Initial design in order to isolate the effect of passive
optimization on thrust fluctuations and inlet/outlet pressure
pulsations.



5.1 Modification of entrance separation and inflow non-
uniformity
The passive design strategy targets the hydrodynamic ori-
gin of the unsteady loads. Since entrance separation
and inflow non-uniformity are primary excitation mech-
anisms, the Optimized design NOD combines lower-
entrance rounding with protection-grille profiling. The
rounded entrance reduces the curvature imposed on the in-
coming flow and weakens the separated region at the lower
tunnel edge. The profiled grille acts as a passive flow-
guiding element. By redirecting the incoming flow, it im-
proves the velocity distribution upstream of the propeller.

The physical consequence is that the propeller in the Op-
timized design NOD is exposed to a more uniform inflow
than in the Initial design. This reduces the azimuthal modu-
lation of blade loading and weakens the coherent structures
that interact with the tunnel wall. Therefore, the passive
modification acts on the source of the unsteady excitation
rather than only attenuating the structural or acoustic re-
sponse.

5.2 Thrust fluctuation comparison
The thrust-fluctuation level is evaluated using the RMS
value of the fluctuating component of the propeller thrust.
Figure 5 compares the thrust-fluctuation RMS with the
corresponding time-averaged thrust for the three investi-
gated cases. The Initial design produces the largest thrust-
fluctuation level, whereas the Optimized design NOD
shows a substantial reduction. The Optimized design ROD
remains less favourable than the Optimized design NOD,
indicating that reverse operation preserves a larger un-
steady thrust component even after passive geometry op-
timization.

Figure 5: Comparison of thrust-fluctuation RMS and time-
averaged thrust for the Initial design, Optimized design NOD,
and Optimized design ROD.

Table 3: Thrust-fluctuation RMS for the three investigated
cases. Relative change is evaluated with respect to the Initial
design.

Case T 0rms [N] RC [%]
Initial 953.63 0.00
Opt. NOD 393.26 -58.76
Opt. ROD 832.40 -12.71

The Optimized design NOD reduces the thrust-fluctuation

RMS from 953:63 N to 393:26 N, corresponding to a
58:76% reduction relative to the Initial design. The Opti-
mized design ROD also reduces the thrust-fluctuation RMS
relative to the Initial design, but only by 12:71%. There-
fore, the optimized geometry is highly effective in normal
operation, whereas reverse operation retains a substantially
larger unsteady thrust response.

A complementary interpretation of the thrust fluctuations
is obtained in the frequency domain. Figure 6 shows the
power spectral density (PSD) of the thrust signal for the
three investigated cases. All three cases exhibit a pro-
nounced peak at the blade-passing frequency, together with
broader spectral content at higher frequencies. The Initial
design maintains the highest spectral energy over much of
the spectrum, whereas the Optimized design NOD gen-
erally exhibits the lowest broadband levels. The Opti-
mized design ROD remains intermediate between the Ini-
tial design and the Optimized design NOD. This frequency-
domain comparison is consistent with the RMS-based re-
sults and confirms that the passive optimization reduces not
only the overall thrust-fluctuation level but also the spectral
content associated with unsteady loading.

Figure 6: Power spectral density of the propeller thrust for
the Initial design, Optimized design NOD, and Optimized de-
sign ROD.

5.3 Pressure fluctuation comparison
The pressure-fluctuation measure used here is an area inte-
gral rather than an area average. Thus,

P 0As
=

Z
As

p0rms(x) dA; (5.1)

where As denotes the inlet or outlet slice. Consequently,
the reported value depends on both the local pressure-
fluctuation level and the slice area. The same integration
procedure is applied to the compared cases.
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Figure 7: Pressure-fluctuation distributions at the tunnel inlet
and outlet slices for the Initial design, Optimized design NOD,
and Optimized design ROD.

Table 4: Integrated pressure-fluctuation levels at the inlet and
outlet slices. Relative change is evaluated with respect to the
Initial design.

Slice Initial Opt. NOD RC [%]
Inlet 0.02243 0.00950 -57.66
Outlet 0.02128 0.00933 -56.16

In Table 4, Opt. NOD denotes the Optimized design
NOD. Relative to the Initial design, the Optimized design
NOD reduces the integrated pressure-fluctuation measure
by 57:66% at the inlet slice and by 56:16% at the out-
let slice. These reductions confirm that the optimized en-
trance and grille modifications substantially the pressure-
pulsation under normal operating direction.

6 EFFECT OF REVERSE OPERATION: OPTIMIZED DE-
SIGN NOD AND OPTIMIZED DESIGN ROD
The comparison between Optimized design NOD and Opti-
mized design ROD follows the off-design analysis reported
in Kazemi and Kornev [3], but here it is interpreted in
the context of the same optimized geometry and the same
thrust-fluctuation and pressure-fluctuation framework used
for the Initial design comparison.

Reverse operation is relevant because a single tunnel
thruster may be required to generate thrust in both trans-
verse directions. Although the mean thrust can remain sim-
ilar to, or slightly higher than, the normal operating direc-
tion, the unsteady response can change significantly. Re-

verse operation changes the upstream–downstream relation
between the propeller, strut, protection grille, and tunnel
entrance. Therefore, it should not be treated as a simple
sign reversal of thrust.

In the Optimized design ROD, the reversed operating di-
rection changes the relative position of the propeller wake,
pod wake, strut-induced structures, hub-related vortices,
root vortices, tip vortices, and tunnel-wall interaction re-
gion. Compared with the Optimized design NOD, the
main vortical structures are redistributed with respect to
the propeller–strut–pod assembly and the protection grille,
as shown in Fig. 3. Consequently, the regions of strong
propeller–strut–pod interaction, vortex–component inter-
action, and vortex–wall interaction are displaced within the
tunnel, rather than being a simple mirror image of the nor-
mal operating direction. This redistribution modifies the
local pressure field and explains why reverse operation re-
tains a larger unsteady hydrodynamic response.

The thrust-fluctuation data in Fig. 5 and Table 3 show
that the Optimized design ROD does not retain the full
fluctuation-reduction benefit observed in the Optimized de-
sign NOD. Although the optimized geometry still reduces
the thrust-fluctuation RMS relative to the Initial design, the
reduction is much smaller in reverse operation. This con-
firms that reverse operation modifies the hydrodynamic ex-
citation mechanism and must be evaluated separately.

The pressure-fluctuation distributions in Fig. 7 are there-
fore used qualitatively for the ROD case.

7 DISCUSSION
The three-case comparison supports a mechanism-based
interpretation of bow-thruster vibration and noise. In
the Initial design, the dominant hydrodynamic excita-
tion is generated by the coupling of entrance separation,
propeller–strut–pod interaction, vortex–propeller interac-
tion, vortex–wall interaction, and cavitation. These mecha-
nisms jointly distort the propeller inflow, modify the wake
development around the pod and strut, and lead to az-
imuthally varying blade loading.

The comparison between the Initial design and Optimized
design NOD isolates the passive-mitigation mechanism.
Entrance rounding and protection-grille profiling reduce
the inflow non-uniformity before it reaches the propeller.
From an engineering point of view, the optimized entrance
and grille are attractive because they are passive, robust,
and compatible with normal thruster operation.

The comparison between Optimized design NOD and Op-
timized design ROD shows why reverse operation must be
assessed separately. Even when the optimized geometry
is retained, reversing the operating direction modifies the
relative arrangement of the propeller, strut, grille, and en-
trance. Therefore, a design that reduces unsteady excitation
in normal operation should not automatically be assumed to
provide the same reduction in reverse operation.

The central implication is that passive geometry optimiza-
tion should be evaluated using both geometry-based and
operating-direction-based comparisons. The Initial design


