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» ML-based propulsion surrogate models to improve
computational efficiency.

 Continuous adjoint method for the efficient compu-
tation of shape derivatives.

» Ship roughness identification with the use of opti-
mization methods.

« Shape sensitivity prediction by means of ML mod-
els for the automatic shape optimization of ships.

International maritime shipping is obliged to sig-
nificantly reduce pollutant emissions in the coming
decades. Improving propulsion efficiency is the
most technologically promising strategy in this re-
gard. The aim of the BMWK-funded project ProSA
(Propulsionsoptimierung von Schiffsrimpfen und An-
hangen in der Grossausflhrung) is to improve the
environmental balance by increasing the propulsion
efficiency of ships. The project involves a research
network of two manufacturers, a ship model basin
and the Hamburg University of Technology.

The main focus is on improving the propeller-
hull interaction and the related performance through
simulation-based shape optimization and propeller
integration in combination with machine learning
(ML). In the framework of this project, our contri-
bution is concerned with the further development of
adjoint methods for determining shape derivatives
while incorporating efficient alternatives on describ-
ing propulsion influences without geometrically re-
solving the propeller. The efficiency of the adjoint
method in computing the shape derivative regard-
less of the number of unknown parameters, makes it
the only feasible candidate in the scope of gradient-
based mesh-morphing optimization approaches. To
this extent, the project investigates the replacement
of the unsteady propeller-hull analysis in the adjoint
calculus by means of ML strategies.

In the initial phase of the project a surrogate model
able to reconstruct the time-averaged flow field in-
duced by a Voith Schneider Propeller (VSP) was suc-
cessfully built using a Conditional Variational Autoen-
coder (CVAE) architecture, as shown in Fig.[1] The
surrogate model reconstructs the time-averaged flow
field using a small number of ship geometric param-
eters and 1 flow condition and thereby replaces the
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Figure 1: Architecture of the CVAE model used to reconstruct
the velocity field.

computationally demanding geometrically-resolved
propeller. The surrogate model was subsequently
used to facilitate the simulation-based optimization of
hull shapes by seamlessly integrating non-resolved
propulsion influences. The reconstructed, in a struc-
tured cylindrical meta-grid arrangement, velocity
fields are interpolated to a CFD mesh. The inter-
polated values are then used by means of an im-
plicit solution forcing approach on the discretized
primal momentum equations. Based on the modifi-
cations of the primal flow problem, two continuous
adjoint strategies were investigated for the efficient
computation of the shape derivative on the ship’s
hull. The first approach corresponds to a reduced
formulation, in which the surrogate model is con-
sidered exclusively on the primal with no additional
explicit changes on the corresponding adjoint sys-
tem of equations. The second approach consistently
derives the contributions on the adjoint momentum
equations stemming from the implicit forcing strat-
egy followed on their primal counterpart. The cou-
pled ML-adjoint gradient-based shape optimization
framework was successfully applied for the optimiza-
tion of an offshore support vessel (OSV) equipped
with a VSP propeller. As shown in Fig. |2 the pro-
posed framework was able to identify hull geometries
that lead to a decrease of the ship’s resistance by
more than 8%. This result was also validated by a
propeller-resolved simulation.

In the second phase of the project, the devel-
oped numerical framework is accordingly extended
to meet large-scale industrial requirements, such as
the design of free-floating vessels. In particular, we
seamlessly integrate into the process a two-phase
primal/adjoint simulation in which the ship is free to
trim and sink. Additionally, the ship geometric pa-
rameters is evaluated in each optimization iteration
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Figure 2: Relative decrease of ship’s resistance. Black line corre-
sponds to the reduced adjoint strategy, red line to the consistent
and blue line completely neglects the propulsion influence from
both the primal and adjoint systems. Vertical dashed lines high-
light the optimization iteration in which a step-size control strategy
was activated to bring the optimization to convergence.

based on the underlying mesh-morphing optimiza-
tion approach. We also train a novel network that
predicts the shape sensitivities using a small num-
ber of geometric and flow parameters, thereby mak-
ing the costly primal and adjoint simulations, largely
obsolete. The new model is trained by a sample
of primal/adjoint CFD simulations that employ the
propulsion surrogate model developed in the initial
phase of the project. Subsequently the input param-
eters are used to return the spatial distribution of
the shape derivative along the vessel’s hull with no
additional computational cost. The optimization then
proceeds by suitable mesh-morphing approaches.

The project is additionally concerned with the
experimentally-informed identification of roughness
distributions along ship hulls by means of gradient-
based optimization methods. The goal here is to
identify the necessary simulation parameters such
that the numerically predicted wake field matches
experimentally observed results. The correct estima-
tion of the wake field is of paramount importance in
the design process of propulsion systems, as it can
drastically affect their efficiency.

In the initial phase we developed an adjoint-
assisted optimization method for the identification
of numerical ship hull roughness, so that a reliable
prediction of the wake field is achieved. The nu-
merical framework is based on the existence of a
target wake field, which is provided to us by our part-
ners from experimental measurements, and an initial
guess of the roughness distribution along the hull.
The method is fine-tuned to allow feasible smooth
solution profiles. It is also enhanced with suitable re-
distribution strategies to avoid getting trapped at lo-
cal minima. Numerical experiments were conducted
on the well-established Japan Bulk Carrier (JPC)
case in model-scale, where a reduction of the initial

objective by more than 95% was achieved.

In the second phase the methodology is applied
on a large-scale container ship in line with the needs
of our industrial partners. In specific, the industrially-
relevant case is investigated both in model-scale
and full-scale. While the former is associated with
existent experimental data, the latter lacks detailed
measurements of the wake field. To this end, suit-
able experimental scaling methods are pursued so
that to feed the tracking-type objective driving the
optimization framework.

Results of the initial phase of the project have
been presented in [1,2].

lhttps://www.tuhh.de/fds|

More Information

[1] M. Arian Maram, A. Hassan, T.T. Nguyen,
H. Schwarz, G. Bletsos, D. Bendl, M. Palm
and T. Rung (2025, May). Development of a
data-driven propulsion surrogate model using
Machine Learning methods. 15t International
Symposium Al and Fluid Mechanics, Chania,
Greece.

G. Bletsos, A. Hassan, M. Arian Maram, T.T.
Nguyen, M. Palm and T. Rung (2025, May).
Adjoint-based shape optimization of an OSV
hull using a VAE-assisted propulsion surrogate
model. 1% International Symposium Al and
Fluid Mechanics, Chania, Greece.

Project Partners

HSVA, Voith, MMG

—

2]

BMWK

DFG Subject Area

404-03



https://www.tuhh.de/fds

	Adjoint shape optimization of maritime applications using ML-based surrogate models

