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This paper focuses on the numerical analysis of the free running maneuvers of an underwater vehicle. The maneuver
behavior is analyzed via maneuvering coefficients, which are gained by free running maneuvers based on computational fluid
dynamics (CFD) simulations. The numerical study is conducted on the generic submarine model BB2 in model scale with
STAR-CCM+. Overset mesh technology is used to simulate the body in six degrees of freedom. The simulation is controlled
via a JAVA program. Appropriate proportional-integral-derivative (PID) gains are used to set and control the maneuvers.
This study investigates the obtainment of certain coefficients through maneuvers in one plane.

INTRODUCTION

Unmanned systems are increasingly used in all aspects of life;
one need only think of the broad distribution of small unmanned
aerial vehicles (UAVs) in the consumer sector. In the underwa-
ter domain, the use of unmanned underwater vehicles (UUVs) is
still mostly restricted to research, the military, and a slowly grow-
ing industrial field. One reason might be the harsh environment,
which limits the connectivity between the vehicle and its opera-
tor. Certain maneuvers even make it difficult, if not impossible,
to interact with the UUV during a mission.

Hence, understanding and predicting the maneuvering behav-
ior of a UUV is crucial, especially for autonomous underwater
vehicles (AUVs) running predefined missions without any remote
control. It is important to know the maneuvering capabilities of
AUVs, and not only for reasons of navigation. Further reasons
include vehicle guidance control, contract requirements, and vehi-
cle stability. For instance, sensors have higher demands upon vehi-
cle stability than is necessary for reliable maneuvers.

The maneuvering capabilities need to be considered in an early
stage of the UUV design process, when changes are still cost-
effectively possible. During this stage, experimental studies are
not feasible as geometry may change rapidly.

Computational fluid dynamics (CFD) alternatively arose as a
robust and accurate methodology (Ferziger, 2002). In the marine
application field, several studies have shown a good correlation
with experimental data (e.g., Özden et al., 2018). Free running
CFD simulations are thereupon increasingly used for maneuver-
ing studies. Their accuracy has approached an acceptable level for
industrial applications (see Carrica et al., 2018; Coe, 2013). How-
ever, these simulations are still computationally expensive. The
simulations described in this paper took on average more than
30 h of computation time for 30 s of simulation time.

Hence, it seems still necessary to perform maneuvering simula-
tions based on the classical way of using coefficient-based models
that can predict maneuvering behavior in real time. Coefficients
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describe the hydrodynamic forces as a function of body velocities
and accelerations. These maneuvering coefficients can be obtained
by CFD simulations as shown by Suzuki et al. (2013), Zhang
et al. (2010), and Tyagi and Sen (2006).

Since calculation of maneuvering coefficients is still a practi-
cal way to perform maneuvering simulations, it will be beneficial
to apply CFD simulations for free running maneuvers to answer
specific questions and, at the same time, to acquire maneuver-
ing coefficients. On this foundation, a hydrodynamic coefficients-
based model can be used for parametric investigations or quick
maneuvering predictions.

The presented study focuses on the use of the results of the free
running maneuver to predict the maneuvering coefficients of an
underwater vehicle. The methodology followed in the study can
be applied also for manned and unmanned surface ships, as well
as submarines.

NUMERICAL MODEL

The commercially available STAR-CCM+ 12.04 (Siemens,
2017) code is applied for the numerical calculations of the free
running maneuvers. The numerical method employs an unsteady
segregated flow solver with the SIMPLE algorithm (i.e., the semi-
implicit method for pressure-linked equations) (Ferziger, 2002).
The simulations are carried out based on an unsteady Reynolds-
averaged Navier–Stokes (URANS) simulation using a second-
order time discretization scheme invoking the previous two time
levels in a backward differentiation. A second-order scheme is
considered also for spatial discretization. In the study, the widely
used k–× shear stress transport (SST) turbulence model is applied.
The Reynolds number for the maneuvers running at a vehicle
speed of 1 m/s is Re = 403 × 106.

For the simulation of the body motion, a six-degree-of-freedom
(6-DoF) model is used in combination with overset mesh technol-
ogy. This technology allows the body-fitted grid to move freely
on the background grid. Additionally, the four aft rudders are set
in separate overset mesh domains.

Geometry

First, simulations were carried out with the generic Defense
Advanced Research Projects Agency (DARPA) Suboff vehicle
(Groves et al., 1989) to verify the STAR-CCM+ simulation setup.
However, in the field of underwater maneuvering behavior, the
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