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PREFACE

This volume contains full-length papers of contributions presented at MARINE 2019,
the Eight International Conference on Computational Methods in Marine Engineering,
held at Chalmers Conference Center, Gothenburg, Sweden, May 13-15, 2019. The
first edition of this series of conferences was held in Oslo, Norway, in June 2005, with
following editions every second year, in Barcelona, Spain, June 2007, in Trondheim,
Norway, June 2009, in Lisbon, Portugal, September 2011, in Hamburg, Germany, May
2013, in Rome, Italy, June 2015, and, finally in Nantes, France, May 2017.

In the spirit of previous editions, the objective of MARINE 2019 is to provide “a
meeting place for researchers developing computational methods and scientists and
engineers focusing on challenging applications in Marine Engineering”. The state of the
art in computational approaches is addressed in sessions on, e.g. computational fluid
dynamics (both fundamental and applied), propulsors, design and optimization, fluid-
structure interaction with a specific focus on ship hydrodynamics, lightweight design
and structures. We see further large contributions to topics related to multiphase flows,
both on development of the numerical methods as to applications related to e.g. water
entry problems, waves-structure interaction, and seakeeping. Further, the interest on
marine renewable energy is continued large.

The conference programme includes five plenary lectures, six keynotes lectures,
and in total over one hundred and fifty seven contributions distributed in seventeen
contributed sessions and equally seventeen invited sessions organised by recognised
experts. The programme extends over three days with four parallel sessions.

MARINE 2019 is the eight international conference on this topic organized in the
framework of the Thematic Conferences of the European Community on Computational
Methods in Applied Sciences (ECCOMAS). Moreover, MARINE 2019 is a Special Interest
Conference of the International Association for Computational Mechanics (IACM). The
conference is jointly organized by Chalmers University of Technology, Department
of Mechanics and Maritime Sciences and by the International Center for Numerical
Methods in Engineering (CIMNE) in co-operation with the Technical University of
Catalonia (UPC).

Our sincere appreciation goes to plenary lecturers, keynote lecturers, invited session
organizers and all authors who have contributed to the outstanding scientific quality
of the conference as reflected in the proceedings. Finally, we wish to thank Mr. Alessio
Bazzanella and Ms Laia Aranda and the staff from the Congress Department of CIMNE,
Barcelona, Spain, for their excellent work in the support of the conference organization
and for the publication of this volume.

Gothenburg, 13th of May 2019

Rickard Bensow and Jonas Ringsberg, Editors
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naoe-FOAM-SJTU SOLVER FOR SHIP FLOWS AND OCEAN
ENGINEERING FLOWS

JIANHUA WANG AND DECHENG WAN"

State Key Laboratory of Ocean Engineering, School of Naval Architecture, Ocean and Civil
Engineering, Collaborative Innovation Center for Advanced Ship and Deep-Sea Exploration,
Shanghai Jiao Tong University, 200240 Shanghai, China
*Corresponding author: dewan@sjtu.edu.cn

Key words: Ship hydrodynamics, ocean engineering, 6DoF motion, overset grid, naoe-
FOAM-SJTU solver,

Abstract. Ship and ocean engineering flows is a very complex and highly non-linear problem.
Traditional experimental methods and potential flow theory have limitations in predicting the
complex flows. A CFD solver naoe-FOAM-SJTU is developed based on the open source
platform OpenFOAM with the purpose of simulating various ship and ocean engineering flow
problems. In the present paper, the self-developed modules, i.e., wave generation and
absorption, 6 degrees of freedom (6DoF) motion, mooring system and overset grid are
introduced to illustrate the development of the CFD solver. Furthermore, extensive
applications to ship flows and ocean engineering flows using naoe-FOAM-SJTU solver are
conducted and validated by available experimental data. It has been proved that the CFD
solver naoe-FOAM-SJTU is suitable and reliable in predicting the complex viscous flows
around ship and offshore structures. Future development of naoe-FOAM-SJTU solver will
focus on further enhancement of accuracy and efficiency for CFD simulations of complex
flows in ship and ocean engineering.

1 INTRODUCTION

Viscous flow around floating structures with free surface is one of the typical features in
ship and ocean engineering. Understanding the hydrodynamic performance of ship and ocean
structures can help people design safer and more productive ocean structures. With the
development of scientific knowledge, many fundamental problems about the ship and ocean
engineering flows have been solved. Among them, the resistance and stability of ships and
platforms in calm water can be precisely predicted. However, dynamic features of real ship
and ocean structures are complicated including violent sea environment, the large motion of
floating structures, high Re turbulent flow, ship hull-propeller-rudder interaction, multi-scale
flows, etc. In order to get better understanding of flow mechanism, researchers have focused
on resolving complex viscous flow in ship and ocean engineering.

There are some typical features in ship flows and ocean engineering flows, such as multi-
system interaction, nonlinear free surface, high Re turbulent flow, and so on. The potential
flow and experimental test used to be the major approaches in the past researches. However,
the computational fluid dynamic (CFD) approach has become a powerful tool to investigate
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these complex flow problems with the development of high-performance computing (HPC).
One of the advantages of CFD method is that it can obtain more detailed flow field
information, which make it easier to analyze the in-depth mechanism. CFD simulation can
overcome the difficulties of nonlinear phenomenon and multi-system interactions that can
hardly be estimated by potential flow method. Furthermore, the cost of CFD computations is
relatively lower compared with the expensive facilities of experiment. Therefore, more and
more researchers apply CFD method to study the complex flow problems in the field of ship
and ocean engineering.

Despite the powerful capability of CFD, it is still challenging to handle various complex
viscous flows in ship and ocean engineering, such as violent free surface waves, complex
motions with ship hull-propeller-rudder interaction, large amplitude platform motions with
mooring lines, vortex-induced vibration (VIV) of marine risers, and so on. Therefore, it is
very essential to develop a specific CFD solver to investigate the performance of ship flows
and ocean engineering flows. In the present paper, emphasis is put on the development of the
naoe-FOAM-SJTU solver for complex flows in ship and ocean engineering. The naoe-
FOAM-SJTU solver, which is developed by the Computational Marine Hydrodynamics Lab
(CMHL) in Shanghai Jiao Tong University (SJTU), can be used as a powerful tool to estimate
the hydrodynamic performance of ship and offshore structures. It can also be utilized to obtain
a better understanding of the complex ship flows and ocean engineering flows.

In this paper, main modules in naoe-FOAM-SJTU solver is firstly introduced, where the
wave generation and absorption, 6DoF motion, mooring system, overset grid are described in
detail. Then, typical applications for ship and ocean engineering flows using the developed
modules are presented. Finally, a brief conclusion is drawn.

2 NAOE-FOAM-SJTU SOLVER

The present naoe-FOAM-SJTU!!?! solver is developed based on the open source platform
OpenFOAMP!. Based on the supported features in OpenFOAM, the development for naoe-
FOAM-SJTU solver is mainly through the implementation of specific modules. Figure 1
demonstrates the main framework of the present CFD solver naoe-FOAM-SJTU.

naoe-FOAM-SITU

[
_______ v TR NP, BT P
I I - ‘I
| - | | - -
| RANS I | | Wave generation Mooring ||
| FVM DES VOF | | | and absorption 6DoF system :
| | |
—— ! . . '
: Mesh Discretization : || Overset grid Fluid structure |
| | motion schemes | | method interaction !
| | | !
|
: Solver for linear : : Coupling of potential Ship |
| system equations | | flow and CFD optimization ||
|

Figure 1: Main framework of naoe-FOAM-SJTU solver

The CFD solver is developed based on OpenFOAM and the built-in modules, such as finite
volume method (FVM), discretization schemes, solver for linear system equations. Further
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implementation of ship and ocean engineering modules in the solver is shown in the right
column of Figure 1, where the blue marked modules are already developed and modules in
red are the ongoing work at present. The basic modules in OpenFOAM has been explained in
the OpenFOAM user guide, thus, only the specific modules are illustrated herein.

2.1 Wave generation and absorption

For ship and ocean engineering flows, wave environment is the most typical situation.
Therefore, ocean wave generation should be done firstly for the development of a marine
hydrodynamic CFD solver. So far, there have already been several modules developed based
on OpenFOAM, such as waves2foam!*], olaFlow>®l. In the present solver, two wave
generation approaches!’! have been implemented, one is the modelling of a piston or flap
type wavemaker, another one is the velocity-inlet boundary conditions (BC). A piston or flap
type wavemaker is achieved by giving the prescribed wave profile to the movement of the
wave boundary incorporated with the moving mesh technique in OpenFOAM. This procedure
is usually used to generate regular waves, solitary waves, freak waves just like the wavemaker
in an actual wave basin.

The inlet BC type wavemaker imposes both the velocity of water particles and the position
of free surface at the incident wave boundary. Figure 2 illustrates the code structure of wave
generation module based on inlet BC in naoe-FOAM-SJTU solver.

Velocity BC Alpha BC
T T
| AN ]
waveMaker
Wave Theory
| LY L —— |
Irregular Stokes Directional Irregular
Regular Waves Waves Stokes Waves
|j T—\ ] I
Airy Stokes Stokes Stokes Wave Spectrum
Wave First Second Fifth p
ERIN
| | : .
Gaussian . . Pierson i .
Distribution il Moskowitz o S

Figure 2: Code structure of wave generation module in naoe-FOAM-SJTU solver

The present wave generation module can generate both regular and irregular waves
according to corresponding wave theories. Regular waves vary from the airy wave to the fifth-
order Stokes waves. For the irregular waves, a wave spectrum based correction approach®! is
used in the present wave generation module. The most frequently used spectrum, such as PM,
JONSWAP, one/two parameter ITTC, are implemented to the present solver to extend the
ability of generating various ocean waves. The present wave generation module has been
applied to many benchmark cases and the results are validated by available experimental
results!'%).
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Wave absorption, also called wave damping is implemented in the solver using a sponge
layer ahead the outlet boundary with a certain length. In the damping zone, the wave can be
absorbed by adding a source term in momentum equation. The detailed implementation can
be found in the referencel”..

2.2 6DoF motion and overset grid module

To estimate the flow characters of floating structures in ship and ocean engineering, the
motion behavior should be computed firstly. In naoe-FOAM-SJTU, a 6DoF motion solver
based on Euler angle description is implemented. Two coordinate systems, i.e. earth-fixed
coordinate system and ship-fixed coordinate system, are employed to calculate the rigid body
motions. During the process of 6DoF computation, the forces and moments are first computed
in the earth-fixed coordinate system. Then the predicted values are transformed into ship-
fixed coordinate system for the calculation of accelerations. After that, the accelerations are
integrated to obtain the ship velocities, which are then transformed back to earth-fixed
coordinate system to get the ship displacement by integrating the velocities. Detailed
implementation of 6DoF motion solver can be found in reference!?..

The motion of ship hull and offshore platforms can be computed through the above process.
However, when considering complex motions of ship hull-propeller-rudder system or floating
offshore wind turbines, the 6DoF motion solver should be extended to have the ability of
handling complex motion with a hierarchy of bodies. In naoe-FOAM-SJTU solver, a multi-
level motion solver is implemented through the combination of dynamic overset grid
technology. Figure 3 demonstrates the motion level of ship-propeller system.

Figure 3: Multi-level motion solver for ship-propeller system

The strategies to compute the movements of propeller, rudder, turbine and other
appendages depend on what problem to solve. For example, self-propulsion simulation
employs a PI controller to update the rotation of propeller. The 6DoF motion module with a
hierarchy of bodies can be used to simulate various complex conditions in ship and ocean
engineering incorporating with the dynamic overset grid method.
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Figure 4: Overset grid arrangement around ship hull propeller and rudder

The dynamic overset grid module in naoe-FOAM-SJTU solver is implemented with the
purpose of handling with large amplitude motion or multi-level motion. Figure 4 shows a
typical overset grid arrangement around ship hull, propeller and rudder. The computational
grids for each part have overlapping areas, in which the flow information is interpolated. In
the present solver, the suggar++ program!'!! is utilized to compute the domain connectivity
information.

2.3 Mooring system module

Mooring lines are widely used in ocean engineering to keep the stability of floating
platforms in ocean waves. In order to resolve the ocean engineering flows, a mooring system
module is required to predict the performance of offshore platforms. In naoe-FOAM-SJTU
solver, a mooring system module is developed based on OpenFOAM and several types of
mooring lines are implemented. The main framework of the mooring system module is shown
in Figure 5.

Mooring System
Static Method Quasi-static Method Dynamic Method

— T 3 T

Piecewise .
Extrapolating Method Lumped Mass Method | | Finite Element Method

Spring Model Catenary Model

Figure 5: Main framework of mooring system module

The module is divided into three categories according the equations, i.e. static method,
quasi-static method and dynamic method. In static method, the spring model and catenary
model are implemented. As for the quasi-static approach, a pricewise extrapolating method
(PEM) is adopted to discretize the mooring line into several segments, where the equations of
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static equilibrium for each segment is solved. In addition, the PEM approach can consider the
different structural properties for mooring lines consist of different components. Both the
static and quasi-static method ignore the effect of mooring line movement. Thus, a dynamic
module including 3D lumped mass method (LMM) and finite element method (FEM) is also
implemented. The restoring force of mooring lines computed by LMM and FEM approach is
obtained by solving the dynamic equations of motion, where the inertial force related with
mooring line motion can be considered. The present mooring system module has been applied
to predict mooring forces of various floating structures in wave environments!!?14],

Other developed modules as shown in Figure 1 have been described in the reference!!”,
and they are not discussed here.

3 APPLICATIONS TO SHIP FLOWS AND OCEAN ENGINEERING FLOWS

3.1 Ship flows

Based on the developed modules for ship flows, the naoe-FOAM-SJTU solver has been
applied to various conditions in ship engineering. Ship advancing in calm water is the most
fundamental study in ship hydrodynamics and several benchmark computations have been
carried out to validate the present CFD solver.

{a) g=2 {b) #=4

{c} B=6 {d) A=k

{e} 8=10 (N p=12

Figure 6: Vortices separated from ship hull with drift angles
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Zha et al.l' conducted numerical predictions of ship resistance in calm water with
emphasis on viscous wave-making resistance for 6 ship hulls. They also simulated high-speed
catamaran in calm water!'”!, where different ship speeds were considered. The numerical
results agreed very well with the measurement data. Wave making and vortex field were well
predicted and further analysis of the hydrodynamic performance was discussed. Wang et al.['®]
further investigated the hydrodynamic performance for a ship with different drift angles. The
detailed vortices separated from the ship hull can be well resolved as shown in Figure 6. More
recently, the CFD solver was applied to simulate breaking wave phenomena of high-speed
surface ships!!?l. The grid density and turbulence model effect on the breaking bow waves
were analyzed in detail.

Ship in waves, also called seakeeping, is another key performance of ship. Based on the
developed wave generation and absorption module, various ocean waves can be generated.
Incorporating with the 6DoF motion module, ship motions in waves can be estimated by the
developed CFD solver. Shen et al.l*% and Ye et al.?!) conducted the numerical simulations of
ship motion in head waves using RANS approach. Different wave steepness and wave lengths
were considered in the simulations and the predicted wave added resistance was validated by
the available experimental data. More recently, Liu et al.*?! used naoe-FOAM-SJTU solver to
predict more violent wave conditions for DTC ship model. The computations were carried out
for the benchmark case, where the ship model was free to heave, pitch and roll, in oblique
waves. Dynamic overset grid was adopted to handle with the large ship motions. Strong wave
slamming and large ship motions can be observed as shown in Figure 7. In addition, mean
drift forces and moments on the ship hull can be well predicted compared with the available
experimental data.

p-rgh
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Figure 7: Slamming on ship hull in rough sea states

Despite the simulations of ship flows with bare hull model, free running ship with complex
ship hull-propeller-rudder interaction has also been investigated based on the developed
overset grid module associated with full 6DoF motion with a hierarchy of bodies. Shen et al.?!
performed numerical computations of ship self-propulsion and zigzag maneuver of KCS ship
in calm water, and the predicted self-propulsion parameters as well as maneuvering
parameters were validated by the available experimental results. Wang et al.**! carried out the
self-propulsion simulation of a twin-screw fully appended ship model and extends to the
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simulation of turning circle maneuver. Wang et al.?*?%! further extended the present naoe-
FOAM-SJTU solver to simulate ship maneuvering in waves (shown in Figure 8) and the
numerical results showed that the solver is suitable and reliable in predicting the performance
of ship maneuvering in waves.

Figure 8: Iso-surfaces of Q=100 colored with axial velocity for the zigzag maneuver in waves

Apart from the investigations of ship advancing in calm water, seakeeping, propulsion and
maneuvering, naoe-FOAM-SJTU solver has also been applied to estimate the performance of
energy save device (ESD), cavitation, multi-ship interactions, and so on. With the upgrade of
the present solver, more and more complex ship flows can be numerically studied.

3.2 Ocean engineering flows

Ocean engineering flows includes various engineering problems for offshore platforms
both fixed and floating. The developed naoe-FOAM-SJTU solver has also been applied to the
simulation of various ocean engineering flows. Based on the wave generation and absorption
module, wave-structure interaction can be simulated. For fixed structures, wave run-up is very
important for the safe deck design. Cao and Wan!'”! presented benchmark simulations of wave
run-up on single cylinder and four cylinders using the current solver as shown in Figure 9.
Different wave periods and wave heights were studied and wave run-up heights around the
cylinders were recorded with virtual wave probes and compared with experimental data. They
concluded that naoe-FOAM-SJTU is capable of dealing with wave run-up problems with
good accuracy. Incorporating with the 6DoF motion module, naoe-FOAM-SJTU solver can
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predict wave-induced motions of floating platforms. Liu and Wan!'?! conducted numerical
investigations of the motion response of a triple-hulled offshore observation platform with
different incident waves. Time histories of motions and loads under different wave conditions
were compared and analyzed.

(a)  0°wave heading (b) 45° wave heading

Figure 9: Wave run-up simulation of multi-cylinders

Based on mooring system module, coupled analysis of floating platform and mooring lines
can be performed. Wang and Wanl?®! carried out coupled analysis of a floating pier and its
mooring system in regular waves. The multicomponent mooring lines were modelled by
dynamic analysis Lumped Mass method (LMM). Motion response were compared with that
obtained by the static analysis method. The results showed that dynamic analysis is necessary
for coupling analysis between floating platform and mooring lines.

Figure 10: Instantaneous wave profile of FPSO with sloshing tanks

Zhuang and Wan?"! studied the motion response of a single-mooring FPSO using overset
grid and mooring system module. The predicted natural periods for heave decay test were in
good agreement with experiment. Motions and mooring forces were further analyzed. Xia and
Wan?! investigated the wave evolution and hydrodynamic characteristics of a floating
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platform in shallow water with submerged terrain near island. The Response Amplitude
Operators (RAOs) of the platform in regular waves were in good agreement with
experimental data. Further wave evolution and breaking process over the submerged terrain
were also depicted and analyzed. The naoe-FOAM-SJTU solver can also perform coupled
analysis of motion response of an FPSO with sloshing LNG tanks in waves. Zhuang and
Wan!'3l performed such simulations in which the external wave flow and internal tank
sloshing were solved simultaneously. Figure 10 presents the complex flows inside the tank
and the wave profile around the FPSO.

The present solver has also been applied to simulate the vortex-induced motions (VIM) of
submersible platforms and Spar type platforms under sea currents. By using the mooring
system module, 6DoF motion module and the high Re turbulence model, the complex viscous
flows around floating platforms can be solved. The Detached-Eddy Simulation (DES) can
predict massively separated flow at relatively low cost and was adopted by naoe-FOAM-
SJTU to predict VIM. Zhao et al.['* simulated the VIM of a paired-column semi-submersible
by using the naoe-FOAM-SJTU solver. The “lock-in” phenomena were -captured.
Synchronization vortex shedding patterns between upstream columns are observed in the
“lock-in” range. The transverse motion response and zero crossing period are in good
agreement with experiment. Figure 11 illustrates the 3D vortical structures of the semi-
submersible platform under sea currents.

2 ux

-0.30 0.16 -0.02 0.12 026 0.40

Figure 11: Vortical structure around semi-submersible platform

Other typical ocean engineering flows, such as vortex-induced vibration (VIV) of marine
risers, multi floating body interactions, can also be simulated using naoe-FOAM-SJTU. Due
to the length limitation, they are not presented here.
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4 CONCLUSIONS

In the present paper, the development of main modules in naoe-FOAM-SJTU solver
including wave generation and absorption, mooring system, 6DoF motion and overset grid are
introduced in detail. The developed modules are used to simulate complex ship flows and
ocean engineering flows. Then, extensive applications are discussed focusing on complex
flows in ship and ocean engineering. It is concluded that with the development of specified
modules in OpenFOAM, the present naoe-FOAM-SJTU solver can well resolve the complex
ship and ocean engineering flows.

Future development of naoe-FOAM-SJTU solver will focus on two parts, one is the
improvement of existing modules and another one is the adding more modules for ship and
ocean engineering flows. Efficiency and accuracy will be the two key issues for the
improvement of the present modules. More modules, including coupling strategy between
potential flow and viscous flow, ship optimization design, are considered to extend the ability
of naoe-FOAM-SJTU in engineering applications.

ACKNOWLEDGEMENTS

This work is supported by the National Natural Science Foundation of China (51879159,
51490675, 11432009, 51579145), Chang Jiang Scholars Program (T2014099), Shanghai
Excellent Academic Leaders Program (17XD1402300), Program for Professor of Special
Appointment (Eastern Scholar) at Shanghai Institutions of Higher Learning (2013022),
Innovative Special Project of Numerical Tank of Ministry of Industry and Information
Technology of China (2016-23/09) and Lloyd’s Register Foundation for doctoral student, to
which the authors are most grateful.

REFERENCES

[1] Shen, Z., Cao, H., Ye, H., Wan, D.C. The manual of CFD solver for ship and ocean
engineering flows: naoe-FOAM-SJTU, Shanghai Jiao Tong University, (2012).

[2] Shen, Z., Wan, D.C., Carrica, P.M. Dynamic overset grids in OpenFOAM with
application to KCS self-propulsion and maneuvering. Ocean Eng. 108:287-306, (2015),.

[3] Jasak, H. OpenFOAM: Open source CFD in research and industry. Int. J. Nav. Archit.
Ocean Eng., 1:89-94, (2009).

[4] Jacobsen, N.G., Fuhrman, D.R., Fredsee, J. A wave generation toolbox for the open-
source CFD library: OpenFoam®. Int. J. Numer. Methods Fluids, 70:1073—-1088, (2012).

[5] Higuera, P., Lara, J.L., Losada, I.J. Realistic wave generation and active wave
absorption for Navier—Stokes models: Application to OpenFOAM®. Coast. Eng.
71:102-118, (2013).

[6] Higuera, P., Lara, J.L., Losada, I.J. Simulating coastal engineering processes with
OpenFOAM®. Coast. Eng. 71:119-134, (2013).

[7]1 Cao, H., Wan, D.C. Development of Multidirectional Nonlinear Numerical Wave Tank
by naoe-FOAM-SJTU Solver. Int. J. Ocean Syst. Eng. 4:52-59, (2014).

[8] Cao, H., Wan, D. C. RANS-VOF solver for solitary wave run-up on a circular cylinder.
China Ocean Eng. 29:183-196, (2015).

11

33



Jianhua Wang and Decheng Wan

[9]

[10]

[11]

[15]
[16]
[17]

[18]

[20]
[21]
[22]

[23]

[24]
[25]
[26]
[27]

[28]

Shen, Z., Wan, D.C. An irregular wave generating approach based on naoe-FOAM-
SJTU solver. China Ocean Eng. 30:177-192, (2016).

Cao, H., Wan, D.C. Benchmark computations of wave run-up on single cylinder and
four cylinders by naoe-FOAM-SJTU solver. Appl. Ocean Res. 65:327-337, (2017).
Noack, R.W., Boger, D.A., Kunz, R.F., Carrica, P.M. Suggar++: An improved general
overset grid assembly capability. In Proceedings of the Proceedings of the 19th AIAA
Computational Fluid Dynamics Conference, San Antonio TX, pp. 22-25, (2009).

Liu, Y., Wan, D.C. Numerical simulation of motion response of an offshore observation
platform in waves. J. Mar. Sci. Appl. 12:89-97, (2013).

Zhuang, Y., Wan, D.C. Numerical Study on Ship Motion Fully Coupled with LNG Tank
Sloshing in CFD Method. Int. J. Comput. Methods, 1840022, (2017).

Zhao, W., Zou, L., Wan, D.C., Hu, Z. Numerical investigation of vortex-induced
motions of a paired-column semi-submersible in currents. Ocean Eng. 164:272-283,
(2018).

Wang, J., Zhao, W., Wan, D.C. Development of naoe-FOAM-SJTU solver based on
OpenFOAM for marine hydrodynamics. J. Hydrodyn. 31:1-20, (2019).

Zha, R., Ye, H., Shen, Z., Wan, D.C. Numerical study of viscous wave-making
resistance of ship navigation in still water. J. Mar. Sci. Appl., 13:158-166, (2014).

Zha, R., Ye, H., Shen, Z., Wan, D.C. Numerical computations of resistance of high
speed catamaran in calm water. J. Hydrodyn., 26:930-938, (2015).

Wang, J., Liu, X., Wan, D.C. Numerical Simulation of an Oblique Towed Ship by naoe-
FOAM-SJTU Solver. In Proceedings of the 25th International Offshore and Polar
Engineering Conference, Big Island, Hawaii, USA, (2015).

Wang, J., Ren, Z., Wan, D.C. RANS and DDES Computations of High Speed KRISO
Container Ship. In Proceedings of the 32nd Symposium on Naval Hydrodynamics,
Hamburg, Germany, (2018).

Shen, Z., Wan, D.C. RANS computations of added resistance and motions of a ship in
head waves. Int. J. Offshore Polar Eng., 23:264-271, (2013).

Ye, H., Shen, Z., Wan, D.C. Numerical prediction of added resistance and vertical ship
motions in regular head waves. J. Mar. Sci. Appl., 11:410-416, (2012).

Liu, C., Wang, J., Wan, D.C. CFD Computation of Wave Forces and Motions of DTC
Ship in Oblique Waves. Int. J. Offshore Polar Eng. 28: 154-163, (2018).

Wang, J., Zhao, W., Wan, D.C. Free Maneuvering Simulation of ONR Tumblehome
Using Overset Grid Method in naoe-FOAM-SJTU Solver. In Proceedings of the 31th
Symposium on Naval Hydrodynamics, Monterey, USA, (2016).

Wang, J., Zou, L., Wan, D.C. CFD simulations of free running ship under course
keeping control. Ocean Eng., 141:450-464, (2017).

Wang, J., Zou, L., Wan, D.C. Numerical simulations of zigzag maneuver of free running
ship in waves by RANS-Overset grid method. Ocean Eng., 162:55-79, (2018).

Wang, J., Wan, D.C. Dynamic coupling analysis of the mooring system and floating pier
in the South China Sea. Chin. J. Hydrodyn., 30:180-186, (2015).

Zhuang, Y., Wan, D.C. Numerical study of single point mooring system FPSO based on
overset grids. J. Jiangsu Univ. Sci. Technol. Nat. Sci. Ed., 31:574-578, (2017).

Xia, K., Wan, D.C. Numerical investigation of motion response of floating platform near
submerged terrain. The Ocean Eng., 36:10-17, (2018).

12

34



VIII International Conference on Computational Methods in Marine Engineering
MARINE 2019
R. Bensow and J. Ringsberg (Eds)

OPEN WATER CHARACTERISTICS OF THREE MODEL
SCALE FLEXIBLE PROPELLERS

Luca Savio *' and Kourosh Koushan*!

* Department of Ship and Ocean Structures
SINTEF Ocean
Trondheim, Norway
e-mail: Luca.Savio@sintef.no , web page: https://www.sintef.no/ocean/

T Department of Marine Technology
Norges teknisk-naturvitenskapelige universitet (NTNU)
Trondheim, Norway
e-mail: kontakt@marin.ntnu.no - Web page: https://www.ntnu.edu/imt

Key words: Experimental Hydrodynamics, Marine Propellers, Static Hydroelasticity

Abstract. In this paper the experimental setup, the data analysis procedure and some results
of a series of tests on 3 propeller blade designs that aimed to provide validation data for static
hydroelastic computations are discussed. The propellers were produced both in a rigid and in a
flexible variant so that the effect of elasticity of the material could be studied.

1 INTRODUCTION

The hydroelastic behavior of propellers has been a recurring topic in ship propulsion; seen at
time as a possible cause for failures of propulsive systems and some other times as an opportunity
for improving the performances of propellers as a noise and vibration sources, it often suffered
from a lack of experimental material to validate design and analysis codes. There are, as a mat-
ter of facts, very stringent limitations on what can be done in experiments on propeller models
in hydrodynamic facilities. These limitations arise both from the scaling laws the experiments
abide to and from the difficulties in producing flexible, with controlled mechanical properties,
propeller blades. However, the progresses in computer simulations of fluids and structures allow
for another strategy to be sought. In fact, it is possible to use the numerical simulations as a link
between the model scale experiments, where the test conditions can be accurately controlled,
and the full scale products, which is where hydroelasticity ultimately matters. The strategy,
that is often used in hydrodynamics, is to validate the codes in model scale, in this way ensuring
that can be used to simulate full scale phenomena.

In this paper we present the results from a series of tests carried out on three homogeneous and

isotropic flexible propeller blade sets. The three propellers are variations of the same geometry,
where the original blade skew distribution was altered. The blades were produced both in
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aluminum and in a epoxy-like resin, through the technique of resin casting. The aluminum
blades served to make the form for the resin blades, and as a reference as rigid blades since their
elasticity can be neglected in model scale. The tests were carried out in SINTEF Ocean’s large
towing tank in open water condition, i.e the inflow to the propeller was uniformly distributed.
The tests were performed at different propeller rotational speeds and at different pitch settings.
In order to establish a reference condition for the flexible propellers, all the tested conditions
were also run with the rigid blades; in this way, it was possible to quantify the significance of
the different Reynolds number at which the blades were tested. It is worth pointing out that
the terms rigid and flexible are used here to refer to the blades made of aluminum and resin
respectively; in fact, even-though also the aluminum blades are strictly speaking flexible, their
stiffness in model scale makes any deformations under the effect of hydrodynamic loads too small
to be observable; on the contrary, the resin blades clearly show deformation when loaded that
can be measured by the laboratory equipment.

Care was taken not to excite any resonance in the blades. Furthermore, since the inflow was
homogeneous, the response of the blades was static. Becuase of the lack of any dynamics, the
tests presented here fall under the category of static hydroelasticity.

1.1 Symbols used in the paper

The following non dimensional numbers will be used in the paper.
Vv

S=5 (1)
Kr = 5 e
Kq = ngg) (3)
no = ;TII::Z; (4)

where J is the advance number, K7 the thrust coefficient, K¢ the torque coefficient and no
the propeller efficient. Further, V [m/s] is the advance speed , n [rps] is the rotational speed or
shaft speed , D [m] is the diameter and P [m] the pitch of the propeller ; T [N] is the thrust
delivered by the propeller and Q [Nm] the torque absorbed by the propeller. The suffixes A and
R indicate the data relative to the aluminum and resin propeller respectively.

2 GEOMETRY DEFINITION AND MODEL PRODUCTION

When referring to hydro-elasticity of propellers it is common to think of the so called bend-
twist coupling of composite blades. Bend twist-coupling is phenomenon by which a structure
that is bent in spanwise direction shows also some twist of the sections perpendicular to the
direction of bending. In marine propellers, one typical application of bend-twist coupling is to
create a blade structure that reduces the pitch by structural response when subjected to a load
increase. The most common way of obtaining such a de-pitching effect under increased load is to
use composites materials with an ad-hoc ply orientation sequence. However, bend-twist coupling
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exists also for isotropic and homogeneous lifting surfaces when the center of pressure in away
from the elastic axis of the structure. In principle it is possible to control bend-twist coupling
of isotropic blades by changing the relative location of the blade elastic axis and the center of
pressure, for example by acting on the skew distribution. However, it has to be remarked that
the blade skew distribution is determined by considerations regarding cavitation and hence it is
very unlikely that the skew distribution can be used for controlling the hydroelastic behavior of
marine propellers. Nevertheless, for research purposes, using the skew distribution is a straight-
forward strategy to generate blades that have a different elastic behavior starting from the same
parent geometry. The propeller geometries that will be presented in the next paragraph were
designed within the framework of the project PROPSCALE for studying numerically the effects
of Reynolds number on the open water curves of marine propellers. The three geometries are
identical a part from the skew distribution; for this reason they were perfect candidates for the
purpose of generating flexible model scale propellers that show different hydroelastic behaviors.

2.1 Geometrical definition of the propellers

The parent propeller geometry from which the other geometries were derived is P1374 whose
geometry is public and a large amount of numerical and experimental data is available. Propeller
P1374 was designed by SINTEF Ocean using the design code AKPD/AKPA as a propeller to
be used for research purposes; it was, therefore, straightforward to generate variations of the
original geometry.

Propeller P1374 has a total skew of 23 degrees distributed in a balanced way. The first
variation, P1565, was obtained by removing the skew completely and the second, P1566, by
abandoning the balanced skew design for an almost linear distribution. The skew distribution
of the 3 geometries is shown in Figure 1; the skew is given in mm, according to the geometry
definitions used by AKPD/AKPA.

Skew [mm]
S

—e—cs P1374

—e—cs P1566

¢s P1565

/R[]

Figure 1: Comparison of the skew distribution for the 3 geometries
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The silhouette of the blades depicted in Figure 2 offers a visual impression of the differences
between the three designs.

Figure 2: Silhouette of the blades of propellers P1374, P1565 and P1566

2.2 Production method for the flexible propellers

The propeller blades that are used in model testing are often produced in a metallic mate-
rial, such as aluminum or bronze, with the latter being the most common, in order to limit the
deformations during testing. It is not often that the blades need to show a measurable deforma-
tion in model scale, and hence there is no standard practice on how to produce them. Several
techniques may be employed, as for example, 3D printing, milling and resin casting. After some
considerations on the advantages and disadvantages of the different options, it was chosen to
use the resin casting technique

At first glance 3D printing may appear the most appealing technique because it is fast and
relatively inexpensive. Almost any geometry, even hollow geometries, can be produced with
no added complexity to the production process. However, the homogeneity and isotropy of the
material properties of the printed object are a matter of discussion in the scientific community,
and have not being addressed until recently when 3D printing was no longer only adopted in
prototyping but also in production. Test performed in the HyDynPro project showed that,
at least for the printer that was used in that case, the printing material was rather homoge-
neous, unless the printing process completely failed. Nevertheless, given the lack of certainty on
whether the material could be considered isotropic or not, it was decided to abandon this option.

Propeller models may also be milled out of a block of raw material that has the desired
mechanical properties, ensuring that the material is homogeneous and isotropic. The list of
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materials that can be used is much larger than that can be used with any of the other proposed
techniques. Milling, in addition, is the process that is used for metal propellers and hence it may
be foreseen that most of the same production technique can be utilized. However, some aspects
have to be pointed out; first, milling plastic materials is rather different from milling metal, it
requires experience and some rethinking of the manufacturing process; second, the production
process through milling requires some manual work since some parts cannot be reached by the
cutting tool, the result of hand work on plastic may be rather different from the one obtained
with on the metal propeller. Since milling turned out to be not as straightforward as it may
have looked at first glance, it was abandoned.

Resin casting was the last technology to be evaluated, but was in the end selected because, at
least in this specific case, it is rather cheap and has reasonably short production times. The resin
casting process starts with the production of a plastic mold, made of silicon, that is obtained
from a template; the mold is, therefore, a negative copy of the template which is therefrom
called a positive. In the silicon mold it is then cast a specific resin that is left to cure in a
vacuum chamber, where the temperature is kept constant. There are two main restriction to
resin casting: the selection of materials and the need of a positive template. As far as the
selection of materials is concerned, the range of mechanical properties that the different resins
offer is not very wide; in fact, most of the casting materials have a Young’s modulus in the range
2-4 GPa. The need of the positive template may be a drawback if only the flexible object is
needed; luckily, for this project also the metallic propeller was needed and hence no extra cost
was incurred to make the positive template. In case just the flexible propeller blades are needed,
the cost of making the positive metallic template would be significantly higher than the cost of
the flexible blades.

The resin blades were manufactured by a company that specializes in rapid prototyping,
PROTOTAL A.S, using a casting resin type 8051 produced by MCP HEK Tooling GmbH. The
main mechanical properties of the material are reported in Table 1 . The reported data are taken
from the data sheet, i.e. no independent test was carried out to confirm them. The Poisson’s
ratio is not specified by the producer, but given the nature of the material, can be assumed to
be 0.33.

Table 1: Main mechanical parameters of the adopted resin

Tensile E-Modulus | 2150 MPa
Tensile Strength | 55.9 MPa
Flexural E-Modulus | 1965 MPa
Flexural Strength | 85.9 MPa
Specific Gravity Part A | 1120 | kg/dm3
Specific Gravity Part B | 1190 | kg/dm3
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3 SETUP AND EXECUTUTION OF THE TESTS
3.1 Test setup

The tests were carried out using the standard test setup used for open propellers in the
towing tank. In the standard setup the propeller is placed in front of the dynamometer that
is mounted to the towing carriage. The forward motion of the propeller is that of the towing
carriage, while the rotational speed is set by an electric motor that drives the propeller shaft.
For any given combination of propeller speed and carriage speed the thrust generated and the
torque adsorbed by the propeller are measured. The propeller is mounted on the dynamometer
as Figure 3 shows; it is important to note that only the forces generated on the left side of the
1mm gap visible in the figure are measured by the dynamometer.

Figure 3: Propeller setup on the dynamometer

Traditionally, when the tests are carried in the configuration described in this paragraph, a
test at various advance and rotational speeds with a dummy hub (instead of the propeller) and
the propeller cap is carried out to measure the resistance of the hub and cap. The measured
resistance is then subtracted from the measurement carried out with the propeller to constitute
what is the traditionally reported as the propeller open water. Also in this case the correction
test was carried out and the data are available both with and without the correction. The
uncorrected data should be used anytime it is possible to integrate the force on the entire
surface the is on left side of the 1mm gap; this is always the case for CFD codes, for example,
and therefrom the double presentation of the data.

3.2 Test conditions and execution

The same set of tests were carried out on all propellers, rigid and flexible, and comprised
variations in pitch setting (P/D), rotational speed and advance coefficient. In addition to the
design pitch ratio (1.1) a reduced pitch (0.9) and an increased pitch (1.2) were tested. The
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propellers were tested at the rotational speeds 7, 9 and 11. The advance coefficient was varied
in steps that were defined based on the pitch settings as Table 2 lists.

Table 2: Advance coeflicients as a function of the pitch setting

P/D09 P/D1.1 P/D12

0.15 0.2 0.225
0.3 0.4 0.45
0.45 0.6 0.675
0.6 0.8 0.9
0.75 1 1.125
0.9 1.2 1.35
1.05

In total 905 measurements were performed during the experimental campaign. In order to
limit viscoelastic effects in the material, the test conditions were chosen so that the material
would not be loaded more than 1/3 on its tensile strength limit. Finite element computation
were carried out to check the stress levels in the material.

The tests were conducted in the following way. First, the propeller revolutions (rps) were
adjusted to the desired value while the carriage was standing still. Then, the carriage speed was
varied in steps until the maximum J value for the given condition was reached. The recording
time between the steps was 10 seconds.

KT, 10KQ, ho

J

Time [s]

Figure 4: Example of a time series from the tests (left) and of the results from repeated runs (right)

Figure 4 left shows a typical test where the carriage speed was stepped through the different
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advance coefficients from zero speed (bollard pull) to the maximum speed, that coincided to
negative propeller thrust. The figure shows as green segments the parts of the signals that
have been identified as stable and flat regions of the signal over which the average values are
computed . A region of signal is considered to stable and flat if it can be approximated as a
segment that has the absolute value of the slope (rate of variation) lower than a given threshold.
The threshold for the slope of the carriage speed was set to 0.01m/s, for thrust to 0.1N/s and
to 0.01Nm/s for torque. Compared to the values that are normally accepted, the threshold
for thrust was higher than usual. The higher value for the threshold of propeller thrust may
indicate that some visco-elastic creep in the material was present. In order to check whether the
blades underwent significant visco-elastic deformations, at the end of every run a bollard pull
run is recorded to be compared to the one at the beginning of the run. With reference again to
Figure 4 left, it can be seen that the propeller thrust and torque at the end of the run match
those at the beginning of the run. In addition, for the flexible blades, the each condition was
repeated three times. In Figure 4 right, the three repetitions for the same propeller are shown
on the same graph; the high repeatability of the tests, witnessed by the fact that the curves are
indistinguishable, is a good indication that the blades were nor temporarily nor permanently
deformed.

4 DATA ANALYSIS AND EXPERIMENTAL UNCERTAINITY
4.1 Data Analysis

From the data recorded during the experiments, the average values over the flat regions
were extracted as shown in Figure 4. When more than one run was available for the same
propeller configuration and J value, which we will call from now on a condition, the average of
the average values was computed. Once a single value per condition was obtained, the values
were interpolated by fifth order polynomials. An example of the data fitting is shown in Figure
5 where the dots are the measured data and the lines the fitted polynomials.

[——np1566ar PD1.1 n11]

Figure 5: Curve fitting to the data
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4.2 Evaluation of experimental uncertainty

The uncertainty of the experiments has been evaluated according to the type B evaluation
as described by the GUM [1] standard. In the evaluation the sources of uncertainty that were
considered are relative both to the measurement chain and to the propeller geometrical confor-
mity. The relative experimental uncertainty has been found to be in the order of magnitude of
3% and increasing for high J values.

U rel (95%) % 100
A%

Figure 6: Relative uncertainty for n=7 rps

Figure 6 reports a typical relative uncertainty plot for n = 7 rps; this rotational speed is
considered the worst case scenario as the measured forces are the lowest of the three speeds
tested.

5 DATA PRESENTATION

It is not possible to present here all the data that were collected in the tests, but they can
be made available upon request, both as raw measured data or as interpolating polynomials.
In both cases the data are presented both with and without correction for the hub and cap
resistance.

Several of expected features that have been observed in the data will be briefly described here
in order to show how rich is the data set in terms of validation material.

The tests were performed for each propeller at different rotational speed also for the metallic
version. It is expected that the efficiency of the propeller increases with the increasing Reynolds
number; this well-known Reynolds effect can be seen in Figure 7 for one of the metallic propellers.
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Figure 7: Reynolds effect of the open water curves

The effect of the different skew distributions of the three propeller designs can be seen in
Figure 8 where the open-water curves of the three aluminium propellers are compared at the
same pitch and shaft speed.

Q0

K 10K, 7,

Figure 8: Effect of skew distribution

Because the inflow to the propellers was homogeneous, the resin blades showed a static
response to the hydrodynamic load. Albeit the deformations were not measured, the increase of
the thrust and torque coefficients of the resin blades compared to their metallic variant indicates
that the blades were surely twisted in radial direction as Figure 9 shows.

10
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Figure 9: Comparison of open-water curves for the same propeller in metal and resin

The effect of the shaft speed, that translates into propeller load, on the blade twist can be
clearly seen in Figure 10 where left to right the difference between the flexible and the rigid
thrust coefficient K = Krr — K14 at the different shaft speeds is presented for the geometries
P1374, P1565 and P1566, respectively.

Figure 10: Effect on the propeller loading on the twist of the blades

The difference in thrust coefficient K7 increases for J values lower than the J of maximum
efficiency, while it decreases for higher values of J. Propellers are designed to operate with
optimal angles of attack around the J of maximum efficiency. For J values lower than the design
one, the angles of attack are increasing with decreasing J values, while the opposite happens for
J values that are higher than the design one. In both cases the relative position of the pressure
and section shear centers changes, resulting in a varying twist of the blade in radial direction
dependent on the J value. From Figure 10 it can be seen that the all three geometries tend
to show little twist in the J range from 0.8 to 0.9, i.e. close to the design point. The blade
twist results in a global pitch increase for advance coefficients lower than the design point and
decrease for advance coefficients higher than the design one. Furthermore, a closer look to the
three graphs reveals that there are clear differences in how the different designs behave in relation
to variation in load. The relation between thrust coefficient change and J value is compared
for the three propellers for n = 11 rps in Figure 11. The reason why the three blade respond
differently to changes in J values is twofold, but both reasons relate to the skew distribution.

11
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The first reason is that the skew distribution changes quite significantly the open-water curves
as already shown in Figure 8. The second reason is that, as mentioned in the second paragraph,
the skew distribution changes the elastic axis of the blade.

~e—p1374ar P/DL1 011

Figure 11: Comparison of the different J to relative KT for the three designs at n=11 rps

6 CONCLUSIONS

The measurements performed on three propeller designs that were produced both in alu-

minium and resin have been presented. The tests were performed at different P/D settings
and propeller shaft speed in open water condition in SINTEF Ocean large towing tank. The
geometries of the propellers and the data from the tests can be obtained upon request.
The tests aimed to provide validation material for numerical simulations of the static hydroe-
lastic response of marine propellers. The test matrix is wide enough to allow validating design
and simulation codes against the effect of the Reynolds number, the effect of skew distribution
on the open-water curves of rigid propellers and the static hydroelastic response of the resin
propellers. The tests presented here are part of the FleksProp project that intends to establish
better design practices for the marine flexible propulsors, thus including not only propeller, but
also thrusters. Within the scope of the project also composite propellers will be investigated
and the interaction of the propeller with the thruster body will be considered too.
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Abstract. Different approaches for specifying the ratio of modelled-to-total dissipation (f¢) in the PANS
model, based on the k — ® SST model, are evaluated for different ratios of the modelled-to-total kinetic
energy, fr. Based on theoretical reasoning it is argued that applying f. = a- f; should have little effect,
and that f; = f} is not expected to improve the results. This is confirmed by applying the approaches to a
turbulent channel flow at Re; = 395 and 180, and comparing the results to the often used ‘high Reynolds
number’ approach (fz = 1.0). Reducing f; leads to a reduction in range of scales in the flow; dissipation
is allowed at larger scales and therefore smaller scales are suppressed.

1 INTRODUCTION

The application of high fidelity turbulence models for industrial problems, such as cavitation calcu-
lations, is mostly focused on the use of hybrid models such as Detached Eddy Simulation (DES) based
models. These models switch between Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Sim-
ulation (LES) based on the local grid size, wall distance and RANS length scale, with the aim of improv-
ing the accuracy compared to full RANS. However this approach may lead to commutation errors in the
transition between the two zones, and is highly grid dependent due to the zonal formulation. In addition
numerical error quantification is made difficult due to entanglement of the modelling and discretisation
errors. Bridging models, such as Partially Averaged Navier-Stokes (PANS), are an alternative approach
without these problems. The PANS model can operate at any degree of physical resolution, independent
of the grid, by setting the modelled-to-total ratios of turbulence kinetic energy (f;) and dissipation (f¢)
[1]. In literature, the model is applied almost exclusively using f; < 1 and f; = 1.0 (known as the ‘high
Reynolds number’ approach), an exception being the work of [2] and [3]. This approach assumes that
the PANS cut-off is located at lower wave numbers than the dissipation range and therefore that the dissi-
pation occurs entirely at the modelled scales. This is valid if there is a clear separation between the large
energy containing scales and the small dissipative scales (identifiable by the inertial subrange, which fol-
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lows Kolmogorov’s law) [1, 3]. Theoretically, for low Reynolds number flows, where the scales overlap,
or for high Reynolds number flows with a high physical resolution (low f}), part of the dissipation should
also be resolved. This implies that fe should be lower than 1.0. It is expected that the resolved structures,
obtained when f; < 1.0, should change due to increased dissipation.

Although most maritime applications are high Reynolds number flows, it is not unlikely that some
cases require high physical resolutions, i.e. low f;. For low Reynolds numbers, an often mentioned ap-
proach is to keep fi = fe, whereas for moderate Reynolds numbers, f; < fe < 1.0 has been recommended
[3, 4]. Pereira et al. [5] state that if f; = f; the only change with respect to the underlying RANS model is
an increase of the effective diffusion coefficient and cross-diffusion term; these terms go infinity when f
goes to 0. Using this approach vortex shedding for a cylinder was underpredicted, especially with lower
Jx- By contrast Lakshmipathy et al. [3] obtained satisfactory results for the same test case using a finer
grid, indicating a potential grid dependency. Frendi et al. [2] simulated a backward facing step, using a
fixed f; and varying f;. These authors state that for wall-bounded flows viscous effects and dissipation
should be taken into account by lowering f;. Better agreement with experiments was reported with this
approach, although only the parameter f; was varied, with fj kept fixed as 0.2. Their results indicated a
decrease in range of scales with decreasing f¢, due to the increased dissipation.

The current work evaluates the three aforementioned approaches for specifying fe (fe = 1.0, fe =a- fx
with @ = 2 and f; = fi) by applying them to a turbulent channel flow at both ‘low’ (Re; = 180) and
‘moderate’ (Re; = 395) Reynolds numbers. The results are compared to Direct Numerical Simulation
(DNS) reference data by Moser et al. [6]. The results of the high Reynolds number approach were
previously presented, together with LES results, in Klapwijk et al. [7]. Those results exhibited two
clear regimes, based on the value of f;. If the filter length described by fi is smaller than the driving
mechanism of the turbulent flow, proper results are obtained; if f; is larger turbulent fluctuations are not
resolved and a laminar result is obtained. In the current work only the values of f; yielding a turbulent
flow are considered, which are f; = 0.15, 0.10 and 0.05. To maintain a distinction between modelling
and numerical error, a strong aspect of PANS, f; and f; are kept constant in time and space.

This paper consists of a description of the PANS model, an investigation of the theoretical effects of
the approaches for specifying f, after which the test case and the corresponding results are described.

2 PANS MODEL
2.1 Model formulation

The Partially-Averaged Navier-Stokes equations are obtained by filtering the continuity and momen-
tum equations, thereby decomposing all instantaneous quantities, &, into a resolved, (P), and a mod-
elled (unresolved) component, ¢, according to @ = (P) + ¢ [8]. The PANS equations for incompressible,
single-phase flow are

o {u;)
=0 1
o : (1
Du;) 0 o(ui) | 9(u;) 10t (ui,u;)  19(p)
Dt axj axj axi p ij p Bxi
In these equations u; indicates the velocity components, p the pressure, v the kinematic viscosity, p the
density and T (u;,u;) the sub-filter stress tensor which is modelled using Boussinesq’s hypothesis,

2

= 2V, <S,‘j> — 3
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with v, the turbulence viscosity, (S;;) the resolved strain-rate tensor, k the modelled turbulence kinetic
energy, and §;; indicates the Kronecker delta. To close the set of equations a Reynolds Averaged Navier-
Stokes (RANS) model is used. The PANS model in this work is based on the £ — ® Shear-Stress Transport
(SST) model [1, 9]. The transport equations of the SST model are reformulated including the modelled-
to-total ratio of turbulence kinetic energy and dissipation rate

k o0 fe

fe=% and Jo=5="7" “)

This leads to the reformulated equations

Dk . 0 fo\ 0k
D7 =P —P mk+a ” [<v+v,cskfk> axj] , Q)
Do o Bo fo w2 fo ok 0w
— =—P- P’——|—>m+[<v+vc > }+21—F —=—, (6
Dt v : < Jo  fo X j ! mfk (0] fk( l)ax] ax] ©)
with
, ofrk _ ark
F= 7 and Vi= max (a;®; (S) F)’ )

For the model constants and auxiliary functions, F; and F», see Menter et al. [9], while for more details
on the implementation of the PANS model used here, the reader is referred to Pereira et al. [5].

Note that the separation into a resolved and a modelled component is very similar to the LES ap-
proach. Both approaches can be classified as variable-resolution turbulence simulations but based on a
different closure paradigm; the closure of PANS is viscosity-based (sub-filter viscosity is a function of
the modelled flow field (k, ®)), whereas in LES the closure is grid-based (sub-filter viscosity is a function
of the cut-off length scale (A)) [10]. Consequently, in contrast to LES, the cut-off length scale of the
resolved flow is not predetermined in PANS. The physical resolution is only determined by the settings,
this leads to an overlap between the PANS resolved and modelled spectra [10], as shown in Figure 1.
Since the grid remains fixed, computations with an f; larger than what the grid allows are comparable to
an explicitly filtered LES although based on a different modelling framework. Computations with a very
low f; value are effectively an Implicit LES (under-resolved DNS).

log E(x) Overlap region

I

: Resolved Modelle
spectrum spectrum
Cut-off logx

Figure 1: Schematic PANS wave-number energy spectrum, showing the overlap between resolved and
modelled velocity scales. Based on Reyes et al. [10].
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2.2 Specifying f;

Kinetic energy is mostly contained in the larger scales, whereas dissipation occurs in the smallest
scales; this dictates 0 < f; < fe <1 [4]. For specifying f;, three Reynolds number regimes can be
distinguished in literature, which lead to different corresponding values of f;: the ‘high’, ‘moderate’ and
‘low’ Reynolds number approaches. Generally speaking in the high Reynolds number case, there is a
clear separation between the large energy-containing scales and the small dissipative scales (identifiable
by the inertial subrange, which follows Kolmogorov’s law) [1, 3]. For a low Reynolds number flow these
scales overlap. A moderate Reynolds number lies between these limits. In terms of scale separation,
clearly this distinction is difficult to quantify. In generalised form, if f; is taken as f; = a- f;, the
transport equations (5 and 6) reduce to

Dk . 0 ok
o P. —B mk+a—x/ [(v+v,cskfk> axj] )
—~ ~ =~

I II III v
Do « Bm M Cw2 a ok 0w
o _V—IP - ((1—a) - >m+ax] [<v+v,omfk> ax]l +2— (1-F)5-—=5—. ©
—~—

v VI viI VIII IX

In the k equation (8), term (I) indicates rate of change plus convection, (II) rate of production, (III) rate
of destruction and (IV) transport by molecular and turbulent diffusion. In the ® equation (9) the terms
are rate of change (V), rate of production (VI), rate of destruction (VII), transport by molecular and
turbulent diffusion (VIII) and cross-diffusion (IX). This last term is a result of the € = k® transformation
in the construction of the SST model [11]. The terms in red differ from the standard SST model. For
these equations the effect of the three approaches for specifying f; will be discussed from a numerical
perspective. It is clear that terms (I), (II), (III), (V) and (VI) are independent of f; and a.

High Reynolds number approach In this case fe = 1.0 (@ = 1/ f); here the transport by diffusion
(IV and VIII) and cross-diffusion term (IX) increase proportionally to 1/ sz with decreasing f;. The rate
of destruction (VII) decreases proportionally to fi. So for f; < 1.0 the diffusion term in the k equation
increases, spreading the modelled turbulent kinetic energy in space. At the same time, in the ® equation,
the diffusion terms dominate over the destruction term. This implies that for low f; values the dissipation
is more spread out in space but the rate of destruction of ® is reduced.

Moderate Reynolds number approach In this case fe = a- f; with 1.0 < a < 1/f;. Consequently
terms (IV), (VIII) and (IX) increase proportionally to a/ fy. Term (VII) is independent of f; and is propor-
tional to a. Again the diffusion terms increase, and the destruction term in the ® equation decreases. The
difference between these terms is smaller than for the high Reynolds number approach, so it is expected
that dissipation occurs more locally.

Low Reynolds number approach In the limit of f; = f; (@ =1.0) terms (IV), (VIII) and (IX) increase
proportionally to 1/ f;. Term (VII) is now constant and reduces to Bw?, which is identical to the original
SST model. The term containing P’ disappears completely. With decreasing f; the model remains
identical to the SST model but with increased diffusion and cross-diffusion terms (IV, VIII and IX) [5].
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Reyes et al. [10] derived the relationship between PANS and RANS turbulence viscosity as

Vi,PANS fi

= (10)
ViRANS  Je

and related the PANS Kolmogorov scales to the physical integral scales for length (n/L), time (t,,/T)
and velocity (uy/U) as

n 3/4fk3/2 I 1/2 fx Un 12 ,1/2
ZNCﬂ e ?NCM x ﬁNCM L (11)
The effect of the different approaches on these ratios across the f range is shown graphically in Figure 2,
with a = 2 used throughout as example. Note that these ratios are independent of Reynolds number. The
figure is corrected for the fact that f; cannot be not higher than f;. The point after which the viscosity and
length scales for fe = 1.0 and f¢ = a- f; deviate, and where a discontinuity for the time scale is located,
lies at f; = é For the turbulence viscosity and the length scales, the high Reynolds number approach
yields the lowest ratios across the entire fj range, meaning that the turbulence viscosity is lowered, more
unsteadiness and smaller length scales can be expected in the solution. The moderate Reynolds number
approach yields the same if f; > é; for fi < % the turbulent viscosity and length scales are larger, i.e. it
is expected that the smallest structures are absent. The low Reynolds number approach yields the highest
ratio for all f; except at the limits of f; =0 or 1. The time scales however show the opposite trend, across
the f; range the lowest ratio is for the moderate Reynolds approach. The low Reynolds number approach
is independent of f;, while the high approach lies in between these limits. The velocity scales decrease
with fk1 /2 independently of fe.

Note that for the high Reynolds number approach there is little difference in terms of turbulence
viscosity and length scales if f; is small (in the range f; < 0.2). This corresponds to the findings in
Klapwijk et al. [7], where only a fully developed turbulent solution was found for small f, but then little
difference was seen between the different f; values. In contrast, in this range the time scales are strongly
affected.
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Figure 2: Relationship between PANS and RANS turbulence viscosity, v;, length, 1, /L, time, #,, /T, and
velocity scales, un, /U, versus f; for different f approaches. Here a = 2.

Based on these theoretical observations some questions arise concerning the use of the low Reynolds
number approach. There appears to be no clear advantage; additional diffusion is added in the equations,
and theoretically the the turbulent viscosity and length scales are larger than for the high Reynolds num-
ber approach, indicating that the smallest scales will be suppressed. For the moderate Reynolds number
approach, small differences compared to f; = 1.0 are expected, and only for low f;. In order to check
these findings in a practical case, in the remainder of the paper the three approaches are applied to a
turbulent channel flow at two different Reynolds numbers (Re; = 395 and 180).
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3 NUMERICAL SETUP AND SOLVER

The numerical setup has already been reported in Klapwijk et al. [7]. Computations are made using a
rectangular domain, with two no-slip walls oriented normal to the y-axis (see Figure 3). The remaining
boundaries are connected using periodic boundary conditions in order to approximate an infinite channel.
Comparisons between different model settings are performed on a Cartesian grid, with a density of N, =
127, Ny = 95 and N; = 95 with clustering towards the walls. For Re; = 395 this results in x* ~ 12, y* ~

0.1 and z* ~ 10. The non-dimensional time step At* = ’ggt ~1x 1073 leads to Art = @ ~0.08 (2000
time steps per flow-through time). The grid density and time step are below LES guidelines and approach
DNS resolution [12]. To maintain the proper bulk and friction Reynolds numbers, Re;, = U,,Tzs and Re; =
’%5 respectively, a body force is applied which is proportional to the pressure gradient %’ = —%, with
T,, = pu? [13]. The Péclet number has a magnitude of O(10). As shown in the literature, the use of scale-
resolving turbulence models for a turbulent channel yields a so-called supercritical laminar solution for
which many flow-through times are needed to trigger transition to the turbulent regime [14]. In order
to speed up the transition, the method suggested by Schoppa and Hussain [15] is used here. For more
details, see Klapwijk et al. [7].

The numerical solver used for all simulations in this work is ReFRESCO, a multiphase unsteady
incompressible viscous flow solver using RANS and Scale-Resolving Simulation models such as SAS,
DDES/IDDES, XLES, PANS and LES approaches, complemented with cavitation models and volume-
fraction transport equations for different phases (www.refresco.org). Time integration is performed im-
plicitly using a second-order accurate scheme, all terms in the governing equations are discretised in
space using second-order accurate central differencing, except for the convection terms of the turbulence
equations, which use a first-order upwind scheme.

Symbol Case 1 Case 2
Re; 395 180
Rey, 13800 6300
 [m] 0.1 0.1

Up [m/s]  6.928x 1072 3.157x 1072
uz [m/s] 3.966 x 1073 1.807 x 1073
T, [IN/m2] 1.570x 1072 3.259x 1073
v [m?/s] 1.004 x 107 1.004 x 10
p [kg/m3] 998 998

Figure 3: Schematic overview of the domain and physical parameters. The dashed lines indicate the
computational domain. The figure is based on the drawing of de Villiers [14].

4 NUMERICAL ERROR ESTIMATION

In order to verify the results the numerical errors were investigated. A distinction can be made be-
tween input, iterative, discretisation, and, in the case of unsteady computations, statistical errors. The
input error is assumed to be negligible; the effect of the other error sources is investigated here.

Iterative error The residuals, normalised by the element on the diagonal of the matrix in the system
of equations, were used to check the iterative convergence. Following the approach advocated by Eca
et al. [16], a computation (f; = 0.10, fz = 1.0) was performed using different iterative convergence
criteria (L, = 1073,1074,1072,10°°, 107 and 10_8). Five flow-through times are computed, starting
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from a fully developed solution. Due to the limited number of flow-through times these results have a
larger statistical error. The effect on the mean velocity (%/Uy), Reynolds stresses (Re;; = ufu;- / u%) and
turbulence kinetic energy spectra (E,(f) at y* ~ 20) is shown in Figure 4. The mean velocity appears
almost unaffected; for the Reynolds stresses and spectra, L, = 107> and 10™* show a large mismatch
with the reference data. The magnitude of the peak value Re,, and the turbulence kinetic energy spectra
converge for stricter convergence criteria towards the DNS data. As a compromise between cost and
accuracy, the criterium Ly = 107° is used in the remainder of this work. This yields a negligible iterative
error compared to the statistical error. Applying this criterium leads to a residual of L., = 107 in each
time step for momentum. The residuals for pressure and turbulence equations are at least one order of
magnitude smaller.

Discretisation error To assess the effect of the discretisation error, four different grids (with refine-
ment ratios r; = h; /h; = At;/At; = 1.00, 1.25, 1.57 and 1.97) were employed. The effect is again shown
in Figure 4. Both the mean velocity and Reynolds stresses appear reasonably insensitive to grid resolu-
tion, only Re,, deviates slightly on the finest grid. The main differences are observed for the turbulence
kinetic energy spectra. Grid refinement leads to a slightly increased cut-off frequency, since the smaller
cells allow for higher frequencies to be resolved. This indicates that the employed f; (0.10) is below
the grid cut-off, i.e. the grid is not at DNS resolution. Based on the similarity between the results it is
concluded that the coarsest grid has a sufficient resolution.

Statistical error To remove the start-up effects and estimate the statistical uncertainty of the results,
the Transient Scanning Technique is employed [17]. In Klapwijk et al. [7] it was concluded that the
first 11 flow-through times must be removed to eliminate the start-up effects. The mean values are then
computed based on approximately 45 flow-through times, resulting in a statistical uncertainty for the
mean axial velocity between 0.5 and 2.5%, and for the Reynolds stress components between 5 and 10%.
For more details the reader is referred to Klapwijk et al. [7].
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Figure 4: Mean velocity (u) profiles, Reynolds stress (Re,,,) profiles and turbulence kinetic energy spectra
(E,y+~20(f)) using different iterative convergence criteria (top row), and on different grids (bottom row).
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5 RESULTS FOR DIFFERENT f;

For all figures in this section the three approaches (‘high’, ‘moderate’ and ‘low’ Reynolds number) are
shown from left to right, indicated as H, M and L respectively. For M, f; is taken as 2- f, i.e. a = 2. For
Re; = 180, the initialisation method (Section 3) yields a laminar flow for M and L. This is an indication
of added dissipation (the initial perturbations are dampened). For comparison purposes, a second set of
computations is performed where the computations are restarted from a fully turbulent H computation.

Figure 5 shows the mean velocity versus the channel height. For both Re; values H matches the
DNS well independently of fi. M shows slight discrepancies in the profile; especially for Re; = 180, the
velocity is underpredicted near the centre. L at Re; = 395 and with f; = 0.15 shows a more parabolic
profile, which is an indication of a laminar flow. Both of the lower f; values do show a turbulent flow
profile, however the boundary layer appears to be thinner than half of the channel height. The velocity is
almost constant in the region 0.5 <y/3 < 1.0. At the lower Rer, both f; = 0.15 and 0.10 show a laminar
profile. The profile for f; = 0.05 matches the DNS data reasonably well.
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Figure 5: Velocity profiles (z1/U,), from left to right H, M and L for Re; = 395 (top) and 180 (bottom).

Figure 6 shows two components of the Reynolds stress profiles. The results for H and M are very
similar. For both Re., Re,, and Re,, both show the correct profile, the magnitude converges towards the
DNS data with decreasing fi. Re,, is slightly underpredicted. Re,, at Re; = 180 is overpredicted near
the wall for H and M. L clearly deviates from the reference data. At Re; = 395, the Re,,, profiles show the
correct shape, but fy = 0.15 and 0.05 underpredict the magnitude. Re,, is not captured by all f; values.
For Re; = 180, the profile is correct for f; = 0.05, although the magnitude is not well captured. For this
Re, fi = 0.05 is again the only setting which captures Re,, reasonably. For the other f; settings, Re,, is
almost zero, indicating laminar flow, which is in agreement with the mean velocity profiles.

The turbulence kinetic energy spectra are shown in Figure 7. As expected the spectra at the lower Re,
show less scale separation, while for the higher Rer, a —5/3 slope is observed in part of the frequency
range. For H the value of f; has little influence on the spectra, for M the effect of reducing f} is more
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Figure 6: Normalised Reynolds stress profiles (Re;;), from left to right H, M and L for Re; = 395 (rows
one and two) and Re; = 180 (rows three and four).

visible. A lower f; leads to more resolved turbulence, i.e. more energy in the spectrum and a higher
cut-off frequency. This effect is the largest at Re; = 180. The same influence of f; is clear for L; only
Jr = 0.05 at Re; = 180 matches the reference set, but still the energy at higher frequencies is lower than
for M and H. In all other computations the energy is too low, the spectrum shows again that the flow is
mostly laminar. It is clear that reducing f; reduces the energy in the spectrum; M contains less energy
than H, again especially at higher frequencies.

Finally the effect of f; on the flow is visualised using structures based on the Q-criterion in Figures 8
and 9 for Re; = 395 and 180 respectively. For both Reynolds numbers the same observations are made;
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Figure 7: Turbulence kinetic energy spectra (E, y+~20(f)), from left to right H, M and L. Re; = 395 (top
row) and Re; = 180 (bottom row).

for H the structures appear independent of f;. M shows a large dependency on fi; lowering f leads
to more and smaller scales, for higher f; only larger structures are observed away from the walls. This
decrease in range of scales is in line with results by Frendi et al. [2]. The behaviour can be related to the
definition of f;: for fe = 1.0, all dissipation occurs at the smallest scales, while if f < 1.0, dissipation
can also occur at larger scales. As a consequence the smaller scales are suppressed, since the turbulence
is dissipated ‘earlier’. By reducing f; and thereby also f; the range of scales increases again. For L
the absence of structures for f; = 0.15 for both Rer, and for f; = 0.10 for Re; = 180 again indicates a
laminar flow. f; =0.10 at Re; = 395 shows some large structures, but these do not resemble the turbulent
structures as seen for the other approaches or for LES simulations [7]. For f; = 0.05 it is observed that
the smallest structures are absent, which is in line with the turbulence kinetic spectrum.

6 CONCLUSIONS

Different approaches for specifying f; in the PANS model were compared based on theory and tur-
bulent channel flow simulations. Little difference between the moderate and high Reynolds number
approaches was found. The moderate Reynolds number approach does have a larger dependency on
Jx, since due to the smaller value of f¢, the turbulence dissipation is no longer confined to the smallest
scales. For the low Reynolds number approach, it was demonstrated that excess diffusion is added to the
equations. A laminar-like solution is obtained independent of the flow initialization or Reynolds number.
It is concluded that even at a low Reynolds number, f; = f; is an approach which should not be used
due to the suppression of the smaller scales. Only when using a very low f; (in the DNS limit) reason-
able results for the mean velocity and Reynolds stress profiles can be obtained, although in that case the
results obtained using f; = 1.0 also match the reference data well for the present test case, and contain
more energy at the smaller scales.
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Figure 8: Instantaneous turbulent flow fields (Q = 0.7), coloured by u* = %/U,. From left to right
fr = 0.15, 0.10 and 0.05, for f; = 1.0 (first row), fe = 2- fr (second row) and f; = f; (third row).
Rer = 395.

Figure 9: Instantaneous turbulent flow fields (Q = 0.7), coloured by u* = %/U,. From left to right
Jr = 0.15, 0.10 and 0.05, for f; = 1.0 (first row), fe = 2 - fr (second row) and f; = f; (third row).
Re; = 180.
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For industrial flow cases at high Reynolds number, it is recommended to use f; = 1.0. That being
said, if the reasoning is followed which leads to allowing fj to vary in time and space, one can wonder
whether the same should be applied to f¢, i.e. fe depending on local flow quantities. There is currently
no relationship to dynamically estimate f; found in the literature, while pursuing this method has the risk
of re-introducing the problem of numerical and modelling error entanglement.
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Abstract. This paper presents the progress in the development of a novel numerical technique
which utilizes the combination of grid based and grid free computational methods. This novel
Large Eddy Simulation approach with a direct resolution of the subgrid motion of fine concen-
trated vortices. The method, proposed first by [10], is based on combination of a grid based and
the grid free computational vortex particle (VPM) methods. The large scale flow structures are
simulated on the grid whereas the concentrated structures are modeled using VPM. Due to this
combination the advantages of both methods are strengthened whereas the disadvantages are
diminished. The procedure of the separation of small concentrated vortices from the large scale
ones is based on LES filtering idea. The flow dynamics is governed by two coupled transport
equations taking two-way interaction between large and fine structures into account. The fine
structures are mapped back to the grid if their size grows due to diffusion. Algorithmic aspects
specific for three dimensional flow simulations are discussed. Validity and advantages of the new
approach were illustrated for a well tried benchmark test of the decaying homogeneous isotropic
turbulence and turbulent free jet flow. The aim of this paper is to present some new results on
the possibility of the model reduction and explanation of the anisotropy of fine scale vortices.

1 INTRODUCTION

Insufficient resolution of fine vortex structures in turbulent flows is one of the key problems
in Computational Fluid Dynamics (CFD). The most advanced and popular technique to resolve
multi scale flow structures is the Large Eddy Simulation (LES) which is based on the idea of
scale decomposition into large and small ones. While the large eddies are directly resolved on
the grid, the effect of small vortices is taken into account through a subgrid stress (SGS) model.

The subgrid motion is not resolved in LES but rather it is modelled using different functional
and structural approaches. However, there are many problems which require direct representa-
tion of the subgrid motion to simulate, for instance, mixing or particle dynamics in turbulent

60



S. Samarbakhsh and N. Kornev

flows. In our previous papers (see [11, 9, 16, 10, 12]), we propose a simulation technique resem-
bling LES with an effort to directly reproduce the subgrid motion at least in the statistical sense.
It is suggested to apply a hybrid grid and particle based method, utilizing a combination of the
finite volume and computational vortex particle (VPM) (see [5]) methods. The large scale field
is represented on the grid like in LES, whereas the small scale one (subgrid field) is calculated
using the VPM. The new method called VTLES is a purely Lagrangian one for small structures
and purely grid based one for large scale structures.

The method is based on the decomposition of the velocity u and vorticity fields w into the
distributed large scale (upper index ’g’) and concentrated small scale (upper index 'v’) fields:

u(x,t) =uwd(x,t) + u’(x,t),w(x,t) = wI(x,t) + w’(x,t) (1)

The fine vortex detection procedure utilizes the Large Eddy Simulation (LES) filtration ap-
plied to the grid based velocity field u9:

oo

wl(x,t) = / u(s,t)F(x — s)ds (2)

—0o0

where F(x —s) is a certain filter function. The small scale velocity field u’ calculated as the
difference between the original and filtered fields

w(x,t) = u9(x, t) — @(x,t) (3)

should be approximated by vortex particles in regions of concentrated vortices which are detected
using any vortex identification criteria, for instance, A ([1]). The cells with A; > A¢;j min contain
the vortices which in principle can be converted to vortex particles. Such cells are marked as
active ones using the A; gerive field:

17 if )\ci > >\ci min
i active = ’ 4
bactive {0, otherwise )

where Aci min is a certain small value introduced in order to limit the number of particles.

To keep the required computational resources on an acceptable level, only small vortices
with size proportional to the local cell size A are to be converted to single vortex particles.
Neighboring cells which all have A; 4ctive = 1 form large vortices. For them it is supposed that
the larger vortices with scales of a few A can accurately be represented on the grid. Therefore
the next task is to detect cells with fine vortices. According to our algorithm, all neighboring
cells of the ¢ — th cell are checked for the condition Aej > Acimin. If all neighbors fulfill this
condition, we identify a cell cluster which remains on the grid and all its cells become non- active
Aijactive = 0. Only vortices in cells keeping A; qctive = 1 are to be replaced by vortex particles.

At each cell with \; 4etive = 1 the new vortex particle is introduced at the cell center if the
permissible number of vortex particles per cell Ny is not exceeded. Otherwise, the new vortex
replaces the cell’s weakest one. The number N,; was introduced to keep the total number at a
reasonable level. This restriction is conform with the concept that the largest contribution to
the subgrid kinetic energy is made by a small fraction of the strongest vortices. The radius of
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the new vortex is set as 0 = BVoll-1 /3 , where [ is the overlapping ratio which is taken as 8 = 2
and Vol; is the volume of the i-th cell. A thorough analysis of the influence of N, and A min
for the jet case is given in [12] in Sec. 4.3.5. The vortex particle strength is calculated as

a = Volw’ = Vol;(V x u) (5)

The velocity u”(x,t), induced by the vortex particles, is calculated at grid points x using the
Biot-Savart law .
u’(x,t) = iV X / Md‘/(ﬁ)
4m FlowVolume |X - £|
and subtracted from the grid velocity u9"™*" = u9 — u’. Thus, the total velocity at grid points
u?"% 4 u¥ = w9 remains constant after the vortex particle generation procedure.

A thorough validation and verification study is performed for wall free flows including decay-
ing isotropic turbulence (DIT) [4] (see results in [12]) and free turbulent jet [8, 2] (see results in
[15]) test cases. The aim of this paper is to present some new results on the possibility of the
model reduction and explanation of the anisotropy of fine scale vortices.

new

2 GOVERNING EQUATION

The evolution of vortex particles and large scale flow represented on the grid is described by
a system of two coupled transport equations derived in [9, 10, 12] for incompressible isothermal
flows:

ou? 1 _
T + (u? - V)u? = —-Vp? + vAu? +u? x w9 (6)
p
dw" -
p = (W’ - V)(u'+u’)+rvAw’ + V x [u’ x w? —u? x w9, (7)

The sum of the curl of the first equation and the second equation retrieves the original Navier
Stokes equation written in the form of the vorticity transport equation. The first equation (6)
is coupled with the second one (7) through the additional term u?” x w9 whereas the coupling
of the second equation with the first one is due to the terms (u9 - V)w", (w’ - V)ud and V x
[u’ X w9 —u? x w9. The equations (6) and (7) are solved sequentially. The first equation is
solved on the grid whereas the second one uses the grid free Vortex Particle Method (VPM) [5].
The physical meaning of the coupling term u’ x w9 is explained in [10]. The vortex particle
displacement is calculated from the trajectory equation

L (3)
where ¢ is the particle number. Computation of the velocity induced by vortex particles u’
is performed with the direct summation of the Bio-Savart law taking into account one or two
layers of neighboring cells. Only induction of the neighboring points is taken into account
because the velocity u’ is much less than w9 and it is mostly determined by interaction of
neighboring particles lying at a short distance. The justification of this simplification presented
in [12] is that the correlation between neighboring small scale vortices is weak and they are well
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separated. This simplification can be considered as a kind of model which results in a very fast
computational procedure of a local character suitable for parallel calculations.
The velocity induced by a vortex particle can be calculated from the formula

v_ 1l axg

W= e (e ) (9)

proposed by [14]. Here o and o are the strength and the radius of a vortex particle, which
are defined below. The velocity induced by a set of particles u? is calculated as the sum of
u,. It should be noted that the technique presented here is independent of any specific choice
of vortex particles. Particularly, a set of functions introduced in [13] can be used within the
present method.

3 NUMERICAL SOLUTION OF THE EQUATIONS (7) AND (8) USING THE
VPM

Instability of numerical solution of the equation (7) caused by the stretching term (w-V)u is
the most important problem of the VPM along with the computation of the velocity u’. In grid
based methods with low and moderate order schemes, the action of the stretching is effectively
counterbalanced by the numerical viscosity which is very low in Langrangian vortex particle
methods. Theoretically, a stable VPM solution can be obtained by increasing the accuracy
of the stretching and diffusion simulation which can be attained by a high number of vortex
particles and high temporal resolution. Both make the method impractical at least for high
Reynolds numbers. After many efforts the authors settled on the algorithm which was originally
proposed by [7] and modified in [12]. This algorithm consists of the following substeps:

e Calculation of the change of the vorticity strength magnitude

dw’]  dvw’-w' = w’ dw’

dt dt  Jwv| dt

(10)
where % is calculated from (7) without the viscous diffusion term. The term (w" - V)u’ is
calculated taking into account adjacent vortex particles located only within one or two layers of
neighboring cells.

e Calculation of the particle length from the equation of the elementary section dl transported
in inviscid flow

dl [ d|w"]

g 11

dt  |wv| dt (11)
e Calculation of the particle core radius from the equation describing the transport of an ele-
mentary tube with length [ and radius o in inviscid flow

do o dl
W Aa (12)

e Consideration of the viscosity influence using the core spreading method (CSM) (see [5]). The
particle core radius is increased by Aoc:

Ao = VAvAt (13)
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e Calculation of the new particle orientation

dw"?

*: ’Ut
w w(t) + o

At (14)

e Calculation of the particle strength magnitude from [7]

o(t+ At
a(t + 20 = Ja(n 12D (15)
o(t)
e Calculation of the new strength vector
a(t + At) = \a(t+At)|’::*‘ (16)

In the original version proposed by [7] the next step should be the redistribution of particles
whose length has doubled. According to our experience the redistribution results in an avalanche-
like increase of the vortex particles number in areas of strong stretching. To prevent this [7]
proposed a special elimination procedure based on a knowledge of a threshold for the dissipation
rate which is difficult to set in a general flow case. To develop a robust code, to obtain a stable
solution and to keep the particle number in a reasonable range we avoid the redistribution
procedure in our computations. Thus, the smallest vortices are removed. This reduces the
range of scales that must be resolved in a numerical calculation. Such a reduction, as pointed
out by [3], is an immanent part of every turbulence model.

There is a permanent exchange between the small vortices and large scale ones represented on
the grid. Large scale vortices become small due to stretching and are converted to particles. If
particles grow due to viscosity and flow stagnation and exceed some size they are mapped back
to the grid. The simple Euler method is used for the integration of the differential equations.
The flowchart of the whole algorithm is presented in [12].

The present method has the same error sources as every LES model [6]. Two comments
should be made on the filtering errors. First, the authors understand that the models relying
on the small scales comparable with cell sizes can suffer from the filter aliasing errors inherently
presented in each numerical method. For instance, such errors most strongly affect dynamic
type models which rely heavily on the smallest scales to determine SGS properties [6]. Second,
since our algorithm does not use commutation of differencing and filtering operators which is
the big difficulty in LES formalism and represents the second part of the filtering errors, the
commutation error is not present.

4 RESULT AND DISCUSSION
4.1 Summary of previous results

Validation and verification performed for wall free flows including decaying isotropic turbu-
lence and free turbulent jet test cases revealed the following facts:

e The effect of the term u? X w9 in the equation (7) is similar to that of a LES subgrid model.
At coarse resolutions, it acts as a diffusive Large Eddy Simulation subgrid model resulting in a
LES-like behavior of the whole method.
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e The energy back scattering is captured by the present method. As mentioned in [15],
the intensification of the turbulent kinetic energy due to back scattering is proved to be very
important to properly reproduce the jet breakdown and transition to turbulence close to the
nozzle without any artificial turbulence forcing at the nozzle.

e The term u? x w9 is automatically switched off when the resolution increases, i.e. the
present method is consistent and converges to the Direct Numerical Simulation.

e In the laminar flows the vortex particle influence is automatically switched off because of
reduction of vortex particles population and weakening their strengths in the smooth laminar
velocity fields.

e The Reynolds stresses of the velocity field induced by particles possess the pronounced
anisotropy which is space dependent.

e The model for the jet case can be sufficiently reduced by neglecting the inner interaction
between particles. This results in a drastic reduction of the computational time.

Some additional results on the model reduction and anisotropy Reynolds stresses are given
in this section. The results are obtained for the free jet at the Reynolds number Re = 10* based
on the jet center line velocity at the nozzle U; = 1m/s and the nozzle diameter D = 0.01m, i.e.
Re = U;D/v. Description of the grid with 1.5 - 10° cells and numerical setup are thoroughly
described in [15].

4.2 Model reduction

As shown in [12] the equations (7) and (8) can sufficiently be reduced by neglecting inner
interaction between vortex particles without a significant loss of the simulation accuracy. The
reduced equations take the form:

ow’
Ot

+ (v - Vw? = (W’ V)u! + vAw’, (17)
and the r.h.s of the trajectory equation (18) contains only the grid based velocity

dr;
L (15)
As demonstrated in [12], the influence of inner interactions on spatially averaged kinetic energy
and scalar dissipation rate is relatively weak and can be neglected in the calculation. Thereby
the computations can be done sufficiently faster.This model is further referred to as the passive
vortices model. Within the next simplification step the influence of the grid based solution on
the evolution of vortex particles strengths is neglected. The equations describing the vortex
particle evolution take the simplest form:

8(; + (v’ - V)w?! = vAw?, (19)
dI‘i

Figure 1-a demonstrates results for the r.m.s. of the axial velocity obtained using the full
model equations (7) and (8), passive vortices model equations (17) and (18) and the model
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without influence of the grid based flow on vortex particles strengths (19) and (20). The dif-
ference between all results is negligible pointing out that vortex particles serve just as triggers
or intensifiers of turbulence and their inner interaction doesn’t contribute sufficiently to the
flow evolution. Hence the name of the method is the LES intensified by the vortex particles or
VrLES .

In the next step of model reduction only the influence of vortex particles generated in the
current time step are considered and vortex particles generated in the previous time step were
mapped back to the grid. If it would work, the whole modeling approach described above can
be neglected and just a small perturbation caused by new generating voritces would be enough
to trigger the turbulence on a proper level. The motion and strengths change of vortices is
not considered. The time of computations would be the smallest among all models since the
resulting model becomes rudimentary. As can be seen in Figure 1-b the result shows that the
vortex particles trigger the turbulence and have a good agreement with experiment in the near
jet exit region while in the far field region decay of the kinetic energy is not proper. It can be
interpreted in this way that the energy drain of fine scale motion from large scale motion is not
high enough and accumulation of kinetic energy on the grid flow motion happens. Concluding,
not only new generated vortices but also the whole set of vortices including those generated
upstream in previous time steps have a significant influence on the turbulence development
downstream. With other words, the fine scale vortices model (7) and (8) can be reduced but
not neglected.

4.3 Anisotropy of fine scale structures induced by vortex particles

Since a deterministic prediction of a turbulent flow as mentioned in the definition of the
turbulent motion by Lesieur (1997) is practically impossible, the task of every SGS model is to
reproduce the subgrid motion only in the statistical sense. The following features of the subgrid
motion should be captured by a proper subgrid model: non-equilibrium effects including laminar-
turbulent zones, energy backscatter and anisotropy of fine scale motion. In this subsection the
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Figure 2: Distribution of the diagonal Reynolds stress components for the total velocity u? + u? along
the jet axis. Symbols show experimental data.

anisotropy of velocities induced by fine vortices is discussed.

The total flow shows a well pronounced anisotropy with the dominance of the axial fluctua-
tions on the jet centerline (see Fig. 2). Reynolds stresses R; of the velocity field u¥ shows also a
clear anisotropy which is space-dependent. On the center line at x/D > 5 two diagonal stresses
are equal to each other RY, ~ Rj; and dominate over R{;(see Fig. 3). To explain this effect, we
consider stochastic distribution of the statistically independent axis-symmetric vortex particles
on the centerline with strengths aligned with the x-axis. They induce velocities u> = 0 and
uy # 0, u? # 0. Due to axis symmetrical character of each vortex the spatially averaged squares

of velocities uy and u? are equal, i.e. (uy)? = (u¥)?. Precession of vortices around their spins
causes the appearance of the longitudinal velocities uy which are much smaller than uy and u?.
Thus, the jet axis area at /D > 5 is populated by vortex particles with axes predominantly
oriented along the jet propagation or mean flow direction. At x/D < 5 on the centerline and at
r/D = 0.25 the fine scale turbulence is nearly isotropic R}, ~ Rb, ~ RY5 in the beginning of the
jet development (see Fig. 4-a), i.e. this area is populated with vortex particles with orientations
uniformly distributed around a sphere. Further downstream the same anisotropy takes place as
that on the jet axis. At the jet boundary the fine scale turbulence becomes anisotropic with a
clear dominance of the radial fluctuations RS, > R}, ~ RY; (see Fig. 4-b), i.e. the dominating
fluctuations are in the direction of the dominating large scale entrainment motion.
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5 CONCLUSION

The paper presents validation and verification study of a novel VrLES method which is based
on the decomposition of the flow structures in large scale ones, resolved on the grid, and small
scale ones, represented by vortex particles (see also [10] and [12]). In this paper it was shown
that the model can be sufficiently reduced. However, the reduction has a certain limit. The
inner interaction between vortices and the influence of large scales on strengths of fine vortices
can be neglected. This results in a very efficient and fast computational procedure. However,
the whole fine scale vortices model (7) and (8) can not be neglected. The Reynolds stress of the
velocity field induced by particles possesses a pronounced anisotropy which is space dependent.
The next task is the validation of VaLES for wall bounded flows which will be considered in
future works of the authors.
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Abstract. In this paper, the CFD technology widely used in biomimetic applications is firstly
reviewed in a brief manner. We then present two types of computational models employed in
studies of ray-finned fishes: single-fin model and body-fin model. The single-fin models
capture some key features possessed by real fish fins, such as anisotropic property, flexible
rays and actively controlled curvature. In the body-fin models, the fish motion can be either
prescribed or predicted. Fish models with prescribed motions are usually employed to provide
insights in the hydrodynamics while those models with predicted motions can be used to
investigate the stability and maneuvering problems.

1 INTRODUCTION

With over 500 million years of evolution, fishes have diversified into a great variety of
aquatic habitats and display a diversity of locomotion modes. It is not surprising that
engineers seek inspirations from fish when designing autonomous underwater vehicles.
Among all kinds of fishes, the ray-finned fishes distinguish themselves from others by the
presence of multiple fins featured by the soft membrane embedded with bony rays. By the
effective coordination of body and multiple fins, ray-finned fishes exhibit great abilities in the
locomotion, maneuvering and stabilizing, which inspired a further industry development in
underwater vehicles. Therefore, the study on the ray-finned fishes is attracting increasing
attention due to its promising application in the design of underwater vehicles.

Generally, the study methods of ray-finned fishes can be divided into two groups: physical
experiment and numerical modeling. The physical experiments can be carried out with either
live fishes or robotic models (see some reviews in [1]-[6]). However, for experiments with
live fishes, the effects of individual traits are difficult to be isolated and the fishes are limited
to extant species. The mechanical fish models can be good alternatives to live fishes for
research; however, they are constraint by the availability of practical materials. Compared
with physical experiments, numerical simulations have the following advantages: 1) it is able
to explore large parameter matrix; 2) it could provide holographic information of the flow
field; 3) it is able to examine ‘what if” type of questions. Therefore, numerical modeling has
become an indispensable approach for the functional study of fish locomotion.

In this paper, we mainly focus on the numerical simulations of the ray-finned fish. The
CFD technology (including flow models, moving mesh and coupling methods) commonly
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used in simulations of biomimetic problems is briefly reviewed in Section 2. Then we present
two types of computational models for the functional study of ray-finned fishes in Section 3.
Conclusions are given in the final section.

2 CFD TECHNOLOGY

With the rapid advancement in high-performance computers and the availability of
sophisticated numerical methods, CFD simulation is playing more important role in scientific
research as well as industrial applications. The CFD simulations have the advantages in
providing both spatially and temporally resolved, detailed flow field analysis [7], which may
provide insights into physical problems. In this section, the various flow models, mesh
manipulation approaches and coupling methods with other fields are briefly reviewed.

2.1 Flow modeling
(1) Inviscid flow

The inviscid flow simulations are computationally inexpensive and allow researchers to
quickly estimate the fluid load and other flow features in a large parameter space. However,
these methods possess inherent weakness due to the neglect of viscous effects. This is because
the fact that most of biomimetic flows are often dominated by flow separation as well as
vortex interactions, which are resulted from viscous effects. Thus, the absence of the flow
viscosity may lead to inaccurate results. Examples of using these methods to study
biomimetic problems can be found in [8]-[11].

(2) Viscous flow

Within the context of biomimetic flows, the dynamics of the viscous fluid is governed by
Navier-Stokes equations. The inclusion of the viscosity leads to more complicated flow
phenomena (e.g., boundary-layer separation, transition and turbulence) and makes the
simulation of fluid dynamics much more difficult, especially the modeling of turbulence. For
certain circumstances at low and intermediate Reynolds number regimes, the turbulent effect
is trivial, i.e., laminar simulations are sufficient, see example in [12]-[16]. For cases where
the turbulence plays an important role (e.g., Reynolds number is of order of 10* or greater),
proper turbulence models (e.g., RANS, DES, LES) must be used [17]-[19].

2.2 Mesh manipulation

To numerically solve the Navier-Stokes equations, a grid system is usually needed for
discretization. For biomimetic problems which usually involve large body motions and/or
deformations, the grid for CFD simulations also needs to be deformed or regenerated in order
to deal with the moving boundaries. Generally, three types of grid systems are often used for
the simulations of biomimetic flows: body-fitted grid, overset grid and Cartesian grid.

(1) Body-fitted grid

A body-fitted grid, which conforms to the wet boundaries of the body, can be either
structured or unstructured. A structured grid can only be composed of hexahedral cells and all
grid cells are organized in such a way that they can be accessed via i, j, k indices in three
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directions. However, generating a single structured grid for a complex geometry is
challenging and even impossible. To tackle this problem, a multi-bock structured grid is
usually generated for complex geometries, where the computational domain is decomposed
into large hexahedral blocks which are discretized using structured grid method. Nevertheless,
multi-block grid generations for complex geometries still require plenty of time and user
experience. On the contrary, unstructured grids which consist of cells of arbitrary shapes are
more suitable for complex geometries. In unstructured grids, all cells must be arranged into a
one-dimensional array and a connectivity list which provides the information of number of
neighbors and their corresponding positions is also required.

For biomimetic systems which involve only small or medium body deformations, moving
grid algorithms for both structured and unstructured can be adopted. However, for the
problems involving large body deformations and/or multiple bodies in relative motion, the
CFD grids need to be regenerated, which usually requires much additional computational
efforts.

(2) Overset grid

The concept of overset grid was initially proposed to alleviate the complexity of generating
structured grids over complex geometries and handle cases involving multiple bodies with
relative motion [20]. It was then extended to unstructured grids [21]. In overset grids, the
complex geometry is usually decomposed into several components and a body-fitted subgrid
is generated for each component. To establish the connectivity and then interpolate flow
variables between different subgrids, an additional piece of code is needed. The creation of
the domain-connectivity could be a time-demanding process, especially for unsteady flow
simulations. Besides, overset grid methods do not solve the problems associated with large
body deformations due to the fact that a body-fitted grid is generated for each component. A
compromise solution is to combine the overset grid method with the remesh technique, where
only subgrids involving large deformations need to be regenerated. Examples using overset
grid methods to study biomimetic problems can be found in [14]-[16].

(3) Cartesian grid

The immersed boundary method solves the Navier-Stokes equations on stationary
Cartesian grids, which requires no mesh deformation or regeneration when dealing with
moving boundaries. Therefore, this method is well suited for bio-hydrodynamic flow
simulations involving complex geometries and large body deformations (see examples in [12],
[13], [22], [23]).

2.3 Multi-physics coupling

Many biological systems contain flexible structures, where the fluid-structure interaction
may play an important role. To simulate the problems involving elastic structures, the CFD
solvers need to be coupled with structural solvers. The coupling is usually accomplished
within a partitioned framework, where the flow and solid equations are discretized and solved
independently. With a partitioned method, the coupling can be either explicit [24] or implicit
[25]. The advantages of using explicit schemes are implementing simplicity and
computational efficiency, because no sub-iteration is required within each time step. However,
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the numerical stability of explicit method is strictly limited by a stability condition [26]. To
remove the stability condition, the implicit coupling methods must be employed. But the
implicit schemes introduce sub-iteractions within one time step to achieve the equilibrium at
the fluid-structure interface, which greatly increases the computational cost. For examples of
biomimetic simulations involve fluid-structure interactions, please refer to [8], [9], [11], [14],
[16], [23].

In some studies, researchers are more interested in self-propelled swimming, where CFD
solvers need to be coupled with body-dynamics (BD) or multi-body-dynamics (MBD) codes
[15], [27]. The coupling can be explicit or implicit, similar with the methods discussed above.

3 COMPUTATIONAL MODELS OF FISH LOCOMOTION

Morphologically, ray-finned fishes usually possess a flexible body with several different
fins which can be categorized into two groups: median fins (dorsal, ventral and caudal) and
paired fins (pectoral and pelvic). By coordinating the body undulation and fin movements,
ray-finned fishes are able to generate locomotion force in various directions, thus can achieve
high controllability and maneuverability to engage with the aquatic environment. Generally,
the numerical studies of the ray-finned fish can be classified into two groups: (1) Single-fin
model. This model focuses on the dynamics of an isolated fish fin. (2) Body-fin model. This
model contains both the body and fins in order to investigate the possible body-fin and fin-fin
interactions.

From the perspective of how the swimming motion is dealt with, the numerical studies of
fish locomotion can also be divided into two major categories: (a) swimming with a
prescribed motion; (b) self-propelled swimming, where the swimming speed and motion
trajectory are treated as unknown variables predicted by the CFD simulation.

3.1 Single-fin model

The internal structures of fish fins are biologically complicated. They are composed of thin
and soft membranes stiffened by bony fin rays. The bending stiffness of the membrane is
negligible, thus the rigidity of a fin is primarily determined by the embedded rays. Due to the
non-uniformity of bending stiffness of each ray and the difference between different rays, a
ray-strengthened fin displays anisotropic structural properties [1]. Besides, each ray can be
activated individually via the sophisticated musculature system attached to the rays. Moreover,
a fin ray has a bio-laminar design and embedded tendons, which allow fishes to actively
control the curvature and rigidity of each ray [28]. These features enable fishes to accomplish
multi-degree-of-freedom (DOF) controls over the fin surfaces. However, these unique
features are difficult to be modeled numerically. Traditionally, the fish fins are modeled as a
rigid or elastic plate with two DOF motions (e.g., heave and pitch) [29]-[31]. But these
models are considered to be oversimplified, thus may severely compromise the evaluated
performance. In the present section, we present several numerical models working towards
including some main characters of ray-supported fins.

Figure 1 illustrates several numerical fin models: (a) a rectangular ray-supported caudal fin;
(b) a trapezoid ray-supported caudal fin; (c) a ray-supported pectoral fin; (d) a complex
pectoral fin reconstructed from experimental measurement. With the rectangular caudal fin
model (Figure 1 (a)), Shi et al. [16] presented a fluid-structure interaction model for the ray-
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supported fish fins and studied the effects of various spanwise stiffness distributions on the
propulsion performance of the caudal fin. In their study, the flow field was simulated by
solving the unsteady Navier-Stokes equations while the rays were represented by nonlinear
beams. The Reynolds number was fixed at Re=1000, thus no turbulence model was used. The
fin was actuated by a sinusoidal sway motion at the front end and was deformed passively.
The numerical results from their study indicated that the uniform stiffness distribution
eventually led to a ‘cupping’ deformation and performed the best in terms of thrust generation
and propulsion efficiency. The ‘cupping’ deformation induced by a cup stiffness distribution
seemed to be over-cupped, thus experienced a rapid drop in thrust and propulsion efficiency at
higher flexibility.

Ray 11
A Upper edge

L,

Leading edge

Lower edge

>|

c Ray 1

(©) (d)

Figure 1 Various ray-fin models. (a) Caudal fin model of Shi et al. [16]. (b) Caudal fin model of Zhu and Shoele
[8]. (c) Pectoral fin model of Shoele and Zhu [9]. (d) Pectoral fin model of Mittal et al. [22].
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Zhu and Shoele [8] [9] developed two ray-strengthened fin models for a caudal fin with a
combined sway and yaw motion (Figure 1 (b)) and a pectoral fin in labriform swimming
(Figure 1 (¢)). In both fin models, a potential flow solver was coupled with nonlinear beam
models which structurally represented the fin rays. The general conclusions of their studies
are that flexible rays are able to increase the propulsion efficiency and reduce the lateral force
generation. Besides, the sensitivity of the fin performance to kinematic parameters is reduced
due to the anisotropic property of the fin. In their pectoral fin case, they also found that with a
reinforced leading edge, the performance of the pectoral fin was further improved. However,
in their studies, the flow was assumed to be inviscid. Thus, the vortices shed in locations other
than the trailing edge were not considered, which may lead to inaccurate result.
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Figure 2 Time-averaged (a) thrust coefficient, (b) propulsion efficiency and (c) lift coefficient as a function of
maximum phase lag g4y in an actively controlled caudal fin. (d) Iso-surfaces of vorticity magnitude behind the
fin. (e) Vorticity fields behind the fin. The contours display y-component of the vorticity within y = y.. plane.
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The fin models of Shi et al. [16], Zhu and Shoele [8], [9] captured some important features
(e.g., ray-strengthened, anisotropic materials, flexible rays) of fish fins while also utilized
simplified geometries and kinematics, thus they cannot reproduce some complicated fin
motions of live fish. To investigate the hydrodynamics of real fish fins, Mittal et al. [22]
numerically examined the hydrodynamics of a pectoral fin (Figure 1 (d)). In their model, the
geometry and kinematics were reconstructed from experimental measurements and the flow
field was simulated with a Cartesian-grid-based immersed-boundary solver. They found that
the thrust generated by the highly deformable pectoral fin was positive in a complete motion
cycle, indicating a superior capacity of thrust generation compared with traditional flapping
foils.

76



Guangyu Shi, Ruoxin Li and Qing Xiao

As discussed previously, fishes are able to actively change the curvature of the rays due to
the bi-laminar structure. To take this into consideration, we further developed a caudal fin
model with active control based on the work of Shi et al. [16].The fin rays are actuated by a
sinusoidal swaying motion at the front ends and a distributed external force along each ray
mimicking the pulling effect from tendons. All the rays have the same normalized bending
stiffness (K» = 2.0) and mass ratio (m" = 0.2). The phase lag between the sway motion and the
external force of the i ray is defined as ¢;. By designing specific distributions of ¢;, different
caudal fin deforming patterns can be achieved, including the undulating motion which cannot
be accomplished via solely passive deformations. Some preliminary results from our
simulations are presented in the present paper.

Figure 2 (a-c) demonstrate the time-averaged thrust coefficient Cr, propulsion efficiency #
and lift coefficient C; associated with three deforming patterns (uniform, cupping and
undulating) as a function of the maximum phase lag gax, which is defined as puux = max{pi}.
The passive deformation case (labeled as ‘Uniform Passive’ in Figure 2) is also included for
comparison. It can be observed that with active control, the propulsion performance of all
types of deformations considered here is improved. The exceptions are that for actively
controlled uniform deforming pattern (labeled as ‘Uniform’ in Figure 2), both Crand # drop
below the value of the passive case when @aux are at larger values. The cupping and
undulating deformations outperform the passive case within the phase lag range studied
herein. Especially at high phase lags where the thrust and efficiency of the uniform
deformation start to drop significantly, both cupping and undulating deformations still show
promising performance. Another advantage of the undulating deformation over the others is
that it can generate considerable lift force in vertical direction (see Figure 2 (c)), which is
believed to play an important role in fish’s maneuver behaviors. A closer inspection of Figure
2 (c) reveals that by varying the phase lag distribution, the caudal fin can change both the
magnitude and the direction of the vertical force, which means that fishes can play with the
vertical force for maneuvering while maintaining a higher thrust for propulsion.

Figure 2 (d) and (e) show the vorticity fields behind the flexible caudal fin. It can be
observed that for both deformations, vortex rings are generated behind the fin. The cupping
deformation produces symmetrical wake while the wake generated by the undulation
deformation is asymmetrical. This inclined wake is responsible for the production of net force
in vertical direction.

3.2 Body-fin model

Previous experimental studies [32], [33] demonstrate that the vortices shed from the dorsal
and anal fins could significantly alter the flow experienced by the caudal fin. Therefore, it is
very necessary to investigate the performance of the whole fish with multiple fins, which may
involve complicated body-fin and fin-fin interactions. Here, we present two typical body-fin
models, as shown in Figure 3. In both models, the geometries and kinematics were
reconstructed from experimental data. The major difference between the two models was the
approach used to deal with the swimming motion. In the first model (Figure 3(a)), the fish
was tethered swimming with a constant current speed [13] and the motion was prescribed,
while in the second model (Figure 3(b)), the fish was self-propelled, where the motion was
resolved using a MBD algorithm [27].
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Figure 3 Computational body-fin models reconstructed from experiments. (a) Crevalle Jack (Caranx hippos) fish
[13]. (b) Pufferfish [27].

With the body-fin model shown in Figure 3(b) and the MBD algorithm developed in Ref.
[27], we investigated the effect of fin flexibility on the performance of a self-propelled
pufferfish. We found that the fish with flexible fins is able to swim approximately twice faster
than that with rigid fins, which is attributed to a higher acceleration and a longer accelerating
process, as shown in Figure 4 (a). Besides, the flexible fins could reduce the power
consumption, thus resulted in an increase of efficiency. Figure 4 (b) illustrates the time-

averaged total force F, . The total force F, of a pufferfish with flexible fins is larger than that

with rigid fins, which indicates that the fish with flexible fins has a longer acceleration
process. The total force decreases to zero after some motion periods, indicating that the fish
reaches its cruising stage. Figure 4 (c) demonstrates the instantaneous wake structures for
rigid and flexible fin cases. It is observed that the vortices generated by the rigid fins are more
scattered in lateral directions, which contributes less to thrust generation and leads to higher
power consumption. For the flexible fins, the vortices are shed from the fin tips and convert
quickly to the downstream, thereby producing larger thrust force.

It should be noted that the modeling tool developed in our previous work [27] is quite
versatile, which is capable of solving a variety of biomimetic problems, e.g., a swimmer with
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rigid undulatory body and an integrated system with both undulatory body and flexible fins.
One advantage of our modeling tool based on multi-body dynamics algorism is that it can
handle self-propel swimming with multiple degrees of freedom. This feature allows us to
study the stability and maneuvering problems of complex bio-inspired underwater robots.
Currently, the integration of the MBD tool with a controlling strategy (e.g., PID controller) is
under development at our research group. The integrated code can be used to investigate the
possible body and/or fin kinematics to achieve better stability or maneuver behaviors under
various flow environments. The insights shed from our single-fin model may provide valuable
guidance on the design of the fin kinematics used in our more complicated body-fin model.

3
LS -

Rigid L wemss@eenes Rigid
Flexible 3 wewmefeeme Flexible

g [ W
g | !
= . AWMV
AW P

5 b A 1
,\/\/\N\N\/ Accelerating | iQuasi-steady
L L

F, (mN)
T

&66-6-8-69

Rigid Fin

Flexible Fin

vT=1.9 vT=2.1

(©

Figure 4 (a) Swimming speed evolutionary history for rigid and flexible fins. (b) Time histories of cycle-
averaged total force. (c) Instantaneous vortex topology.

4 CONCLUSIONS

Fishes exhibit remarkable stability, controllability and maneuverability when swimming in
aquatic environment, which inspires engineers to design fish-like underwater vehicles.
Among a variety of fish swimming modes, some ray-finned fishes primarily rely on their fins
for locomotion, which provide a promising prototype for underwater robot design. Generally,
three study methods for ray-finned fishes are available nowadays, namely physical
experiments with live fishes, physical experiments with robotic fishes and numerical
modeling. Each method has its merits and drawbacks. Numerical simulations have the
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advantages of providing detailed flow field data and exploring a larger parameter matrix, thus
have become an indispensable approach for the study of biomimetic problems.

With different numerical tools, studies on ray-finned fishes can be categorized into two
groups: single-fin model and body-fin model. The fins of ray-finned fishes possess distinctive
features e.g., a thin and soft membrane strengthened by bony rays, anisotropic material
property, individual actuation of each ray as well as actively controllable ray curvature and
stiffness. Despite the complex design of ray-supported fish fins, there are still studies
attempting to consider some of the key characters mentioned above [8], [9], [16], [22]. The
important conclusions from their research are: 1) the ray flexibility may reduce the sensitivity
of fin’s propulsion efficiency to the kinematics such as frequency and amplitude. 2)
Appropriate cupping deformations can reduce the power expenditure of a caudal fin. 3)
Actively controlled undulating motion can generate a vertical force which could be used for
fish maneuvering while retaining a high thrust and efficiency. These insights may provide
valuable guidance for the design of underwater vehicles.

To investigate the possible body-fin or fin-fin interactions, a body-fin model needs to be
used. The body-fin model can swim either with a prescribed motion or with a self-propelled
motion. The former case (prescribed motion) is usually used to study the complex
hydrodynamics of a whole fish under steady swimming mode or maneuver behaviors, which
could enrich our understanding of fish locomotion. The later case (self-propelled), however,
allows researchers to investigate the stability and controllability problems of robotic fishes.
The self-propelled body-fin model can also be used to explore the possible fish kinematics to
keep stability under different flow environments and accomplish various maneuver behaviors
if integrated with a proper control strategy.
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Abstract. A compressible 3D in-house flow solver with temporal nanosecond resolution
is coupled to a simple material erosion model for ductile materials. Due to limited spatial
resolution, not all details of collapsing wall adjacent single bubbles can be resolved, and thus a
collapse detection algorithm based on the mass flux divergence is applied. Load collectives are
statistically evaluated by the multitude of detected collapses and serve as input for the material
model. Grid dependence is carefully assessed. Since the physical simulation time is much shorter
than the realistic exposure time, a method for the time extrapolation of the wall load to capture
realistic time scales together with a step-by-step implementation is presented. The simulation
method is applied on an impinging water jet test case as well as on an ultrasound cavitation case.
A validation on temporally highly-resolved pressure measurement data is performed. Limitations
of the particular material model are pointed out. The coupled CFD — material model comprises
one model parameter, in terms of the cell size of a reference computational grid to handle grid
dependence, that needs to be case-dependently fixed e.g. on measurement data. We conclude,
that for a more predictive method, the detailed spatial resolution of single bubble collapses
seems indispensable.

1 INTRODUCTION

Hydrodynamic cavitation is the development of voids in liquids by local depressurization
below a critical pressure [1], e.g. induced by flow acceleration at propellers. As the ambient
liquid pressure around the voids increases again further downstream, re-condensation leads to
violent void collapses resulting in shock waves. In wall-adjacent flow regions, micro-jets in the
collapsing bubbles act on the wall and induce high peak loads that may lead to material failure
after a certain time. Besides vibration and noise it is cavitation erosion that causes serious issues
in marine engineering applications and may limit the lifetime of ship propulsion units.
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The damage potential of cavitation has been well recognized by both physicians and engineers,
so that significant efforts have been made for the assessment of erosion sensitive wall zones by
CFD methods. Besides the qualitative prediction of flow aggressiveness and erosion sensitive
wall zones, it is of increasing interest for the design of propulsion units to determine the temporal
evolution of erosion-induced damage and to assess the time to failure, i.e. the incubation time,
what is the aim of the present study.

The cavitating flow in propulsion units can be approximated by simplified geometries, which
can be better controlled in a lab environment than rotating propellers. This study focuses
therefore on two standardized test cases, an axisymmetric nozzle as well as an ultrasonic horn
test facility. In the axisymmetric nozzle, a jet impinges a wall and is accelerated and radially
redirected, leading to cyclic shedding ring-shaped cavitation clouds and a ring-shaped erosion
pattern [2-4]. Different CFD methods have been employed for the assessment of the flow aggres-
siveness on that test case. Mihatsch et al. [5-7] presented the assessment of erosion sensitive wall
zones by a compressible CFD method and a collapse detection algorithm. Mottyll [8] has repro-
duced these results by our in-house implementation of essentially the same numerical scheme.
Additionally, Mottyll [8] has assessed erosion sensitive wall zones by a more simple method as
proposed by Skoda et al. [9]: By counting events exceeding threshold values for wall pressure
and void collapse rate, erosion indicators and a map of dimensionless erosion probability are
obtained. Koukouvinis et al. [10] are considering the temporal derivative of the void fraction to
introduce erosion indices for the assessment of erosion sensitive wall zones. Peters et al. [11] de-
duced a dimensionless erosion intensity from a micro-jet model, validated it on the axisymmetric
nozzle case and applied this method to a ship propeller [12].

The ultrasound cavitation test case is standardized for material erosion resistance tests ac-
cording to ASTM G32 (American Society for Testing and Materials) [13]. Cavitation is generated
by an oscillation horn tip at farive = 20kHz and shows void dynamics similar to hydrodynamic
cavitation [14,15]. The ring-shaped erosion sensitive wall zones are well predicted by [15,16],
and different erosion mechanisms at horn tip and stationary specimen are revealed [15]. Besides
the common incubation time measurements [17], a direct assessment of flow aggressiveness by
pressure measurements has been presented by Paepenmoller et al. [18].

In these exemplary cited studies a good prediction of erosion sensitive wall zones as a qual-
itative measure of cavitation erosion could be obtained. However, no parameters of the solid
material have been considered in these simulations. For the incubation time assessment as a
quantitative measure, a model for the material response to cavitation impacts needs to be consid-
ered. For the axisymmetric nozzle test case, Mihatsch et al. [7,19] have presented an assessment
of the incubation time by a coupling of their CFD code with a simple material model [2]. We
adopt that procedure in the present study and evaluate its applicability for an ultrasonic horn
test case. We present a method for the time extrapolation of the wall load to capture realistic
time scales. Furthermore, we provide a step-by-step implementation of the coupling of the CFD
code, i.e. collapse load collectives deduced from the flow solution, with the material model.
The coupled CFD method and material model is referred to as erosion model in what follows.
Additionally specific limitations of the material model are pointed out.

The paper is organized as follows. In section 2, the flow solution method together with the
numerical setups as well as the evaluation of single collapses and collapse load collectives are
presented. In section 3, we present the flow solver validation on pressure measurement data. In
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section 4, the material model and its coupling to the flow solver by collapse load collectives is
illustrated. Results in terms of incubation time are discussed for the axisymmetric nozzle and
ultrasonic horn test cases. Our conclusions in regard of future marine applications and model
improvements are drawn in section 5.

2 METHODOLOGY
2.1 Flow Solver

For the resolution of void collapses, a compressible flow solver and a time resolution in
the range of nanoseconds needs to be employed. Thus, the density-based low Mach number
consistent Godunov-type numerical scheme by [20, 21] has been adopted, that was designed
for resolving pressure wave dynamics and shocks in cavitating flows. We perform an explicit
Runge-Kutta time integration and a finite volume discretization of the Euler equations for an
inviscid fluid, coupled with an isentropic barotropic equation of state neglecting non-dissolved
gas. A homogeneous mixture of liquid and vapor at thermodynamic equilibrium within each
cell is assumed.

Details of the flow solver and our native in-house block-structured implementation hydRUB
can be found in [8,15,22]. Results of the present study have been obtained with our unstructured
OpenFOAM implementation of the solver, referred to as hydRUBFoam [18,23]. For density, the
MINMOD reconstruction scheme [24] is employed, while for velocity the GammaV scheme [25]
is utilized to provide 2nd order accuracy. Further details on the flow solver can be found
in [8,15,18,22,23].

2.2 Test Cases and Numerical Setup

The axisymmetric radial nozzle test case is sketched in Fig. la, together with the numerical
setup. The nozzle flow strikes onto a target disc (i.e. the lower wall) and is redirected radially
outward into the small gap between upper and lower wall. A ring-shaped erosive zone occurs at
the target disc within a radius range of about r ~ 19...27mm [26]. Measured incubation times
are taken from [2,7]. The numerical setup has been adopted from [6,7] and is summarized in
Table 1, together with the operation conditions. A grid study is performed with a refinement
of the inner grid region (referred to as analysis domain in Fig. 1a), while the outer grid is left
unchanged and connected by non-matching interfaces, i.e. hanging nodes.
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Figure 1: Illustration of the axisymmetric nozzle and the ultrasonic horn test case with the

numerical setups

The ultrasonic horn test case (see Fig. 1b) is operated at 19.8 kHz horn driving frequency and
40.9 pm peak-to-peak amplitude. The horn tip is immersed into distilled water at equilibrium air
saturation, kept at 20°C by an actively controlled indirect cooling circuit. The gap width between
horn tip and the stationary specimen equals 0.5 mm. The numerical setup has been adopted
from [15,18,22] and is summarized in Table 1. Two spatial resolutions have been employed for
a grid study. The computational grids G1 and G2 with hanging-node configuration are depicted

in Fig. 1b.

Table 1: Operation and setup parameters of the axisymmetric nozzle and the ultrasonic horn

test case

axisymmetric nozzle

ultrasonic horn

inlet pressure 40 bar peak-to-peak amplitude 40.9 pm
outlet pressure 18.9 bar frequency 19.8 kHz
inlet velocity 1.37 m-s! gap width 0.5 mm
grid Gl G2 grid G1 G2
total numb. of cells [[] 382000 2393000 total numb. of cells [[] 105000 329000
numb. cells in gap [-] 12 24 numb. cells in gap [-] 8 16
num. time step [ns] 30.2 19.1 num. time step [ns] 16.8 8.1
sim. phys. time [ms] ~ 359 ~ 86 sim. phys. time [ms] ~ 163 ~ 85
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2.3 Collapse Detection and Load Collectives

The flow solver (see section 2.1) has been shown to reproduce the dynamics of collapsing
wall adjacent single bubbles, i.e. micro-jet formation and torus-shaped shock wave, given that
the spatial resolution is sufficiently high [27,28]. For the simulation of macroscopic test cases
as the axisymmetric nozzle and the ultrasonic horn, such a bubble-resolving spatial resolution
is not feasible due to tremendous computational effort. Thus, we account for collapses and
peak pressures of distinct voids in a certain vicinity of the wall by a mass flux divergence
criterion proposed by Mihatsch et al. [5,6]. Albeit we may not resolve the collapse of each
microscopic bubble, we resolve void collapses down to a scale that is just in the range of our
spatial resolution, and we refer to that procedure as meso-scale simulation. In order to cope
with the limited spatial resolution, grid dependence is treated by the projection of the collapse
pressure peop to a reference grid with yet arbitrary reference cell length ¢ [6], and a corrected
collapse pressure pcorr is obtained according to eq. 1.

V Veell

ref

Pcorr = Pcoll (1)
The occurrence of collapses in terms of the cumulated collapse rate ccr is corrected by eq. 2 and
the introduction of the empirical parameter x = 3/2 [6].

3 V. K
CCTcorr = (Cell> cer (2)

Lyef

By a statistical evaluation of a multitude of collapses, collapse load collectives are obtained in
terms of the cumulated collapse rate ccr vs. collapse pressure peo. Details of this evaluation
method are described in [15]. Exemplary collapse load collectives are illustrated in Fig. 2 for
the erosion-prone wall region of the axisymmetric nozzle, defined as a somewhat arbitrary wall
adjacent layer dzy,; < 500 pm normal to the bottom wall and a ring segment of Ar = 19...32 mm.
According to Schmidt et al. [29], a void collapse that occurs within the fluid domain in a certain
distance from the wall, emits a pressure wave that reaches the wall, and the resulting maximum
wall pressure is essentially grid-independent. Nevertheless, according to [15], we do not perform a
projection of detected collapses to the wall, since it is the collapses that occur in the immediately
wall-adjacent cell layer that primary contribute to high wall loads. As this wall-adjacent cell layer
on the fine computational grid is not present on the coarse grid, a significant grid dependence
remains after wall projection of the collapse pressure [15]. Thus, all collapse events within
the erosion-prone wall region are considered to be representative for the wall load, without
projection to the wall. This procedure is equivalent to the assumption that the pressure peak of
each detected collapse acts immediately on the wall, irrespective of its actual wall distance. It
is noteworthy that this procedure slightly deviates from the one by [7], who introduced a wall
projection of collapse pressure with the maximum value of either x,of or the wall distance of
a collapse occurrence. As can be seen in Fig. 2, the grid dependence of the uncorrected load
collectives (no corr.) is effectively compensated by the projection to a reference grid z,f (eq. 1)
and by the rate correction (eq. 2). After correction, the load collectives of both grids essentially
match and can be approximated by a trendline for each value of x,ef. An appropriate value of
Tref 18 yet undetermined, a fact that will be addressed in section 4.3.
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Figure 2: Exemplary collapse load collectives for the axisymmetric nozzle without correction
(no corr.) and with correction according to eqgs. 1 and 2 with different scaling parameters xyef

3 VALIDATION BY PRESSURE MEASUREMENTS

In a proceeding study [18] we performed temporally high-resolved wall load measurements
with ¥5.0mm polyvinylidene fluordide (PVDF) pressure sensors flush-mounted in the erosion
sensitive wall region of the stationary specimen. Due to the relatively large sensor size, we label
the load as force instead of pressure. We evaluated the results statistically in terms of force load
collectives, i.e. cumulative force rate cfr vs. measured sensor force (not to be confused with
collapse load collectives in terms of ccr vs. collapse pressure, see Fig. 2) and compared CFD
results by a virtual sensor to the measurements. The force load collectives in the simulation
were essentially grid-independent and matched the measured force load collectives with a very
good accuracy for different gap widths [18].

Regarding the axisymmetric nozzle test case, Franc et al. [4] performed wall pressure mea-
surements by a commercial piezoelectric sensor with (3.6 mm in the erosion sensitive ring-shape
zone at the target disc. In their simulations, Mihatsch et al. [6] reproduced this experiment by
a virtual pressure sensor, found a significant grid dependence of the sensor force load collectives
and performed an analogous projection to a reference grid as has been proposed for the col-
lapse load collective by eq. 2. By matching their virtual sensor results to measured force load
collectives, the value of x,e has been fixed to a value of 181 ym. This value of x,e has subse-
quently been applied also to the collapse load collective. Thus, x,¢ is fixed by this calibration
procedure. We could reproduce the procedure by Mihatsch et al. [6] with our in-house solver
implementations hydRUB [8] as well as hydRUBFoam and ended up at essentially the same value
of xpof = 181 um. The corresponding collapse load collective is also depicted in Fig.2.

Obviously, the grid dependence of force load collectives at the axisymmetric nozzle test case
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plays a decisive role for the fixing of x.. As stated above we did not observe an appreciable
grid dependence in our ultrasonic horn simulations [18], where larger sensors @5 mm have been
used. Therefore, we systematically vary the sensor size of the axisymmetric nozzle case by
splitting a ring-shaped virtual sensor in circumferential portions as illustrated in Fig. 3a. It is
noteworthy that the simplification of the sensor geometry from circular shape to a ring segment is
without any significance, since in radial sensor extent direction a statistically homogeneous load
is present [8]. The resulting force load collectives in Fig. 3b indicate that the grid dependence is in
fact decreasing for larger sensor areas. For a sensor area of about Agensor = 18.5 mm? and larger,
the force load collective is essentially grid independent. We made an equivalent observation in
preliminary ultrasonic horn simulations, where we successively scaled-down the virtual sensor
and observed an increasing grid dependence towards smaller virtual sensors. It can be concluded
that for increasing sensor area size, the single punctual peak loads are increasingly averaged out
over more cell faces, leading to an increasing grid-independence. It is also noteworthy that
for their z, fixing on a 3.6 mm sensor, Mihatsch et al. [6] applied grid resolutions with cell
face numbers that correspond to our Agensor = 10 mm?, where we still observe a significant grid
dependence according to Fig 3b. It will be interesting to see whether for finer grids, the grid
dependence will diminish for the (¥¥3.6 mm sensor. That will be investigated in further studies.
The sensor size variation reveals that the grid dependence of force load collective and thus
the fixing of x,f are significantly affected by the sensor size. We therefore prefer to immediately
determine z.f by incubation time measurements as will be discussed in what follows.

a) Numerical sensors (13)) Force load collectives

10 T T T T T T T
\ Asensor = 18.5 mm?
Agsensor = 10 mm?

105k Agensor = 5.5 mm?
\ Agensor = 3 mm?
4 —Gl1
10% -—-G2

cfr[1/(s-cm?)]
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100 .
FN]

Figure 3: Size variation of exemplary virtual sensors (a) with resulting force load collectives (b)
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4 ASSESSMENT OF INCUBATION TIME
4.1 Material Model

Franc et al. [2] proposed a simple one-dimensional erosion material model for ductile steels.
The erosion process is based on the accumulation of plastic material deformation and successive
work hardening up to material failure, determining the incubation time. The key assumption of
the model involves, that the absorbed energy can be successively accumulated for each collapse
impact until fracture limit at the ultimate strain is reached [30]. Strain rate effects and loads
below the yield strength of the material are neglected. In the original intention of the material
model [2], flow aggressiveness is evaluated by statistical analyses of experimental pitting results
in terms of impact rate, mean load and mean impact area, which serve as input data for the
material model. Further model approaches e.g. [31,32] assume a ductile deterioration of the
material by micro cavities and creeping. Hattori et al. [17,33,34] proposed a material model
accounting for high cycle fatigue mechanisms. Although these exemplary cited material models
comprise physically sound assumptions, we prefer in a first step to couple the ductile model by
Franc et al. [2] to the CFD code due to its plainness and because the flow-induced load can be
prescribed in a straightforward way, which is presented in the subsequent section.

4.2 Coupling of Load Collectives and Material Model

We start with a brief summary of the material model, details can be found in [2]. It is
assumed that the material response to a specified load follows the stress-strain relationship of
Ludwig-type:

ole) =oy+ K" (3)

The yield stress oy, strength index K and strain hardening exponent n are specific for each ma-
terial and obtained by tensile tests. For successive impacts and a progressive surface hardening,
the resulting one-dimensional strain profile is approximated by a one-dimensional power law:

e(x) =g (1 - %)9 (4)

g0 is the strain at the surface (x = 0) and z the distance to the surface. [ is the thickness of the
hardened layer, which progressively increases with exposure time, until it reaches a maximum
thickness L. The metallurgical parameters L and the shape factor © are determined from micro-
hardness measurements in a cross-section of an eroded sample. The energy that is absorbed for
a strain ¢; can be formulated as:

I e() _ e\ oy + BKe?
W(Ei):/x:(] [\/6:0 O'd€] de:E’LSL<5U> T (5)

146
(14+n)(1+6+nb)
S is the mean impact area and has been obtained by a statistical pit analysis in the experi-

ment [2], together with a mean load & and a mean impact rate N. In our CFD approach, no
mean value of &, but the entire spectrum of collapses is taken into account for the evaluation of

with: (=
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W (o;). First, W(o;) is obtained from W (g;) by inserting eq. 3 into eq. 5. W (o;) is the absorbed
energy given by a stress o;. The basic idea is, that, as soon as the accumulated energy (obtained
by summing up the distinct values of W (0;)) exceeds the fraction energy W (oy), the incubation
time has been achieved. oy is the ultimate strength of the material and obtained from tensile
tests. The spectrum of o; is obtained from our CFD collapse load collectives. In what follows,
we provide a summarized step-by-step algorithm. The steps are illustrated in Fig. 4.

(1)

The radial direction is discretized into ring zones with radial position 7p0s and a radial
width Aryne. The distinct rings may overlap. In order to provide a radial variation of col-
lapse load collectives, the detected collapses are filtered so that they are located within the
radial ring zone. Only collapses in a certain wall vicinity < dzyan are taken into account.
Arying must be chosen large enough to provide a sufficient statistic of collapses. A further
constraint that requires rather small values of dzya,y is to represent a certain wall vicinity.
Values of Arying and dzyan are provided further below when the results are discussed.

The collapse load collectives are projected to a reference grid x,.f according to egs. 1 and 2.

Frequent collapses with low pressure and seldom collapses with high pressure are sorted
out to provide a unique trendline (step 4). A minimum pressure level pyi, and a minimum
rate countpyi, are empirically prescribed. Values of pyin and countp, are provided in the
result section. Note that county, is applied to the total number of collapse occurrences
in the simulation time interval and is not concerned by the projection to the reference grid
Tref- countmin is applied to the rate before the rate correction in terms of eq. 2. On the
other hand, pu, is applied to the corrected pressure pcorr, i.€. after evaluation of eq. 1.

By the filtered collapse load collectives according to step 3, a linear regression is obtained
for each radial zone with the fitting parameters A and B:

CCTcorr(pcorr) [1/(5 : Cm2)] = [(10A)pcorr ’ 103] (6)

CCTeorr (Deorr) Tepresents a rate of collapses per unit surface area and unit time.

Each single impact affects only a small area Aiypact. We assume the ccreorr (Peorr) 0OCCUIS
with the same probability within each ring zone and set Ajmpact = 5. According to [19],
we set S in eq. 5 equal to the surface of a reference cell :cfef. Thus, we obtain the collapse

rate for one uniform covering of a complete ring zone surface cer’ (peorr):
Ccr/(pcorr)[s_l] = iﬂfef * CCTcorr (pcorr) (7)

cer’ (peorr) 18 temporally extrapolated to the number of collapses cer” (peorr, T') for a time
interval T

Ccrll(pcorra T) [_] = ccr’(pcorr) [Sil] T = ‘T?ef T CCTcorr (pcorr) [1/(8 : CmQ)]' (8)

The dimensionless measure ccr”(peorr, T') represents the cumulative collapse rate for a
specified physical time T acting on the impact area S.
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