REPORT DOCUMENTATION PAGE Form Approved OMB NO. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments
regarding this burden estimate or any other aspect of this collection of information, including suggesstions for reducing this burden, to Washington
Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington VA, 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any oenalty for failing to comply with a collection
of information if it does not display a currently valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
21-05-2014 Final Report 1-May-2011 - 30-Apr-2014
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Free-Surface Fluid-Object Interaction for the Large-Scale WOI11INF-11-1-0083

Computation of Ship Hydrodynamics Phenomena: Final Report |55, GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
611102
6. AUTHORS 5d. PROJECT NUMBER

Yuri Bazilevs

S5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAMES AND ADDRESSES 8. PERFORMING ORGANIZATION REPORT

University of California - San Diego NUMBER

9500 Gilman Drive

MC 0934

La Jolla, CA 92093 -0934
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS 10. SPONSOR/MONITOR'S ACRONYM(S)
(ES) ARO

U.S. Army Research Office 11. SPONSOR/MONITOR'S REPORT
P.O. Box 12211 NUMBER(S)
Research Triangle Park, NC 27709-2211 57917-MA.13

12. DISTRIBUTION AVAILIBILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES
The views, opinions and/or findings contained in this report are those of the author(s) and should not contrued as an official Department

of the Army position, policy or decision, unless so designated by other documentation.

14. ABSTRACT

The overarching objective of this work is to develop and implement a robust, accurate and scalable numerical
methodology for simulating air-water free-surface flow, fluid-object interaction (FOI), and fluid-structure
interaction (FSI) phenomena for complex geometries, and with no limitations on the motion of the free surface, and
with particular emphasis on ship hydrodynamics. The following specific research objectives were identified for this
project: 1) Development of a theoretical framework for free-surface flow, FOI and FSI that is a suitable starting

PRSI SN PSS SIS P N PEPNSI P PSSO PR NP SACLAD B PAUNPS  RS DY A T ) PN OSSR B A PRSI I S PRp [

15. SUBJECT TERMS
free-surface flow; isogeometric analysis; fluid-structure interaction

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF |15. NUMBER [19a. NAME OF RESPONSIBLE PERSON
a. REPORT [b. ABSTRACT [c. THIS PAGE |ABSTRACT OF PAGES Yuri Bazilevs

uu uu UU uu 19b. TELEPHONE NUMBER
858-534-3663

Standard Form 298 (Rev 8/98)
Prescribed by ANSI Std. 239.18




Report Title
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Report

ABSTRACT

The overarching objective of this work is to develop and implement a robust, accurate and scalable numerical methodology for simulating
air-water free-surface flow, fluid-object interaction (FOI), and fluid-structure interaction (FSI) phenomena for complex geometries, and with
no limitations on the motion of the free surface, and with particular emphasis on ship hydrodynamics. The following specific research
objectives were identified for this project: 1) Development of a theoretical framework for free-surface flow, FOI and FSI that is a suitable
starting point for discretization with Finite Element or Isogeometric methods; 2) Development of computational procedures (i.e., geometry
modeling, meshing, and analysis software) in support of this framework with emphasis on surface ship hydrodynamics; 3) Verification and
Validation of the implemented numerical technology on the well-known benchmark examples and lab-scale and full-scale surface vessels.
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1. Developed free-surface flow formulation suitable for discretization by finite elements and Isogeometric analysis.

2. Developed a six degree-of-freedom rigid object formulation and coupled with free-surface flow.

3. Validated free-surface flow for linear FEM and Isogeometric analysis discretizations

4. Developed geometry modeling and meshing capabilities for ship hulls

5. Developed templates to obtain volume parameterization of fluid mechanics domain for ship hulls. Such parameterizations are
employed

in the Isogeometric Analysis of free-surface flow

6. Validated the fluid/object-interaction capability using the Fridsma planing hull. The attractive feature of planning hulls is the
necessity to

simulate both water and air, since at high speeds the only a small fraction of the planning hull surface is wetted. As a result, the
free surface

methodology that does not account for the air domain is not sufficient for this class of problems.

7. Investigated novel structural modeling techniques suitable for the problem class considered in this project.

8. Published six articles in top-tier peer-reviewed international journals, two book chapters, and one book using the research
results

generated in this project.

9. Delivered several invited conference presentations and seminars using the research results generated in this project.

The work is directly relevant to the mission of the US Army Corps of Engineers (USACE) in the areas of Coastal Hydraulics and
Navigation. Prediction of ship squat, sloshing of liquids (e.g. fuel) in tanks, marine transportation of cargo, evaluation of
unsteady loads on

levies and embankments arising due to vessel motion in open channels are of great interest to the USACE.

Other classes of problems include high-speed ship maneuvering in rough seas, high-speed Littoral Combat ships (e.g., Small
Waterplane

Area Twin Hull (SWATH) ships), and other situations where the dynamic free surface behavior and wave breaking play a critical
role in

the vessel performance and is not accounted for in simplified free-surface models (e.g., free surface approximated by a flat
surface with

zero traction boundary conditions). The proposed technology will also be able to provide DoD with detailed flow data that is
unattainable

in field tests, yet is critical for optimal ship design.
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