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Chapters 1 Preliminary Concepts & 2 Fundamental Equations of Compressible Viscous 

Flow 

Historical Outline 
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21st Century Scientific Method Paradigm 

 

 Logic Observation/Experimentation 

Future:  Simulation based design based, which combines logic/computers, 

experiments/validation and data driven methods for scientific engineering 

 

Some Examples of Viscous Flow Phenomena 

 

Analytical Fluid Mechanics (AFD) 
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Experimental Fluid Mechanics (EFD) 

   

IIHR wave basin 

 

 

Local Flow 4DPTV Measurement System in IIHR Towing Tank 

 

 

 

 

 

Beach

Wavemaker

 

 

4DPTV  IIHR DES 
(Limiting streamlines and pressure contours, starboard view) 

Portside 

 

 

4DPTV IIHR DES 
(Limiting streamlines and pressure contours, starboard view) 

Starboard side 
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Computational Fluids Mechanics (CFD) 

 

Karman-like Shedding   K-H Vortices 
 

                 
helicity: •1.00·0 .80 -0 .60•0.40•0.20 0.00 0.20 0.40 0.60 0.80 1.00  

K-H Vortices 

 

Vortex systemofKVLCC2(iso surface of Q=200 colored by helicity) at =30o: (a)bow view and 

(b)bottom view. 

 

 

 

CFDShip-Iowa DNS of breaking wave and bulge-scare air-water interface instability 
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CFDShip-Iowa &ANSYS Fluid Structure Interaction (FSI) 

 

Stagnation Flow Model: Extended Bernoulli Equation Analysis 
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FSI Conservation of energy analysis 
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Kinetic energy and elastic and gravitation potential energies 
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CFDShip-Iowa &ANSYS multi-disciplinary optimization (MDO) 

 

 

    

 

(a)                                   (b)    (c) 

Figure 2: GPPH grillage traditional design: location (a), experimental (b), and FE model (c). 

         

                                 (a)                                                                         (b) 

Figure 3: Evaluation of hydrodynamic loads by CFD (bottom view). 

 

 Pareto sets (close-up) 



7 
 

 

 



8 
 

 

 

 



9 
 

Modern V&V and UQ Methods 

Coleman, H.W. and Stern, F., “Uncertainties and CFD Code Validation,” ASME J. 

Fluids Eng., Vol. 119, December 1997, pp. 795 – 803 

Stern, F., Wilson, R.V., Coleman, H., and Paterson, E., “Comprehensive Approach 

to Verification and Validation of CFD Simulations-Part 1: Methodology and 

procedures,” ASME J. Fluids Eng, Vol. 123, Issue 4, December 2001 

Xing, T. and Stern, F., “Factors of Safety for Richardson Extrapolation,” ASME J. 

Fluids Eng, Vol. 132, June 2010 

Diez M., Broglia R., Durante D., Olivieri A., Campana E.F., Stern F., “Validation 

of Uncertainty Quantification Methods for High-Fidelity CFD of Ship Response in 

Irregular Waves,” ASME Journal of Verification, Validation and Uncertainty 

Quantification, JUNE 2018, Vol. 3. 

 

Multiple EFD and CFD Methods 

Stern, F., Olivieri, A., Shao, J., Longo, J., and Ratcliffe, T., “Statistical Approach 

for Estimating Intervals of Certification or Biases of Facilities or Measurement 

Systems Including Uncertainties,” ASME J. Fluids Eng, Vol. 127, No. 2, May 2005, 

pp. 604 – 610 

Stern, F., Diez, M., Sadat-Hosseini, H., Yoon, H., Quadvlieg, F., Statistical 

Approach for CFD State-of-the-Art Assessment: N-Version Verification and 

Validation, ASME Journal of Verification, Validation and Uncertainty 

Quantification, 2017, Vol. 2. 

 

Simulation Based Design 

CFD + EFD + Optimization + V&V and UQ are new paradigm for development for 

simulation-based design, which is rapidly being augmented by including FSI and 

MDO capabilities with addition of data driven/machine learning and other physics 

of interest on the near horizon 

 

 

Reference%20papers/Uncertainties%20and%20CFD%20Code%20Validation.pdf
Reference%20papers/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
Reference%20papers/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
Reference%20papers/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
Reference%20papers/Factors%20of%20Safety%20for%20Richardson%20Extrapolation.pdf
Reference%20papers/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
Reference%20papers/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
Reference%20papers/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
Reference%20papers/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
Reference%20papers/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
Reference%20papers/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
Reference%20papers/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf
Reference%20papers/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf
Reference%20papers/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf
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This Course: 

Mostly analytical solutions for simple flows of exact (linear, 2D) and approximate 

(boundary layer) equations.  These solutions are very important for physical 

understanding and represent building block for “real world” industrial applications. 

 

IIHR Ship Hydrodynamics Selected Viscous Flow Examples 

 

Wave-Induced Separation 

Stern, F., Choi, J.E., and Hwang, W.S., “Effects of Waves on the Wake of a Surface-

Piercing Flat Plate: Experiment and Theory,” Journal of Ship Research, Vol. 37, No. 

2, June 1993, pp. 102 – 118 

 

 

 

 

New%20references/Effects%20of%20Waves%20on%20the%20Wake%20of%20a%20Surface-Piercing%20Flat%20Plate%20Experiment%20and%20Theory.pdf
New%20references/Effects%20of%20Waves%20on%20the%20Wake%20of%20a%20Surface-Piercing%20Flat%20Plate%20Experiment%20and%20Theory.pdf
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Xing, T., Kandasamy, M., and Stern. F., “Unsteady Free-Surface Wave-Induced 

Separation: Analysis of Turbulent Structures Using Detached Eddy Simulation and 

Single-Phase Level Set,” Journal of Turbulence, Vol. 8, No. 44, 2007, pp. 1 – 35 

 

 

 

            Figure 1. Photo of the surface-piercing NACA0024 hydrofoil at Fr=0.37 (EFD). 

 

Wave Breaking & Air-Water Interface Instabilities 

Kang, DH, Ghosh, S., Reins, G., Koo, B., Wang, Z., Stern, F., “Impulsive Plunging 
Wave Breaking Downstream of a Bump in a Shallow Water Flume – Part I: 
Experimental Observations,” Journal of Fluids and Structures, invited for special 
issue for FEDSM2010-ICNMM2010, Vol. 32, July 2012, pp. 104 – 120.  Movie 
 
Koo, B., Wang, Z., Yang, J., Stern, F., “Impulsive Plunging Wave Breaking 
Downstream of a Bump in a Shallow Water Flume – Part II: Numerical Simulations, 
“Journal of Fluids and Structures, invited for special issue for FEDSM2010-
ICNMM2010, Vol. 32, July 2012, pp.121 – 134. 
 

Wang, Z., Yang, J., and Stern, F., “High-fidelity simulations of bubble, droplet, and 

spray formation in breaking waves, JFM, 2016, vol. 792, pp. 307-327.  Movie 

 

Timur Kent Dogan, Zhaoyuan Wang and Frederick Stern, “Experimental and 

Numerical Study of Air-Water Interface Instabilities with Machine Learning for 

Experimental Data Analysis,” 33rd Symposium on Naval Hydrodynamics Osaka, 

Japan, 31 May-5 June 2020.  Movies: EFD Instability, SL1 and SL2; DNS 1, 2 & 3 

 

 

Reference%20papers/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
Reference%20papers/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
Reference%20papers/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
Reference%20papers/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20–%20Part%20I%20Experimental%20Observations.pdf
Reference%20papers/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20–%20Part%20I%20Experimental%20Observations.pdf
Reference%20papers/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20–%20Part%20I%20Experimental%20Observations.pdf
Movies/good_0003.wmv
Reference%20papers/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20–%20Part%20II%20Numerical%20Simulations.pdf
Reference%20papers/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20–%20Part%20II%20Numerical%20Simulations.pdf
Reference%20papers/high-fidelity-simulations-of-bubble-droplet-and-spray-formation-in-breaking-waves.pdf
Reference%20papers/high-fidelity-simulations-of-bubble-droplet-and-spray-formation-in-breaking-waves.pdf
Movies/Stk32bln00.mp4
New%20references/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
New%20references/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
New%20references/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
Movies/EFD_case1_hH0111Q4p41.mp4
Movies/SL1.mp4
Movies/SL2.mp4
Movies/DNS_mean_scan_video_case1.1_new.mp4
Movies/top_q_fs_new.mp4
Movies/top_q_new.mp4
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Unsteady Separation 

Xing, T. Bhushan, S., and Stern, F. “DES for a Tanker at Drift Angles with Analogy 
to Delta Wings,” Ocean Engineering, Volume 55, December 2012, pp. 23 – 43. 
 

Bhushan, S., Yoon, H, Stern, F, Guilmineau, E., Visonneau, M., Toxopeus, S., 

Simonsen, C., Aram, S., Kim, S.-E. and Grigoropoulos, G., “Assessment of CFD for 

Surface Combatant 5415 at Straight Ahead and Static Drift ,” ASME JFE, 

MAY 2019, Vol. 141. 

 

S.M. Yeon, J. Yang, F. Stern, Large-Eddy Simulation of the Flow past a Circular 

Cylinder at Sub- to Super-Critical Reynolds Numbers, Applied Ocean Research, 59 

(2016) 687-708. 

 

Frederick Stern, “Effects of Sway Motion on Smooth-Surface Vortex Separation 

Onset and Progression: Surface Combatant and Surface-Piercing Truncated 

Cylinder,” AVT-307: Research Symposium on Separated Flow: Prediction, 

Measurement and Assessment for Air and Sea Vehicles, Trondheim, Norway, 07-09 

October 2019. 

 

Yugo Sanada, Sungtek Park, Dong Hwan Kim, Zhaoyuan Wang, Hironori 

Yasukawa, and Frederick Stern, “Experimental and CFD Study of KCS Hull-

Propeller-Rudder Interaction for Self-Propulsion and Port and Starboard Turning 

Circles,” submitted Applied Ocean Research, January 2021.  Movie 1 & 2 

 

Turbulence Anisotropy 

Longo, J., Huang, H.P., and Stern, F., “Solid-Fluid Juncture Boundary Layer and 

Wake,” Experiments in Fluids, Vol. 25, No. 4, September 1998, pp. 283 – 297 

Frederick Stern, “Integrated High-Fidelity Validation Experiments and LES for a 

Surface-Piercing Truncated Cylinder for Sub- and Critical Reynolds and Froude 

Numbers,” AVT-246: Progress and Challenges in Validation Testing for CFD, 

Avila, Spain, 26-28 September 2016.  Movie (1, 2, 3, 4) 

 

Frederick Stern, “Effects of Sway Motion on Smooth-Surface Vortex Separation 

Onset and Progression: Surface Combatant and Surface-Piercing Truncated 

Cylinder,” AVT-307: Research Symposium on Separated Flow: Prediction, 

Measurement and Assessment for Air and Sea Vehicles, Trondheim, Norway, 07-09 

October 2019.  Movie (1, 2, 3, 4) 

 

Reference%20papers/Vortical-and-turbulent-structures-for-KVLCC2-at-drift-angl_2012_Ocean-Engine.pdf
Reference%20papers/Vortical-and-turbulent-structures-for-KVLCC2-at-drift-angl_2012_Ocean-Engine.pdf
Reference%20papers/Assessment%20of%20CFD%20for%20Surface%20Combatant%205415%20at%20Straight%20Ahead%20and%20Static%20Drift%20angle%2020deg.pdf
Reference%20papers/Assessment%20of%20CFD%20for%20Surface%20Combatant%205415%20at%20Straight%20Ahead%20and%20Static%20Drift%20angle%2020deg.pdf
Reference%20papers/Large-Eddy%20Simulation%20of%20the%20Flow%20past%20a%20Circular%20Cylinder%20at%20Sub-%20to%20Super-Critical%20Reynolds%20Numbers.pdf
Reference%20papers/Large-Eddy%20Simulation%20of%20the%20Flow%20past%20a%20Circular%20Cylinder%20at%20Sub-%20to%20Super-Critical%20Reynolds%20Numbers.pdf
Reference%20papers/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
Reference%20papers/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
Reference%20papers/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
Reference%20papers/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
Reference%20papers/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
Reference%20papers/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
Movies/IIHR_PortT_wave.mp4
Movies/kcs-ap-v09.wmv
New%20references/Solid-Fluid%20Juncture%20Boundary%20Layer%20and%20Wake.pdf
New%20references/Solid-Fluid%20Juncture%20Boundary%20Layer%20and%20Wake.pdf
New%20references/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
New%20references/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
New%20references/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
Movies/V0707_Fr050_Re146E05_DN-view2.MTS
Movies/V0710_Fr051_Re147E05_UP.MTS
Movies/V1567_Fr112_Re324E05_DN-view2.MTS
Movies/V1573_Fr112_Re325E05_UP.MTS
New%20references/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cy.pdf
New%20references/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cy.pdf
New%20references/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cy.pdf
Movies/pure_sway_cylinder_ONR_PGR_fe_f0_0.75.mp4
Movies/pure_sway_cylinder_ONR_PGR_fe_f0_1.25.mp4
Movies/Q-movie-high-freq.wmv
Movies/Q-movie-low-freq.wmv
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