Chapters 1 Preliminary Concepts & 2 Fundamental Equations of Compressible Viscous
Flow
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http://www-gap.dcs.st-and.ac.uk/~history/PictDisplay/Taylor_Geoffrey.html

21t 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)
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Local Flow 4DPTV Measurement System in IIHR Towing Tank



Computational Fluids Mechanics (CFD)
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Vortex systemofKVLCC2(iso surface of Q=200 colored by helicity) at =30°: (a)bow view and
(b)bottom view.

CFDShip-lowa DNS of breaking wave and bulge-scare air-water interface instability



CFDShip-lowa &ANSYS Fluid Structure Interaction (FSI)
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CFDShip-lowa &ANSYS multi-disciplinary optimization (MDO)

(a) (b) ()

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).

A

1o | Pareto sets (close-up) 4 5

s &
N

A% g

DS3 (1 OV)
DS5 (6 DV)
DS2 (21 DV)

(-3

o

A
original + )

v

static-load optimized

Factor of safety (overall) using dynamic load

: : : dynamic-load optimized
-60 -50 -40 -30 -20 -10 0 10
Weight variation (grillage, no frame) [%]




B A‘M\‘*% '}A‘W: C"“x"“"k &4,

e s s L ot danX I9-V =0
c“*f'Q&:‘b&. Q¥ tatlak Qe » VegV 20

w'\ns@* L’._A'.—Q\} WW?:Q:&,J«Q_ éw

en. \\$0 {%z % -9¢p e S o N

~~ e By "Qa'uu\\-\-a—k\\n% '&-:JJ\ -Q\K&WAW b«-vu—
L;LA--)\ 31.,.@ Q/Aio/ Q= wwsdest, .‘:!f-\‘?"\,/.so)

N =V
V°<)«{ =9

Wy =0 ‘-«»“J;A—«A. Lz,an‘.aW

i)
s || AT TP L eIR VLA CEE = letberk  Benand
U\SM’M‘/\M d’h\:

oV : :
la. \g3O < T&' = es &+ Q- ?‘:l' —OP ‘fa'\q\*“, -&&A_& “‘d‘:‘m
7N\ B Qb L W 1711 ‘
R o -a%_ + 9+ (or) *Tee ﬁi Lontagenn %u—k—w-\
4 bm ?..‘:-’l I s




Q!V\—J-Jv;u MW:

‘ : l ! ‘ Q ; ( ) ‘
P ) W:Q\Ws ol v -‘&M LLCD)

"%M AL Qf\amrm,\- J Sty
NESPRPH ORIV S (A TN
UV“M a_,,_...l,.a‘;a_.. s\_

EFO @ Mwe IS Fe (aw) t:?e_e&

Dm}
T ST :
ths,.l-l-' = I S + f -X fLss ‘/;:j:‘k
MMas ‘vcz.\f,.,,.,\,\ ‘ho‘v e
LAY
$ A QS;PN'
o P AsmE SFEe (183
l

’LY“,‘JA— - 1 (\\L* VOL-ll}— Q<

“b-*\ﬂ‘r&a. V'wwv\.g_A Pl 2 B _‘3 5 &g

MLLJ)\—‘-&'\ \e &&vw‘(—r\-/\m MJ\"\f\ ‘&FO

M‘w«'\“‘“ Vb W




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
Irreqular 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 CED 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


https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Uncertainties%20and%20CFD%20Code%20Validation.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Comprehensive%20Approach%20to%20Verification%20and%20Validation%20of%20CFD%20Simulations-Part%201%20Methodology%20and%20procedures.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Factors%20of%20Safety%20for%20Richardson%20Extrapolation.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Validation%20of%20Uncertainty%20Quantification%20Methods%20for%20High-Fidelity%20CFD%20of%20Ship%20Response%20in%20Irregular%20Waves.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20Estimating%20Intervals%20of%20Certification%20or%20Biases%20of%20Facilities%20or%20Measurement%20Systems%20Including%20Uncertainties.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Statistical%20Approach%20for%20CFD%20State-of-the-Art%20Assessment%20N-Version%20Verification%20and%20Validation.pdf

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.

ITHR 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, VVol. 37, No.

2, June 1993, pp. 102 — 118
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https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Effects%20of%20Waves%20on%20the%20Wake%20of%20a%20Surface-Piercing%20Flat%20Plate%20Experiment%20and%20Theory.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Effects%20of%20Waves%20on%20the%20Wake%20of%20a%20Surface-Piercing%20Flat%20Plate%20Experiment%20and%20Theory.pdf

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 [

Experimental Observatlons ” Journal of Fluids and Structures, Invited for special
Issue for MM2010, Vol. 32, July 2012, pp. 104 — 120. Movie

Koo, B., Wang, Z., Yang, J., Stern, F., “Impulsive Plunging Wave Breaking
Downstream of 2 Bump in a Shallow Water Flume — Part I1; Numerical Simulations,
“Journal of Fluids and Structures, Invited for special Issue for FEDSM2010-
I , Vol. 32, July ,pp121 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
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https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Unsteady%20free%20surface%20wave%20induced%20separation%20analysis%20of%20turbulent%20structures%20using%20detached%20eddy%20simulation%20and%20single%20phase%20level%20set.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20%E2%80%93%20Part%20I%20Experimental%20Observations.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20%E2%80%93%20Part%20I%20Experimental%20Observations.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20%E2%80%93%20Part%20I%20Experimental%20Observations.pdf
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=c0c210c3-9d85-4f65-a8a1-b26001299bfd
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20%E2%80%93%20Part%20II%20Numerical%20Simulations.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Impulsive%20Plunging%20Wave%20Breaking%20Downstream%20of%20a%20Bump%20in%20a%20Shallow%20Water%20Flume%20%E2%80%93%20Part%20II%20Numerical%20Simulations.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/high-fidelity-simulations-of-bubble-droplet-and-spray-formation-in-breaking-waves.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/high-fidelity-simulations-of-bubble-droplet-and-spray-formation-in-breaking-waves.pdf
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=dffaa919-d48a-4ca0-aede-b260012bc919
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20Numerical%20Study%20of%20Air-Water%20Interface%20Instabilities%20with%20Machine%20Learning%20for%20Experimental%20Data%20Analysis.pdf
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=e89f6e55-7e43-4b52-a3af-b260012bc927
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=8ec61a9a-d857-4a13-a6cd-b260012bc921
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=03d2a400-a4b3-4441-b746-b260012bc91f
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=06da985f-55fe-4b9f-8e26-b260012c2f18
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=93fc301e-1134-491c-8a2b-b260012c36fd
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=26b4ae33-dc4e-4815-81dd-b260012c36f1

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 , 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 CED for
Surface Combatant 5415 at Straight Ahead and Static Drift $=20°,” 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 20109.

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, VVol. 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)
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https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Vortical-and-turbulent-structures-for-KVLCC2-at-drift-angl_2012_Ocean-Engine.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Vortical-and-turbulent-structures-for-KVLCC2-at-drift-angl_2012_Ocean-Engine.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Assessment%20of%20CFD%20for%20Surface%20Combatant%205415%20at%20Straight%20Ahead%20and%20Static%20Drift%20angle%2020deg.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Assessment%20of%20CFD%20for%20Surface%20Combatant%205415%20at%20Straight%20Ahead%20and%20Static%20Drift%20angle%2020deg.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Large-Eddy%20Simulation%20of%20the%20Flow%20past%20a%20Circular%20Cylinder%20at%20Sub-%20to%20Super-Critical%20Reynolds%20Numbers.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Large-Eddy%20Simulation%20of%20the%20Flow%20past%20a%20Circular%20Cylinder%20at%20Sub-%20to%20Super-Critical%20Reynolds%20Numbers.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Effects%20of%20Sway%20Motion%20on%20Smooth-Surface%20Vortex%20Separation%20Onset%20and%20Progression%20Surface%20Combatant%20and%20Surface-Piercing%20Truncated%20Cylinder.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Experimental%20and%20CFD%20Study%20of%20KCS%20Hull-Propeller-Rudder%20Interaction%20for%20Self-Propulsion%20and%20Port%20and%20Starboard%20Turning%20Circles.pdf
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=0e0a2342-6255-49c1-9afc-b260012602a1
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=6f671b6f-f055-44a5-a5f5-b2600126f589
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Solid-Fluid%20Juncture%20Boundary%20Layer%20and%20Wake.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Solid-Fluid%20Juncture%20Boundary%20Layer%20and%20Wake.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
https://stern.lab.uiowa.edu/sites/stern.lab.uiowa.edu/files/2025-01/Integrated%20High-Fidelity%20Validation%20Experiments%20and%20LES%20for%20a%20Surface-Piercing%20Truncated%20Cylinder%20for%20Sub-%20and%20Critical%20Reynolds%20and.pdf
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=4f034afc-9b1d-4a93-aed6-b260012fe0a1
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=8f8b305c-80eb-4e29-a232-b260012fe7d7
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=0a83c9c3-1fff-4c80-baa8-b260012fed02
https://uicapture.hosted.panopto.com/Panopto/Pages/Viewer.aspx?id=927d7124-aa42-439e-8fc8-b260012ff285
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