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T o fyoan
Motivation

- Wall bounded turbulent flows are all around us.

Arbic et 3l (2019

Propagating Lee Waves
4 A
-

N

e e

Wind carved rock Hochschild & Gorle (2024)

Multi-scale (Flow and roughness itself)
Complex interactions for unsteady systems
Relevant across multiple disciplines
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Connecting Roughness & Flow

Environmental Flows ?= Bumpy walls

_ U, X2 — k
U=—ln(3 S) U, =+T/po  Zo

K Zo
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Connecting Roughness & Flow £
3Dgeoinfo
: Re, = 350
Environmental Flows ?= Bumpy walls ————rrey — ——— '
Law of the Wall | Buffer-Layer | Log-Law | Wake
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Environmental Flows ?= Bumpy walls

_ U, X2 — k
U=—In (u) U, =+/7/po

K Zo
Not a trivial problem!

What sets the value for z,?

Zg

Connecting Roughness & Flow  FuDeltt
3Dgeoinfo
Re, = 350
LR | T T L L | T ey T T T
Law of the Wall | Buffer-Layer | Log-Law | Wake
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| | |
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Connecting Roughness & Flow

Re, = 350

Environmental Flows ?= Bumpy walls _— ——
Law of the Wall | Buffer-Layer | Log-Law | Wake
U=—1 (x3_ks) Nevrs 2 :
= — _— = Z ! ! !
7Y “Small” roughness | |
Not a trivial problem! — "Big” roughness |
+ — ¢
What sets the value for z,? = 10t -
ES Nikuradse (1
Zy = — [Nikuradse (1933)]
30 5t p 1
P
zo = g(kyms) [Flack & Schultz (2011)] /g«@'
O'O.—— - —aal R T —
1 10 100 350
_|_
— L3
How roughness characteristics dictate flow response? Distance from the wall
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| 1 1 1 I Connecting Roughness & Flow

Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical
Stress* Viscosity Height Roughness | Roughness | Roughness
Length Length Length
T U \% H ks,l ks,Z ks,3
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| 1 1 1 I Connecting Roughness & Flow

-

Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical
Stress* Viscosity Height Roughness | Roughness | Roughness
Length Length Length
T U \% H ks,l ks,z kS,3
+ 800 400 ZZ?;
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e 1 Connecting Roughness & Flow J‘r‘uoem

Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical

Stress* Viscosity Height Roughness | Roughness | Roughness
Length Length Length

T U \% H ks,l ks,z kS,3
+ 800 400 .fl?;
C i G|R A Co,, S
E - — e) e ) )
d U2 ks 0r-p
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e 1 Connecting Roughness & Flow J‘r‘uoem
Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical
Stress* Viscosity Height Roughness | Roughness | Roughness

Length Length Length
T U V H kS,l kS,Z kS,3
+ 800 400 ZZ?;
T H
Cd =m= Re,k_s,Co,Sp
k ! 3
Re = vt C, = = ¢ = ”3(6 Wp)g
14 ks,zks 3 p A

What is the effect of varying C_, and Re?
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e 1 Connecting Roughness & Flow - fc'iégo‘?ﬂé
Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical
Stress* Viscosity Height Roughness | Roughness | Roughness

Length Length Length
T U V H kS,l kS,Z kS,3
C - (R i C,,S ) l } l l
E - — e) e ) )
d U2 ks 0r-p
K 1( )E ’ z —
UH . 13(6 V.. )3 e — e
Re = — Co = = P —_—
14 ’ \/ ks,z ks,3 Sp a Ap
What is the effect of varying C_, and Re?
1
deu; + Oju]ul =——0;p+ vc’)]ajul + 11601 + Figy & Oju; =0

Po

[1. - Driving pressure gradient F 3, — Immersed Boundary Force (IBF)
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| 1 1 1 I Connecting Roughness & Flow

Bottom Velocity Kinematic Channel Streamwise | Spanwise Vertical
Stress* Viscosity Height Roughness | Roughness | Roughness
Length Length Length
T U \% H ks,l ks,Z ks,3
(a) ol Su— — (b) C,=1
I H \ |
= — = _— 0.8¢ \ l =
Cd U2 Re’k ! CO’ Sp ! % 500 1000 1500 2000
S 1 2 0.6} \:
k 3 3
Re = % Co = I Slllc Sp = 7'[3(6 Vp) 0.4} ‘:}‘\‘
1% 5,213 A a (c) C,=0.6
0.2 :

What is the effect of varying C_, and Re?

* Code without roughness developed by Adrian Lozano-Duran & Roughness — Scotti (2001)

1
6tui + Oju]ul = —p—aip + vc’)jajui ~+ Hc5i1 + FIBM
0

100

& aiui =0

[1. - Driving pressure gradient F 3, — Immersed Boundary Force (IBF)

350
"’.3"
0

500 1000
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Connecting Roughness & Flow W ngelgt
geoinfo

C <Reynolds Number> (M - Minimal Channel) C <Corey shape factor>

25

—C350C1 * MC350C1 |
—C350C06 © MC350C06

201t--c700C1 = MC700CI / '
---C700C06_* MC700C06 : A

1 10 100 700
Lq Slide 5/20



Connecting Roughness & Flow « fuDeltt
3Dgeoinfo

C <Reynolds Number> (M - Minimal Channel) C <Corey shape factor>

—(C350C1 ¢ MC350C1

0 —C350C06 = MC350C06
|---C700C1 - MC700C1 | . _ | 3
---C700C06 - MC7OOCO6/ Validates Nikuradse (1933) estimate for zg = 20

£
%5?%”) cf\.g‘ * Increasing Re, results is larger z,
* Minimal span cases resolve (U) until x3~160

Smaller values of C, lead to larger mean flow drag

1 10 100 700
Lq Slide 5/20



Connecting Roughness & Flow « fuDeltt
3Dgeoinfo

C <Reynolds Number> (M - Minimal Channel) C <Corey shape factor>

—(C350C1 ¢ MC350C1

0 —C350C06 = MC350C06
|---C700C1 - MC700C1 | . _ | 3
---C700C06 - MC7OOCO6/ Validates Nikuradse (1933) estimate for zg = 20

£
%5?%”) cf\.g‘ * Increasing Re, results is larger z,
* Minimal span cases resolve (U) until x3~160

Smaller values of C, lead to larger mean flow drag
WHY?

* Relatively taller roughness elements
* Expect larger flow separation
e Larger form drag!

Patil & Fringer (2023) — Journal of Hydraulic

-5 s Engineering
1 10 100 700

Lq Slide 5/20
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Source: R. C. Holleman (Youtube)
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— IWave-Current-Roughness Interactions FuDeft
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Source: R. C. Holleman (Youtube)

Tidal Currents (~ hours)
Oscillatory Wave Motion (~ seconds
Turbulence ( < seconds)
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———— ' ' ' Wave-Current-Roughness Interactions

Because we all love non-dimensional numbers!

Bottom Current Wave Orbital Kinematic Wave Roughness Channel
Stress* Velocity Velocity Viscosity Period Height Height
T U, Up, V Tw K H
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Because we all love non-dimensional numbers!

———— ' ' ' Wave-Current-Roughness Interactions

Bottom Current Wave Orbital Kinematic Wave Roughness Channel
Stress* Velocity Velocity Viscosity Period Height Height
T U, Up, V Tw K H

T U, H U.T, Uk
Cd — _2 — g )T ) T )
U¢ Uc ks ks vV
Up : U:.Tw .
— - Flow Dominance — - Relative - Roughness
Uc Ks
_ H |
Ucks _ Roughness Reynolds No. K Aspect Ratio
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E——— ' ' ' Wave-Current-Roughness Interactions Fupeitt
Because we all love non-dimensional numbers!
Bottom Current Wave Orbital Kinematic Wave Roughness Channel
Stress* Velocity Velocity Viscosity Period Height Height
T U, Up, V Tw K H
d = _2 — )y — T = ) A : WC3SIF
U¢ Ue ks ks 4 2
i
Qo Smooth - Laminar
Up : U:.Tw . >
T Flow Dominance = - Relative - Roughness 2
C S g
U E H : E . WC351B6
S _Roughness Reynolds No. K Aspect Ratio T 1o o )
Qo 5
< £
. Ub 8 Transitional e
e Current dominated (Turbulent) 0. <1 & ransitiona i
C c %0
e Hydraulically smooth - &
e Laminar wave conditions
deu; + 0;uju; = —ia- +vo;0;u; + I1.6;1 + Upw cos(wt) + F 10?02 0% ——— 10° 10°
t™ J7T 0o iP J=t ¢™il b IBM Increasing Wave Strength
Current Waves Roughness Slide 7/20
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Weak waves act to enhance the mean flow drag (or apparent roughness)
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———— ' ' ' Wave-Current-Roughness Interactions
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Weak waves act to enhance the mean flow drag (or apparent roughness)
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———— ' ' ' Wave-Current-Roughness Interactions
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Weak waves act to enhance the mean flow drag (or apparent roughness)
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Wave-Current-Roughness Interactions " fupeift
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d (7) (7) X3
0=1II,+ oxs + Uy cos(wt) mmp 2 =1 7
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Wave-Current-Roughness Interactions "’“’ﬁ,oe.ft
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Wave-Current-Roughness Interactions
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Wave-Current-Roughness Interactions

0 (T T X
0=1II,+ <T>+Ub os(wt) ‘ @:1——3
0x3 u?

3
" TUDelft
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|-—C350B

-4~ C350F
WC350F

---W(C350B

* Drag coefficient increases by 11% due to waves
* Time-averaged production/dissipation decreases
* Pressure-strain correlations play a major role

Patil & Fringer (2023) — Journal of Fluid Mechanics
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Wave-Coral Boundary Layers
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RS 1 Wave-Coral Boundary Layers

- Coral reef systems are at risk across the world
- Sensitive to the ecosystem they inhabit
- Deep symbiotic connections with other
aquatic and ecological components (Lowe &
Falter, 2015)
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RS 1 Wave-Coral Boundary Layers J

- Coral reef systems are at risk across the world
- Sensitive to the ecosystem they inhabit
- Deep symbiotic connections with other
aquatic and ecological components (Lowe &
Falter, 2015)

Q: How does coral morphology affect the hydrodynamic response?
Slide 10/20
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Q: How does coral morphology affect the hydrodynamic response?

1
dru; + 0juju; = —p—aip +v0;0ju; + Upw cos(wt) + Figy
0

Waves Roughness
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Q: How does coral morphology affect the hydrodynamic response?

1 Wave Velocity — Velocity scale
dru; + uju; = ——0;p +v0;0;u; + Upw cos(wt) + Fipy Wave Period — Time scale
Mean coral height — Length Scale

*lgnoring the IBM force*

/

Waves Roughness

A

1
atui + Fajujui =T <—61p + R_ka]a]ul> + COS((Ut)
€p
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RS 1 Wave-Coral Boundary Layers

@ fucas
Q: How does coral morphology affect the hydrodynamic response?
Wave Velocity — Velocity scale
dru; + uju; = ——0;p +v0;0;u; + Upw cos(wt) + Fipy Wave Period —Time scale
Po Waves Rouch Mean coral height — Length Scale
OUEHNess *lgnoring the IBM force*
. @ ®
atui + Fajujui =T <—61p + ﬁajajuJ + COS((,()t) Smooth-Laminar > ?;:Zj;
:5“‘“5 10 10!
<l
1" _ Ub _ A Rek - Ubks I: 10 . 10 ® ®
— & SY
a)ks ks b v N
10 10 10 Ny ]:)3U_§ 104 10° 10 10t 102 ]I.)O3 Ubk 10 10°
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RS 1 Wave-Coral Boundary Layers J

Q: How does coral morphology affect the hydrodynamic response?

Wave Velocity — Velocity scale
dru; + uju; = ——0;p +v0;0;u; + Upw cos(wt) + Fipy Wave Period — Time scale
Mean coral height — Length Scale

Waves Roughness *lgnoring the IBM force*
. @ ®
dru; + Fdjuju; =T <—6ip + @ajajuo + cos(wt) e ?;:st
:5“‘“5 10 10!
<l
1" — Ub — A Rek _ Uka Mo 10° - +
b — ¢ ©
a) ks ks 14 Lo A Rough-Turbulent Lo
101! 102 Ny ]:)3U_§ 104 10° 10! 102 Re]}.}O; Ubk 104 10°
o f — al
X N e e Case Name | AP/AP | AS/AT
cl 0.4456 | 0.2850
e 0.2]- c2 05250 04273
- c3 0.4638 | 0.6100
b c4d 0.4655 | 0.5764
cH 0.5250 | 0.4303
Ol S VI R\ S cb 0.4207 | 0.6235
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RS 1 Wave-Coral Boundary Layers
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- All the TKE dissipation occurs within the canopy region
- Forward and backwards phases are symmetric
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sy 22| 2= | \A3ye-Coral Boundary Layers
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KEY POINTS

* |dentical response at the small scales

* Weak correlation between coral
morphology and flow response

 Computational framework can resolve the
roughness and turbulence!

In Review
Patil & Garcia-Sanchez (20247?) — Journal of Geophysical
Research: Oceans
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First attempt at Evolution? i
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B —— | J

Impact of Geometry — Urban Fluid Dynamics
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Impact of Geometry o fuoer

3Dgeoinfo

* (Car-centric built environment
* SO, & NO, concentration worsen (Wolf
et al. 2020)
* EU Response: Lower CO, acceptable limits
(Fit for 55, Council of the EU 28/03/2023)
* \Vertical extensions — Wind loading concern

Potential (Partial) Solution?

UAV’s as alternatives to last-mile transit (E/lsayed &
Mohamed, 2020; Lemardelé et al. 2021; Cui et al.,
2024)

Slide 16/20
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B —— | Impact of Geometry J

Steady-State RANS equations — Finite Volume + SIMPLE LoDx0 LoDx.1 ToDx2 LoDx3
- Two equation closure (K-Epsilon)
- Best Practice Guidelines for mesh design (Franke et al., 2011, Blocken, 2015)

LoD1

LoD1.0 LoD1.1 LoD1.2 LoD1.3

@ (b)

TU Delft
Campus

Delfshaven
o

(©) (d)

Den Haag
(The Hauge)
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B —— | Impact of Geometry J

Case: TU Delft campus

(a)

7 1 i=Ng

N, “i=1 w; | Uil

Uy/Us

(b)
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Case: Den Haag (The Hauge)

—1000 0 1000 —1000 0

— 1 _i=n
U, =—2X._ 9W|U| .’,133:2771
Ny EL U (b) 1000 BB -

—1000 1000

0.0 03 06 09 1.2 1.5
Ua/Uoo
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Impact of Geometry "ESQEO‘?AE

Case: TU Delft campus

LoD1.2 LoD2.2 LoD1.2
(a) z3=7m ® z3=7m © x5 =10m (d)

1000

PB.=PU*>a nk*>p) 750

500
Ut = Ui

U.. X, 250
k :—2

Uus —250

—500

—400 0 400 —400 0 400
X1 X1
I |
0.0 0.2 0.4 0.6 0.8 1.0
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Case: Den Haag (The Hauge)

P.=P(U*>a nk*>p) U* =

(a)
1000
—1000 ; 5
—1000 0 1000  —1000 0 1000  —1000 0 1000  —1000 0 1000
X1 X1 X1 X1
I |
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Future Vision
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- The Level of Detail (LoD) has a large effect on the hydrodynamic response
- Industry-standard LoD 1.2 massively underpredicts the risk
- Average velocity is not a good metric for comparison

- Angular resolution can introduce systematic bias

Future Work

- Baseline 1-degree resolution dataset for
validity checks

- Multi-fidelity method for at-scale or
reduced-scale computational framework

Thank youl!
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Connecting Roughness & Flow
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