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Motivation

- Wall bounded turbulent flows are all around us.

Arbic et al. (2019)

Wind carved rock Hochschild & Gorle (2024)

Typical rough wall
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- Multi-scale (Flow and roughness itself)
- Complex interactions for unsteady systems
- Relevant across multiple disciplines



Coastal Ocean Boundary Layers



Environmental Flows ?= Bumpy walls

!𝑈 =
𝑢∗
𝜅
ln

𝑥" − 𝑘#
𝑧$

𝑢∗ = 𝜏/𝜌$	 𝑧$

Connecting Roughness & Flow
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𝑧$ =
0𝑘#
30

[Nikuradse (1933)]

𝑧$ = 𝑔 𝑘%&# [Flack & Schultz (2011)]
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How roughness characteristics dictate flow response?

Connecting Roughness & Flow
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* Code without roughness developed by Adrian Lozano-Duran & Roughness – Scotti (2001)
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Minimal Span Channels
 Ly = 200 wall units

Connecting Roughness & Flow
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• Validates Nikuradse (1933) estimate for z$ ≡
34!
"$

• Increasing Re∗ results is larger z$
• Minimal span cases resolve !U  until x"5~160

Smaller values of 𝐂𝐨 lead to larger mean flow drag

WHY?

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

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

Patil & Fringer (2023) – Journal of Hydraulic 
Engineering

Connecting Roughness & Flow



Wave-Current-Roughness interactions Source: R. C. Holleman (Youtube)

Source: Egan et al. (2019)
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Source: R. C. Holleman (Youtube)

Source: Egan et al. (2019)

- Tidal Currents (~ hours)
- Oscillatory Wave Motion (~ seconds)
- Turbulence ( < seconds)

Wave-Current-Roughness Interactions
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𝜕,𝑢+ + 𝜕-𝑢-𝑢+ = −
1
𝜌$
𝜕+𝑝 + 𝜈𝜕-𝜕-𝑢+ + Π.𝛿+) + 𝑈>𝜔 cos 𝜔𝑡 + 𝐹/01	

WavesCurrent Roughness
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Wave-Current-Roughness Interactions
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0 = Π) +
𝜕 ̅𝜏
𝜕𝑥&

+ 𝑈*𝜔 cos 𝜔𝑡
̅𝜏

𝑢∗%
= 1	 −

𝑥&
𝐻

• 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



Wave-Coral Boundary Layers
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- 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)

Wave-Coral Boundary Layers
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Wave-Coral Boundary Layers
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Wave-Coral Boundary Layers
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Wave-Coral Boundary Layers
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Wave-Coral Boundary Layers

• Identical response at the small scales
• Weak correlation between coral 

morphology and flow response
• Computational framework can resolve the 

roughness and turbulence!

KEY POINTS

In Review
Patil & Garcia-Sanchez (2024?) – Journal of Geophysical 

Research: Oceans



First attempt at Evolution?



Impact of Geometry – Urban Fluid Dynamics

Slide 16/20



• Car-centric built environment
• SOx & NOx concentration worsen (Wolf 

et al. 2020)
• EU Response: Lower CO2 acceptable limits 

(Fit for 55, Council of the EU 28/03/2023)
• Vertical extensions – Wind loading concern
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Potential (Partial) Solution?
UAV’s as alternatives to last-mile transit (Elsayed & 
Mohamed, 2020; Lemardelé et al. 2021; Cui et al., 
2024)

Impact of Geometry



Impact of Geometry
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0°

45°

90°

135°

180°

225°

270°

315°

Delfshaven

5∘

Steady-State RANS equations – Finite Volume + SIMPLE 
- Two equation closure (K-Epsilon)
- Best Practice Guidelines for mesh design (Franke et al., 2011; Blocken, 2015)

(a) (b)

(c) (d)

TU Delft 
Campus

Den Haag
(The Hauge)



Impact of Geometry
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(a)

(b)
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Case: TU Delft campus
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Impact of Geometry
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Case: Den Haag (The Hauge)

𝑈0 =
1
𝑁1
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Impact of Geometry
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(a) (b) (c) (d)

!! !! !! !!
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LoD1.2 LoD1.2LoD2.2 LoD2.2
Case: TU Delft campus

𝑃4 ≡ 𝑃 𝑈∗ > 𝛼	 ∩ 𝑘∗ > 𝛽

𝑈∗ =
𝑈,
𝑈5

𝑘∗ =
𝑘
𝑈5%



Impact of Geometry
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Case: Den Haag (The Hauge)

𝑃4 ≡ 𝑃 𝑈∗ > 𝛼	 ∩ 𝑘∗ > 𝛽 𝑈∗ =
𝑈,
𝑈5

𝑘∗ =
𝑘
𝑈5%

(a) (b) (c) (d)

!! !! !! !!

!"

"#

LoD1.2 LoD1.2LoD2.2 LoD2.2



Future Vision
- 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
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Thank you!
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Connecting Roughness & Flow
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