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Abstract

Coral reefs provide an extensive range of ecosystem services to society, playing a critical role in

shoreline protection, fishery habitat, tourism, and cultural/historic ties for local and indigenous communities.

In addition to the inherent environmental significance of corals, these ecosystem services contribute billions

of dollars annually in global economic value. Given the importance of corals, it is vital to understand the

biological, ecological, and physical conditions that determine coral survival, especially in light of recent and

projected future climate impacts that threaten these fragile organisms. Perhaps the most important bio-

physical driver of coral health is the fine-scale turbulent boundary layer, which acts as a “gatekeeper” to the

coral surface through its hydrodynamic control of momentum, mass, and thermal transport processes.

The main objective of this dissertation is to investigate three key modulators of coral turbulent

boundary layer dynamics: 1) wave-driven oscillatory flow, 2) topographic surface roughness, and 3) algal-

canopy cover. To address these questions, an interdisciplinary research approach was undertaken combining

in situ field measurements over algae-covered corals in a fringing reef in Bocas del Toro, Panama, laboratory

experiments of rib roughness on a wall-mounted hemisphere using a recirculating water tunnel, and numerical

modeling of hydrodynamics and heat transfer from hemispheres using Large Eddy Simulations (LES).

Acoustic Doppler velocimetry (ADV) and particle image velocimetry (PIV) were used to obtain

measurements of combined wave-current flow over healthy and algae-covered Siderastrea siderea corals in

the reef in Panama. The results demonstrate that the turbulence characteristics of the boundary layer shift

in the presence of an algal canopy, from a traditional wall-bounded shear layer to a plane mixing layer. As

a consequence of this transition, the algal canopy increases turbulent kinetic energy within the roughness

sublayer by ∼2.5x compared to the healthy coral, while simultaneously reducing bed shear stress by nearly

an order of magnitude. Lower surface stresses suggest a corresponding reduction in mass transfer at the

coral-water interface, leading to negative impacts on a coral’s ability to obtain resources and limiting its

metabolic productivity.

The impact of coral surface roughness was investigated by collecting PIV measurements and dye

visualizations in a recirculating water tunnel for unidirectional flow past a range of 3D-printed coral models
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x ABSTRACT

with rib-type roughness and a model of an actual coral skeleton obtained by computed tomography scanning.

The hydrodynamics of the boundary layer and wake structure are shown to depend on Reynolds number and

the roughness element spacing, such that densely packed ‘d-type’ roughness generates flow properties—in

particular, mean velocities, streamlines, eddy shedding frequency, and shear stresses—that are similar to a

smooth hemisphere model. Widely spaced ‘k-type’ roughness, in contrast, displays strong vortex ejection

from leading edge roughness cavities, resulting in enhanced shear stress (between 50–100%) and turbulent

mixing (∼50%) in the wake flow.

Lastly, LES models of flow dynamics and heat transfer—used as an analogue for mass transfer—were

implemented for unidirectional and oscillatory flows past the same coral geometries used in the laboratory

experiments. The numerical results show that under unidirectional forcing, drag forces dominate the physical

mechanisms that drive turbulence characteristics and heat transfer; while under oscillatory forcing, inertial

forces play a larger role. In general, increased surface roughness and oscillatory flow conditions each enhance

heat transfer between 1.2–2.1x. However, in specific flow and roughness combinations—e.g., oscillatory, high

Reynolds number flow—the increased surface area resulting from ‘d-type’ roughness outperforms the greater

turbulence produced by ‘k-type’ roughness with respect to heat transfer enhancement. The complex interac-

tion of flow speed, steadiness of flow, and nature of surface roughness determines the physical mechanisms

that optimize trade-offs from surface morphology and creates profound consequences for the bio-physical

processes responsible for coral resilience and sustainability.
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Chapter 1

Introduction

“. . . the vital energies of the corals conquer the mechanical power of the waves; and the large

fragments of reef torn up by every storm, are replaced by the slow but steady growth of the innu-

merable polypifers. . . ”

—Charles Darwin, The Structure and Distribution of Coral Reefs

1.1 Motivation

1.1.1 Economic, Environmental, and Cultural Value of Corals

Coral reefs have long held a position of tremendous value to the marine ecosystem and global

community and of great interest to scientists and naturalists, even before Charles Darwins first systematic

and scientific characterization of corals in his 1842 monograph [1]. Beyond their spectacular natural beauty,

coral reefs generate very high levels of ecosystem productivity and species diversity—more than two orders of

magnitude higher than the surrounding open waters—leading to frequent comparisons to tropical rainforests

[2]. Despite covering only an estimated 0.1—0.5% of the ocean floor, coral reefs provide habitat for nearly

one-third of all marine fish species and can be found in the coastal waters of over 100 countries [3–5]. Within

this global distribution, hotspots with the greatest coral diversity include southeast Asia and Australia, but

corals can also be found in distant locations like the southern tip of Africa and the Mediterranean [6].

Decades of recent work have described and quantified the vast range of ecological goods derived

from the direct use of coral reefs and the ecosystem services they provide. Goods sourced from coral reefs

include both renewable resources—such as seafood products and raw materials for medicinal purposes—and

1
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non-renewable resources—such as coral blocks and rubble for construction and raw carbonate sources for

production of lime and cement [7, 8]. Ecosystem services provided by corals are even more diverse and have

been categorized into five major groups: 1) physical structure services, e.g., shoreline protection via wave

and current dissipation (as noted by Darwin) and the promotion of mangroves and seagrass beds; 2) biotic

services, such as maintenance of habitat and biodiversity, as well as export of organic production to pelagic

food webs; 3) biogeochemical services, e.g., nitrogen fixation, control of carbon dioxide and calcium budgets;

4) information services, e.g., climate and pollution records in carbonate skeletons; and 5) social/cultural

services, e.g., recreation, aesthetic value, and cultural and religious significance [9]. Roughly estimated, the

global economic value of these goods and services is in excess of $375 billion annually [10]. In short, corals

are an integral part of the global economy, environment, and cultural heritage, and as such, understanding

the biophysical mechanisms that control and promote coral survival and success is vital to the preservation

of these fragile organisms.

1.1.2 Mass Transfer and the Role of the Turbulent Boundary Layer

Coral ecology is governed by a wide range of biological and physical factors, including, but not limited

to, such parameters as ocean temperature and acidification [11, 12], the availability of required nutrients and

macromolecules [13, 14], the presence of photosynthetic endosymbiotic algae known as zooxanthellae [15,

16], competition with other reef organisms for light, space, and nutrients [17, 18], direct loss of coral tissue

from predation and disease [19, 20], and anthropogenic pressures [21]. Among the complex web of biophysical

drivers affecting corals, perhaps the most important consideration is the hydrodynamic interface between the

overlying ocean water and the coral surface—a process that can directly and indirectly affect nearly every

other biophysical factor. As sessile, benthic organisms, corals must rely on fluid motion for the transport of

materials to and from their surfaces. Essential nutrients and dissolved minerals—such as CO2, PO4, NH4,

aragonite, and plankton—need to be transported to the coral for uptake, and waste products and spawning

cells—such as O2, sediments, eggs, sperm, and larvae—need to be transported away from the coral for

dispersal. Collectively, these dissolved and particulate materials can be treated as scalar masses that require

transport by fluid motion and can be investigated across a variety of flow scales.

Coral reef systems and their interface with the overlying water column comprise an enormous range

of length and time scales, owing to the reefs widely variable characteristic roughness size and the measure-

ment domain of interest. At the largest reef-level scale on the order of kilometers, tidal and wave forcings

connect the open ocean with whole-reef circulation patterns, which provide a direct link for the flux of mass

to and from the open ocean [22], and also allow for the dissipation of shore-bound wave energy by reef-
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induced bottom friction and wave breaking [23]. At the smallest polyp-level scale on the order of microns,

concentration gradients of dissolved materials drive diffusive transport [24] and coral ciliary beating can ac-

tively generate vortical flows to enhance mass flux [25]. Between these two extremes of coral length scales is

a broad intermediate range on the order of centimeters to meters, which links the two limiting-case regimes.

This intermediate length scale generates and controls both the hydrodynamics and mass transport

rates of the fine-scale turbulent boundary layer at an individual coral’s interface with the water column,

and it is the regime of interest in this dissertation. Under typical forcing conditions of wind-driven spectral

waves and tidal currents, the turbulent boundary layer is composed of a superposition of a time-dependent,

thin, oscillatory wave boundary layer and a steady (for reasonable time scales) tidal current boundary layer.

Known as the “gatekeeper” for thermal, mass, and momentum transport fluxes, the coral turbulent boundary

layer has been shown to be strongly modified by the interaction of wave-driven oscillatory flow with the large

roughness of the reef topography—a process that drives highly efficient mixing and nutrient uptake rates by

the reef [26]. Such efficiency of mixing has been posited as a possible explanation for the so-called “Darwin’s

Paradox”, which questions how reefs can generate unexpectedly large levels of productivity in spite of their

highly oligotrophic habitat [27]. However, specific characterization of how coral-scale surface variation (as

opposed to reef-scale roughness) affects individual transport rates has not been well studied.

A full description of the hydrodynamics of the intermediate-scale regime requires estimates of both

mean quantities—such as tidal current velocity uc, wave orbital velocity ũw, wave height H, and wave period

T—and also turbulent statistics—such as Reynolds shear stress u′w′, turbulent kinetic energy budget terms,

eddy viscosity νe, and turbulent mixing length `m. Characterization of energy transfer (i.e., momentum) from

the mean flow into statistically defined turbulent motions is important for field, laboratory, and numerical

studies, which seek to understand the processes that drive mixing and mass transport and their biophysical

control on coral health. Owing to the importance and far-reaching impact of the coral turbulent boundary

layer, the primary goal of this dissertation is to investigate the hydrodynamics of turbulent boundary layer

flow over corals and to describe how alterations to the coral surface change these dynamics and the consequent

implications for mass transfer and coral health. The dissertation describes a series of field measurements over

healthy and algal-covered corals in Panama, laboratory water tunnel experiments using 3-D printed coral

models of varying surface roughness, and computational fluid dynamics (CFD) simulations of flow structure

and mass transfer rates (using heat transfer as a proxy measure) under unidirectional and oscillatory flows.
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Figure 1.1: Photographs of massive Scleractinian corals from the family Siderastreidae (left) and Faviidae (right),
which exhibit two distinct surface morphologies. Images taken in Bocas del Toro, Panamá.

1.2 Research Questions

Corals of the order Scleractinia, i.e., stony corals that generate a hard calcium carbonate skele-

ton1, are known as foundational reef-builders, whose rigid skeletons create and maintain the fundamental

structure of reef ecosystems. The importance of Scleractinian corals to reef ecology and the integral role

of the fine-scale (order of centimeter) wave-current boundary layer motivate the questions investigated in

this dissertation. Numerous studies have demonstrated the influence of the turbulent boundary layer on key

ecological functions like nutrient uptake [28], larval dispersal [29], calcification [30], photosynthesis [31], and

temperature and acidity modulation [32]. However, relatively few investigations have described the structure

and dynamics of the turbulence regimes that physically mediate these mass flux process. Such fine-scale mea-

surements in the field have not been technologically feasible until the recent advent of new micro-profiling

measurement devices. Among the turbulence studies undertaken, most have focused predominantly on hydro-

dynamic descriptions over reef canopies composed of digitate, i.e., finger-like, corals [33], within assemblages

of branching corals [34], or over encrusting corals [35]. Missing from the Scleractinian corals cited above,

one major and very common group that has been less well studied are massive corals, that is, the fami-

lies of hemispherical, boulder-shaped corals like Faviidae (commonly called brain corals) and Siderastreidae

(commonly called starlet corals) and shown in figure 1.1. The main objectives of this dissertation are to

characterize the hydrodynamics of the fine-scale turbulent boundary layer over massive corals, to investigate

how modifications to the coral surface affect the turbulent boundary layer, and to numerically simulate how

these modifications affect water-column mixing and mass transfer. In this way, the research aims to fill gaps

1The other major order of corals is Alcyonacea, or soft corals, which lack a calcium carbonate skeleton, and are beyond the
scope of this work—though the fleshy morphology of Alcyonacea undoubtedly creates an interesting fluid-structure interaction
that deserves study in its own right. Less common coral orders include Antipatharia, or black corals, and Helioporacea, or blue
corals.
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in our understanding of coral boundary layers, mass flux, and the consequent impacts on individual coral

health and entire reef ecosystem sustainability.

The experiments in this study will address three important environmental factors commonly present

in a coral’s habitat that have the ability to modulate the turbulent boundary layer and affect rates of mass

flux: 1) wave-driven oscillatory flow, 2) surface roughness, and 3) overlying algal-canopy cover. Representing

a typical coral environment found in a reef habitat—that is, an hemispherical coral with rough surface to-

pography exposed to wave-swept flows and potentially susceptible to algal-canopy cover—these modulating

factors complicate the dynamics of the coral-water interface and point to specific limitations in our under-

standing of coral boundary layers. Guided by these considerations, the overarching research questions that

motivate this dissertation as a whole are described below.

1. What are the fine-scale mixing and turbulent hydrodynamics of boundary layer flow over

smooth, hemisphere-shaped Scleractinian corals under steady, unidirectional flows?

The conditions considered in the above question, i.e., a smooth surface and unidirectional flow,

represent a baseline state against which subsequent experimental conditions will be compared. In this way,

the study seeks to build levels of complexity that represent a spectrum of realistic environmental conditions,

while attempting to distinguish the effects of each added parameter. Hydrodynamic descriptions of the fine-

scale boundary layer and downstream wake characteristics were achieved by collecting a series of experimental

measurements in the Mechanical and Aerospace Engineering Department’s recirculating water tunnel at the

University of Virginia (UVA). Measurements of mean velocity and turbulent statistics were made over an

idealized coral model represented by a smooth plastic hemisphere constructed through fused depositional

modeling. Quantitative data records were collected using 2-dimensional particle image velocimetry (PIV),

while qualitative descriptions were made using dye-injected flow visualization. Additionally, descriptions

of boundary layer hydrodynamics and downstream wakes were numerically modeled through Large Eddy

Simulations (LES) using commercially available computational fluid dynamics (CFD) code from ANSYS, Inc.

Results from the numerical simulations were validated using the experimental water tunnel measurements,

and simulations of surface mass flux were undertaken using a convective heat transfer module as an analogue

for mass transfer.

2. How does oscillatory flow—forced by wind-driven spectral waves in situ or simulated as monochro-

matic waves in numerical simulations—affect the hydrodynamics of the turbulent boundary layer

over corals, and what are the implications for mass flux compared to equivalent unidirectional

flows?
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The defining characteristic of combined wave-current boundary layer hydrodynamics is that key

parameters are time-dependent, i.e., the amplitudes of values such as Reynolds stresses and bed shear vary

throughout the wave cycle (and since the signs of these values also vary with wave phase, i.e., flow direction,

the most physically relevant time-average is the root-mean-square value). For both rigid and flexible canopies,

oscillatory flow drives turbulent stresses deeper into the canopy and increases bed shear stresses compared

to equivalent unidirectional flows [33, 36]. For flows over smooth and rough flat surfaces, oscillatory flow

alters the boundary layer structure and enhances mass transfer up to 60% over comparable steady flows [37].

However, for massive corals or other spherical bluff bodies, little is known about how the superposition of

a time-varying wave boundary layer onto a steady current boundary layer affects turbulence dynamics and

mass flux.

To address this gap in the literature, an investigation of combined wave-current flow over massive

corals was undertaken during two summer field deployments to a fringing coral reef in Bocas del Toro,

Panama. Two-dimensional velocity measurements were collected using a custom-made in situ PIV system,

and full 3-dimensional velocity measurements were made using a profiling ADV. Field measurements were

only able to characterize combined wave-current flows—rather than pure oscillatory or pure steady flows—

because conditions were consistently wavy. However, spectral analyses were able to decompose time-averaged

derived quantities such as Reynolds stresses and bed shear into either wave or current contributions. In order

to resolve a complete volumetric 3-dimensional record of the hydrodynamics, Large Eddy Simulations of pure

current and pure wave conditions were modeled, which also allowed for the estimation of mass transfer rates

across the coral surface for both flow regimes.

3. How does a coral’s surface roughness affect the hydrodynamics of the turbulent boundary layer

for unidirectional and oscillatory flows, and how does roughness impact rates of mass transfer?

Previous studies of surface roughness have predominately investigated flat surfaces with bar-type

roughness elements, composed of well-ordered ratios of roughness element spacing width w to roughness

element height k. Ratios less than unity, i.e., w/k < 1, are defined as “d-type” roughness and exhibit stable

internal flow within the cavities between elements. By contrast, surface roughness with ratios greater than

unity, i.e., w/k > 1, are classified as “k-type” roughness and characterized by the ejection of vortices into the

overlying boundary layer [38]. (More recent classifications rely on the ratio of pressure drag to frictional drag,

which will be discussed in the following chapter). A second important method to describe surface topography

is the concept of rugosity, which quantifies the fine-scale variation of surface elevation. Rugosity is calculated

as the ratio of the total surface area to the projected 2-dimensional planar surface area. For massive corals,

the surface topography can vary widely, from nearly smooth corals with low rugosity like Siderastrea siderea
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to deeply ridged brain-type corals with high rugosity, like Colpophyllia natans.

To investigate how surface roughness affects the turbulent boundary layer and wake dynamics,

velocity measurements were made over and downstream of three idealized coral geometries possessing a range

of w/k ratios and representing both d- and k-type roughness. Additional velocity measurements were collected

over a computed tomography (CT) model of an actual brain coral skeleton. All models were constructed

using fused depositional modeling and tested experimentally in the UVA recirculating water tunnel using

PIV and dye-injected flow visualization. Experimental data were used to validate LES models of flow over

the same geometries for unidirectional flow, and the LES models were extended to simulate oscillatory flow

conditions and surface heat (and mass) flux.

4. How does turf algae canopy on the surface of a massive coral affect the structure and dynamics

of the turbulent boundary layer, and what are the implications for mass transfer?

Assemblages of turf algae can invade and overgrow the surface of corals causing significant degrada-

tion to community biodiversity and to physical reef structures [17]. Previous work has shown that presence of

an algal canopy can alter the boundary layer structure by increasing the thickness of the mean velocity profile

[39]; however, no studies have attempted to measure the turbulence statistics of flow in an algal canopy. A

flexible algal canopy is hypothesized to resemble more commonly studied terrestrial canopy flow, character-

ized by an inflection point in the mean velocity profile, which generates Kelvin-Helmholtz instabilities that

propagate to fully developed turbulence. The presence of a canopy is expected to buffer the coral surface

from turbulent mixing processes, which will strengthen the mass transfer bottleneck, despite the additional

drag produced by algal elements. In order to describe the turbulence structure within a turf algae canopy,

measurements were collected using a 3D profiling acoustic Doppler velocimeter over a massive S. siderea

coral overgrown by algae during field experiments in Bocas del Toro, Panama.

For each main research question, the ultimate parameter of ecological interest is the mass transfer

rate, which largely determines the health and sustainability of corals. Since the hydrodynamics of the tur-

bulent boundary layer play a governing role in setting rates of mass flux (along with molecular diffusivities),

this dissertation aims to describe key boundary layer measures—such as mean velocity, Reynolds stresses,

TKE budgets—subject to various surface alterations, and consequently, the impact on mass transfer due to

these alterations. Beyond specific contributions to coral hydrodynamics and ecology, this research also seeks

to extend in a more general manner the scientific community’s basic understanding of turbulent boundary

layers over rough surfaces, which constitute a vital and active area of research with an enormous range of

applications.
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1.3 Contribution of Results

1.3.1 Novelty and Significance

The research fields of boundary layer flow, convective heat transfer, and coral ecology are each well

established and have been deeply investigated throughout scientific history. The novelty of this dissertation

lies primarily in the unique intersection of these three research areas and the application of previously

developed physics to new, interdisciplinary conditions, such wavy flow in coral habitats. In particular, the

results of chapter 3 present the first quantitative description of the turbulence regime for an algal canopy

growing on the surface of an individual coral. Chapter 4 provides the first experimental investigation of and

hydrodynamic results for flow past a wall-mounted hemisphere with various rib roughness. Finally, chapter

5 extends the results of chapter 4 by implementing the first Large Eddy Simulations of convective heat

transfer from rough hemispheres subject to both unidirectional and oscillatory flow conditions. Each chapter

presents novel physical descriptions of previously unstudied hydrodynamic systems and offers insight into the

potential ecological implications that result from these various boundary layer alterations. In sum, the results

derived from the combination of field work, laboratory experiments, and numerical simulations not only add

to our knowledge of the various conditions affecting boundary layer flow and its turbulence characteristics,

but also permit a better understanding of the biophysical interactions that are critical to the health and

resilience of corals and the many significant ecological, economic, and social benefits they provide.



Chapter 2

Background Theory and Literature

Review

In this chapter, I review the fundamental biology of corals and provide an overview of the theory

of key fluid dynamic processes that affect the coral lifecycle. Relevant experiments and field studies from

the literature that describe the current state of understanding of coral hydrodynamics will be presented and

used to establish gaps in the scientific record that this dissertation seeks to address. Section 2.1 will briefly

outline basic coral anatomy and the coral lifecycle, including reproduction, feeding, and colony formation,

and discuss the importance of concentration boundary layers to corals. Sections 2.2 and 2.3 present the basic

equations of motion governing turbulent flows, boundary layers, and combined wave-current flows. Sections

2.4 and 2.5 describe the hydrodynamics resulting from alterations to a typical coral surface in the form of

algal canopy cover and high surface roughness. Chapter 2 closes with a review of scalar mass transport and

the advection-diffusion equations governing this important physical control on coral health.

2.1 Coral Ecology

2.1.1 Fundamentals of the Coral Lifecycle

Corals are marine invertebrate animals classified within Linnaean taxonomy as part of the phylum

Cnidaria and class Anthozoa [6]. The focus of this dissertation is the stony coral of the order Scleractinia,

described perviously in Chapter 1 as a foundational “reef builder” that generates a hard calcium carbonate

skeleton. An individual coral is composed of a colonial assemblage of many individual polyps, which are the

constituent body morphologies responsible for the uptake of dissolved crystalline CaCO3, called aragonite,

9
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Figure 2.1: Colonial assemblage of the branching coral Porites furcata forming the foundation of the reef in Bocas del
Toro, Panamá. Other reef species visible include the feather duster Sabellastarte spectabilis, the fire “coral” Millepora
alcicornis in the foreground, and various reef fishes in the background.

from the ocean water column. Each polyp subsequently deposits the calcium carbonate through its basal plate

to create a permanent skeleton structure that forms the basis of the reef community. Like most coral species,

the Scleractinian corals in this study asexually bud from an initial “parent” polyp to produce “offspring”

polyps, which continue the cycle until a familiar colony formation is created, as shown in Figure 2.1. Upon

establishment of the adult colony, the vast majority of corals undertake hermaphroditic sexual reproduction,

in which a synchronized release of sperm and eggs occurs during an annual spawning event [40]. Timed to

allow for predominantly cross-fertilization in the water column, coral broadcast spawning generates free-

swimming larvae, which actively respond to chemical cues in the water column directing them to suitable

locations for attachment and growth [41].

As sessile animals, corals have evolved two distinct strategies to obtain nutrition without the aid of

locomotion. First, nearly all reef-building corals residing in the photic zone, i.e., at a water depth at which

light still penetrates, contain millions of endosymbiotic unicellular dinoflagellates called zooxanthellae within

individual polyps. Zooxanthellae are autotrophic organisms that undertake photosynthesis, providing coral

cells with oxygen and complex organic compounds needed for respiration and metabolic processes while

simultaneously removing the polyp’s CO2 and nitrogen waste products. Additionally, zooxanthellae are re-
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sponsible for creating the brilliant diversity of coloration in corals, and the expulsion of zooxanthellae during

conditions of environmental stress result in the familiar bleaching patterns seen on degraded corals. The

second strategy corals have adopted for nutrient intake is direct predation of zooplankton and suspended

organic particles. As nocturnal predators, individual coral polyps are able to extend their tentacles to trap

microscopic plankton, which are then dissolved within the polyp gut. Corals are also able to predate by cre-

ating a surface mucus layer, which ensnares free-floating or swimming prey and are subsequently transported

to the gut for consumption.

2.1.2 Benthic Boundary Layer and Concentration Gradients

The marine benthic boundary layer (BBL) is a specialization of the general boundary layer concept

used to describe the region of near-bottom ocean water and its frictional interaction with the benthos, i.e.,

the community of flora and fauna living in or near the seafloor. The marine BBL, similar to traditional hydro-

dynamic boundary layers, is distinguished by sharp gradients in velocity, momentum, mass concentrations,

and thermal energetics and can be defined across a range length scales. In deep-water regimes, the marine

BBL can extend tens of meters in elevation above the seafloor; whereas, in more typical shallow-water reef

communities, the BBL thickness is on the order of tens of centimeters to meters [42]. When nutrients or

dissolved chemicals are either produced or consumed by the benthos—for example, the uptake of ammonium

or phosphate by corals, the release of oxygen and dissolved organic matter by autotrophs, or the consumption

of zoo- or phytoplankton by heterotrophs—the formation of a concentration boundary layer occurs, which

can influence metabolic rates and limit growth of benthic organisms.

Initial characterizations of the BBL relied on applying fundamental engineering concepts of scalar

mass and heat transfer (to be discussed in Section 2.6) to environmental systems. Early evidence of large-scale,

O(meter), concentration boundary layer formation came from experimental observations of benthic filtering

by suspension-feeding bivalves, which were seen to control annual spring phytoplankton blooms in San

Francisco Bay [43, 44]. Similarly, in the St. Lawrence River estuary, increased rates of bivalve metabolism were

found to correlate with higher current speeds, suggesting an enhancement in turbulent mixing that replaced

nutrient-depleted benthic water with nutrient-rich surface water [45]. Laboratory experiments subsequently

quantified these field observations, demonstrating that the ratio of pumping velocity uj to boundary shear

velocity u∗ determines the phytoplankton removal efficiency—the parameter responsible for establishing the

water column concentration gradient [46]. Within the BBL exist several other smaller scale boundary layers—

depending on the scale of investigation—such as the momentum boundary layer (MBL), the viscous boundary

layer (VBL), and the diffusive boundary layer (DBL). Each boundary layer can possess a concentration
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gradient of its own so that larger boundary layers represent the integrated effects of smaller scale layers [42].

At the smallest scales, O(¡millimeter), concentration gradients and vertical mass transport are con-

trolled by molecular diffusion D at the coral surface. In this region, surface friction retards the flow so that

viscosity becomes the dominant control on fluid motion, and rates of molecular diffusion become larger than

rates of turbulent eddy diffusion, thereby creating a concentration gradient called the diffusive boundary

layer. The size of the DBL is determined by surface roughness, flow speed, and the molecular diffusivities of

relevant dissolved materials (e.g. O2, CO2, PO3−
4 , NH+

4 ) [47]. As the DBL is the final barrier for nutrient

uptake by individual coral polyps, it has become known as the mass transfer “bottleneck” [48]. Numerous

studies have shown that larger turbulence-induced wall shear stress τ reduces the thickness of the diffusive

boundary layer and enhances mass flux at a water-substrate interface [49–51]. Additionally, higher levels of

turbulent kinetic energy k in the intermediate-scale boundary layer near the benthic surface thin the DBL,

causing it to more smoothly follow the bottom bed topography [52] and increasing mass transport [53].

Finally, oscillatory flow driven by surface waves also disrupts the formation of boundary layer concentration

gradients and breaks down the diffusive boundary layer—especially during flow reversal—thereby enhancing

mass flux [54].

2.1.3 Turf-forming Macroalgae Degradation

In reef flat communities, many other species directly compete with corals for resources in the olig-

otrophic, i.e., nutrient-poor, tropical and sub-tropical coastal waters. In particular, benthic macroalgae com-

pete with corals for space, light, and nutrients [55], often exhibiting a competitive advantage under conditions

of limited herbivory or excessive nutrient loading [56]. The algae typically found in coral reef systems are

multi-specific assemblages of green, red, and brown seaweeds with filamentous Cyanobacteria [57]. Individual

species identification is generally not performed since the biodiversity of reef turf algae is so high, containing

greater than 20 species in ∼1 cm2 [58]. Coral-algae interactions result in a number of detrimental effects to

coral health including: allelopathic chemical attack [59], epithelial sloughing [60], shading, and overgrowth

[17]. An important potential hydrodynamic impact arises when macroalgae begin to colonize the surface of

a coral and form a turf algae canopy, which can significantly alter the normal hydrodynamics within the

fine-scale boundary layer and impede rates of vertical transport and mixing. The reduction in mass transfer

due to a canopy degrades a coral’s ability to obtain nutrients and endangers the productivity and diversity

of the entire reef.
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2.2 Turbulent Boundary Layer Theory

2.2.1 Equations of Motion

The instantaneous velocity and pressure fields for an incompressible fluid flow in three dimensions

are governed by the Navier-Stokes equations, given in tensor notation as

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

+ Fi, (2.1)

∂ui
∂xi

= 0, (2.2)

where p is pressure, ν is the kinematic viscosity of the fluid, and Fi is any external body force [61].1 Equation

(2.2) is the continuity equation, which ensures fluid incompressibility, i.e., non-divergence of the velocity field.

For a turbulent flow, the instantaneous velocity and pressure fields can be decomposed into a temporal mean

component and a deviation from the mean component—a procedure called Reynolds decomposition—such

that ui = ui + u′i and p = p + p′, where the overbar indicates a time-averaged quantity and the prime

indicates an instantaneous fluctuation. By definition, the average of the fluctuating components over time

is zero, i.e., u′i = p′ = 0. The temporal Reynolds decomposition requires stationary flow, i.e., ∂ui/∂t = 0;

otherwise, ensemble averaging over many instantiations from the same initial conditions is required.

To derive the mean momentum and continuity equations that describe a turbulent flow field, the

decomposed velocity and pressure terms are substituted into the instantaneous Navier-Stokes equations (2.1)–

(2.2), and these equations are averaged with respect to time. As an example of this procedure, substitution of

the Reynolds decomposed velocity into the continuity equation (2.2) and subsequent averaging with respect

tot time yields

∂

∂xi
(ui + u′i) =

∂ui
∂xi

+
∂u′i
∂xi

=
∂ui
∂xi

+
∂u′i
∂xi

= 0. (2.3)

Recalling that u′i = 0, this requires that the final term, i.e., the gradient of mean fluctuations, also equals zero,

which yields the continuity equation for the mean flow: ∂ui/∂xi = 0. This expression can be subtracted from

the total continuity equation (2.2) to produce the continuity equation for the turbulent flow, i.e., ∂u′i/∂xi = 0.

In this way, we have demonstrated that the instantaneous, the mean, and the turbulent components of the

velocity field are all non-divergent.

1The derivation of the turbulent equations of motion and boundary layer scaling presented in this section can be found in
any introductory text on fluid mechanics, and the organization here primarily follows [61].
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A similar procedure (omitted here for clarity) can be undertaken for each of the terms of the

instantaneous momentum equation (2.1), and assuming no external forcing, yields the mean momentum

equation

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
− ∂

∂xj
(u′iu

′
j) + ν

∂2ui
∂xj∂xj

. (2.4)

Comparing the mean momentum equation (2.4) to the instantaneous momentum equation (2.1), it is evident

that the turbulent fluctuations in the flow field have introduced an additional stress term u′iu
′
j , called the

Reynolds stress tensor. Factoring out a common flux divergence operator from the final two terms and

multiplying by density, we can then define these terms as the total shear stress τ , which is composed

of a turbulent component and a viscous component: τ = −ρu′iu′j + µ

(
∂ui

∂xj
+

∂uj

∂xi

)
. Except very near a

boundary where fluctuations are small and mean gradients are large, turbulent stresses are significantly

larger than viscous stresses. The origins of Reynolds stresses lie in the nonlinear advection term in the

Navier-Stokes equations, i.e., uj
∂ui

∂xj
, and can be thought of conceptually as the transfer of momentum by

turbulent fluctuations from the mean flow to the turbulent flow.

2.2.2 Turbulent Kinetic Energy Budget

Having established the governing equations for the velocity and pressure fields for an incompressible

turbulent flow, it is now possible to explore the sources and sinks of turbulent kinetic energy (TKE) within

the flow. A general procedure for obtaining kinetic energy is to integrate the scalar product of velocity and

the change in momentum, i.e., KE =
∫
ui · d(pi) = 1

2mu
2
i , where pi = mui is momentum. Analogously,

the turbulent kinetic energy equation is obtained by multiplying the turbulent velocity u′i by the turbulent

momentum equation
∂u′i
∂t (itself obtain by subtracting the mean momentum equation (2.4) from the total

momentum equation (2.1)) and averaging the scalar product. Ignoring buoyancy and other external forcings,

this yields

∂q2

∂t
+ uj

∂q2

∂xj
= − ∂

∂xj

(
1

ρ
pu′j + q2u′j − 2νu′ieij

)
︸ ︷︷ ︸

I

−u′iu′j
∂ui
∂xj︸ ︷︷ ︸

II

− 2νeijeij︸ ︷︷ ︸
III

, (2.5)

where q2 ≡ 1
2 (u′2 + v′2 + w′2) is turbulent kinetic energy per unit mass and eij ≡ 1

2

(
∂u′i
∂xj

+
∂u′j
∂xi

)
is the

fluctuating strain rate tensor.2 The left-hand side of equation (2.5) represents the temporal rate of change in

2A note on coordinate systems: Throughout this dissertation, the streamwise direction is denoted by x with corresponding
horizontal velocity u, the lateral direction is denoted by y with cross-flow velocity v, and the transverse direction, i.e., wall-
normal, is denoted by z with corresponding vertical velocity w.
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TKE and the advection of TKE, respectively. Term I on the right-hand side (r.h.s.) describes the quantities

responsible for the spatial transport of TKE (a result of the leading divergence operator). The physical

mechanisms described by each term are pressure-drive transport, turbulence-driven transport, and viscous-

driven transport, respectively. Term II on the r.h.s. is the shear production of turbulent kinetic energy,

resulting from the interaction of the Reynolds stress with the mean velocity gradient — in effect, a transfer

of kinetic energy from the mean flow to the turbulent flow. Term III on the r.h.s. is the viscous dissipation of

turbulent kinetic energy, which is a kind of “smearing out” by fluid viscosity of the smallest scale turbulent

fluctuations into thermal energy. Dissipation, also represented as ε, can be calculated directly through the

velocity gradients of the strain rate tensor or though spectral fitting to a theoretical Kolmogorov spectrum.

For fully developed turbulence in equilibrium, shear production and viscous dissipation directly balance each

other and transport terms are negligible.

2.2.3 Boundary Layer Scaling

Flow over the surface of a coral is a specific example of the general class of wall-bounded shear flows,

the major features of which I describe below. In general, turbulent flow bounded by a solid wall requires a

“no-slip”, i.e., zero velocity, boundary condition at the surface. This boundary condition creates a vertical

gradient in velocity that decreases until the free-stream velocity u∞ is reached, resulting in the formation

of a turbulent boundary layer (TBL), the thickness of which is typically defined as the height at which the

mean horizontal velocity reaches 95 or 99% of u∞. The TBL can be divided into three regions: 1) the inner

layer, in which fluid viscosity ν governs flow properties, 2) the outer layer, in which flow is inviscid and the

TBL thickness δ controls turbulent eddy size, and 3) the overlap layer, in which neither ν nor δ directly

influences the flow characteristics and inertia dominates. The three boundary layer regions are analogous to

the viscous range, inertial range, and forcing range for homogeneous, isotropic turbulence.

First, the inner layer, also called the viscous sublayer, is the region of the turbulent boundary layer in

which turbulent fluctuations are small and a uniform viscous stress dominates. This constant viscous stress is

set equal to the wall shear stress τ0, which is used to define a normalizing scale called the friction velocity u∗ ≡√
τ0/ρ, with dimensional units [L] · [t]−1. In the viscous sublayer, velocity u is nondimensionalized by u∗, so

that the dimensionless velocity becomes u+ ≡ u/u∗. Similarly, the wall normal height z is nondimensionalized

by the viscous scale ν/u∗, so that dimensionless wall units become z+ ≡ zu∗/ν. The constant viscous stress

in the inner layer requires that the velocity gradient also remain constant (noting that since u′w′ = 0 here,

then τ0 = µ∂u∂z ), which implies that the velocity distribution depends linearly on height only. This gives rise
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to the famous law of the wall, which takes the universal functional form

u

u∗
= f(z+). (2.6)

The linear velocity profile has been shown to be valid until approximately z+ ∼ 5, which determines the

thickness of the viscous sublayer.

Next, the outer region of the turbulent boundary layer is characterized by a flow structure resembling

inviscid, wall-free turbulence and is governed by the total thickness of the boundary layer δ. Reynolds stresses

found in this region impart a drag on the mean velocity resulting in a reduction in velocity magnitude

compared to the free-stream velocity, i.e, u∞ − u(z). The size of the defect in velocity is expected to be

proportional to the wall friction velocity u∗ and a function of the distance from the wall normalized by the

boundary layer thickness. This effect is called the velocity defect law and is given by the functional form

u∞ − u
u∗

= f
(z
δ

)
. (2.7)

Finally, there exists a region of overlap between the inner and outer layers in which neither ν nor

δ directly determines the flow characteristics. Since the inner layer and outer layer possess different scaling

terms for height z — the viscous scale ν/u∗ and boundary layer scale δ, respectively — in order to define

the overlap region, it is necessary to match the law of the wall and the velocity defect law by simultaneously

taking the limits zu∗/ν →∞ and z/δ → 0. Rearranging equations (2.6) and (2.7) in terms of their velocity

gradients ∂u/∂z and integrating yields the velocity distribution for the overlap layer

u

u∗
=

1

κ
ln
zu∗
ν

+ C, (2.8)

where κ is the universal von Kármán constant equal to 0.41 and C is an integration constant empirically

shown to equal 5.0 for a smooth plate. The overlap region is also known as the logarithmic layer because of the

logarithmic distribution of velocity, or alternatively, the inertial layer because little turbulent production or

dissipation occurs, merely an inertial cascade from large to small eddies through nonlinear inviscid processes.

The log law distribution has been shown to be valid for 30 < z+ < 300, which is typically only about 20%

of the total boundary layer thickness — the majority of which is governed by the velocity defect law.3

3The “missing” region from 5 < z+ < 30 is called the buffer layer, in which the velocity profile is neither linear nor
logarithmic. Here, both viscous and Reynolds stresses are important, and steep velocity gradients cause turbulence production
to reach a maximum.
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2.3 Combined Wave-Current Flow

Most corals exist in habitats where both current-driven steady flow and wave-driven oscillatory flow

are important. The addition of an unsteady oscillatory component to the total velocity field can have sig-

nificant implications for the structure and dynamics of the turbulence, as well as the resulting mixing rates

and mass transport to the coral. Early evidence for wave enhancement of mass flux to corals was reported

from a large-scale, fully enclosed self-sustaining mesocosm experiment, in which inorganic nutrient uptake,

e.g., PO4, NO3, and NH4, was 2–3 times higher under wave forcing compared to equivalent steady flows

[62]. Laboratory studies later supported and expanded upon this finding, reporting similar wave enhance-

ment of mass transfer in idealized water flume experiments and suggesting that flow rate and substrate

morphology/spacing significantly control the size of the effect [63, 64].

The major challenge of combined wave-current flow is the superposition of two unique turbulent

boundary layers—a thin, oscillating wave boundary layer (WBL), and a thicker, steady current boundary

layer (CBL)—that interact in a highly nonlinear fashion. During unsteady wave conditions, quantifying

hydrodynamic parameters important for the estimation of mass flux can be problematic because of the

manner in which large wave-induced velocity variances can contaminate calculations of velocity profiles [65],

turbulent shear stresses [66], and friction velocities [67]. When wave motion is correctly accounted for—

through, for example, phase averaging or spectral separation—the turbulence structure of combined wave-

current flow has been shown to differ significantly from steady wall turbulence. Characteristics of turbulence

in wave-current flows exhibit a strong dependence on wave phase, with peak production, dissipation, and

shear stress occurring in the decelerating phase [68]. Time-dependent vertical profiles are altered due to

the ejection of vortices during flow reversal, which are formed by the periodic acceleration of flow over bed

roughness elements during periods of wave-induced adverse pressure gradients [69]. These periodic “jets” are

distinct, though difficult to distinguish, from traditional “bursts” of turbulent eddies in a steady flow, which

arise from instabilities occurring over both smooth and rough beds. The result is that the interaction of a

combined wave-current flow with the bed greatly enhances time-averaged bed shear stress and turbulence

intensities compared to unidirectional flow alone.

2.3.1 Linear Wave Theory

Linear wave theory, also called Airy wave theory after 19th century English mathematician George

Biddell Airy, provides the equations that describe the fluid motion induced by surface gravity waves, such

as the wind-driven waves typically found in coral reef environments. Governing equations for horizontal and

vertical velocity components are defined in terms of several key wave parameters: wavelength L, wave period
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T , wave height H, and water depth d. The theory assumes inviscid, incompressible, irrotational fluid flow,

and has been demonstrated to be valid for small ratios of wave height to water depth (H:d) and wave height

to wavelength (H:L). The free-surface displacement η of the wave field induces a pressure field, which drives

subsurface fluid motion, and is given by

η =
H

2
cos(kx− ωt), (2.9)

where k = 2π
L is wavenumber and ω = 2π

T is angular wave frequency [70]. The instantaneous horizontal u

and vertical w velocity components generated by the free-surface displacement are given by

u =
ωH

2

cosh k(z + d)

sinh(kd)
cos(kx− ωt), (2.10)

w =
ωH

2

sinh k(z + d)

sinh(kd)
sin(kx− ωt), (2.11)

where z is the vertical coordinate system, such that z = 0 is the mean surface elevation and z = −d is the

ocean floor. The cos and sin terms in equations (2.10) and (2.11), respectively, indicate that the maximum

horizontal and vertical velocity components of the subsurface fluid flow are 90◦ out of phase, which creates

the characteristic wave orbital motion. The magnitudes of wave orbital velocities decrease with increasing

depth—as seen by the (z + d) argument of the hyperbolic functions—and the shape of the wave orbitals

flatten as they approach the seafloor, until very near the bed where the oscillatory wave motion becomes

fully linearized to create a wave boundary layer. The size of the wave orbitals, or the horizontal distance

of oscillatory motion at the bed, is described by the particle excursion length, which varies with elevation

above the bed and is given as Amax(z) = umax(z)/ω.

2.3.2 Wave-Current Boundary Layers

The turbulence characteristics resulting from a thin, oscillating wave boundary layer are distinct from

those resulting from a thick, steady current boundary layer. As noted above, when a current boundary layer

with thickness δc is superimposed on a wave boundary layer with thickness δw, the interaction between the

two turbulence regimes is highly nonlinear, and a unique combined wave-current boundary layer is formed.

Early pioneering measurements in a purely harmonic rough turbulent boundary layer were undertaken by

Jonsson (1963) and later, within a combined wave-current boundary layer by Bakker and van Doorn (1978).

These early experimental investigations focused primarily on obtaining mean velocity profiles, shear stresses,
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and bottom friction estimates [71, 72], and provided the basis for numerous analytical models of combined

wave-current flow, such as those of Smith (1977), Grant and Madsen (1979), and Fredsøe (1984) [65, 67, 73].

The theoretical models for combined wave-current flow predict the distribution of the mean current velocity

profile to be logarithmic both inside and outside of the wave boundary layer, though with differing slopes, and

each layer to generate a distinct friction velocity—u∗c for the current-only region and u∗cw for the combined

region. The governing equations for mean current velocity uc in a combined wave-current boundary layer

over a rough surface are given by

uc =
u∗c
κ

u∗c
u∗cw

ln
30z

kb
z < δw, (2.12)

uc =
u∗c
κ

ln
30z

kbc
δw < z < δc, (2.13)

where kb is the physical bottom roughness and kbc is the “apparent” bottom roughness, which accounts for

the effects of both physical roughness, as well as the drag generated by WBL turbulence and felt by the

CBL. The magnitude of kbc has been shown to depend on the ratio of the particle excursion length to the

physical bottom roughness Amax/kb, such that larger values of Amax/kb generate a larger boundary layer

thickness and consequently, a larger logarithmic layer [74].

2.4 Canopy Flow

Most previous work on the hydrodynamics of aquatic canopies has focused on large-scale systems

such as seagrass meadows [75], kelp forests [76], and reef-scale coral canopies [77], while few studies have

investigated the interaction of flow and algal canopies over corals, and to the author’s knowledge, none

have yet described the turbulent hydrodynamics, either in the lab or in situ. As a general feature of canopy

flow, drag from the canopy top creates a sharp inflection in the mean velocity profile, resulting in increased

levels of shear stress just above the canopy [78, 79]. In unidirectional flow, turbulent stresses within the

canopy are quickly damped as the canopy base is approached, and turbulence production rapidly shifts from

shear-generation due to canopy top drag to wake-generation due to canopy element vortex shedding [80].

In oscillatory flow, however, the effect on turbulent stresses depends on the nature of the canopy structure,

such that rigid, dense canopies, e.g., branching stony coral, enhance stresses within the canopy compared to

above it [33], while flexible canopies, e.g., seagrasses and kelp forests, attenuate stresses and dampen vertical

transport within the canopy compared to above it [81].
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For corals covered by turf algae mats, the height of the algal canopy alters the thickness of the over-

lying momentum boundary layer as measured by mean flow profiles, with taller canopies increasing boundary

layer thickness compared to shorter canopies [39]. Unidirectional flow speed has also been shown to control

near-surface exchange processes for algal-covered corals with higher flow rates thinning vertical profiles of

oxygen concentration and reducing the diffusive boundary layer thickness [82]. While an important role has

been established for the impact of algal canopies on coral mass transfer, detailed measurements of turbulent

hydrodynamics over algal-covered corals have not been made, and little is known about how turf algae mats

modify the structure of the turbulent BBL, especially for combined wave-current flow environments in which

corals are typically found.

2.4.1 Mixing Layer Analogy

Due to the lack of measurements of turbulent statistics over a coral algal canopy, it remains an open

question as to the type of turbulent regime present in this system. Numerous measurements, however, have

been made for a variety of terrestrial canopies, e.g., crops, forests, wind-tunnel models, and these results have

led to the so-called mixing layer analogy for canopy flow. First described by Raupach, Finnigan, and Brunet

in 1996 [83], the mixing layer analogy argues that the active turbulence and coherent motions seen near a

canopy top more closely resemble a plane mixing layer rather than a perturbed surface layer—the long-held

previous model for canopy flow. Plane mixing layer turbulence forms when two co-flowing streams of different

velocities interact along a mid plane, traditionally separated by a splitter plate in engineering schemes, but

here represented by the presence of the canopy. The shear generated along the co-flowing streams induces

Kelvin-Helmholtz instabilities, which propagate until fully developed turbulence is established.

The mixing layer analogy makes several predictions regarding key descriptors of turbulence in canopy

flow, which are described below [78]:

1. The mean streamwise velocity profile u exhibits a sharp inflection at the canopy top, while second

velocity moments, such as Reynolds shear stress u′w′, fluctuating velocity standard deviations σu = (u′2)1/2

and σw = (w′2)1/2, and the correlation coefficient ruw = u′w′/(σuσw), display vertical inhomogeneity and

rapid decay within the canopy.

2. A roughness sublayer’ exists from z = h to approximately z = 2h, where h is the canopy height,

in which values of σu/u∗, σw/u∗, and ruw vary significant from their surface layer values. Canopy flow values

of σu/u∗ and σw/u∗ decrease from 2.5 to 2.0 and 1.25 to 1.0, respectively, and ruw decreases from −0.32

to −0.5, indicating a more efficient transfer of momentum near a canopy top compared to a surface layer.

Additionally, eddy diffusivity for momentum, νe = −u′w′/(∂u/∂z), is enhanced between 10—50% in this
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region.

3. The turbulent kinetic budget shifts from a local equilibrium state typical of inertial sublayer

turbulence, in which shear production and viscous dissipation are balanced, to a regime in which turbulent

and pressure transport terms approach magnitudes similar to production terms, indicating highly nonlocal

turbulence.

4. The turbulent length scale for canopy flow is set by the strength of the shear at the canopy top,

i.e., `s = u(h)/(∂u(h)/∂z). The size of `s decreases as the magnitude of the shear increases and exhibits a

dependence on canopy density. By contrast, the turbulent mixing length scale for surface layer turbulence

scales with distance from the wall, according to `m = κz.

The mixing layer analogy predicts additional differences in u′ and w′ skewness as well as the struc-

ture of coherent motions; however, these properties are less relevant for questions of coral mass transfer

considered in this dissertation. The above hypotheses have been well demonstrated for terrestrial canopies

under unidirectional flow [78, 83, 84], but no measurements have been made to determine if the analogy—and

its predictive capabilities—apply to aquatic systems subject to oscillatory flows.

2.5 Large- and Small-Scale Morphology

From a (relatively) large-scale hydrodynamic perspective, fluid motion past a massive lobate coral

represents flow past a bluff body. A stationary body exposed to moving fluid experiences a drag force com-

posed of two components: pressure (or form) drag, which derives from wake-induced eddy production that

creates a pressure loss on the downstream side, and frictional (or viscous) drag, which results from the in-

teraction of the moving fluid along the surface of the body creating a shear stress. An object is considered

to be a bluff body if, at high Reynolds numbers, the total drag force is dominated by pressure drag. Early

experiments demonstrated that adding roughness elements to the surface of a sphere decreased the critical

Reynolds number for transition to turbulence, thereby reducing total drag [85]. Subsequent work explained

the mechanism behind this effect, showing that the ejection of momentum from roughness elements into the

overlying boundary layer acts in opposition to the adverse pressure gradient and delays flow separation [86].

With regard to the analogous impact on coral mass transfer, the biological implications of treating a coral

as a bluff body arise from: 1) the pressure distribution across the coral’s surface and the effect on boundary

layer separation, 2) the enhancement of turbulence-mediated mixing resulting from eddy shedding, and 3)

the control over diffusive boundary layer thickness by friction- and pressure-induced shear stress.
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Figure 2.2: Close-up photographs of the relatively smooth surface of a Siderastrea siderea coral (left) and the highly
rugose surface of a Colpophyllia natans coral (right).

2.5.1 Surface Roughness

Corals, however, are not simply idealized, smooth bluff bodies. Rather, corals exhibit a variety of

small-scale surface morphologies that can impact surface layer hydrodynamics, ranging from the lightly

dimpled surface of Siderastrea siderea to the highly convoluted surface of Colpophyllia natans (see figure

2.2). For corals with roughness heights that exceed the concentration boundary layer thickness (typically

on the order of tens to hundreds of µm), mass transfer rates have been shown to scale linearly with total

surface area (TSA) [37]. This finding implies that all surfaces are exposed comparably to the flow conditions,

a reasonable assumption provided roughness-generated turbulence transports momentum into less exposed

areas (which may not be true for the cryptic regions of branching corals). Additionally, if mass transfer rates

depend on total surface area, then they must also be a function of the coral’s rugosity, i.e., the ratio of total

surface area to projected planar area (PPA), Ru = TSA/PPA. Rugosity is a widely used measure of the

“roughness” of surface topography, common in fields such as oceanography, ecology, and materials sciences.

Though an object’s surface rugosity has been shown to affect the mass flux rate, the individual

roughness element size and distribution also plays a key role in altering local hydrodynamics and thus,

scalar transport. Historically, two-dimensional “bar” roughness has been a common idealized system used

to investigate surface roughness effects on the turbulent boundary layer and serves as a reasonable analogue

for the ridges present on lobate brain corals like C. natans pictured above. Perry et al. (1969) defined two

types of bar roughness based on the ratio of the distance between elements w to the element height k, i.e.,

the w/k ratio [87]. For w/k < 1, the roughness is known as “d-type” (the d originally referred to pipe

diameter), and is characterized by stable, fully contained flow within the roughness cavity. For w/k > 1, the

roughness is known as “k-type” (the k originally referred to the roughness scale), and is characterized by

periodic vortex shedding from the roughness cavity that imparts momentum into the boundary layer. Figure

2.3 illustrates the differences in dimensions between the two types. Recent direct numerical simulations have
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Figure 2.3: Idealized d-type (left) and k-type (right) bar roughnesses.

shown that the distinction between d-type and k-type roughness is more accurately reflected by the relative

contributions of frictional and pressure drag, such that d-type behavior occurs when friction dominates and

k-type behavior occurs when pressure dominates [38].

2.5.2 Roughness Length Scale and Roughness Function

The degree to which roughness elements protrude through the viscous sublayer and disrupt its

formation can be described by the normalized roughness scale, k+
b = kbu∗/ν (also known as the roughness

Reynolds number) and divided into three regimes according to [88]

hydraulically smooth : 0 ≤ k+
b ≤ 5, (2.14)

transitional region : 5 < k+
b < 70, (2.15)

fully rough : 70 ≤ k+
b . (2.16)

For fully rough flow, the viscous sublayer is completely disturbed and the scaling of the logarithmic layer with

viscosity, as in the smooth-wall case of equation (2.8), is no longer valid. Instead, the velocity distribution

of the overlap layer is a function only of height z and the nature of the surface roughness, such that

u

u∗
=

1

κ
ln

z

z0
, (2.17)

where z0 is the roughness length scale, which in the fully rough limit, depends only on the geometry of the

surface roughness [80]. Historically, the value of z0 was first described for homogenous sand roughness (as

studied by Nikuradse in 1933) and found to equal kb/30 [89]; however, for a surface topography with such

diverse geometric features as lobate corals, a relationship between roughness height kb and roughness length

scale z0 has not yet been determined.

The ratio of roughness length scale to roughness height, i.e., z0/kb, represents the depth of momentum

absorption by the surface roughness, and is analogous to the roughness function ∆u/u∗ used in engineering
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approaches to surface roughness. The engineering version of the modified log law for rough surfaces is given

by

u

u∗
=

1

κ
ln
u∗z

ν
+ C0 −

∆u

u∗
. (2.18)

The roughness function reflects the downward shift of the mean velocity profile relative to a smooth wall and

can be converted to the roughness length scale according to ∆u/u∗ = C0 + κ−1 ln(z0u∗/ν), where C0 = 5.1

for a smooth wall [87].

2.6 Mass Transfer

The advection-diffusion equation governs the transport of a passive conservative scalar c subject to

both diffusive and convective motion and is given in tensor notation by

∂c

∂t
= ∇ · (D∇c)−∇ · (uic) + S, (2.19)

where D is the molecular diffusivity and S is a source or sink of the scalar. As in the derivation of the mean

momentum equation (2.4), the instantaneous scalar concentration can be decomposed into a mean component

and fluctuating component, respectively, such that c = c+c′. Assuming a constant diffusivity D, the absence

of any sources or sinks, and stationary, steady-state concentration levels (a reasonable assumption given that

the bulk ocean concentration can be considered invariant on the coral-scale), then the Reynolds-averaged

advection-diffusion equation becomes

ui
∂c

∂xi
= − ∂

∂xi
(u′ic

′) +D
∂2c

∂xi∂xi
, (2.20)

where the terms on the left-hand-side represent scalar advection, and the terms on the right-hand-side

represent turbulent diffusion and molecular diffusion, respectively. For mass flux across a surface, modeling

efforts typically assume stationarity in the streamwise and lateral directions, i.e., ∂c/∂x = 0 and ∂c/∂y = 0,

and as with mass transport to a coral, for example, vertical mixing is the dominant measure of interest.

Given this assumption of a 2-dimensional boundary layer, the vertical turbulent flux component, i.e., w′c′,

can be modeled in analogous fashion to the Boussinesq eddy viscosity hypothesis, yielding

w′c′ = εM
∂c

∂z
, (2.21)
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where εM is the eddy diffusivity for mass (similar to the mixing length `m used to describe the relationship

between the Reynolds stress and mean velocity gradient, u′w′ = `m
∂u
∂z ).

Much like the dimensionless Reynolds number describes the relative influence of inertial to viscous

forces for fluid flow, several dimensionless parameters are used to describe the relative influence of forces

in mass and heat transfer. The ratio of eddy viscosity of momentum to eddy diffusivity of mass defines the

turbulent Schmidt number, Sct ≡ νe/εM , which is the turbulent version of the regular Schmidt number

relating viscous diffusion to molecular diffusion, Sc ≡ ν/D. Since the dimensionless governing equations for

heat and mass transfer are of the same functional form, simulations of mass transfer across a coral surface

can be accomplished by first modeling heat transfer, then relating the eddy diffusivity for heat εH to the

eddy diffusivity for mass in order to estimate mass flux. The ratio of mass to heat eddy diffusivities defines

the turbulent Prandtl number, i.e., Prt ≡ εM/εH , which is the turbulent version of the regular Prandtl

number relating viscous diffusion to thermal diffusion Pr ≡ ν/α. If Prt = 1, known as the Reynolds analogy,

then the relationship between heat and mass transfer is exact. However, empirical results show that Prt

depends on the specific fluid and typically ranges between 0.7 and 0.9 [90].

Recalling the previous discussion on benthic boundary layers and concentration gradients, the diffu-

sive boundary layer at the coral surface, which acts as a bottleneck in nutrient uptake, creates a mass-transfer

limited system for corals [22, 91]. That is, corals utilize nutrients as quickly as they obtain them from the

water column (as opposed to a biologically limited system, in which the reaction kinetics of corals can not

process nutrients as quickly as they are provided). Since the DBL controls access to the coral surface, the

rate of mass transfer J (mol m−2 s−1, where m−2 represents the projected planar area) can be parameterized

according to scalar concentrations in this region, given by

J = S(cbulk − csurf ), (2.22)

where S is the mass transfer coefficient (m s−1), cbulk (mol m−3) is the bulk nutrient concentration of the

water column, and csurf (mol m−3) is the nutrient concentration at the coral surface, assumed to equal 0

for a mass-limited system that fully consumes available nutrients. The mass transfer coefficient across the

diffusive boundary layer can be measured directly according to

S =
−D(∂c/∂z)

csurf − cbulk
, (2.23)

which when substituted into equation (2.22), yields the diffusive version of the turbulent mass flux equation

(2.21) that governs mixing in the turbulent boundary layer above the diffusive region.
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Given that the molecular diffusivity, surface concentration, and bulk concentrations are all typically

constant, the only way to enhance mass transfer across the DBL is to steepen (or disrupt entirely) the

gradient ∂c
∂z . A reduction of DBL thickness can be accomplished by increasing boundary layer turbulence—

either enhancing turbulent shear stresses or the prevalence of coherent motions, e.g., sweeps and ejections

[92]—or by increasing the free-stream velocity [91]. The ratio of the mass transfer coefficient to the advection

velocity u∞ determines how efficient a system is at extracting nutrients from the available passing water,

and is called the mass Stanton number, Stm = S/u∞, (the mass equivalent to the regular Stanton number

describing heat transfer under forced convection) [93]. The Stanton number for mass has been shown to

be a function of Reynolds number, Schmidt number, and surface roughness/geometry [27]. Additionally,

wave motion can have a significant impact on mass transfer, generating 2–3x higher fluxes compared to

comparable unidirectional flows [62], and in field experiments, coral nutrient uptake rates measure 40x

higher than predicted from engineering estimates [27], likely due to wave surge, higher rugosity values for

corals compared to measured engineering geometries, and active ciliary micro-mixing at biotic surfaces [25].

However, the effect on total mass transfer—and associated uptake efficiency rates—due to combined d-type

and k-type roughness on a bluff body exposed to oscillatory flow has not been investigated.



Chapter 3

Structure and Dynamics of Turbulent

Boundary Layer Flow Over Healthy

and Algae-covered Corals

Note: The contents of this chapter have been published in the journal Coral Reefs on 2 April 2016 and are

presented here in a slightly modified format. The citation is: Stocking, J.B., Rippe, J.P. & Reidenbach, M.A.

Coral Reefs (2016) 35: 1047. doi:10.1007/s00338-016-1446-8 [94].

3.1 Introduction

As sessile, benthic organisms, corals depend on mass transfer to and from the overlying water

column for many biologically necessary processes, including photosynthesis by endosymbiont zooxanthellae,

carbonate skeleton building, larval dispersal and settlement, and nutrient and dissolved gas exchange [28,

30]. The mass transfer required for these processes can be achieved through diffusion alone, but even small

amounts of fluid advection can greatly enhance the efficiency of mass flux [31]. Corals are typically found

in shallow, oligotrophic tropical and sub-tropical coastal oceans, in which fluid motion generated by both

currents and waves supplies the momentum required for mass-exchange processes. The dominant factor

controlling the vertical transport of mass between the water column and coral surface is the fine-scale

hydrodynamics of the turbulent bottom boundary layer (BBL) adjacent to the coral surface [33].

Within coral reef communities, many other organisms directly compete with corals for resources in

the nutrient-poor marine habitat, and as a result, can alter BBL dynamics. In particular, benthic macroalgae

27
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often exhibit a competitive advantage for space and light under conditions of limited herbivory or excessive

nutrient loading [56]. Algal turfs impact boundary layer hydrodynamics by altering the mean velocity profile

[39], in addition to direct interactions such as overgrowth and shading, chemical attack, and surface abrasion

[17]. Little is known, however, about how algae affects the turbulence regime within the BBL, which has

important implications for vertical transport and mixing between the coral and overlying water column—

critical processes for coral mass transfer, but broadly applicable to other substrates with algal canopies as

well.

3.1.1 Hydrodynamics of the Turbulent Boundary Layer

Along the surface of an individual coral, the overlying water column interacts through friction with

the fixed coral boundary, producing a layer of shear flow that generates a turbulent wall boundary layer

[95]. The BBL is composed of: 1) an inner layer very near the wall, in which fluid viscosity is the controlling

scale and which typically extends a few hundred microns in elevation, and 2) an outer layer in which the

flow resembles inviscid, wall-free turbulence and whose vertical range depends on the scale of the maximum

size of turbulent eddies [61]. Connecting these two regions is an overlap layer, called the inertial sublayer,

which typically measures 15–20% of the total BBL thickness and where inertial effects dominate, causing

the velocity to follow a logarithmic profile—a key characteristic of wall-bounded shear flow.

Close to the coralwater interface within the inner layer, fluid viscosity dampens turbulent motions,

and molecular diffusion is the primary mechanism of vertical transport. The production or consumption of

dissolved materials by the coral surface creates a concentration gradient, forming a diffusive boundary layer

(DBL). Typically less than 1.0 mm thick, the size of the DBL is controlled by surface roughness, flow speed,

and the molecular diffusivities of relevant dissolved materials (e.g., O2, CO2, PO3−
4 , NH+

4 ). Ultimately, the

DBL governs the rate of mass flux to and from individual coral polyps and acts as a bottleneck for mass

transfer [48]. Increases in wall shear stress τwall and in turbulent kinetic energy q2 reduce the thickness of the

diffusive boundary layer and can enhance mass flux across this water-substrate interface [49, 53]. Further,

corals themselves may actively disrupt the DBL, by employing ciliary beating to generate microscale vortical

flows, which enhance mass transfer up to 4-fold compared to molecular diffusion alone [25].

Above the DBL, vertical mass transport is primarily controlled by turbulent diffusivity νe, the

magnitude of which is proportional to the ratio of turbulent kinetic energy q2 to the turbulent dissipation rate

ε, i.e., νe ∝ (q2)2/ε [61]. Higher levels of turbulent kinetic energy (TKE), therefore, act to mix and transport

both dissolved and particulate matter above the coral surface more efficiently. Additionally, increases in

turbulence intensity—defined as the ratio of turbulent fluctuations to the mean free-stream velocity—have
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been shown to enhance mass transfer rates [96]. Of interest for this study are the biological implications for

coral health due to the turbulent boundary layer, and thus, turbulent control on diffusive and convective

mass transport processes.

3.1.2 Boundary Layer Alterations Due to Waves and Canopies

Coral reef ecosystems are generally exposed to a combination of tide-driven unidirectional currents

and wave-driven oscillatory motion [97]. Combined wave-current flows feature a non-linear interaction be-

tween the steady turbulent boundary layer created by the unidirectional current and the thin, time-varying

wave boundary layer created by the oscillatory flow [67]. The time-averaged velocity profile for combined

wave-current flow has been shown to be logarithmic within and above the wave boundary layer, though with

different slopes for each region [65]. The presence of waves significantly impacts reef biophysical processes,

e.g., enhancing vertical flow rates and mass flux within branching corals [64].

Additionally, the presence of a surface canopy can significantly alter boundary layer hydrodynamics,

evident by a sharp inflection in velocity at the canopy top which results in increased levels of shear just above

the canopy [83]. For unidirectional flow, turbulent stresses within the canopy quickly dampen as the canopy

floor is approached [78]. Under oscillatory forcing, canopy structure is important, such that rigid canopies

generate larger turbulent stresses in the upper canopy compared to above the canopy [33], whereas flexible

canopies dampen turbulent stresses and vertical transport within the canopy compared to above it [81].

Investigations into algal canopy flows have measured mean flow quantities, finding that higher

canopies extend the vertical range of the overlying momentum boundary layer compared to lower canopies

[39]. Unidirectional flow speed has also been shown to control vertical profiles of oxygen concentration over

algae-covered corals, with higher flow rates reducing the DBL thickness [98], thereby demonstrating a key

role for algal canopies in controlling coral mass flux. More broadly, reef algal turfs make important contri-

butions in their own right to benthic primary production, which sustains higher trophic levels in reef food

webs. Understanding the turbulent hydrodynamics of algal canopy flow has wide applicability; however, de-

tailed measurements of turbulence characteristics over algae-covered corals have not been made, and little

is known about how algal turfs may modify the structure and type of boundary layer turbulence, especially

for combined wave-current flow environments.

The purpose of this study is to provide a detailed in situ characterization of the fine-scale turbulent

boundary layer dynamics for both healthy and degraded, algae-covered coral exposed to naturally occurring

wave-current flows. This study seeks to answer the following questions:

1. What are the hydrodynamic characteristics—specifically mean velocity, bed shear stress, Reynolds
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stress, turbulent kinetic energy, and turbulent production and dissipation—that describe the bound-

ary layer at a coral-water interface under combined wave-current conditions?

2. How does an algal turf canopy alter the structure and dynamics of the turbulent boundary

layer, and what are the implications for mass transfer at the coral-water interface?

Using a combination of an in situ particle image velocimetry (PIV) system and a profiling acoustic Doppler

velocimeter (ADV), boundary layer flow profiles were recorded over the scleractinian coral Siderastrea siderea

in the coastal Caribbean waters of Bocas del Toro, Panamá.

3.2 Methods

3.2.1 Study Site

Experiments were conducted on the fringing coral reef in the Caribbean archipelago of Bocas del

Toro, Panamá (9°21N, 82°16W). The study site (figure 3.1) is situated near the Smithsonian Tropical Research

Institute (STRI) approximately 50 m off the bayside shore of Isla Colón. The reef begins just below the mean

low tide mark and extends to depths >20 m. The reef composition is dominated by the branching coral

Porites furcata and the lobate (brain) corals Colpophyllia natans and S. siderea, with a variety of sponges,

anemones, and urchins also common. Measurements were collected over healthy and algae-covered S. siderea

corals (Fig. 2a, b) situated at depths of approximately 1.0–2.5 m during two site visits: 7–20 June 2012 and

Figure 3.1: Site map of island archipelago of Bocas del Toro, Panamá. The study site is located on landward side of
Isla Colón.
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12–30 July 2013. The site is exposed to mixed semidiurnal tides with a tidal range of approximately 0.5 m

[99]. The wave environment is primarily wind-driven from the southeast, with mean winds of 1.9 m s−1 during

June 2012 and 1.8 m s−1 during July 2013.

3.2.2 Coral and Algal Morphology

The boulder-shaped species S. siderea was selected because of its prevalence at the study site, uniform

surface topography, and susceptibility to algal overgrowth. Polyps of sampled corals measured approximately

0.25 cm in height, creating a slightly dimpled surface at the coral-water interface. During the day when all

measurements were collected, polyp tentacles were retracted so that a relatively uniform roughness height

could be estimated. Measurements were taken as close as possible to the center of the corals to reduce the

effects of large-scale topographic features that might generate leading or trailing edge effects, and efforts were

made to minimize the influence of non-local turbulence from surrounding structures by selecting spatially

isolated corals and aligning the instrument frame with the dominant flow direction (see figure 3.2). The

influence of non-local turbulence, however, has been shown to be relatively limited, enhancing mass transfer

coefficients up to only ±10% for very high levels of free-stream turbulence [96].

Figure 3.2: Schematic of instrument frame with particle image velocimetry experimental setup over healthy Sideras-
trea siderea coral. The frame was aligned with dominant flow direction to avoid non-local turbulence from frame
legs. Acoustic doppler velocimeter (ADV) measurements were obtained using the same frame setup with the ADV
instrument replacing the laser.
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3.2.3 Instrumentation

Siderastrea siderea corals with algal turfs, which colonized the surface in discrete patches, were

selected in close proximity to the healthy corals. Polyps beneath the canopy were degraded, but likely in

a still recoverable state. The algae found in the Bocas del Toro reef, common among Caribbean marine

habitats, is a multispecies assemblage of green, red, and brown seaweeds with filamentous cyanobacteria

[57]. Estimates of algal canopy density λ were made based on the total algal frontal area per unit ground

area [83], given as λ ≡ hd
A/n , where h is the canopy height, d is the algal stem diameter, A is the ground area,

and n is the number of stems in the measured area. Typical values for canopy parameters were estimated

as h ∼ 10 mm, d ∼ 0.2 mm, A ∼ 100 mm2, and n ∼ 20, which yields a canopy roughness density of λ ∼ 0.4,

significantly higher than the threshold of λ > 0.1 that defines a “dense” vegetation canopy [79].

Three-component velocity measurements (horizontal u, lateral v, and vertical w) were collected using

a profiling acoustic Doppler velocimeter (Vectrino Profiler, Nortek AS) at a sampling rate of 25 Hz for burst

intervals ranging between 5 and 10 min (7,500–15,000 samples per burst). The minimum burst length was

set to allow for a balance between obtaining convergence of mean velocity and turbulent quantities while

still maintaining stationarity within changing wave and tidal conditions [100]. Burst intervals were rotated

into the dominant streamwise direction u during post-processing. Stationarity of the tidal current for each

burst was verified using the nonparametric reverse arrangements test (N = 10, α = 0.05) [101], and bursts

exhibiting non-stationarity were omitted. Figure 3.3 plots the full instantaneous velocity record for a sample

Figure 3.3: Typical record of instantaneous horizontal velocity u for a 10-min burst. Black dashed line shows back-
ground mean, i.e., tidal current velocity, over entire record. Red dotted line plots 60-s running mean and shows
consistent stationarity about the burst mean, confirmed quantitatively using reverse arrangements test. Inset plot
expands a 30-s segment of the burst to illustrate the spectral wave signal with dominant period of 2.7 s. Data taken
from a single ADV measurement bin ∼ 1.5 cm above healthy coral surface.
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Figure 3.4: (a) Vectrino acoustic Doppler velocimeter probe tip positioned above a healthy Siderastrea siderea coral.
(b) Probe tip positioned above algae-covered S. siderea coral. Note white patch of bleached coral exposed after algae
removal for in-canopy flow measurements.

10-min burst and illustrates the stationarity of the background current. The instrument was mounted to an

aluminum frame with a width and length of 1 m and height-adjustable legs used to minimize instrument tilt.

Velocity profiles approximately 3 cm high with a resolution of 1 mm were obtained over the coral surface (see

figure 3.4a). For the algae-covered corals, a small patch (∼ 1 cm2) of algae directly beneath the probe tip was

cleared to allow for within-canopy measurements (see figure 3.4b). To accommodate the double-averaging

technique typically used to describe canopy flows [102], multiple spatial measurements of time-averaged

profiles were collected over the same and different corals. Though simultaneous spatial measurements were

not possible due to the limited space in the canopy patch, normalization of multiple spatial profiles by the

free-stream velocity (described below) allowed for a single double-averaged profile to be computed.

As an instrument class, acoustic Doppler velocimeters (ADVs) have known difficulties measuring

near boundaries due to interference of the reflected acoustic pulses echoing from solid boundaries [103]. The

height above the boundary for which echoes bias velocity estimates can be identified by a sharp increase in

the signal-to-noise ratio (SNR) and depends on boundary material and flow conditions [104]. We measured

this contamination height for each burst by identifying the transition from decreasing to increasing SNR

derived from the mean of the four transducer heads. The location of the coral surface was determined by the

instruments bottom detection measurement and confirmed by steady zero velocity components. Together,

these two locations determined the height of echo interference, which extended ∼ 3 mm above the coral

surface and is indicated by a gray box in all plots of ADV data.

A second set of independent velocity measurements used to obtain spatial information of velocity

structure along the coral surface was made using a custom-fabricated underwater particle image velocimetry
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(PIV) system. A 532-nm green laser (300 mW Hercules Series, Laserglow Technologies) was secured inside

a watertight housing and directed through a convex lens at the housing base to create a continuous, two-

dimensional sheet of laser light. The laser housing was mounted on the instrument frame above the coral and

aligned with the dominant flow direction. Perpendicular to the laser sheet, an underwater video camera (Sony

HDR-CX160, Sony Electronics Inc.) was attached to the frame and fitted with a 530± 3 nm bandpass filter

(Andover Corporation) to remove excess daylight. The camera recorded a field-of-view of approximately

5 × 6 cm at 30 frames s−1. Free-floating particulates in the water column served as velocity tracers and

were illuminated and recorded as they passed through the laser sheet plane. PIV measurements were only

performed over the healthy coral since the algal canopy blocked the field-of-view of the camera. Raw PIV

video records were processed using open-source MatPIV 1.6.1 software written for MATLAB [105], which

implements a hybrid digital PIV technique using iterative windowing to a final interrogation resolution of

32 × 32 pixels. Outliers were identified using global mean and local median filters (±3 and ±2.5 standard

deviations, respectively), and replaced via linear interpolation. Accuracy of PIV measurements was previously

determined in a tow-tank to be ±6% of the mean velocity magnitude [106].

3.2.4 Analysis of Turbulence Statistics

In combined wave-current flow, wave orbital motions outside the thin wave boundary layer are

irrotational and do not contribute to the shear-generated turbulence from the current. However, wave orbitals

induce large variances in the horizontal and vertical velocity components, which mask velocity variances due

to turbulence, making it necessary to separate the wave and turbulence parts of the signal. For wave-current

flows, the components of the total instantaneous velocity u can be separated via Reynolds decomposition

according to

u = u+ ũ+ u′ (3.1)

where u is the mean current velocity, ũ is the instantaneous wave orbital velocity, and u′ is the instanta-

neous turbulent velocity. Wave and turbulence perturbations were separated using a spectral decomposition

technique called the Phase Method [107], which converts the temporal velocity record into frequency space

via Fourier transformation and isolates the wave stress (evident as the clear wave peak in the sample power

spectrum of figure 3.5) using the phase lag between horizontal and vertical components of the two-sided

cross-spectral density. Details of the Phase Method can be found in the Appendix I and in Bricker and

Monismith (2007).

Following separation of the burst-averaged wave and turbulence signals, turbulent stresses were used
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Figure 3.5: Representative power spectral density (PSD) plot of turbulent vertical fluctuations w′ obtained by ADV

for a single measurement bin ∼ 1.5 cm above the healthy coral. The wave peak S̃ww, highlighted in red and bound
by a −5/3 fit to the inertial subrange, is subtracted from the total power density (minus noise) to give the turbulent
power density S′ww.

to estimate the components of the TKE budget, given in tensor notation as

∂q2

∂t
+ uj

∂q2

∂xj
= −u′iu′j

∂ui
∂xj︸ ︷︷ ︸
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−u′iu′j
′′ ∂u′′i
∂xj︸ ︷︷ ︸

Pw

−
∂q2u′j
∂xj︸ ︷︷ ︸
Tt

−
∂p′u′j
∂xj︸ ︷︷ ︸
Tp

−ε (3.2)

where q2 = 0.5(u′u′+ v′v′+w′w′) is turbulent kinetic energy, PS is turbulence shear production, PW is tur-

bulence wake production (where the double primes signify deviations from a spatial average), Tt is advective

turbulent transport, and Tp is pressure-driven transport [78]. Equation 3.2 omits buoyancy production, as

well as dispersive and viscous turbulent transport terms, which are all assumed to be negligible. The left-hand

side of equation 3.2 represents the temporal change and spatial advection of TKE, respectively, and is equal

to zero for a stationary, fully developed shear layer. The degree of development is described by the wave

Reynolds number Reo = (ũomAmax)/ν, where ũom is the maximum near-bed wave orbital velocity, Amax is

the near-bed wave orbital amplitude, and ν is fluid viscosity. The dominant terms on the right-hand side

of equation 3.2 are production and dissipation ε, which are measured directly, and the transport terms are

set equal to the difference between production and dissipation. Wake production, which results from vortex

shedding from individual canopy elements, is only relevant for algae-covered corals. Turbulence dissipation

rates ε were calculated using the inertial subrange dissipation method (IDM), described in Appendix II.

Bed shear stress τbed was calculated using the formulation of Wiberg and Smith (1983) [108], defined
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as

τbed =
√
τ2
c + τ2

w (3.3)

where τc is bed shear due only to currents and τw is bed shear due only to wave orbital motions. The current-

induced bed shear stress is estimated using near-bed TKE outside the wave boundary layer, according to

Soulsby and Dyer (1981) [109]

τc = 0.19ρq2 (3.4)

The wave-induced contribution is parameterized using the near-bottom wave orbital velocity ũom and a wave

friction factor fw [110]

τw = 0.5fwρũom (3.5)

The appropriate wave friction factor is determined by the ratio of the wave amplitude a, i.e., half of the wave

height, to the bed roughness kb, and for the corals studied, is given by fw = 0.4(a/kb)
−3/4 [111].

3.3 Results

A total of eight ADV records over healthy corals and four ADV records over algae-covered corals

met the inclusion criteria for data analysis. Table 3.1 lists key wave and current parameters, including wave

Coral
case

Root-mean-square
horizontal velocity

Mean current
velocity

Maximum wave
orbital velocity

Mean wave
period

Mean wave
height

Wave Reynolds
number

u∞,rms (cm s−1) u∞,c (cm s−1) ũom (cm s−1) T (s) H (cm) Reo

H1 1.41 0.48 3.91 2.00 7.73 548.1
H2 1.90 0.68 4.93 2.01 9.64 873.9
H3 1.96 1.57 3.04 3.72 2.02 613.8
H4 2.34 0.83 9.66 2.21 15.62 3695.6
H5 2.35 0.28 4.80 2.28 7.42 973.9
H6 2.41 1.91 4.63 2.69 3.37 1030.5
H7 2.54 0.37 4.99 2.10 8.87 935.0
H8 4.26 0.86 13.83 2.41 19.69 8229.8
A1 0.89 0.30 2.30 1.68 1.99 157.9
A2 1.08 0.41 2.78 1.27 3.87 174.7
A3 1.29 0.26 2.14 1.38 2.46 112.8
A4 1.40 0.43 2.93 1.52 2.88 232.4

Table 3.1: Flow conditions for healthy (H) and algae-covered (A) corals.
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Reynolds numbers, for healthy and algae-covered corals. As conditions varied across records, we chose to

normalize velocities and turbulence statistics using the root-mean-squared (rms) velocity, which measures

total fluid motion from waves and currents, and is given by

urms =
√
u2 (3.6)

where the overbar represents time-averaging of the squared instantaneous horizontal velocity u for an in-

dividual record. The horizontal free-stream rms velocity u∞,rms was calculated for each burst by averaging

the ten measurement bins farthest from the coral surface, which varied by less than 3%, indicating a steady,

“local” free-stream velocity.

3.3.1 Velocity Structure and Reynolds Stresses

Figure 3.6a shows vertical profiles of rms horizontal velocity for healthy coral (in red) and algae-

covered coral (in green). Profiles plot the normalized mean ± one standard deviation of all included bursts

(n = 8 for healthy corals, n = 4 for algae-covered corals). RMS horizontal velocities over the healthy corals

show a steep increase from the “no-slip” boundary condition at the coral surface and reach the 99% free-

stream rms velocity threshold approximately 5 mm above the coral. For bursts in which rms wave orbital

velocities are much larger than mean current velocities, the thicker current-only boundary layer can be

Figure 3.6: (a) Vertical profiles of root-mean-square (rms) horizontal velocity normalized by free-stream rms velocity.
Markers indicate heights of measurement bins for ADV, and shaded regions represent ± one standard deviation
from mean. Horizontal blue dashed line indicates approximate height of canopy for algae-covered coral, and gray area
represents region of “acoustic reflection” bias, in which data points are less reliable. (b) Vertical profiles of turbulent
Reynolds stress normalized by square of the rms free-stream velocity.
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Figure 3.7: Comparison of a theoretical combined wave-current logarithmic profile for mean velocity for an inertial
boundary layer (in blue) versus measured mean velocity profile over healthy coral (in red). The arrow indicates the
transition from wave to current boundary layer, i.e., where the slope of the logarithmic line increases.

“masked” by the wave velocities in the total rms velocity profile (evident in the log profile below). To

determine the degree to which the measured turbulent boundary layer over the healthy corals approximates

a theoretical log-law regime, we isolated the mean current profile from a typical ADV burst and compared it

to the predicted profile both within the wave boundary layer (WBL) and within the superimposed current

boundary layer (CBL). For flows over rough surfaces, the profile of the current is predicted to be logarithmic,

with differing slopes for each region, according to

uc =
β

κ
ln

30z

γ
(3.7)

where β = u2
∗,c/u∗,cw and γ = kb within the WBL and β = u∗,c and γ = kbc above the WBL [67]. u∗,c

and u∗,cw are friction velocities due to steady flow only and combined wave-current flow, respectively. kb is

bottom roughness, set equal to the coral polyp size (∼ 0.25 cm), and kbc is the “apparent” bottom roughness,

which includes the actual bottom roughness and an additional roughness component resulting from the drag

generated by the WBL and felt by the current boundary layer. The value of kbc is found by matching the

mean velocity at the end of the wave boundary layer to the mean velocity at the start of the current boundary

layer.

Figure 3.7 shows record H1 as a representative dataset comparing the profile of the mean current

velocity to the theoretical log-law inertial subrange. Excellent agreement between the two profiles exists

between approximately z = 3 and z = 9 mm. The transition from wave boundary layer to current boundary

layer—indicated by the increase in slope of the predicted mean velocity profile and marked by the vertical
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arrow—occurs approximately 5 mm above the coral, matching the thickness estimated from the rms profile.

In contrast to the healthy coral, the profile of rms horizontal velocity over the algae-covered coral

(figure 3.6a) is characterized by a distinct inflection point just above the canopy top and a strong shear

layer due to the frictional drag imparted on the flow by the algae. Within the canopy, horizontal velocities

decay rapidly and exhibit an almost linear profile near the coral surface. Compared to the healthy coral, the

algae-covered corals possess reduced velocities near the coral surface, where for example, the 50% free-stream

velocity threshold is reached 8 mm above the coral surface compared to only 3 mm above the healthy coral.

Normalized Reynolds stress profiles over the healthy coral (figure 3.6b) show a peak approximately

5 mm above the surface, indicating maximum rates of turbulent mixing very near coral polyps. Above this

region, Reynolds stresses remain fairly steady between z = 6 and z = 9 mm—above the WBL but still

within the current boundary layer—suggesting the presence of a constant stress layer typical of equilibrium

boundary layer flows. Higher in the water column, turbulent stresses trend toward zero, though u′w′ remains

non-zero likely due to transported non-local turbulence. The normalized Reynolds stress profile for the

algae-covered coral peaks just above the canopy top, where the inflection in velocity occurs. Above this, no

constant stress layer is evident; rather, the stresses decrease linearly toward zero. Direct comparison of the

profiles shows that Reynolds stresses for the healthy coral do not approach zero until nearly the surface of

the coral, whereas the algal canopy dampens Reynolds stresses to close to zero at approximately 8 mm above

the coral–water interface.

3.3.2 Turbulent Kinetic Energy Budget

For the healthy coral, vertical profiles of normalized mean TKE (figure 3.8) show a rapid rise in

the near-bed region, peaking ∼ 5 mm above the bed, and remaining constant throughout the upper profile.

The algae-covered corals, by contrast, exhibited nearly three times higher levels of TKE above the canopy

compared to the healthy corals, owing to the interaction between the flow and the drag generated by the

canopy top. Normalized TKE levels for healthy corals demonstrate low variance across wave and tidal

conditions; whereas, the algal profile feature higher variability, likely due to the inhomogeneity of algal turfs.

Within the canopy, TKE levels are drastically reduced, and fall below healthy coral levels for regions below

z = 6 mm.

Turbulence production over the healthy corals, shown in figure 3.8b, exhibits a sharp peak approxi-

mately 5 mm above the coral surface due to the steep velocity gradients and peak Reynolds stresses at this

elevation. Above this height, production decreases rapidly and is effectively zero for elevations greater than

z = 6 mm. Similarly, turbulence dissipation over the healthy corals (figure 3.8c) peaks at z = 5 mm above the
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Figure 3.8: Vertical profiles of (a) turbulent kinetic energy (b) turbulent production, and (c) turbulent dissipation
rate, normalized by square and cube of the root-mean-square free-stream velocity, respectively. Markers indicate
heights of measurement bins for ADV, and shaded regions represent ± one standard deviation from mean. Horizontal
blue dashed line indicates approximate height of canopy for algae-covered coral, and gray area represents region of
“acoustic reflection” bias, in which data points are less reliable.

coral surface and is similar in magnitude to production, indicating a local equilibrium balance. The decrease

in dissipation rate with height is gradual and remains slightly non-zero throughout the water column, which

suggests dissipation of non-local turbulence may be occurring.

Algae-covered corals exhibit two strong peaks in turbulence production above the canopy (3.8b),

one positive and one negative, and another moderate production region within the upper canopy, a result of

fine-scale wake shedding. The peaks above the canopy result from the velocity shear layer, and the inflection

in the velocity profile generates the negative gradients responsible for “negative” production. Higher in the

water column, production falls to zero, similar to the healthy corals. The profile of turbulence dissipation

over the algae-covered corals (3.8c) shows a peak in ε, with large variability, at an elevation higher than

the two shear production peaks, indicating nonlocal equilibrium and significant turbulent transport in this

region.

3.3.3 Bed Shear Stress

For the healthy corals, near-bed values of q2, ũom, and u′w′ required to estimate bed shear stress

were selected based on their peak values within the boundary layer. However, the algal canopy dampens

vertical transport so that peak values of mean and turbulent quantities above the canopy are not appropriate

predictors of stresses at the coral surface. For dense canopies, the penetration depth hp of momentum, called

the “vertical exchange zone”, has been shown to extend to approximately z/hc ∼ 0.7, where hc is canopy



3.3. RESULTS 41

Figure 3.9: Comparison of normalized bed shear stress for healthy and algae-covered corals using two independent
techniques and showing statistically significant difference in means between healthy and algae-covered corals (Welch’s
t test, t = 4.1, df = 7, p < 0.01). Error bars represent ± one standard deviation from mean.

height [78]. Below this height, turbulent terms remain relatively constant, so values just below hp were used

to calculate bed shear stress. These estimates were compared to direct estimates of bed shear stress using

total Reynolds stresses u′w′, which include contributions from both current and wave motion, according

to the relationship τbed = −ρu′w′. Figure 3.9 compares normalized bed shear stress calculated using each

technique for healthy and algae-covered corals. Results show that the mean bed shear stress for healthy

corals was nearly an order of magnitude greater than for the algae-covered corals (Welch’s t test, t = 4.1,

df = 7, p < 0.01).

3.3.4 PIV Spatial Analysis of Mean and Turbulent Flow Structure

Figure 3.10a shows the rms velocity field for PIV data consisting of 900 image pairs, totaling 30 s.

The mean of rms velocities for the top 1 cm is 0.85 cm s−1, and the vertical profiles show a trend similar

to the ADV measurements with a sharp decrease near the surface. A key difference, however, is the spatial

variability of the velocity around the coral surface. The leading edge of the coral structure (left side of

image) causes a much smaller decrease in near-surface velocities compared to the flatter coral top (right

side of image), which is attributed primarily to accelerating flow at the leading edge of the spherical bluff

body. Normalized Reynolds stresses u′w′ (figure 3.10b) exhibit a similar vertical profile compared to ADV

measurements with low stresses near the surface, a steep rise to peak values within 1 cm of the coral, and

a gradual decrease for regions above . The peak Reynolds stress values for the right half of the imaging

window (∼0.15–0.25) correspond well to ADV values, while the left half of the imaging window shows stress

values nearly 50% higher and a much sharper gradient near the coral surface. The spatial variation in stresses

agrees with similar spatial variations in velocity and suggests large-scale topography plays a significant role
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Figure 3.10: (a) Vector field of normalized root-mean-square (rms) velocities over a healthy coral from particle image
velocimetry. For clarity, only every third vector is plotted. (b) Plot of turbulent Reynolds stress u′w′ normalized by
square of rms free-stream velocity.

in creating spatial heterogeneity in the flow.

Normalized TKE (figure 3.11a) indicates a relatively constant value (∼0.7–0.8) for elevations above

0.5 cm, which compares well to the TKE vertical profile seen in ADV measurements. Magnitudes of TKE,

however, are higher for PIV data, likely owing to low particle seeding, which can create larger errors in

instantaneous velocity estimates, thereby biasing terms in the TKE budget. Turbulence production (figure

3.11b) shows large peaks in the lowest 1 cm of the boundary layer and nearly zero production above this

height, similar to the ADV profile, while turbulence dissipation (figure 3.11c) indicates low levels close to the

surface and patchy increased rates higher in the water column. Peak normalized values for both production

and dissipation are comparable to ADV estimates.

Figure 3.11: (a) Plot of turbulent kinetic energy over healthy coral normalized by square of root-mean-square (rms)
freestream velocity. Plots of turbulence production (b) and dissipation (c) normalized by cube of rms free-stream
velocity.
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3.4 Discussion

Reef productivity and metabolism are driven both temporally and spatially by nutrient uptake rates,

which have been shown to operate near the limits of mass transfer in reef communities [22]. Under conditions

of mass transfer limitation, nutrient uptake rates are physically limited by the transport of nutrients across

concentration boundary layers, rather than biologically limited by rates of cellular transport and assimilation.

This indicates that reef primary producers such as coral or algae take up nutrients as fast as physically

possible, and thus, in the long term, flow-mediated enhancement of mass transfer can augment rates of

benthic primary production. Predicting hydrodynamic control of nutrient mass transfer rates requires an

adequate description of the near-bed turbulence that is mechanistically correct at the scale of the inertial

and concentration boundary layers (< 1 mm). Our results indicate that two distinct fine-scale turbulent

boundary layer regimes exist over healthy corals and algae-covered corals and that the transition from a

wall-bounded inertial layer over healthy corals to a plane-mixing layer regime over algae-covered corals has

significant implications for mass transfer to corals.

3.4.1 Boundary Layer Characterization for Healthy Corals

Results describing mean and turbulence profiles over the healthy corals (figures 3.6 and 3.8) suggest

that key features of a canonical wall-bounded shear layer driven by combined wave-current flow are present.

First, fully developed turbulent boundary layers possess an inertial sublayer defined by a logarithmic velocity

profile (the “law of the wall”) extending from 30 < z+ < 300, where z+ = u∗z/ν is the dimensionless wall

unit normalized by the viscous scale [61]. The agreement between the predicted and measured mean velocity

profiles illustrated in figure 3.7 supports the existence of an inertial sublayer over the healthy corals. However,

the plotted inertial subrange extends only to z+ ∼ 60, indicating transitional, rather than fully developed,

turbulence (confirmed by the sub-critical wave Reynolds number). More energetic wave conditions—e.g.,

faster wave orbital velocities or larger wave orbital amplitudes—would enhance turbulence development,

extending the sublayer vertical range and enhancing near-surface mixing.

A second feature of wall-bounded shear layers is the local balance of turbulence production and

dissipationevident in the TKE budget profiles in figure 3.8. Eddy production provides a main mechanism for

advective fluid exchange between the coral surface and water column, driving scalar mixing and mass flux. To

describe the length scale over which an over-turning eddy mixes and the rate at which it advects, we estimated

the turbulent mixing length `m and eddy viscosity νe, respectively, which scale linearly with distance from

the wall according to `m = κz and νe = u∗κz [61]. Direct estimates of `m = |u′w′|1/2/|∂urms/∂z| and

νe = −u′w′/(∂urms/∂z) at approximately 4 mm above the coral surface give mean values of `m = 0.16±0.1 cm
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and νe = 0.64 ± 0.4 cm2 s−1, which closely match predicted values. Taken together, the agreement between

experimental and predicted values for mean velocity, mixing length, and eddy viscosity, as well as the local

balance in TKE components, strongly suggests that the turbulent boundary layer structure over the healthy

corals is a canonical wall-bounded turbulent shear layer, and traditional log-layer dynamics can be used to

parameterize predictions of flow and scalar flux.

Though ADV measurements taken on the flat section of the coral top suggest a wall-bounded shear

layer, PIV results indicate significant spatial heterogeneity in mean and turbulent flow dynamics exists

across the varied topography of an individual coral. When describing the fine-scale boundary layer within

centimeters of the coral surface, point measurements such as those recorded by an ADV may demonstrate

only limited predictive value for considerations of integrated coral mass flux. Rather, estimates need to

account for the effects of local topography and large-scale geometry on boundary layer dynamics, especially

given that such variability influences coral morphological development and plasticity [14].

3.4.2 Boundary Layer Characterization for Algae-covered Corals

Mean and turbulence profiles over algae-covered corals illustrate a much different boundary layer

structure, more closely approximating a plane mixing layer. Similar to unconfined canopy flows in terrestrial

systems, the active turbulence at a canopy top forms when two co-flowing streams with different velocities

interact along a midplane to produce a turbulent shear layer via propagation of Kelvin-Helmholtz instabilities

[79]. Several key hydrodynamic features characterize the plane mixing analogy for canopy turbulence. First,

profiles of mean velocity and turbulent statistics exhibit strong vertical inhomogeneity, with a characteristic

inflection point in velocity at the canopy top, and rapid decay of turbulent terms within the canopy—results

evident in the rms velocity and TKE budget profiles. Qualitatively, the abrupt dampening of these terms

within the canopy top is similar to many previously reported “dense” canopy flow profiles [83].

The velocity inflection identifies the location of maximum shear and determines the canopy shear

length scale according to `S = urms(hc)/u
′
rms(hc), where hc is the canopy height and the prime indicates a

spatial derivative. `S controls the size of active turbulence above and within the canopy top [83], and for the

algae-covered corals, the mean shear length scale measures `S = 0.29 ± 0.01 cm, which compares well with

reported values of 0.27–0.72 cm for a canopy of equivalent height, where smaller values correlate with denser

canopies [78]. Though this turbulent length scale is larger than the turbulent mixing length over the healthy

coral, those eddies occur directly adjacent to the coral surface, whereas eddies induced by plane mixing occur

at the canopy top and only have an overturning length ∼ 30% of the canopy height. This indicates that

momentum (and mass) is not actively exchanged with the lower parts of the canopy or the coral surface.
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The plane mixing layer analogy for canopy flow suggests a significantly altered TKE budget profile,

described by a local imbalance between production and dissipation in the “roughness sublayer”, i.e., the region

just above the canopy (hc < z < 2hc) [83]. Production and dissipation profiles in figure 3.8 highlight this

local imbalance, suggesting non-equilibrium turbulence in the roughness sublayer with significant pressure

and turbulent transport vertically away from the coral surface. Finally, efficiency of momentum transfer

can be measured by the Reynolds stress correlation coefficient, ruw = u′w′/(σuσw), where σu and σw are

standard deviations of horizontal and vertical velocity fluctuations, respectively. Typical values of ruw for a

plane mixing layer approach −0.5, compared to −0.32 for an inertial layer, an indication of more effective

momentum transfer [83]. Just above the canopy top, our results estimate ruw = −0.59 ± 0.08, matching

predicted levels well and suggesting high momentum (and scalar) transfer in this region. Though the algal

canopy enhances turbulent mixing and fluid exchange between the overlying water column and canopy top,

its presence and density serve to buffer the coral surface from these exchanges and prevents the coral from

benefitting from greater mixing rates.

3.4.3 Implications for Biology

Many biological processes vital to coral health depend on the mean and turbulence flow structure near

the coral surface, which control the diffusive boundary layer thickness and affect the mass flux “bottleneck”.

Rates of mass flux m at the coral-water interface can be described by mass-transfer theory according to

m = S(Cb − Cs), where Cb and Cs are the bulk fluid and surface nutrient concentrations, respectively, and

S is a mass transfer coefficient dependent on molecular diffusivity and proportional to τ
1/2
bed [49]. This scaling

suggests that for a fixed concentration gradient at the coral surface, the nearly nine times higher bed shear

stress reported for healthy corals compared to algae-covered corals results in three times greater rates of mass

transfer under the same ambient flow conditions. Though velocities reported here are relatively slow due to

sheltering of the field site, faster flows should exhibit similar effects as higher velocities would enhance bed

shear stresses for both regimes; however, relative enhancements in mass flux would depend on the specific

local conditions, e.g., surface roughness and canopy density.

Bed stress values alone, however, do not fully describe the hydrodynamic impact of the algal canopy.

RMS velocity profiles between the two regimes, for example, demonstrate that the algal canopy dampens

flow near the coral surface, which allows the DBL thickness to increase and reduces the efficacy of diffusive

transport. Additionally, algal canopies actively photosynthesize, removing CO2 before it reaches the coral

surface (for use by zooxanthellae) and releasing O2 adjacent to the surface, strengthening gradients in

the DBLs of each species. More efficient mixing at the canopy top may produce a positive feedback loop,
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promoting algal primary productivity and growth while reducing a coral’s physical access to nutrients.

Within a broader ecological context, these results may be important in the framework of shifting

benthic community composition and a coral’s ability to recover from large-scale natural or anthropogenic

disturbances. Seasonal-scale events, like hurricanes or disease outbreaks, and decadal-scale events, such as

ocean warming and acidification, can physically damage reef structures and stress corals into bleaching

events, rendering them vulnerable to invasion of algal competitors [11]. Coral resilience depends on the

ability to re-recruit expelled zooxanthellae, to efficiently exchange nutrients, and to mitigate thermal stress

via advective transport. Turbulent hydrodynamics are key drivers of these processes. Our results demonstrate

that the presence of an algal canopy on a coral surface shifts the turbulent boundary layer regime from a

wall-bounded inertial layer to a plane mixing layer, and the hydrodynamic consequences of this transition

lead to significant reductions in mass transfer, negatively impacting the ability of a coral to obtain resources

and limiting its metabolic productivity.



Chapter 4

Experimental Investigation of

Unidirectional Flow Past Smooth and

Rough Hemispheres

This chapter describes a set of laboratory measurements made over hemispheres with varying surface

roughness, designed to represent idealized models of various massive coral species. The objective of this

experimental investigation is to quantify how the addition of different bar-type roughness elements to a

hemispheric bluff body exposed to steady, unidirectional flow affects: 1) near-surface flow structure and

turbulence characteristics, and 2) downstream wake formation and mixing dynamics. Implications of the

resulting hydrodynamics on biophysical controls of coral health will be discussed. The chapter is organized as

follows: first, a brief review of previous work on flow past spheres and hemispheres will be discussed, along with

a presentation of the specific experimental questions addressed by this work. Next, fabrication techniques for

model hemispheres, laboratory facilities, and experimental measurement apparatus will be described, followed

by a section presenting the data analysis techniques for both mean and turbulent quantities. Experimental

results comparing model morphologies and Reynolds number regimes will be presented in two separate

sections, first, for mean quantities, and second, for turbulence statistics. Finally, the chapter closes with a

discussion offering interpretations of the presented results in light of previous findings and with regard to

their implications for thermal and scalar transport and associated biological impacts.

47
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4.1 Experimental Questions

Descriptions of flow past a sphere have a long history in the physics and engineering literature.

Seminal contributions came in the mid-nineteenth century from Irish mathematician Sir George Stokes, who

derived an analytical solution for steady, low Reynolds number flow (i.e., Re << 1) around a sphere—a

regime known as creeping or Stokes flow [61]. Such low Re flow regimes, however, are essentially never

present in a coral’s habitat. Rather, the most typical hydrodynamic regimes in a reef system are moderate to

occasionally high Reynolds number flows. In contrast to low Re flow, characterizations of high Re flow past a

sphere do not readily admit an analytical solution, and thus early studies relied on empirical measurements.

Achenbach (1972) directly measured the total drag on a smooth sphere and found evidence for

a critical Reynolds number between 3 - 4×105. Below Recrit, the drag coefficient cD is ∼ 0.5 and the

boundary layer separation angle φ is ∼ 82◦, while for Re > Recrit, cD drops sharply to 0.1 - 0.2, and

φ rises to 115 - 120◦ [112]. Taneda (1978) used flow visualizations of wake coherent motions to support

Achenbach’s Recrit, finding a transition from “progressive wave motion” to pairs of streamwise line vortices

at approximately Re = 3.8×105 [113]. In an additional set of experiments with roughened spheres, Achenbach

also demonstrated a dependence of Recrit on the size of the surface roughness, such that increasing roughness

element size (as a ratio of sphere diameter) decreases the critical Reynolds number, accelerating the transition

to a turbulent wake, yet also producing a larger cD at high Re compared to smooth spheres [85].

More recent work investigating flow past spheres has employed computationally expensive direct

numerical simulations (DNS), which solve the Navier-Stokes equations directly. Due to computational re-

quirements, simulations have typically been limited to Reynolds numbers up to 1000 and only for smooth

surfaces. Johnson and Patel (1999) reported stable, separated, axisymmetric toroidal vortices for Re < 210,

above which pressure gradients overtake stabilizing viscous forces and axial symmetry breaks down, produc-

ing streamwise vortices with reflection symmetry [114]. Tomboulides and Orszag (2000) extended simulations

to Re = 1000, finding a second transition to time-dependent vortex shedding between 350 < Re < 450, and

a loss of planar symmetry with chaotic vortex orientation for Re = 500, above which Kelvin-Helmholtz

instabilities create a turbulent wake while still maintaining a large-scale structure [115].

Using investigations of flow past a sphere to draw conclusions on the dynamics of flow over hemi-

spherical corals is only informative to first order. The presence of a solid boundary surrounding a coral bluff

body, i.e., the ocean floor, affects the formation and structure of the downstream wake relative to a freely

exposed sphere. Additionally, the incident flow is not vertically uniform, but rather represents a wall-bounded

shear layer (and nearly always turbulent in the natural environment), which also impacts the distribution of

velocity and turbulence dynamics. For shear flow past a sphere, the critical Reynolds number is lower than
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for a comparable uniform flow, and Recrit decreases as the strength of the shear increases [116]. Similarly,

for shear flow past a smooth, wall-mounted hemisphere, the drag coefficient has been shown to be a function

of fluid viscosity, friction velocity (i.e., a measure of shear strength), and hemisphere diameter [117]. Thus,

for corals embedded in a sheared bottom boundary layer, the polar separation angle and transition of wake

characteristics occurs at lower velocities than for a free-stream sphere.

Parameters typically of interest in the engineering literature, such as separation angle and drag

coefficient, also have biological implications on the health of corals. A delayed boundary layer separation, for

example, implies that a greater percentage of the coral surface area is in contact with high velocity, highly

sheared flow, and thus, more efficient at interfacial mass flux. Additionally, for bluff bodies like corals in which

pressure drag dominates, a larger drag coefficient indicates greater eddy formation in the downstream wake,

which promotes dispersion of released chemicals or larvae. However, little is known about the distribution of

turbulent kinetic energy budget components over hemispheres or levels of surface shear, which directly impact

an individual coral’s rate of mass transfer and health. Furthermore, the effect of adding bar-type roughness—

as opposed to roughness height to sphere diameter ratios as employed by Achenbach—on boundary layer

hydrodynamics is not well understood, an especially important question given the similarity of the surface

morphology of certain species of brain coral to engineered bar roughness. This gap in understanding leads

to the specific research questions addressed in this chapter:

1. What is the effect of d-type and k-type roughness on the boundary layer hydrodynamics and

downstream wake structure of a wall-bound hemisphere?

As highlighted above and in previous chapters, a significant body of literature exists describing flow

past rough hemispheres and flow over various 2-dimensional bar roughnesses on a flat plate. However, no

prior work has investigated the hydrodynamic impact of d- and k-type roughness elements positioned along

a highly curved surface—designed to represent an idealized coral structure. It is expected that by altering

the angle of incidence between the incoming flow and the curved roughness features, a significantly different

hydrodynamic regime will be produced compared to either flat-plate roughness or a traditionally surface-

roughened sphere. In particular, the near-surface turbulence structure and downstream wake dynamics will

be investigated as these parameters have significant influence on interfacial mass flux and far-field mixing,

respectively.

2. What are the implications for mass transfer, i.e., coral health, resulting from the altered hy-

drodynamics due to varying surface roughness?

Descriptions of purely hydrodynamic results are useful and important in their own right and may

be applied across a range of potential physical systems, such as roughened heat exchangers or airfoil riblets.
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Figure 4.1: CAD models of idealized coral geometries. (a) Smooth hemisphere. (b) D-type roughness with w/k ratio
equal to 0.5. (c) K-type roughness with w/k ratio equal to 2.0.

However, given the overarching theme of this dissertation, it is critical to apply these physical processes

to questions affecting coral health and sustainability, in particular, relative rates of near-surface mixing,

coral-water column mass exchange, and far-field scalar transport. Scaling arguments will be applied to

estimate potential rates of nutrient uptake. The impact of hydrodynamics on critical biophysical process,

e.g., calcification, particle filtration, larvae dispersal, recovery from disturbances, etc., will be discussed.

4.2 Experimental Methods

4.2.1 Model Coral Geometries

In order to determine the effect of surface roughness on boundary layer and wake hydrodynamics, four

coral models of varying roughness type were designed and fabricated. Three of the four models were idealized

designs of massive corals representing: 1) a hemisphere with a perfectly smooth surface, 2) a hemisphere with

d-type roughness (w/k = 0.5), and 3) a hemisphere with k-type roughness (w/k = 2). The idealized coral

models were designed using FreeCAD, an open-source parametric 3D computer-aided design modeler, and

are shown in Figure 4.1 . Roughness elements were implemented as ridges of concentric circles with a height

of 0.5 cm and ridge spacing of 0.25 cm and 1 cm, respectively, and the total model diameter, inclusive of ridge

height, was 13.5 cm for each model. Strictly defined, the intended d-type and k-type roughness spacing only

exists on line integrals passing through the midplane of the hemisphere; however, this design simplification

was necessary to isolate the effect of roughness type, and all measurements were collected along the model

midplane. The radial symmetry of the design eliminated any dependence of coral orientation with respect to

the incident flow field.

In addition to the three idealized coral models, a fourth model created from an actual coral skeleton

was fabricated. With the assistance of colleagues Prof. Dr. Christian Laforsch and Robert Sigl at the Univer-
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Figure 4.2: Calcium carbonate skeleton of Platygyra coral (left) and resulting x-ray computed tomography scan
(right). The computer model of the skeleton has been scaled up to an approximate diameter of 13.5 cm to match the
size of the idealized models.

sität Bayreuth in Germany, a calcium carbonate skeletal structure from a brain coral was obtained courtesy

of the Zoologische Staatssammlung München (The Bavarian State Collection of Zoology). The skeleton sam-

ple was collected in the Indian Ocean off the coast of Mombasa, Kenya, and classified as genus Platygyra,

though identification at the species level was not available. Prof. Dr. Laforsch and Mr. Sigl performed a

high-resolution x-ray computed tomography (CT) scan using a Siemens® Somatom® Emotion 16 CT scan-

ner at a tube voltage of 110 kV (Eff mAs 64) and spatial resolution of 0.46 x 0.46 x 0.5 mm (size of voxel,

i.e., volume element) with a slice thickness of 0.75 mm. The scan was performed at the private radiology

institute Radiologie im Duererhof (Bayreuth, Germany), and the data was acquired using the integrated

Somaris software (Syngo CT 2007, Siemens Healthcare GmbH). Post-processing and 3D reconstruction of

the DICOM format files was performed using the software package AMIRA 5.5 (Mercury Computer Systems,

Inc., France) using an isosurface threshold of −190 Hounsfield Units (standard computed tomography units)

to identify coral surfaces, a technique developed by Laforsch and colleagues [118]. The final output produced

a stereolithography (.stl) file used to create the fused deposition models (and for use in future numerical

simulations). Figure 4.2 shows a photograph of the coral skeleton and a corresponding image of the resulting

CT model.

The digital CAD files of the three idealized models and one skeleton model were used as templates

to create physical models of the corals through fused deposition modeling. Due to the simplified geometry of

the idealized models, 3D printing of these models was able to be performed using the MakerBot® Replicator

2 Desktop 3D printer at the University of Virginia Scholar’s Lab in Alderman Library. Models were printed
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Figure 4.3: Side-angle photograph of the 3D-printed and spray painted coral models (top). Top-down photograph of
the coral models (bottom). From left : Smooth hemisphere; hemisphere with w/k = 0.5; hemisphere with w/k = 2.0;
and CT-scanned coral skeleton.

using polylactic acid (PLA) filament with a layer height of 0.2 mm and 50% infill. Upon completion, each

idealized model was lightly sanded to remove the small ridges from filament layering and spray painted

matte black to reduce reflections of the laser light used during PIV data collection. The resolution of the

skeleton model was too detailed for the capabilities of the Replicator 2 printer, which instead required

that the skeleton be printed at the University of Virginia Mechanical Engineering Department’s Rapid

Prototyping Lab (RPL). The skeleton model was printed with a Stratasys® uPrint SE Plus printer using

acrylonitrile butadiene styrene (ABS) thermoplastic at a resolution of 0.25 mm and utilizing water-soluble

support material. As with the idealized models, the completed skeleton model was spray painted matte black.

Figure 4.3 shows the final 3D printed models in order of increasing topographic complexity.

4.2.2 Water Tunnel Facilities and Model Setup

Experimental measurements of flow over the coral models were collected using the UVA Mechanical

Engineering Department’s recirculating water tunnel. The Rolling Hills Research Corporation Eidetics®

Flow Visualization Water Tunnel Model 1520HK is a closed circuit, continuous flow channel with a tempered

glass test section measuring 60 inches long by 20 inches high by 15 inches wide, and permits visual access from

the top, sides, bottom, and axially (via a downstream window) for video recording and laser instrumentation.



4.2. EXPERIMENTAL METHODS 53

Figure 4.4: Photograph of Rolling Hills 1520 recirculating water tunnel with 3D-printed coral model affixed to a glass
mounting plate and experimental particle image velocimetry setup.

The water tunnel has a capacity of 1,000 gallons, a velocity range from 0 to 30.5 cm s−1, and an incident root-

mean-square (RMS) turbulence intensity of < 1.0%, achieved through a series of upstream flow straighteners.

Flow is driven by a 7.5 horsepower centrifugal pump, and the water tunnel is also outfitted with a pressurized

6-color dye system for flow visualization. Schematics for the design and layout of the water tunnel are publicly

available at the Rolling Hills Research website (www.rollinghillsresearch.com). With the assistance of fellow

MAE graduate student William Eberhardt, I assembled the entire water tunnel system in the summer of

2009.

To standardize the placement of models within the water tunnel test section during data collection,

each model was mounted on a separate sheet of plate glass measuring 36 inches long by 14.75 inches wide

by 3/32 of an inch thick. Each plastic model was affixed to the center of a glass plate using a waterproof

all-purpose adhesive (WelderTM Adhesive, Homax Products, Inc.) and allowed to set for 24 hours. The glass

test section of the water tunnel is framed by powder-coated steel supports, which block horizontal visual

access to the bottom of the test section. This required elevating the glass mounting plates above the test

section frame, which was achieved by affixing four 2-inch long PVC tubes with a diameter of 1.25 inches

at each corner of the underside of the mounting plates. To prevent the models and mounting plates from

moving during testing (due to the drag force imparted on the model by the flow), a separate sheet of heavy

plate glass measuring XX inches wide by YY inches long by ZZ inches thick was positioned in the middle
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of the test section and held in place by suction cups attached to the bottom of the glass test section. Four

additional 1/2 inch high PVC tubes with a diameter of just under 1.25 inches were affixed to the corners

of the base plate and served as locking feet for the model-mounted glass plates. Figures 4.4 and 4.6 show

a centrally positioned glass-mounting plate and attached PVC feet mechanism within the water tunnel test

section.

4.2.3 Particle Image Velocimetry

Measurements of flow over the coral models were obtained using a custom-built particle image ve-

locimetry (PIV) experimental setup. A 325 mW diode-pumped solid-state laser (Laserglow Technologies®

Hercules Series) was positioned centrally on a wooden platform clamped to the top of the water tunnel test

section. The continuous wave laser produced a 532 nm wavelength green light, which was directed vertically

downward through a pair of convex lenses to produce a 2-dimensional laser sheet measuring approximately

10 cm by 10 cm. Unlike a typical commercial PIV system which pulses the laser light and synchronizes the

image capture, the laser in this system is constantly on and the image capture occurs continuously. Perpen-

dicular to the laser sheet and level with the coral models, a digital single-lens reflex (DSLR) camera (Nikon

Corporation® D7000) with a 24-85mm macro lens was mounted on a tripod (Smith-Victor Corporation®).

Figure 4.4 illustrates the experimental PIV setup. The DSLR camera was set to record in video mode at full

high-definition resolution of 1920 x 1080 pixels at a frame rate of 24 frames per second (fps). The camera

focus was manually set to a depth-of-field inline with the laser sheet, and the shutter speed was set to 1/400

s with an ISO of 1600 in order to minimize particle streaking while maximizing the sensitivity of the camera

sensor to low light. The water tunnel was seeded with neutrally buoyant 11 µm silver-coated glass spheres

(Potters Industries®) assumed to faithfully follow the fluid flow. Figure 4.5 shows a typical still frame ex-

ported from a video clip of particle-laden flow over a smooth coral model and illustrates the typical size of

the field-of-view, the clarity of image focus, and the particle seeding density.

Because the video recording field-of-view was limited to 10 cm by 10 cm, in order to capture the entire

flow field over and downstream of the models, it was necessary to record three separate, slightly overlapping

windows: one viewing the model’s leading edge, one viewing the model’s trailing edge, and one viewing the

downstream wake. At each location, 60 s video data records were made for four different flow speeds: 2.5 cm

s−1, 5.0 cm s−1, 10 cm s−1, and 15 cm s−1. Using the model diameter D as the length scale for Reynolds

number calculations, i.e., Re = u∞D
ν , the flow rates corresponded to Reynolds numbers of 3375, 6750, 13500,

and 20250, respectively. The incoming flow along the flat mounting plate allowed for the development of

a laminar boundary layer before the flow interacted with the coral models. The thickness of the boundary
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Figure 4.5: Individual still frame extracted from PIV video clip illustrating particle seeding, density, and focal clarity
on the trailing edge of the smooth model. The free-stream horizontal velocity for this image is 15 cm s−1, which was
most vulnerable to particle streaking due to camera exposure length.

layer of the incident flow varied from ∼0.7 cm to ∼1.7 cm as a function of the free-stream velocity, according

to the Blasius solution for boundary layer flow over a flat plate, given as δ = 5.0
√

(νx)/u∞, where x is

the distance downstream from the edge of the plate [61]. Table 4.1 summarizes the experimental conditions

tested using the PIV system.

Using the Matlab® Image Processing Toolbox (The MathWorks, Inc.), video records of raw PIV

data were first converted to a series of 1440 individual still frames (24 fps for 60 s) for use as paired images in

the cross-correlation particle matching required to estimate velocities. Image pairs were interrogated using

the open-source software MatPIV version 1.6.1 [105], which employs an iterative displacement estimating

function derived from a hybrid digital particle image velocimetry/particle tracking velocimetry algorithm

[119]. If shear layers creating strong vertical gradients are present in the flow—as was expected—interrogation

Velocity Reynolds Number Boundary Layer Thickness
[cm s−1] [−] [cm]

2.5 3,375 1.67
5.0 6,750 1.18
10.0 13,500 0.84
15.0 20,250 0.68

Table 4.1: Description of free-stream velocities, corresponding Reynolds numbers, and resulting flat-plate boundary
layer thicknesses for experimental flows over coral models.
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Figure 4.6: Photograph of setup for flow visualization using pressurized dye-releasing system.

windows that are too large in the vertical direction can create biased velocity values that overestimate the

true velocity. To avoid this, initial interrogation windows with 75% overlap were implemented asymmetrically

(with smaller vertical components) and decreased in size with subsequent passes until a symmetric final pass

was used; the four window sizes implemented measured 256 x 64 pixels, 128 x 32 pixels, 64 x 32 pixels,

and 32 x 32 pixels. For this window size and overlap, velocity estimates were produced at a final, physical

resolution of approximately 0.75 by 0.75 mm. Spurious vectors were identified using global mean and local

median filters (±3 and ±2.5 standard deviations, respectively), and outliers were replaced using a linear

interpolation of neighboring vectors.

4.2.4 Dye Visualization Setup

In addition to the quantitative data collected using PIV, a qualitative dataset describing flow over

the coral models was obtained using the water tunnel’s pressurized dye visualization system. The plate glass-

mounted models were positioned in the middle of the tunnel test section and illuminated from above by two

60-watt desk lamps. A 3/16 inch metal rod was clamped vertically to a metal stand positioned above the

test section, and an L-shaped hex key was attached to the bottom of the metal sting with electrical tape, so

that the release of dye was directed inline with the dominant horizontal flow path. Flexible Tygon® tubing

with a diameter of 1/8 of an inch was affixed with electrical tape to the metal sting and connected to the

pressurized blue dye tank. The sting was positioned approximately 2.5 inches in front of the coral model
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and 1 inch above the glass mounting plate. Similar to the PIV setup, a Nikon D7000 DSLR camera was

used in video recording mode to capture the dye visualization; however, the camera was positioned such that

the entire model and downstream wake was visible in the field-of-view, eliminating the need for multiple

recording windows. Video was recorded in full high-definition at 24 fps with a shutter speed of 1/30 s and an

ISO of 2500. Dye was released as a 10-second slug at a pressure that was intended to match the approximate

flow speed, so as to not impart additional momentum to the dye-laden incoming flow. Visualizations were

obtained for all four models at two flow speeds: 5 cm s−1 and 15 cm s−1. Figure 4.6 shows the experimental

setup used to perform dye visualization over the models.

4.3 Results: Mean Characteristics

4.3.1 Flow Visualization

Qualitative differences in flow structure due to Reynolds number and surface roughness can be

clearly identified through videos of dye visualization. Figure 4.7 plots a time series of still frames extracted

from full-length video records for the smooth hemisphere at Re = 6, 750 (left), at Re = 20, 250 (middle),

and for the k-type roughness at Re = 20, 250 (right). These three example cases were selected because they

represent the most significant differences in flow speed and model roughness, and accordingly, they exhibited

the largest differences in visualization results. Full video records for all model geometries and flow rates can

be found in the appendix.

Examining first the different flow velocities past the smooth hemisphere (left versus middle), the

main similarity between the two regimes is the vertical spread of the downstream wake, which extends

to approximately one model radius, or 6.75 cm, above the model top. Key differences are evident upon

close examination of the wake structures, which show the low Re regime retains thin, high-concentration

filaments of dye, whereas the high Re regime much more quickly “smears out” the wake-entrained dye into

an homogenous, low-gradient area. The arrows in each frame mark the evolution of an individual packet of

dye through the separation point and shear layer as it tracks the formation and dissolution of an individual

eddy. The low Re regime shows evidence of hairpin vortex shedding, typical of von Kármán vortex shedding

from spheres in low to moderate Re flows [114]. The high Re regime features more chaotic wake shedding

without clear formation of coherent structures. The tracking arrows in both regimes show an individual eddy

ripping apart with increasing distance between the pieces of the original eddy as time increases. Interestingly,

after approximately the same distance downstream, ∼15 cm, the eddy pieces are roughly the same distance

apart for both regimes, though with the time elapsed being 3x longer in the low flow regime.
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Figure 4.7: Left column. Dye visualization of flow past a smooth hemisphere at 5 cm s−1, i.e., Re = 6, 750. Each
descending row is a still frame from the video record separated by 0.5 s, or 12 frames. Middle column. Flow past
smooth hemisphere at 15 cm s−1, i.e., Re = 20, 250. Each row is separated by 0.17 s, or 4 frames. Right column. Flow
past hemisphere with k-type roughness at 15 cm s−1, i.e., Re = 20, 250. Row spacing is 0.17 s, or 4 frames.
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Comparing the high Re cases for the smooth (center) and k-type (right) models reveals a key

difference in the size of the downstream wake. Whereas the smooth model wake extends vertically from the

bed to approximately double the model height, the k-type model wake briefly extends approximately 3 cm

above the model top and quickly is directed downward so that by the end of the recording frame, the vertical

extent of the wake is no higher than the model itself. Similar to the smooth model, the k-type also “smears

out” high-gradient filaments of dye very quickly, indicating rapid scalar mixing within the chaotic wake.

Finally, the dissolution of an individual dye-containing eddy into several pieces appears to occur at nearly

the same rate and results in a similar distance of separation between the two models, suggesting a similar

rate of energy dissipation controlling the inertial cascade.

4.3.2 Mean Horizontal Velocity

Figure 4.8 plots the mean horizontal velocity for the low-flow case of u∞ = 5 cm s−1 (left) and for

the high-flow case of u∞ = 15 cm s−1 (right). All subsequent PIV results panels use the same layout as

Figure 4.8, i.e., Row 1 is the smooth hemisphere, Row 2 is the d-type roughness, w/k = 0.5, Row 3 is the

k-type roughness, w/k = 2.0, and Row 4 is the coral skeleton. Each individual panel is stitched together

from four separate recordings of the model’s leading edge, center, trailing edge, and downstream wake. To

create a single portrait of the entire flow field around the models, overlapping regions from each window

were cropped at matching locations (indicated by the vertical white spacing at x = −1.5 cm, x = 1.5 cm,

and x = 10 cm for the idealized models and at x = −4 cm, x = 3 cm, and x = 9 cm for the coral skeleton).

Several key differences are evident in the mean flow characteristics between flow conditions and

across model geometries. First, comparing the leading edges of the low and high flow regimes, the 15 cm s−1

flow creates a significant region of recirculating negative flow, which extends approximately 1− 2 cm normal

to the model face for all geometries. The 5 cm s−1 flow exhibits reduced positive flow along the leading edge,

but no negative velocities that would indicate an area of recirculation. Comparing differences across geometry

types, little difference is seen in the leading edges of the high flow case, except for increased patchiness for

the k-type and coral models. However, the low flow panels show a clear effect of surface topography, in which

the k-type roughness possesses distinct regions of reduced velocities just above individual roughness cavities,

indicating the ejection of low speed vortices that disrupt the leading edge boundary layer. Close inspection

of the d-type roughness and coral model reveal similar bulges of low momentum fluid being ejected from

the roughness cavities, though with a smaller vertical range compared to the k-type roughness. No such

disruptions affect the leading edge of the smooth model.

Next, examining the trailing edges and downstream wakes illustrates the large effect of Reynolds
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(a) (e)

(b) (f )

(c) (g)

(d) (h)

Figure 4.8: Distribution of mean horizontal velocity u. Left column. Low-flow condition: u∞ = 5 cm s−1, Re = 6, 750.
Right column. High-flow condition: u∞ = 15 cm s−1, Re = 20, 250. Row 1. Smooth hemisphere. Row 2. Hemisphere
with d-type roughness, w/k = 0.5. Row 3. Hemisphere with k-type roughness, w/k = 2.0. Row 4. Coral skeleton,
w/k ∼ 1.
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number on the distribution patterns of mean velocity. The high-flow panels all feature very large zones

of recirculation, which encompass nearly the entire downstream imaging windows. The most significant

difference is in the k-type roughness (panel g), in which the downstream shear layer is directed downward

toward the bed, rather than upward as is seen in the smooth and d-type roughness (panels e and f ). This

redirection of the wake shear layer results from a delay in the flow separation point, achieved by the injection

of momentum from leading edge roughness elements in order to overcome the adverse pressure gradient. The

coral model exhibits behavior in-between these two extremes, such that the shear layer is nearly parallel to

the bed. The low-flow panels all exhibit relatively similar distributions downstream, with a much smaller

recirculation zone and a much less step vertical gradient in the shear layer compared to the high-flow panels.

4.3.3 Polar Separation Angle

In all panels of Figure 4.8, the flow on the trailing edge diverges from the model surface creating

a separation point in the boundary layer. The location of this separation point determines the magnitude

of the polar separation angle ΘS , which is measured from the bed at the leading edge to the point of flow

separation—identified by locating the first negative velocity measurement near the surface of the model’s

trailing edge. Figure 4.9 plots the polar separation angle for each model under low Re and high Re conditions.

For all model types, ΘS is greater under the high Reynolds number condition, indicating a delay in flow

separation at higher free-stream flow rates, a result consistent with previous literature [112]. The smooth and

d-type roughness models exhibit very similar behaviors, as previously reflected in the mean velocity plots of

Figure 4.8, suggesting the tightly packed roughness elements of the d-type model allow the boundary layer

flow to predominantly skim over the roughness cavities without significantly altering the large-scale flow

characteristics.

The polar separation angle of the k-type model under low flow, in contrast, is greater than ΘS for all

models regardless of flow condition. Further, the k-type model under high flow exhibits a greater than 25%

increase in ΘS compared to the low-flow condition, which corresponds to an additional 3.3 cm of curvilinear

contact along the midline between the model surface and the high-momentum boundary layer (given the

model radius of 6.75 cm). Estimating ΘS for the coral model is difficult due to the coral’s irregular shape,

which makes defining a centerline and corresponding polar angle a subjective task. However, regardless of

the accuracy of the absolute magnitude of ΘS , the relative magnitudes between the low-flow and high-flow

cases provides valuable information. For the coral model, the high-flow case produces an 18% larger polar

separation angle—a value in between the smooth/d-type models and the k-type model, which further reflects

the intermediate w/k roughness ratio of the coral skeleton.
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Figure 4.9: Polar separation angle for each model.

4.3.4 Streamlines

Streamlines of the mean velocity field were calculated for each model under low- and high-flow

conditions, according to the definition u × ds = 0, where ds is a small element of the arc length along

a streamline. Individual panels for the leading edge, trailing edge, and downstream wake were calculated

separately and pieced together during post-processing to create a single image of streamlines for each model.

Due to the need to select new streamline starting points on the boundaries of each panel, some small

discrepancies exist at the junction points between the three panels for each model.

The left column of Figure 4.10 (panels a–d) plots the streamlines for the low-flow regime at Re =

6, 750. The leading edges of each model show nearly identical results with a stagnation point at approximately

z = 2 cm (slightly higher for the taller coral model at z = 3.5 cm) and smooth, undisturbed flow leading to

significant streamline compression from approximately z = 5 cm to the model top, which indicates an area

of large negative (suction) pressure. The trailing edges and downstream wakes, by contrast, highlight several

important differences created by the model geometries. Streamlines of each model’s large-scale wake appear

topologically similar and demonstrate the presence of a closed toroidal vortex, whose center location varies

according to model roughness. The k-type model produces a downstream vortex closest to the model surface,

located at x = 9.5 cm, z = 5 cm, which holds significant implications for near-surface mixing and mass flux.

Interestingly, the smooth model also possesses two secondary vortices on the trailing edge, known as Moffat

vortices [120], which are typically found at corners and near points of flow separation as is the case here.

Such secondary vortices do not appear on the d-type, k-type, and coral models, presumably having been

disrupted by the injection of momentum generated by the surface topographies.

Streamlines for the high-flow regime at Re = 20, 250 are shown in the right column of Figure 4.10
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(a) (e)
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(c) (g)

(d) (h)

Figure 4.10: Streamlines of mean horizontal velocity for Re = 6, 750 (left column) and Re = 20, 250 (right column).
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(panels e–h). Unlike the low-flow regime, the leading edge streamlines show significant differences among

model geometries. The smooth model begins to demonstrate minor unsteadiness in the flow paths near the

model surface, but the streamlines remain intact. The d-type, k-type, and coral models all exhibit interrupted

streamlines along the leading edge, as the incident flow interacts with the large-scale roughness elemednts

to create pockets of local recirculation. The magnitude of the leading-edge disturbance outward from the

model surface correlates well with w/k ratio, such that the tightest roughness spacing of the d-type model

disturbs the flow less than the roughest spacing of the k-type model. Streamlines along the trailing edge of

each model are heavily disrupted by the turbulent wake and show little difference among the models. The

most significant difference is the much smaller area of chaotic streamlines present behind the k-type model,

which is reflective of the delay in flow separation compared to the other models and the downward trajectory

of the wake as seen in Figure 4.8.

4.3.5 Vorticity

Turbulent flows are by definition rotational, and the measure of the local rotation within a fluid

continuum is given by the flow’s vorticity. As a key descriptor of eddy strength, vorticity is twice the angular

velocity of a local fluid region and given by the curl of the velocity, i.e., ω ≡ ∇× u [121]. Mean horizontal

and vertical flow fields were used to estimate the two-dimensional vorticity field over each model geometry,

and the results are shown in Figure 4.11. The left column (a–d) illustrates the vorticity fields for Re = 6, 750

and demonstrates very little difference in the spatial distribution of high vorticity regions among the four

geometries. Each model shows peak levels of vorticity near the model top, approximately at the point of flow

separation where the axisymmetric shear layer develops, and a rapid decline in magnitude in the streamwise

direction. In addition to similar distribution patterns, maximum vorticity levels within the shear layer of

each model are very close, ranging from −14.77 s−1 for the smooth hemisphere to −15.91 s−1 for the k-type

geometry. The leading edges of the d-type, k-type, and coral models show clear evidence of vortical structures

ejecting from roughness cavities. Interestingly, the strength of these vortices is roughly 25% greater than the

vorticity generated by the shear layer, ranging from −18.39 to −19.79 s−1.

The right column of Figure 4.11 (e–f ) shows the vorticity distribution for Re = 20, 250. In contrast to

the low flow regime, the shear layer distribution pattern is not identical across all model geometries. Rather,

the smooth and d-type models show a layer of strong vorticity projecting slightly upward—matching the

trajectory of the shear layer in the mean horizontal velocity of Figure 4.8—while the k-type vorticity is

directed downward, and the coral vorticity is directed nearly parallel to the bed. Similar to the low flow

regime, however, the d-type, k-type, and coral models all show the ejection of vortices from the leading edge,
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Figure 4.11: Vorticity plots for low Re regime (left column) and high Re regime (right column). Row 1 is smooth
model, row 2 is d-type roughness model, row 3 is k-type roughness model, and row 4 is coral skeleton model.



66 CHAPTER 4. PIV OF FLOW PAST HEMISPHERES

which the smooth model lacks. Interestingly, whereas the low flow regime featured stronger vorticity ejected

from the leading edge compared to the wake shear layer, for the high flow regime this pattern is reversed.

Peak vorticity levels in the shear layer range from −25.36 to −43.62 s−1 and are reduced between 10–40%

along the leading edge, with the greatest reduction occurring over the smooth model. Unlike the low flow

regime in which the smooth model produces the smallest vorticity, for the high flow regime the shear layer

behind the smooth model generates by far the highest levels of vorticity—approximately 25% greater than

the other models—which suggests that the disruption of the shear layer due to leading edge vortices for the

rough models interferes with shear-layer vortex production.

4.4 Results: Turbulence Characteristics

4.4.1 Reynolds Shear Stress

Reynolds shear stress provides a measure of momentum transfer from mean flow resulting from

turbulent fluctuations and is a key descriptive characteristic of turbulence with a direct role in mass flux

and mixing. When calculating Reynolds stresses, a standard Reynolds decomposition is performed for each

velocity component, i.e., u′ = ui−u. For wall-bounded shear flows, the mean streamwise velocity component

is typically parallel to the flat wall, so that Reynolds stresses provide information regarding the flux of

momentum and mass toward (i.e., −u′w′) or away (i.e., +u′w′) from the interface. However, since the

models possess curved surfaces, the Eulerian frame of reference requires a rotation of coordinate systems

into the dominant flow direction in order to characterize the fluxes normal to the coral surface. Coordinate

rotation is only required, however, for the leading edge until the point of flow separation since these surface

areas are interacting with the incoming flow. On the trailing edge and in the wake region, no such rotation

is necessary as the flow becomes a free shear layer without reference to a surface.

Figure 4.12 shows a comparison of Reynolds stresses calculated with and without coordinate rotation

into the dominate flow direction. Reynolds stresses are non-dimensionalized by the square of the free-stream

velocity u2
∞ and indicated by an asterisk. Without rotation (left panel), the cross-correlation of fluctuating

velocity components produces unphysical positive Reynolds stress values in the region of flow compression at

the leading edge. By contrast, coordinate rotation in the wake region creates unrealistically large Reynolds

stress values also with an unphysical distribution pattern (right panel). Thus, to accommodate both the

leading edge wall-bounded shear layer and the trailing edge free shear layer, Reynolds stress plots were

constructed by combining coordinate rotation for the leading edge and center two panels with no rotation

for the trailing edge and downstream panels.
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Figure 4.12: Normalized Reynolds shear stress plots for smooth hemisphere at 15 cm with coordinate rotation into
dominant flow direction for all panels (left) and without coordinate rotation for all panels. (right).

Figure 4.13 plots distributions of normalized Reynolds stress u′w′
∗

for each roughness type under

low-flow (left) and high-flow (right) conditions. First, the leading edge shows a large contrast in distribution

and magnitude between the low-flow regime, which exhibits very little Reynolds stress, and the high-flow

regime, which exhibits broad and intense shear stresses normal to the model surface. The low flow regime

does show a “hot spot” of Reynolds stress in the recirculation zone, where each model meets the glass

mounting plate. Values are positive in this area because the recirculating flow is moving in the negative

direction of the prescribed coordinate system. This “hot spot” is noticeably absent from the coral model

(panel d) because the recirculation is occurring in the shadow of the protruding edge, where PIV data was

unable to be collected.

The distributions of u′w′
∗

over the leading edges for the high Re regime closely follow the patterns of

mean flow parameters seen previously. In particular, the smooth model (panel e) exhibits peak stresses very

near the surface, while the d-type (panel f ), k-type (panel g), and coral (panel h) models all have low stress

buffer regions adjacent to the surface, which force peak Reynolds stress farther out normal to the curved

surface. The widely spaced roughness elements of the k-type model demonstrate clear spatial effects, with

ejection of high intensity Reynolds stresses occurring from the roughness cavities. Quantitatively, peak values

of normalized u′w′
∗

for the smooth, d-type, and coral model all range between −0.12 to −0.13, whereas the

k-type roughness exhibits approximately 35% higher peak stresses of −0.17 at the leading edge.

Comparison of distribution patterns and intensities of Reynolds stresses for the trailing edge and

downstream wake regions exhibit an interesting and nearly reverse scenario from the leading edge. For all

model types, the wake regions under the low-flow regime possess nearly 2x larger peak Reynolds stresses,

ranging from −0.09 to −0.14, compared to the high flow regime, which range from −0.04 to −0.07. Though

counterintuitive at first glance, the larger turbulent stress for the low Reynolds number regime reflect the

contribution from coherent structures that disappear in the high Reynolds number chaotic wake. For all

plots in figure 4.13, the wake regions show negative Reynolds stresses near the top of the recording window,

where mean flow is from left-to-right, and positive Reynolds stresses below the shear layer in the recirculation
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Figure 4.13: Normalized Reynolds shear stress plots for Re = 6, 750 (left column) and for Re = 20, 250 (right column).
Row 1 is smooth model, row 2 is d-type roughness model, row 3 is k-type roughness model, and row 4 is coral skeleton
model.
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zone, where mean flow is right-to-left. Distribution patterns and normalized magnitudes measured here are

consistent with those observed in wakes behind spheres in the laboratory [122] and in wakes behind coral

bommies in the field [123]. Finally, the most significant observation regarding the effect of morphology on

wake Reynolds stresses is the much broader distribution and much larger magnitude (∼2x) of Reynolds

stresses resulting from the k-type morphology. The region of Reynolds stresses is directed downward due to

the delay in flow separation, and the vertical spread of stresses is much wider, reflecting the broader vertical

gradient in mean velocity of the downstream shear seen in figure 4.8.

4.4.2 Turbulence Production and Dissipation

Similar to the methodology of the field experiments in Chapter 3, turbulence production was cal-

culated as the interaction between Reynolds shear stresses and the gradient of the mean velocity, i.e.,

P = u′w′ dudz . Turbulence dissipation rates, by contrast, were calculated using direct measures of local velocity

gradients, rather than through inertial range spectral fitting as previously done. Total viscous dissipation

due to turbulent fluctuations is defined as ε = 2νeijeij , where eij is the fluctuating strain-rate tensor. Fol-

lowing the derivation in Fincham et al. (1996), the total dissipation rate for isotropic turbulence can be

calculated from 2-dimensional in-plane gradients, which are used to estimate the out-of-plane contribution.

Total dissipation is then given by [124]:
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Production and dissipation terms were non-dimensionalized using the model length scale over the cube of the

free-stream velocity, D/u3
∞. In shear layers, the assumption of isotropic turbulence may no longer be valid,

resulting in a much lower contribution to dissipation from the lateral velocity gradients, and as such, the

technique applied here may be prone to overestimation [124]. However, since each geometry type features a

comparably strong shear layer, the error in dissipation should be similar for each model, allowing for valid

comparisons between the roughness types.

Plots of turbulence production are shown in figure 4.14 for the low Re regime (left column) and the

high Re regime (right column). Given the dependence of turbulence production on u′w′, the distributions of

P ∗ resemble the pattern of Reynolds stresses in figure 4.13. As expected, the low-flow regime exhibits very

little production along the leading edge, with the exception of regions of vortex ejection from the k-type

model; whereas, the high-flow regime shows significant areas of turbulence production along the leading

edge for all models due to the large values of u′w′. Quantitatively, peak normalized production rates for the
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Figure 4.14: Normalized turbulence production for low-flow (left column) and high-flow (right column) regimes. Row
1 is smooth model, row 2 is d-type roughness model, row 3 is k-type roughness model, and row 4 is coral skeleton
model.
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d-type, k-type, and coral model are all approximately the same on the leading edge—between 1.8 and 1.9,

while the smooth model production is roughly 30% lower at 1.2.

All roughness types for both low- and high-flow regimes show strong production levels at the model

top, where flow compression is greatest and vertical gradients in mean velocity are largest. Interestingly,

for both flow regimes, the very smooth and very rough surface topographies have significantly smaller peak

production values in this region compared to the moderate surface roughness of the d-type and coral models –

0.81 versus 1.62, or approximately 50%. Downstream wake regions in the low-flow plots show areas of patchy,

strong production, which are negative in areas of flow reversal where u′w′ is positive. Quantitatively, peak

P ∗ magnitudes in the wake are similar for all roughness types except the coral model, which is roughly 40%

smaller. For the high-flow plots, downstream wakes exhibit low relative magnitudes of turbulence production,

likely owing to the high rate of fluid advection, which pushes the shear layer instabilities responsible for eddy

formation downstream beyond the PIV window. The exception is the k-type model, whose surface roughness

generates vortex shedding itself—evident in the trailing edge wake—in addition to production from shear

layer instabilities. This area of high turbulence production in the extended shear layer is nearly 5x larger

than the other models.

Normalized turbulence dissipation rates D∗ are shown in figure 4.15 for low Re (left column) and

high Re (right column) flow regimes. Distribution patterns of D∗ for the low Re case are very similar for all

roughness types, though with increasing areas of dissipation on the leading edge as roughness increases. For

the high Re regime, distributions of D∗ vary significantly with roughness type, with the smooth model show-

ing maximum dissipation at the model top, both moderate roughness models—d-type and coral—showing

maximum dissipation at the leading edge, and the roughest k-type model showing maximum dissipation near

the top of the trailing edge. Distribution areas and peak magnitudes of D∗ were significantly smaller for the

high Re regime compared to the low Re regime, reflecting the additional contribution of coherent motions

present in the low-flow regime.

Quantitatively, for the low Re flow at the leading edge, peak magnitudes of D∗ are largest for the

k-type roughness by approximately 25% and 75% compared to the d-type and coral models, respectively (4.1

versus 3.3 and 2.4). The smooth model has negligible dissipation in this region. However, along the model

tops at the location of peak shear, this trend is reversed. Here, the d-type and coral models generate 2x and

3x higher dissipation rates, respectively, compared to the k-type and smooth models (1.6 and 2.3 versus 0.9

and 0.6), which indicates the important role of surface topography on the location of turbulent momentum

transfer. On the trailing edge side and in the downstream wake, magnitudes of D∗ are significantly smaller

and comparable across all geometry types. For the high Re flow, peak values of D∗ are approximately an

order of magnitude smaller than the low Re flow and there are few discrepancies in distribution. Leading
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Figure 4.15: Normalized turbulence dissipation for low flow (left) and high flow (right) regimes.
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edge values are all nearly identical (0.09 to 0.13). In contrast, the center shear layer values are largest for

the smooth model by ∼2x (0.32 versus 0.15). And on the trailing edge, the very rough k-type model exhibits

significantly higher values—approximately 5x larger than the other models (0.27 versus 0.05). In the high

Re flow, downstream dissipation values are negligible for all geometries (∼0.02).

4.4.3 Joint Probability Distribution Functions

A joint probability distribution function (p.d.f.) of instantaneous velocity fluctuations provides a

convenient tool to examine the anisotropy of Reynolds shear stress and to describe the flux of momentum

across the turbulent boundary layer [125]. To construct a joint p.d.f., instantaneous horizontal u′ and vertical

w′ velocity fluctuations are plotted and contours of like-probability are formed. A quadrant analysis of the

probability distribution identifies the relative contributions of turbulent sweep events, i.e., a downward flux

of high momentum fluid toward the surface, or burst events, i.e., an outward flux of low momentum fluid

away from the surface. Turbulent sweeps are reflected by p.d.f. contours in quadrant IV, where u′ > 0 and

w′ < 0; whereas, turbulent bursts are reflected by p.d.f. contours in quadrant II, where u′ < 0 and w′ > 0.

Figure 4.16 plots joint probability distribution functions for each model type under low Re flow

(top) and high Re flow (bottom). Velocity measurements were taken at a single point within the leading

edge boundary layer, located at x = −4 cm and at the y-location at which mean horizontal velocity was

10% of free-stream velocity, i.e., u = 0.1u∞. Velocities were rotated into their dominant direction, and

(a)
III

III IV

(b) (c) (d)

(e) (f ) (g) (h)

Smooth D-type K-type Coral

Figure 4.16: Joint probability distribution of instantaneous horizontal and vertical velocity fluctuations for low Re
regime (top row) and high Re regime (bottom row).
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when compared to the surface-parallel direction, this rotation differed only by 0–15%. This indicates that

fluctuations in vertical velocity components reflect a movement of momentum (and mass) either toward

(w′ < 0) or away from (w′ > 0) the model surface.

For the low Re flow, all four model types show no preferential direction for instantaneous u′w′

cross correlations. The combined contribution of sweep-burst events to total Reynolds stress range from

32% (for d-type and coral models) to 50% (for the smooth model), which indicates that the vertical flux of

momentum—either the downward injection of fresh fluid or the outward ejection of “dead” fluid—is limited.

For the high Re flow, the plots for each model type are remarkably similar, with significant tails of the

distribution functions extending predominantly into quadrant II and quadrant IV. The ratio of sweep-to-

burst events is almost precisely 1:1 for all surface geometries, indicating an equal frequency of high momentum

influx and low momentum ejection across the near-surface boundary layer. The combined contribution of

sweep-burst events to total Reynolds stress ranges between 67–70% for all four models, which suggests

strong anisotropy of turbulence in the boundary layer and that a majority of Reynolds stresses contribute to

surface-normal momentum flux. Joint p.d.f. plots for two other x-axis locations, x = −2 cm and x = −6 cm,

were also calculated. These plots (omitted here for clarity) show nearly identical qualitative and quantitative

patterns. This indicates that increased sweep-burst events are occurring along the entire leading edge for all

model types under high Re flow.

4.5 Discussion

The major objective of the experimental work in this chapter is to address the question of how d-

type and k-type bar roughness on a wall-mounted hemisphere alter boundary layer turbulence characteristics

and downstream wake hydrodynamics. Using PIV data collected at two different Reynolds numbers, mean

and turbulence characteristics were calculated and demonstrated the critical impact k-type roughness has

compared to d-type or smooth hemispheres on enhancing near-surface shear stress, delaying boundary layer

separation, minimizing downstream wake area, and promoting turbulence production. These hydrodynamic

effects have direct bearing on mass and thermal fluxes that significantly impact biological processes and

may benefit the ecological sustainability of corals. Below, specific results are synthesized, interpreted, and

discussed in relation to the current literature and with regard to their biological implications.

4.5.1 Effect of Reynolds Number

Reynolds number effects on flows past smooth and rough spheres and hemispheres have long been

studied in the literature [85, 112, 113, 117, 126]; however, no work has investigated the impact of bar-type
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roughness on hemispheres, which offers an idealized representation of a different class of structures like

corals. Though a rigorous parameterization of Reynolds number on a variable such as drag coefficient was

not performed here, the results indicate that the low-flow case at Re = 6, 750 and the high-flow case at

Re = 20, 250 clearly represent two distinct hydrodynamic regimes. Coherent hairpin structures visible in

dye visualization recordings (figure 4.6), reduced polar separation angles (figure 4.9), streamlines showing

stable, large-scale vortices in near-wake recirculation zones (figure 4.10), and significantly higher normalized

Reynolds stresses in the downstream wake (figure 4.13) due to energetic, large-scale coherent structures—all

suggest that the low Re test case represents a subcritical hydrodynamic regime. A subcritical hydrodynamic

regime has important implications on momentum transfer and mass/thermal flux in two key regions: 1) the

near-surface boundary layer and 2) the downstream wake.

Boundary Layer Structure

The low Re case also exhibits laminar flow along the leading edge as seen by the absence of Reynolds

stresses, turbulence production and dissipation (figures 4.14 and 4.15), and the isotropic joint p.d.f.s in figure

4.16. These data are consistent with the current literature on flow past spheres, which has shown a laminar

boundary layer with separation into unsteady vortex shedding up to Recrit ∼ 105 − 106 [127] for smooth

spheres, but as low as Recrit ∼ 104 for rough wall-mounted hemispheres [126]. A laminar boundary layer

along the model’s leading edge without measurable turbulent shear stress means that viscous shear stress

dominates contributions to surface shear stress, i.e., τs = µ∂u∂z . A recent meta-analysis of field and laboratory

experiments has demonstrated a high correlation (r2 > 0.9) between mass transfer rates and the root of

surface shear stress, τ0.4
s [128]. This scaling suggests that the 3–4x higher levels of u′w′

∗
along the leading

edge under the high Re regime for all model types would result in a 1.5–1.75x greater mass transfer rate

compared to low Re conditions. Enhancement of mass transfer can be achieved through laminar boundary

layer thinning at higher Re [93], but the magnitude of enhancement measured here for the high Re case

more likely reflects a transition past Recrit, such that mass flux is driven by much more efficient turbulent

shear rather than diffusion alone.

Downstream Wake

The structure and dynamics of the downstream wake are significantly altered by the transition from

a subcritical to supercritical flow regime under the high Re test conditions, as suggested by the visibly chaotic

wake shedding in dye recordings and streamline plots, the increased polar separation angles, and the reduced

wake Reynolds stresses resulting from the loss of coherent structures. Regular shedding of large-scale coherent

structures, such as arched vortex tubes resulting from unsteady flow separation, are evident in the low Re
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Figure 4.17: Single-sided amplitude spectral density (ASD) of instantaneous vertical velocity fluctuations w′ for
Re = 6, 750 (left) and Re = 20, 250 (right). The dashed vertical line indicates a frequency of 0.13 Hz and 0.40 Hz for
the low and high Re cases, respectively, which each correspond to a Strouhal number of 0.18.

dye visualizations of figure 4.6, consistent with previous studies [129, 130]. Regular shedding of coherent

structures occurs at low Reynolds numbers and is indicative of subcritical flow conditions. The periodicity of

vortex shedding is characterized by the Strouhal number, a dimensionless ratio of shedding frequency to flow

velocity, defined as St = fR
u∞

, where R is the characteristic length scale. For a wall-mounted hemisphere, both

model diameter [129] and model radius [130] have been used as the length scale to define St, and here, model

radius, i.e., 6.75 cm, is used to remain consistent with the literature selected for comparison. While some

dependence of St on Re has been shown [130], for Reynolds numbers comparable to the low-flow condition

in this study, previous investigations have found St ∼ 0.2, which corresponds to a shedding frequency of

f = 0.15 Hz.

Figure 4.17 plots spectral analyses for each model under high and low Re conditions using instanta-

neous vertical velocity records taken within the centerline shear layer at a downstream position of x ∼ 12 cm.

For the low Re regime (left), the smooth, d-type, and coral models all show a clear spectral peak at f = 0.13,

corresponding to St = 0.18 and consistent with previous studies, while the spectral peak for the k-type model

is shifted to f = 0.07, or St = 0.09. Dye visualization from the k-type model shows a clear disruption of the

separating flow and vortex formation due to wake interaction with a downstream roughness element, likely

causing the lower shedding frequency (see figure 4.18). Implications of this roughness effect are discussed

in the following section. In contrast, the high Re regime shows no dominant shedding frequency for any

roughness type, providing further evidence of the loss of coherent structures in the wake at higher flow rates.

Further, no dominant frequency for the shear-layer instability resulting from a Kelvin-Helmholtz mechanism

(which is distinct from the primary wake shedding instability resulting from a Hopf bifurcation) was detected

in the downstream shear layer for either Re regime, likely owing to the relatively low sampling rate (24 Hz),

well below typical Kelvin-Helmholtz frequencies [131]. Coherent structures are an important mechanism for

large-scale heat and mass transport [132]; however, the direct enhancement on thermal or scalar flux from an

individual bluff body is likely minimal given the limited spatial and temporal extent of interfacial or near-
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Figure 4.18: Dye visualization of flow past k-type hemisphere at 5 cm s−1, i.e., Re = 6, 750. Roughness element on the
downstream surface disturbs the flow separation and alters the shedding frequency of large-scale vortex structures.
The circle of dye at the leading edge indicates a horseshoe vortex (so-called because of its physical similarity as it
surrounds the bluff body) and is typical of boundary layer flow interacting with a wall-mounted bluff body. This is
also clearly evident in front of the smooth hemisphere in figure 4.6.

surface interaction. Rather, coherent structures may contribute more significant impacts in the downstream

wake through turbulent transport and mixing of scalars, such as coral larvae, planktonic prey, and waste

products [133]. In this way, other reef organisms may be impacted by the coherent structures shed from

upstream disturbances, and potentially, under a favorable set of oscillatory conditions, it is possible that the

original coral structure itself may be exposed to these coherent motions.

The polar separation angle increases for all four model types under high Re flow, ranging from a 2%

to 20% increase, which corresponds to a 1–13% increase, respectively, in the amount of surface area in contact

with the highly sheared boundary layer. Areal increases in momentum boundary layer coverage also mean

increases in concentration and thermal boundary layer exposure, and thus additional enhancement of mass

and heat exchange for the model as a whole. Immediately downstream of the models, the size and strength

of the recirculation zone both increased under the high Re test case. Though data was not collected far

enough downstream to capture the reattachment point and full streamwise extent of the wake disturbance,

it is qualitatively evident from the mean velocity fields in figure 4.8 that the area of recirculation under high

Re flow is significantly larger than under low Re flow—an expected result given the much higher rates of

fluid advection and also seen in field measurements of wake disturbances behind coral bommies [123]. The

intensity of passive scalar and thermal mixing in the downstream wake can be parameterized through the use

of either eddy viscosity νe or mixing length `m, both of which are inversely proportional to dissipation ε [121].

Thus, larger rates of ε result in smaller mixing lengths and more efficient smearing out of chemical/thermal
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gradients. Dimensional dissipation rates (as opposed to normalized) are 2.5–5.5x higher downstream for the

high Re regime compared to the low Re regime, which implies a 60–80% reduction in size of `m and therefore,

more intense local mixing.

Implications of Re Effects on Coral Biology

Since Reynolds number is a function of free-stream velocity and hemisphere diameter, the enhanced

flux and mixing benefits derived from higher Re flow may have implications on the selective pressures driving

coral size distribution in both low-energy and high-energy flow environments. The low-flow case tested here,

for example, is a realistic estimate of velocities found in sheltered habitats or regions with weak tidal currents.

Thus, in order to achieve a comparable supercritical Re number of 20,250, the coral diameter would need

to be one-third the size of the models tested, potentially offering a competitive advantage to corals that

remain small enough to achieve supercritical flow. Such hydrodynamic considerations may help explain the

positive correlations between flow rate and coral size shown in surveys of habitat distribution patterns [134],

as well as the positive relationship between increased flow rate and differential survival during temperature-

induced bleaching events [135]. Additionally, large-scale natural disturbances, such as tropical cyclones or

hurricanes, have been shown to preferentially dislodge mid-sized corals [136], which lack the mass of large

corals or the low drag forces of small corals needed to prevent destructive lift forces. Though in these cases,

the hydrodynamic regime is likely supercritical for all except the largest corals and thus, coral frontal area

and mass determine the probability of dislodgment.

The transition from subcritical to supercritical flow over a coral alters the drag coefficients for

individual coral structures, which collectively contribute to estimates of total reef-scale form drag used to

determine the dissipation of incoming wave and tidal flow, and thus, the degree of shoreline protection [123].

Form drag is typically defined as FD = 1
2ρcDAu

2
∞, where A is the body’s frontal area. Thus, for a given

flow rate, a larger coral bommie not only obstructs more of the flow—given by A—which promotes a larger

FD, but the bommie diameter may drive the downstream flow into a subcritical regime resulting in a larger

cD, and also promoting a larger drag force that contributes to an overall increase in reef bottom friction.

On the other hand, given a coral of fixed size, if exposed to fast enough flow to create a supercritical Re

regime, then cD will be reduced [112, 126], which acts to reduce FD; however, the quadratic dependence on

u∞ typically outweighs the contribution from cD and thus increases the form drag. In the scenario of fixed

body size, the supercritical regime increases FD, which, though not measured here, can be inferred from the

higher dissipation rates seen in the high Re flow plots in figure 4.15. Rates of turbulence dissipation have

been shown to positively correlate (r2 > 0.86) to the work done by drag [123], defined as W = FDU , so

that the increases in ε resulting from high Re flow signal an increase in form drag. The complex interplay
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between coral size, flow speed, and hydrodynamic regime indicate individual and reef-scale effects possess

considerable variability across multiple temporal and spatial scales, generating numerous dynamic ecological

impacts.

4.5.2 Effect of Roughness Type

The results demonstrate a profound impact of surface roughness on the structure and dynamics of

boundary layer and wake flow especially for the turbulent high Re regime, but also to a lesser extent for the

laminar low Re regime (most evident in increased dissipation rates around individual roughness elements,

consistent with previous investigations [137]). Bar-type roughness on a wall has traditionally been categorized

by the stability of intra-cavity vortices—with d-type possessing stable vortices, and k-type ejecting vortices

into the momentum boundary layer [87]. Given the wall curvature of the hemispheric models studied here,

however, it was hypothesized that such a distinction may not hold due to possible flushing effects of incoming

flow that penetrates into narrow d-type roughness cavities. The disrupted streamlines at the d-type and coral

models’ leading edges (figures 4.10f,h)—similar to those of the k-type model, but to a lesser degree—indicate

some degree of outflow from the roughness cavities compared to the orderly streamlines of the smooth model

(figure 4.10e). Other evidence of vortex ejection from d-type and coral roughness is seen in the strong

alternating positive and negative patchiness of leading edge vorticity (figures 4.11f,h), which is absent over

the smooth model. And finally, the near-surface patchiness of very low and very high Reynolds stresses seen

over the three rough models (figure 4.13f-h) indicates the ejection of momentum into the boundary layer,

which creates a “buffer” layer, pushing the strongest shear stresses farther from the surface. Though no

dominant frequency is seen in a spectral analysis of the surface-normal velocities over any rough model,

which would indicate periodicity of ejection, clear evidence from the dye visualization videos show sporadic

ejections of dye filaments and support the conclusion that the bluff body curvature reduces the stability of

d-type intra-cavity vortices and imparts momentum into the boundary layer flow.

Boundary Layer Structure

Beyond the stability of intra-cavity vortices, a more quantitative method of surface roughness char-

acterization is the roughness function ∆u, which measures the degree to which surface roughness alters the

traditional log-law boundary layer profile by shifting downward the velocity profile relative to a smooth wall.

The engineering formulation of the logarithmic law is given by
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u =
u∗
κ

ln z + C0 −∆u, (4.2)

where C0 is a constant equal to ∼ 5.0 for a smooth wall [80]. ∆u can be estimated by plotting velocity

profiles for each roughness type at the same location under identical conditions and calculating the average

deviation of the logarithmic region from the smooth model. Profiles of streamwise velocity u were created

from the 2D mean velocity plots in figure 4.8 by selecting the leading edge point x = −4.8 cm, z = 4.8 cm,

which represents a 45° angle from the model center, and extracting the surface-normal mean velocity record.

Figure 4.19 plots on a semi-log scale profiles for each model type under high Re flow. The smooth, d-type,

and coral model profiles all collapse to a nearly identical logarithmic layer, while the k-type roughness

shows a significant deviation downward, which produces the roughness function, ∆u = 1.3 cm s−1. The

roughness function is a measure of a surface’s ability to absorb momentum [80], which suggests that the

k-type roughness more effectively exchanges mass and thermal properties compared to the smooth or d-type

roughness. Direct numerical simulations of flow over roughness have shown that the magnitude of ∆u depends

on the shape and density of the surface topography [38], and that for bar roughness on a flat plate, ∆u peaks

at w/k ∼ 7, coinciding with a peak in form drag (and negligible skin friction) [138]. Empirical heat transfer

work demonstrated a similar peak in Nusselt number (a dimensionless ratio of heat transfer coefficient to

thermal conductivity) at w/k ∼ 7 for wedge-shaped ribs, with a dependence on Reynolds number and Prandtl

number [139]. Both DNS and experimental results found maximum heat transfer coefficients occur at the

separation layer reattachment point, approximately 6–8 roughness heights downstream, where shear stress

levels are highest [140].

The data collected here also demonstrate a correlation between roughness function and increased

Reynolds shear stress levels (and by implication heat and mass transfer rates). Surface-normal profiles of

u′w′ extracted from figure 4.13 at the same leading edge point as the velocity profiles, i.e., x = −4.8 cm,

z = 4.8 cm, are shown for each model in figure 4.20. Peak near-surface magnitudes of u′w′ occur between

0.5–1.5 cm normal to the surface and are ∼33–60% larger for the k-type roughness compared to the smooth,

d-type roughness, and coral skeleton. Higher in the water column, levels of u′w′ over the k-type roughness

remain elevated by > 50% for z > 3 cm, indicating enhanced rates of turbulent mixing extending significantly

farther outward from the model surface. Though the results indicate that a larger roughness ratio produces

greater Reynolds stresses—consistent with previous literature—the ideal spacing ratio of w/k = 7 found in

numerical simulations and empirical studies is not, however, typically seen on corals in nature, likely due to

the trade-offs associated with the concomitant loss of surface area. Since total heat (and by analogy, mass)
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Figure 4.19: Semi-logarithmic profile plots of horizontal velocity normal to model surface along the leading edge
boundary layer for each roughness type at Re = 20, 250. The roughness function ∆u measures ∼ 1.3 cm s−1 for the
k-type roughness.

transfer is given by q = hA(Ts−T∞), where h is the heat transfer coefficient and A is the surface area, then

the increase in h at w/k ∼ 7 (resulting from greater turbulence generation and bed shear stress) may not be

sufficient to overcome the reduction in surface area and may yield a net loss of total heat transfer. Trade-offs

between turbulence generation and surface area likely play an important role in the selective pressure driving

morphological differences, especially under varying tidal conditions that alter Reynolds number regimes or

under wave-driven oscillatory flow conditions in which wave period and orbital excursion lengths become

important parameters affecting flow over and within roughness.

Downstream Wake

The most significant effects of roughness on mean flow quantities in the wake region are seen in the

larger polar separation angle and the reduced reattachment length for k-type roughness compared to the

smooth and d-type/coral models. For both low Re and high Re regimes, the k-type roughness generates a

delay in separation point—approximately 8% and 32% larger values of ΘS , respectively—which arise from the

injection of momentum by roughness-induced vortices and which have the effect of enhancing the amount of

surface exposed to high-shear boundary layer flow, thereby potentially increasing rates of total mass transfer

for the body as a whole. An additional direct consequence of a delay in separation is that the wake shear

layer is directed downward, rather than upward or level, as seen in figure 4.10. Though the reattachment

length is not quantified here because the downstream measurement window is limited, it can be inferred

from the streamline plots that the reattachment length behind the k-type model is significantly shortened
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Figure 4.20: Profiles of turbulent Reynolds shear stress at the leading edge at x = −4.8 cm (left) and in the downstream
wake at x = 9.5 cm (right) for each roughness type atRe = 20, 250. Peak values for k-type roughness are approximately
50% and 100% larger, respectively, compared to smooth and d-type roughness. The much higher vertical location in
peak stress for the coral skeleton is a result of the irregular shape of the 3D printed model’s base, which elevates the
coral skeleton ∼ 3 cm relative to the other models.

Mixing Length Eddy Viscosity Shear Layer Thickness
[cm] [cm2 s−1] [cm]

Re = 6, 750 Smooth 0.30±0.07 0.29±0.11 1.57
D-type 0.27±0.05 0.27±0.06 2.15
K-type 0.38±0.09 0.29±0.06 2.36
Coral 0.23±0.20 0.17±0.19 2.04

Re = 20, 250 Smooth 0.27±0.04 0.60±0.08 1.57
D-type 0.35±0.07 0.78±0.21 2.44
K-type 0.27±0.03 0.92±0.09 1.90
Coral 0.30±0.08 0.67±0.15 1.83

Table 4.2: Estimates (mean ± one standard deviation) of mixing length (`m), eddy viscosity (νe), and shear layer
width (δ) for each roughness type under low and high Re flows at x = 9.5 cm.

for both high and low flow regimes compared to the smooth and d-type model. This result is consistent with

previous experimental findings [126], which argue that in addition to effects from ΘS , enhanced boundary

layer turbulence from surface roughness (seen in the turbulence production plot of Figure 4.14) increases

the rate of shear layer spread. The shear layer thickness δ was defined as the distance between the vertical

locations of 90% and 10% of free-stream velocity, i.e. δ = z(u = 0.9u∞)− z(u = 0.1u∞). Estimates of δ are

given in Table 4.2 and show that the rough surfaces produce a ∼17–55% thicker δ than the smooth surface,

which also implies that vertical mass flux due to turbulent wake mixing occurs over a much larger spatial

range for flow behind rough surfaces.

Within the wake shear layer, stress estimates and mixing parameters provide quantitative descrip-

tions of the impact of surface roughness on turbulent hydrodynamics. Profiles of Reynolds shear stress u′w′

in the near-wake region at x = 9.5 cm are shown in Figure 4.20 (right) for the high Re regime. The smooth,
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d-type, and coral models produce similar peak values of u′w′ of approximately 6–7 cm2 s−2, while the peak

u′w′ for k-type roughness is roughly 2x as large, or ∼ 13 cm2/s2. Normalized values (by u2
∞) compare well

with empirical estimates from mixing layer [141] and bluff body wake experiments [142], and these estimates

of u′w′ can then be used to define mixing parameters such as eddy viscosity νt and mixing length `m. Though

the Prandtl mixing-length formulation lacks a valid physical basis for complex three-dimensional turbulence

[143], it still provides a useful description of the empirically derived ratio of turbulent shear stresses to the

mean velocity gradient, i.e., `m = |u′w′|
1/2
/|∂u/∂z|. Conceptually thought of as the distance over which a

parcel of fluid advected through turbulent action gives up its momentum to the surrounding fluid, `m was

calculated in the midline of the wake shear layer using five measurement bins surrounding z(u = 0.5u∞)

along the vertical profile x = 9.5 cm. Table 4.2 lists mean ± one standard deviation mixing length estimates

and shows no statistically significant differences exist either between high Re and low Re regimes or between

different roughness types within a flow regime. This suggests that the length scale of eddy motion in the wake

region is set by the propagation of Kelvin-Helmholtz instabilities originating in the shear layer as determined

by the bluff body length scale.

In addition to `m, the turbulent eddy viscosity νe can be used as a quantitative descriptor of the

rate at which turbulent action mixes momentum and scalars and is defined as νe = −u′w′/|∂u/∂z| [61].

Estimates of νe are given in Table 4.2 and show that in the low Re regime, roughness type has no effect on

νe, likely due to the dominance of large-scale coherent structures, whose scale is governed by the same bluff

body diameter for each model. In the high Re regime, however, νe for all roughness types are significantly

larger than the low flow estimates, an expected result given that νe scales with Re. In the chaotic shear layer

wake of the high Re flow, though, surface roughness has a significant impact on the magnitude of νe, with

the k-type roughness exhibiting a 50% larger value than the smooth model and an 18% and 36% larger value

than the d-type and coral models, respectively (though the variability of the d-type estimate renders the

difference not statistically significant). Dimensional arguments dictate that eddy viscosity is proportional

to a velocity scale, typically the streamwise fluctuation u′, and a length scale, typically the mixing length,

according to νe ∼ u′`m. Given that `m is identical for all roughness types, this relation implies that the

fluctuating velocity scale for the k-type roughness is significantly larger than the other roughness types and

thus, turbulent transfer of momentum is occurring more intensely in the k-type wake.

Implications of Roughness Effects on Coral Biology

At both the leading edge boundary layer and the wake shear layer, the main hydrodynamic results

indicate that the d-type roughness and coral model approximate the mean velocity and turbulence character-

istics of the smooth model, while the k-type roughness generates significantly more intense turbulent shear,
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mixing, and momentum and scalar transport. At first pass, the most obvious biological implication is that the

d-type roughness and the coral skeleton offer a significantly larger total surface area across which interfacial

mass flux may occur compared to the smooth surface while maintaining similar turbulence properties. Thus,

these surface types more effectively uptake mass-transfer limited nutrients (i.e., conditions in which mass

transfer is limited by physical, rather than biological, considerations as is typically the case in coral habitats

[22]), remove metabolic waste products, and mitigate excessive thermal heating that may induce bleaching.

The assumption, however, is that all surface faces of the d-type or coral model are approximately equally

exposed to the same flow conditions. Plaster dissolution experiments of Falter et al. using mm- and cm-scale

holes in bluff bodies inferred this to be valid based on a collapse of mass transfer coefficients when scaled by

total surface area [37]; however, plaster rectangular bodies with holes more closely resemble porous media or

branching corals rather than the hemispheric lobate corals studied here, potentially limiting the usefulness

of the comparison. The finding that the d-type and coral models do exhibit some outflow from the roughness

cavities due to the model curvature—in contrast to traditional flat-plate d-type bar roughness—does suggest

surfaces within roughness cavities may not be entirely isolated from the boundary layer flow and thus total

mass transfer may potentially be enhanced compared to a smooth surface.

Larger rates of turbulence production generated by the k-type roughness can have positive impacts

on near-surface mixing and shear-driven mass transfer for the bluff body itself as previously discussed,

but altered wake hydrodynamics may play a significant role in creating biological niches that other reef

organisms can exploit. Within the area of reduced flow downstream of a bluff body, sheltering from strong

drag forces may increase the probability of successful settlement of coral larvae [144], and in instances of

post-disturbance recovery from bleaching or die-offs, the narrow d-type roughness cavities of the carbonate

skeleton may themselves provide suitable attachment sites. Additionally, enhanced vertical fluxes of resources

in downstream wakes resulting from turbulence generated by topographic complexity have been shown to

promote ecosystem biodiversity in “current-shaded” regions [145]. Other large, sessile reef organisms may

benefit from free-stream turbulence advected downstream as a result of the wake shear layer, which has

been widely shown to enhance heat transfer rates in the engineering literature [146], as well as mass transfer

rates in plaster dissolution experiments [96]—with a much greater impact on lobate corals like those studied

here rather than branching corals. As recirculation length correlates with flow speed [123], the scale and

duration of these downstream hydrodynamic niches will vary with current direction and strength on both

low frequency diurnal and seasonal scales, but also under high frequency scales of wave-driven oscillatory

flow. Finally, measures of drag from an individual coral bommie may scale up to affect total reef-scale drag

and bottom friction, which play important roles in wave energy dissipation and shoreline protection from

erosion [23]. Though drag coefficients were not directly measured, surface roughness has been shown to
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accelerate the transition to a supercritical flow regime, which can be inferred for the models studied here

because of the polar separation angle data. In this regime, cD is independent of Reynolds number and ∼2x as

large as over a smooth model [85], meaning that for a given supercritical flow speed, the greater turbulence

produced by rough coral generates a larger drag force and thus, greater dissipation of flow energy. Reef

assemblages are inherently more complex than a collection of smooth or rough hemispheres, and reef-scale

drag estimates depend on the nature and density of reef elements, as well as flow conditions with significant

effects for unidirectional versus oscillatory flow [63, 123]. However, understanding the potential for specific

roughness types to alter drag forces may play a useful role in future refinement of reef flow models.

4.6 Conclusions and Future Work

This chapter presents the hydrodynamic effects on mean and turbulent flow characteristics due to

bar-type roughness on a wall-mounted hemisphere exposed to unidirectional low and high flow conditions.

The densely packed roughness topographies—the d-type and the coral skeleton—closely resemble the hy-

drodynamic conditions of flow past a smooth hemisphere, with the exception of small flow disturbances at

the model leading edge. These disturbances suggest that the hemispheric nature of the bluff body allow for

some vortex ejection from roughness cavities, which alter mean streamlines and induce spatial patchiness in

turbulence quantities like Reynolds shear stress. By contrast, the widely spaced k-type roughness produces

a profoundly different hydrodynamic regime at both the leading edge and within the downstream wake.

Significant spatial effects along the model surface are seen due to strong vortex ejection from roughness

cavities, which inject momentum into the boundary layer causing a large increase in polar separation angle

and a much smaller wake recirculation region. The roughness-generated turbulence enhances Reynolds shear

stress by 50% at the leading edge and by 100% in the wake shear layer, while also accelerating rates of shear

mixing as seen by the ∼50% larger eddy viscosity.

It remains an open question as to whether or not the enhanced turbulence parameters resulting

from k-type roughness serve to increase total mass transfer for the hemispheric body as a whole. The broad

spacing of roughness elements, which function as turbulence generators, also serves to reduce total surface

area compared to the d-type roughness. The balance of trade-offs between surface area and mass transfer

coefficient may act as a selective pressure on coral morphology and evolutionary development. Numerical

simulations, using heat transfer as a proxy for mass transfer, will be undertaken in the following chapter to

address this vital question. Additionally, the experimental design of this chapter relied only on unidirectional

flow conditions, which account for a minority of coral habitat flow regimes. Far more common are combined

wave-current oscillatory flows, which will also be investigated within the numerical models of the final
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dissertation chapter. The experimental results here will be used to validate the numerical results, and taken

together, will serve to further our understanding of turbulent boundary layer flow.



Chapter 5

Large Eddy Simulations of Heat

Transfer from Smooth and Rough

Hemispheres under Unidirectional

and Oscillatory Flow

The final chapter of this dissertation presents numerical modeling results of heat transfer from

wall-mounted hemispheres with varying surface roughness. Large eddy simulations (LES) of unidirectional

and oscillatory flows were performed over the smooth, d-type, k-type, and coral models previously studied

in Chapter 4, and the experimental PIV results were used to validate the hydrodynamic outputs of the

numerical model, though only for the unidirectional case. Heat transfer simulations were employed within the

hydrodynamic model to quantify thermal fluxes, but also, when scaled by the appropriate turbulent Prandtl

number, to quantify scalar fluxes. The main objective of this study is to quantify the trade-offs between

surface area, turbulence production, and heat transfer resulting from surface roughness (and associated

rugosity) under unidirectional and oscillatory flow. Special attention will be paid in describing the largely

unstudied question of turbulence characteristics over rough hemispheres in oscillatory flow. The chapter is

organized as follows: first, a short review of the major findings on heat/mass transfer and surface roughness

will be presented. Next, the LES numerical model and the range of simulation cases will be described. Results

of interfacial heat transfer at the model surfaces and vertical heat flux in downstream wakes will then be

presented. Finally, the chapter will close with a discussion of the biological implications for corals due to the

87
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hydrodynamic/heat transfer trade-offs that have been established.

5.1 Introduction

5.1.1 Heat transfer fundamentals

Given that mass transfer between corals and the overlying water column is critical for nearly all

biological requirements (e.g., feeding and nutrient capture, reproduction, waste removal, thermal regulation),

in this chapter I move beyond a hydrodynamics-only analysis and its implied effect on mass transfer, to a

direct investigation of the role of surface roughness on mass transfer. The numerical model implemented in

the following section employs heat transfer simulations as a proxy for mass, and thus, I describe here the

fundamental heat transfer equations that govern the interfacial flux. Forced external flow over a hemisphere

drives heat transfer through convection, i.e., a combination of fluid advection and thermal diffusion. Assuming

a constant temperature for all faces of the hemisphere surface, the total heat transfer rate q is defined as [93]

q = hAS(TS − T∞), (5.1)

where T∞ is the temperature of the overlying water column, TS is the surface temperature, AS is the

total surface area, and h is the average convection coefficient (i.e., the heat transfer coefficient) given by

the spatial average of local coefficients, h = 1
AS

∫
AS

h dAS . The local heat transfer coefficient depends on

the local temperature gradient at the coral surface, the thermal conductivity of the fluid k, and the bulk

temperature difference according to

h =
−k∂T/∂z

∣∣
z=0

TS − T∞
. (5.2)

This relation reflects the physical implications of the no-slip boundary condition, which requires that no fluid

motion occur at the surface and thus, thermal (and scalar) transfer can only occur through conduction (and

diffusion, by analogy). Laminar thinning of the boundary layer at higher Reynolds number or steeper surface

gradients following the transition to a turbulent boundary layer would be expected to increase the surface

temperature gradient, enhancing the magnitude of h and increasing total heat transfer. The objective of the

numerical model is, in general terms, to solve the hydrodynamic conditions throughout the fluid domain,

relate the calculated turbulent momentum diffusivity to the thermal diffusivity via the turbulent Prandtl

number, and finally, estimate local heat transfer coefficients and by extension, total heat transfer for each

hemisphere model.
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Heat-mass transfer analogy

Regulation of the coral thermal boundary layer against rising sea-surface temperatures and direct

solar irradiance is a vital pathway to mitigating coral bleaching and possible die-off. The concerns of ecosys-

tem heat flux management offer sufficient justification to investigate the questions proposed in this chapter,

but as an additional benefit, because the functional forms of the heat and mass transfer governing equations

are the same, solutions for the heat transfer relationship for a particular geometry are directly analogous to

the mass transfer relationship for the same geometry. Thus, the heat transfer simulations undertaken in this

chapter also give—after proper scaling—the corresponding mass transfer coefficient, which can be used to

address biologically important questions of mass flux. The relationship between the heat transfer coefficient

h and the mass transfer coefficient hm is given by [93]

h

hm
=

k

DAB(α/DAB)1/3
(5.3)

where DAB is the scalar diffusion coefficient, which varies with chemical species, and α is the thermal

diffusivity. Since k, α, and DAB are all known, intrinsic fluid or chemical properties, theses values can be

used to estimate the mass transfer coefficient hm once the heat transfer coefficient h has been modeled. A

specific example demonstrating this conversion for a relevant chemical species will be given in the discussion

below.

5.1.2 Convection heat transfer correlations

Convection heat transfer correlations, which relate hydrodynamic flow parameters to heat transfer

parameters, have long been developed in the engineering literature and are typically given in terms of the

Nusselt number Nu, the dimensionless ratio of total heat transfer to conductive heat transfer, i.e., Nu = hL
k ,

where L is the appropriate length scale. (The mass transfer analogue, called the Sherwood number Sh,

employs the mass transfer coefficient hm and scalar diffusivity DAB in place of h and k, respectively.) Since

k is a known fluid property and total heat transfer q can be measured directly, Nu is a convenient relation for

use in determining the heat transfer coefficient h. Larger values of Nu indicate greater convection transfer.

For laminar flow over a flat plate, analytic solutions to the governing momentum equations are well-known

(see any standard introductory heat transfer text, e.g. Incorpera and DeWitt [93]) and give the following

one-dimensional local convection heat transfer relation

Nux = 0.332Re1/2
x Pr1/3, (5.4)
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which is valid for Pr > 0.6. (Prandtl number is a dimensionless fluid property relating viscous diffusion to

thermal diffusion, Pr = ν/α). This relation suggests that for a given fluid, i.e., a fixed Prandtl number,

the heat transfer coefficient scales directly with Reynolds number. For turbulent flow over a flat plate,

analytical solutions are not available, rather empirical approximations of friction coefficients and boundary

layer thickness have been derived to yield a local convection correlation given by

Nux = 0.0296Re4/5
x Pr1/3, (5.5)

also valid for Pr > 0.6. In contrast to equation 5.4, Nu exhibits a stronger dependence on Reynolds number

for a turbulent boundary layer, and the enhanced mixing due to turbulent fluctuations generates a larger

boundary layer and larger heat transfer coefficient.

5.1.3 Rough-wall heat transfer

The question of interest in this chapter, however, is how does surface roughness, rather than a simple

flat plate, alter convection coefficients and rates of total heat transfer. Even without the complication of a

turbulent boundary layer, analytical solutions of momentum equations over roughness are not available, and

solutions require either empirical correlations or direct numerical simulations. Pioneering experimental work

on heat transfer in smooth and rough pipe flow was undertaken by Dipprey and Sabersky (1963), in which

the authors show that “closely packed” spherical roughness elements, analogous to the sand grain roughness

of Nikuradse, enhanced friction coefficients and heat transfer coefficients by 2–3x compared to smooth tubes

across a range of Reynolds numbers, peaking near the transition region [147].1 Subsequent experimental

studies showed that variations in the surface geometry play a role in determining heat transfer correlations,

having demonstrated dependencies for both sand grain-like size and density [148] and for two-dimensional

rib roughness [140]. The results suggest that a universal correlation based on roughness equivalence can

not successfully collapse heat transfer rates, but instead a heat-momentum analogy based on law-of-the-wall

similarity profiles (i.e., similar rough-wall velocity shifts rather than similar roughness sizes) gives more

accurate correlations. More recent direct numerical simulations, however, have shown that even this may be

an insufficient universal correlation, demonstrating an approximately 50% greater Nusselt number for 2-D

ribs compared to sand grain roughness with an equivalent roughness function ∆u [149]. Rather, an additional

term accounting for the wetted surface ratio of the roughness more accurately, though not fully, captures

1The augmentation in heat transfer results from an increase in skin friction, which for industrial applications poses a trade-off
in convection pumping demands versus heat transfer, but for natural convection in the environment, no such challenges exist.
Rather, in the near-shore environment, the enhanced bottom friction from cumulative small-scale to reef-scale topographic
roughness promotes wave energy dissipation and shoreline protection.
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rough-wall heat transfer correlation [150]. Differences likely remain owing to the nature of the turbulence

generated by various roughness types, with large-scale turbulent structures produced by repeated ribs more

strongly enhancing near-wall mixing and promoting larger rates of heat transfer.

For two-dimensional repeated rib roughness, the question raised by the hydrodynamic results of

the previous chapter is: how do trade-offs in surface area and roughness ratio affect total heat transfer? In

particular, the larger width-to-height ratio of the k-type surface was shown to generate greater turbulence

and mixing, but at the expense of a lower total surface area available for heat and mass transfer. For flat-

plate roughness, the optimization question was addressed through direct numerical simulations of the w/k

parameter space, finding that the rough-wall velocity shift and average Nusselt number both peak at w/k ∼ 7

[138, 151]. Drag forces and large-scale turbulent motions are maximized at these w/k values, which suggests

that the heat transfer enhancement due to turbulence outweighs contributions from simple surface area

gains. The question remains, however, as to whether or not bar roughness on a hemisphere—rather than a

flat plate—optimizes heat transfer in the same way, especially for oscillatory flows.

5.1.4 Heat transfer for hemispheres

Local rates of heat transfer around the surface of a hemisphere—similar to cylinders and spheres—

vary significantly with coordinate angle, reflecting the distribution of local skin friction and post-transition

turbulent mixing [93]. For subcritical, low Re flows, local Nuθ is largest near the leading edge stagnation

point, decreases to a minimum at the separation point, and rises along the trailing edge. In contrast, for

supercritical, high Re flow, local Nuθ peaks sharply within the transition region, before reaching a minimum

at the separation point, then rises again due to wake mixing. Though spatial variations in heat and mass

transfer have important biological implications, often the more important parameter is the overall average

transfer rate Nu. For a smooth sphere, elaborate empirical heat transfer correlations have been proposed

Nu = 2 + (0.4Re1/2 + 0.06Re2/3)Pr2/5

(
µ

µs

)1/4

, (5.6)

where µ is the viscosity at the bulk fluid temperature and µs is the viscosity at the average surface temper-

ature [152]. The spherical correlation equation has been shown to be applicable across a range of Prandtl

and Reynolds numbers, though significant deviations of up to 20% remain. Very little experimental work

has been done on rough sphere heat transfer directly, but it is expected that hydrodynamic findings showing

larger surface roughness increases drag coefficients in supercritical flow [85] would act to increase skin friction

and increase Nu.
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5.1.5 Mass transfer for oscillatory flow

Finally, the question of how oscillatory flow affects heat transfer rates for both smooth and rough

flat plates and spheres is largely unstudied in the engineering literature. A number of mass transfer experi-

ments based on gypsum dissolution, however, have been performed in the environmental science literature.

Oscillatory flow over cylinders within an idealized canopy array was shown to drive mass transfer rates up

to 3x higher than for comparable unidirectional flows, and exhibited a strong dependence on canopy element

spacing, such that denser spacing drove faster in-canopy flow and mass transfer [153]. Similar enhancements

of up to 3x were demonstrated for gypsum models of branching corals, also showing enhancement for a

reduction in branch spacing as well as for increasing wave frequency [64]. Significantly smaller rates of mass

transfer enhancement, only up to 60%, were found for rectangular prisms with roughness features exposed to

oscillatory flow [37]. The mass transfer rates also scaled linearly with surface area, seemingly in contrast to

the bulk of rough-wall heat transfer research, but the roughnesses employed were all narrowly spaced d-type

roughness. Thus, the large-scale motion and enhanced turbulent mixing generated by k-type roughness was

likely not present and its potential transfer effects were omitted.

5.1.6 Research questions

The major objective of this chapter is to extend the experimental results of the preceding chapter

through numerical simulations, and in doing so, to address two significant gaps in the literature: 1) oscillatory

flow past a hemisphere and 2) heat transfer for a rough hemisphere. These considerations lead to the following

specific research questions:

1. What are the hydrodynamic characteristics of the turbulent boundary layer and near-field wake

for smooth and rough hemispheres under oscillatory flow?

To address this question, large eddy simulation (LES) numerical models will be developed, and validated

using the unidirectional experimental results of Chapter 4, in order to characterize the impact of surface

roughness and oscillatory flow on turbulence characteristics.

2. How does surface roughness affect heat transfer for a hemisphere in unidirectional and oscil-

latory flows, and what are the implications for trade-offs among surface roughness, surface area,

turbulence generation, and heat transfer coefficients?

A heat transfer model will be coupled to the hydrodynamic LES numerical model to determine thermal flux

characteristics over the various hemispheres, and these results will be used to evaluate the balance between
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roughness-generated turbulence/heat transfer and the corresponding surface areas available for thermal and

scalar flux.

5.2 Formulation of the Numerical Model

5.2.1 Domain setup and boundary conditions

The geometry of the model domain was designed to replicate the experimental test conditions used

in the PIV water flume experiments of Chapter 4. The x, y, and z axes are aligned with the streamwise,

cross-stream, and wall-normal directions, respectively, and the corresponding velocities are given by u, v,

and w. The fluid domain comprises a rectangular box measuring 90 cm x 38 cm x 40 cm in the x, y, and z

coordinates, respectively. The digital STL files for each of the four surface-type model types were imported

into the fluid domain and positioned centered on the floor of the box, i.e., such that the center of each

hemisphere aligned to x = 45 cm, y = 19 cm, and z = 0 cm. Each model was then Boolean subtracted from

the fluid domain to create the appropriate surface geometry boundary condition. Figure 5.1 (left) illustrates

the resulting geometry of the fluid domain, using the w/k = 2.0 model as an example. Figure 5.2 shows

close-up images for each of the four hemisphere geometries as seen from the near-wall in the direction of the

positive y axis.

Figure 5.1: Left. Fluid model domain with w/k = 2.0 hemisphere as example. Right. Model domain showing placement
of “high-resolution” box (for unidirectional case) and “super high-resolution” concentric sphere used for targeted grid
discretization to improve simulation accuracy in flow regions of greatest interest.

Parameter Smooth w/k = 0.5 w/k = 2.0 Coral

Total surface area, TSA (m2) 0.029 0.062 0.044 0.079
Projected planar area, PPA (m2) 0.014 0.014 0.014 0.014
Rugosity, Ru = TSA/PPA (–) 2.00 4.31 3.09 5.56

Table 5.1: Description of surface parameters for model geometries.
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Figure 5.2: Close-up view in x-z plane of the four model geometries: (a) smooth hemisphere, (b) d-type hemisphere
with w/k = 0.5, (c) k-type hemisphere with w/k = 2.0, and (d) coral skeleton.

For the near-wall, far-wall, and bottom boundaries, an adiabatic no-slip wall condition is applied.

The top boundary is assigned an adiabatic free-slip wall condition, and the hemisphere surfaces for each

model are assigned a no-slip condition and a fixed surface temperature of 32° C. Flow is driven at the inlet

wall by a prescribed streamwise u velocity, depending on the test case, and with an inlet temperature of 29°C

for all cases. For each model geometry, four flow conditions were investigated: 1) unidirectional low flow,

u(t) = 5 cm s−1; 2.) unidirectional high flow, u(t) = 15 cm s−1; 3) oscillatory low flow, u(t) = 7.07 cos(ωt); and

4) oscillatory high flow, u(t) = 21.21 cos(ωt). For the oscillatory conditions, ω = 2π/T is the radian frequency,

where T is the wave period set to 5 s, a typical timescale for wave conditions found in coral habitats. The

umax values for the oscillatory cases, i.e., umax = 7.07 and umax = 21.21, were selected in order to give

a root-mean-squared (RMS) value equal to the unidirectional low- and high-flow velocities, respectively.

By formulating the oscillatory conditions in this way, the total fluid motion past the hemisphere over a

given amount of time is equivalent for the unidirectional and oscillatory cases. Additionally, equivalent RMS

velocities for unidirectional and oscillatory flows allow for appropriate Reynolds number matching between

the two regimes, whereRe = (urmsD)/ν, based on the hemisphere diameterD. Table 5.1 lists the total surface

area and corresponding rugosity value for each roughness type, and table 5.2 (below) lists the complete set

of hemisphere roughnesses, flow conditions, and corresponding Reynolds numbers used for the simulations.
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5.2.2 Large eddy simulation fundamentals

To investigate the model problem developed in the preceding section, large eddy simulations (LES)

were employed. LES represents a compromise between the prohibitively expensive computational cost of di-

rect numerical simulations (DNS), which solve all scales of turbulent motion to the Kolmogorov scale, and the

less accurate, less expensive Reynolds-stress models, such as the Reynolds-Averaged Navier Stokes (RANS),

which model all scales of turbulent motion. To achieve this compromise, LES directly computes the large-

scale motions—at the resolution of the domain grid spacing—and uses an eddy viscosity model to represent

the small-scale motions between grid points. In this way, LES avoids calculating the most computationally

expensive small-scale turbulent motions, which typically possess a more universal character compared to the

geometry-dependent large-scale motions. LES is particularly useful for high Reynolds number flows over bluff

bodies, in which the high Reynolds number renders DNS impractical, and the bluff body produces significant

unsteadiness and vortex shedding, which RANS models would fail to capture.

In practice, the LES procedure involves four steps to calculate the turbulent flow field, which can be

found in any standard computational fluid dynamics text, e.g. Pope (2000) [121]. First, the instantaneous

three-dimensional velocity field u(x , t) is decomposed into a filtered component u(x , t), i.e., resolved at the

grid points, and a residual component u ′(x , t), i.e., the remaining subgrid-scale (SGS) velocity component.

Second, in order to describe the evolution of the filtered velocity field, the Navier-Stokes equations are

used to derive governing equations, which include a residual stress tensor that accounts for subgrid-scale

motions. Third, the governing questions are closed through the use of an appropriate eddy viscosity model

to represent the residual stress tensor. Finally, the equations describing the filtered velocity field u(x , t) are

solved numerically to produce an approximation of the large-scale turbulent motions at the resolution of the

model grid, while the SGS eddy viscosity model approximates the flow field at the residual scale.

5.2.3 LES governing equations and subgrid-scale model

The LES governing equations are obtained by applying a low-pass filter, typically in the form of an

explicit box or Gaussian filter, to the time-dependent Navier-Stokes equations. In this work, however, the

commercially available ANSYS CFX 17.2 package was used for LES model formulation and solving. As such,

the filtering procedure was achieved implicitly through the discretization of the model spatial domain into

finite control volumes, according to the general formulation

Φ(x ) =
1

V

∫
V

Φ(x ′) dx ′,x ′ ∈ V, (5.7)
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where Φ is the relevant variable (and the overbar indicates a filtered variable), V is the control volume, and

x ′ indicates a coordinate location within the control volume, i.e., a residual, or subgrid-scale, coordinate.

(The implied filter function being G(x ;x ′) = 1/V, for x ′ ∈ V ; and =0, otherwise.) Employing the Boussinesq

approximation, the resulting filtered continuity and momentum equations are given, respectively, in tensor

notation as

∂uj
∂xj

= 0, (5.8)

∂ui
∂t

+
∂

∂xj
(uiuj) = −1

ρ

∂p

∂xi
+ ν

(
∂2ui
∂xj∂xj

)
− ∂τij
∂xj

, (5.9)

where τij is the subgrid-scale stress tensor defined by τij = uiuj − uiuj , and which requires modeling for

closure.

In order to relate the subgrid-scale stresses to the resolved large-scale strain rate tensor Sij , a SGS

eddy viscosity νT is employed, according to

τij = −2νTSij = −νT
(
∂ui
∂xj

+
∂uj
∂xi

)
. (5.10)

ANSYS CFX provides several options to model νT , and for the simulations performed here, the Wall-Adapted

Local Eddy-viscosity (WALE) model of Nicoud and Ducros (1999) was selected [154]. The LES-WALE model

utilizes both the strain rate and rotation rate of the resolved turbulence to estimate νT and achieves proper

y3 scaling in near-wall regions, without requiring the time-intensive secondary filtering of typical dynamic

models. The WALE model formulation of νT is given by

νT = (Cw∆)2
(SdijS

d
ij)

3/2

(SijSij)5/2 + (SdijS
d
ij)

5/4
, (5.11)

where Cw is the WALE model constant equal to 0.5, ∆ is the characteristic subgrid length scale, i.e., the

mesh size, Sij is the filtered strain rate tensor, and Sdij is the symmetric part of the square of the filtered

velocity gradient tensor gij = ∂ui/∂xj . The term Sdij accounts for both strain and rotation and can be

rewritten in terms of the filtered strain rate and rotation tensors as such

SdijS
d
ij =

1

6

[(
SijSij

)2
+
(
ΩijΩij

)2]
+

2

3
SijSijΩijΩij + 2SikSkjΩjlΩli. (5.12)

The LES WALE model has been shown, by comparison to DNS of turbulent pipe flow, to reproduce suc-
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cessfully the correct near-wall scaling without additional damping functions and to model accurately the

laminar-to-turbulent transition—both features that are important for the model setup investigated in this

chapter.

5.2.4 LES-Coupled heat transfer model

Simulation of convective heat transfer due to turbulent fluid advection is accomplished by coupling

the LES momentum equations to a thermal energy transport model. The governing thermal energy equation,

derived from the First Law of Thermodynamics, is given by

∂e

∂t
+∇ · (ue) =

1

ρ
∇ · (k∇T )− p

ρ
(∇ · u) + Φν , (5.13)

where e is the internal energy, k is the fluid thermal diffusivity, T is temperature, and Φν is viscous dissipa-

tion, i.e., internal heating through fluid viscosity [61]. Variable density effects are assumed to be negligible,

and external sources of thermal energy (except for the fixed temperature hemisphere surface) are omitted.

After grid-level filtering and applying the Boussinesq approximation, the thermal governing equation, where

internal energy is represented by temperature, becomes

∂T

∂t
+
∂(ujT )

∂xj
=

∂

∂xj

(
µ
∂T

∂xj
− u′jT ′

)
. (5.14)

Closure of the heat flux term u′jT
′ is achieved by relating the mass eddy diffusivity εM (as specified by the

SGS eddy viscosity model described above) to the heat eddy diffusivity, given by εH = u′jT
′/(∂T/∂xj). The

ratio of εM to εH defines the turbulent Prandtl number Prt, which for all simulations is set equal to 0.9, a

typical value for water. Thus, once Prt is specified, all the terms needed to calculate u′jT
′ are known.

Heat transfer at the hemisphere wall is modeled using an automatic wall function, which employs a

thermal law-of-the-wall description, developed by Kader (1981) [155], that blends the viscous sublayer and

logarithmic layer profiles into a single non-dimensional temperature distribution T+. The non-dimensional

temperature is given by

T+ = Pr y∗e−Γ +
[
2.12 ln(y∗) + β

]
e(−1/Γ), (5.15)

where:

β =
(
3.85Pr1/3 − 1.3

)2
+ 2.12 ln(Pr), (5.16)
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Γ =
0.01(Pr y∗)4

1 + 5Pr3 y∗
. (5.17)

In the expressions for β and Γ, Pr is the fluid Prandtl number given by Pr = (µcp)/λ, where µ is dynamic

viscosity, cp is fluid heat capacity, and λ is fluid thermal conductivity. Pr is distinct from the previously

described turbulent Prandtl number Prt, which is required for closure of the heat transfer turbulent flux

equation. In equation 5.17, y∗ is a dimensionless near-wall length scale given by y∗ = u∗∆n
ν , where ν is

kinematic viscosity, ∆n is the distance between the first and second grid points from the wall, and u∗ is

log-layer velocity scale given by u∗ = C
1/4
µ k1/2, where Cµ is model constant equal to 0.9 and k is the

turbulent kinetic energy. Once the non-dimensional temperature is determined, T+ can be used with the

surface temperature TS and the near-wall fluid temperature Tf to calculate the wall heat flux qw, according

to

qw =
ρcpu

∗

T+

(
TS − Tf

)
. (5.18)

5.2.5 Discretization and computational methods

The flow features of greatest interest in this study are the hemisphere boundary layer and near-field

wake structures and dynamics. In order to attain the highest fidelity for these features while maintaining

a reasonable limit on computational expense, the fluid domain discretization was segmented into three

regions of increasing mesh density. For unidirectional flows, a “high-resolution” box was positioned one-half

hemisphere diameter in front of the model and extending 1.5 diameters downstream. The vertical range of

the box extended one-half diameter above the model top. For oscillatory flows, the “high-resolution” box

was centered over the hemisphere models, extending one model diameter in front of and behind the model.

Additionally, in order to capture the highly sheared boundary layer, a “very high-resolution” sphere was

positioned concentrically over each model, extending 1 cm normal to the model face. Figure 5.1 (right) shows

the w/k = 0.5 model domain, as an example, with the high-resolution regions visible. As an exception, the

simple geometry of the smooth hemisphere allowed for the application of a surface inflation layer (25 layers

extending 1 cm normal), rather than the concentric sphere, which reduced the number of required mesh

elements while still maintaining high resolution of the shear layer.

For each model type, the main fluid domain was automatically discretized with tetrahedral elements

using default sizing parameters, ranging from a minimum face size of 1.5 cm to a maximum of 3.2 cm.

The element size of the “high-resolution” box was assigned a maximum value 0.5 cm, and the “super high-

resolution” concentric sphere was assigned a maximum element size of 0.1 cm. As an example, figure 5.3
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Figure 5.3: View of mid-plane slice at three levels of zoom illustrating the increasing mesh resolution for the flow
areas of interest. Left. View of entire fluid domain mesh for unidirectional w/k = 0.5 case. Middle. Zoomed view of
“high-resolution” mesh region surrounding hemisphere model with maximum element size of 0.5 cm. Right. Further
zoom of “super high-resolution” concentric sphere mesh with maximum element size of 0.1 cm.

shows a cross-sectional view of the resulting mesh for the w/k = 0.5 hemisphere at three levels of zoom,

corresponding to the three regions of increasing discretization. Mesh quality was determined based on average

element skewness and orthogonal quality, with limiting criteria set to < 0.5 and > 0.7, respectively. Table

5.2 lists the total number of mesh elements generated for each model geometry.

The numerical procedures implemented to solve the governing equations were selected from standard

p.d.e. solving strategies based on their appropriateness for LES turbulence flows. The advection terms of

the governing equations were treated with a bounded central differencing scheme (CDS) because it has

been shown to be less dissipative than alternative methods and provide good solutions within ANSYS CFX

[156]. Transient terms were treated with an implicit second-order backward Euler method, which avoids the

overdamping of first-order methods. To improve solution accuracy, the simulation time step ∆t was adjusted

for each run based on the peak flow velocity umax and the smallest grid size ∆xmin to maintain a Courant-

Friedrichs-Lewy (CFL) condition of approximately 1. Because the time integration scheme employed is an

implicit technique, the CFL condition is not a criterion for numerical convergence, as would be the case for

an explicit technique, but it does affect solution accuracy. The maximum CFL number Cmax is given by

Cmax =
umax∆t

∆xmin
. (5.19)

The time step required for Cmax ∼ 1 for each run is given in Table 5.2. Each simulation was run for a total of

60 s. To allow for flow development and the convergence of turbulence statistics, flow and heat parameters of

interest were averaged over the final 30 s of the simulation. Arranging the simulation timing in this manner

allowed for six full wave cycles (T = 5 s) to occur during flow setup for the oscillatory runs, and a further six

full wave cycles to occur during parameter averaging. Because of the grid-based filtering procedure inherent

to LES, the accuracy of a simulation can always be improved by refining the grid size—until the Kolmogorov

scale is reached—at which point a DNS solution is achieved. Therefore, a formal analysis of increasing grid
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Run Geometry Flow Regime urms (cm s−1) Mesh Elements ∆t (s) Re

1 Smooth Unidirectional 5 1,427,023 0.04 6,750
2 Smooth Unidirectional 15 1,427,023 0.013 20,250
3 Smooth Oscillatory 5 1,429,259 0.02829 6,750
4 Smooth Oscillatory 15 1,429,259 0.00943 20,250

5 w/k = 0.5 Unidirectional 5 5,349,661 0.02 6,750
6 w/k = 0.5 Unidirectional 15 5,349,661 0.0066 20,250
7 w/k = 0.5 Oscillatory 5 5,269,693 0.02829 6,750
8 w/k = 0.5 Oscillatory 15 5,269,693 0.00943 20,250

9 w/k = 2.0 Unidirectional 5 5,643,656 0.02 6,750
10 w/k = 2.0 Unidirectional 15 5,643,656 0.0066 20,250
11 w/k = 2.0 Oscillatory 5 5,643,819 0.02829 6,750
12 w/k = 2.0 Oscillatory 15 5,643,819 0.00943 20,250

13 Coral Unidirectional 5 9,208,147 0.02 6,750
14 Coral Unidirectional 15 9,208,147 0.0066 20,250
15 Coral Oscillatory 5 9,261,241 0.02829 6,750
16 Coral Oscillatory 15 9,261,241 0.00943 20,250

Table 5.2: Description of free-stream velocities, corresponding Reynolds numbers, and resulting flat-plate boundary
layer thicknesses for experimental flows over coral models.

sensitivity was not undertaken; rather, the numerical model was validated against the experimental PIV

results of Chapter 4.

5.3 Model Validation

To establish the validity of the numerical model, mean and turbulent flow quantities were compared

to calculated values from the empirical water tunnel data. Profiles of mean horizontal velocity u were selected

for comparison at four critical streamwise locations: 1) at the model leading edge, x = −4.5 cm; 2) at the

model top, x = 0 cm; 3) in the very near downstream wake just beyond the model trailing edge, x = 8.75 cm;

and 4) in the recirculating wake one-half model diameter downstream, x = 13.5 cm. Figure 5.4 shows the

locations of the investigated profiles as dashed lines within a schematic of the experimental PIV domain.

For clarity, mean velocity comparisons are shown only for the smooth hemisphere model and the w/k = 0.5

roughness model, which was chosen as a representative of all three rough model types.

Figure 5.5 shows the comparison for the low-flow test case, i.e., Re = 6, 750, with the LES model

output as a solid line and the PIV experimental data as circle markers. Excellent agreement is seen for both

surface geometry types across all four profile locations, even in regions of high shear such as at the model

surface boundary layer and in the downstream wake. Figure 5.6 shows the comparison for the high-flow test

case, i.e., Re = 20, 250. Several locations exhibit significant deviation between the profiles, most notably at
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Figure 5.4: Streamwise locations of vertical profiles (indicated by dashed vertical lines) used for validation of LES
model.
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Figure 5.5: Profiles of mean horizontal velocity u. Top. Low-flow condition: u∞ = 5 cm s−1, Re = 6, 750.
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the rough model top and in all the downstream plots at elevations below the shear layer. The discrepancy

is most likely attributable to the difficulty of the experimental PIV setup in obtaining quality data within

regions of highly turbulent, three-dimensional flow, such as the bluff body near-wake region.

In the highly three-dimensional flow of the near-wake region, PIV imaging particles move rapidly

in and out of the two-dimensional laser plane, creating an inherent limitation in the image-pair pattern

matching required to estimate velocities. A large body of historical research on flow past cylinders and

spheres, e.g., [113, 122, 157, 158], demonstrates that the near-wake region should possess a recirculating flow

with mean negative horizontal velocity—a result seen in the LES results, but not present in the PIV data.2

Further, due to the limited acquisition rate (24 frames-per-second) of the DSLR camera used in the PIV

2Regarding the validity of the conclusions drawn in Chapter 4, those results relied primarily on the accurate boundary layer
and shear layer data, rather than the potentially biased recirculating, near-wake data.
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Figure 5.6: Profiles of mean horizontal velocity u. Top. High-flow condition: u∞ = 15 cm s−1, Re = 20, 250.
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Figure 5.7: Reynolds shear stress.

setup—as opposed to a more standard, more expensive commercial system with frame rates up to 4,000,000

fps—the high velocity test case approached the limits of the system’s ability to measure velocity accurately.

The system has previously been shown to scale with free-stream velocity, according to ±6% of u∞ [106], and

thus, the fast-flow regime exhibits a greater deviation from the numerical model compared to the slow-flow

regime primarily because of experimental error.

Additionally, comparisons of turbulent Reynolds shear stress profiles were used to validate the nu-

merical model outputs. Figure 5.7 plots numerical model and experimental Reynolds shear stresses for all

four hemisphere geometries at Re = 20, 250 at the far downstream profile location, x = 13.5 cm. As described

above, the downstream high-flow results are valid above and within the shear layer, but are less reliable in

the recirculating zone below approximately z = 6 cm. Peak Reynolds stresses compare well in both location

and magnitude for all three rough hemispheres, while the smooth experimental results are approximately

2.5x greater than the model output. This is likely due to the prescribed inlet flow conditions of the numerical

model, which introduce purely laminar flow at the boundary condition, while the inlet water tunnel flow

contains residual background turbulence. Interaction with the model surface amplifies these fluctuations cre-

ating the larger shear stress signal in the PIV data. Results are shown only for the high-flow regime because

the shear stress levels generated by the low-flow regime were so small as to be masked by the experimental

error noise.
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5.4 Numerical Results

Numerical model results describing flow characteristics will be presented first, followed by results of

temperature fields and heat transfer. Each major results section will be subdivided into two parts, which

describe: 1) the far-field unidirectional and oscillatory results, and 2) the near-surface unidirectional and

oscillatory results.

5.4.1 Results: Flow Characteristics

Far-field flow results

Mean horizontal velocities u for all four surface roughnesses at Re = 6, 750 and Re = 20, 250

are shown in figure 5.8 for the unidirectional regime and in figure 5.9 for the oscillatory regime. The cut-

plane shown is taken from the cross-stream midline, i.e., yplane = 1/2ymax. For the unidirectional case,

flow direction in all plots is from left to right, and for the oscillatory case, flow is driven sinusoidally from

the left inlet while allowing flow re-entry at the opening at right. The velocity legends for the low and

high Re regimes are given in dimensional terms, but the ranges between maximum and minimum velocities

are scaled identically so that the colorbar scaling between the two Reynolds numbers can be considered

non-dimensional.

Under unidirectional flow, the velocity fields, as expected, all exhibit separation points near the

model top and reattachment downstream to create an area of recirculation behind the model bluff body.

The flow fields among the idealized models are topologically similar within each Re regime, but show a

shortening of the reattachment length at high Reynolds numbers. The wake structure of the coral model

deviates from the idealized models owing to the large-scale morphological asymmetries. Under oscillatory

flow, the broad k-type surface roughness produces a markedly different flow structure compared to the

other models, with greater perturbation of the organized wake topology and significant non-zero velocities

advected vertically well above the model top. The envelope of high-velocity boundary layer flow extends

outward nearly 4x farther from the k-type model surface compared to the other models, indicating the role

of roughness-induced turbulence in sustaining residual flow.

To quantify the size and strength of the wake recirculation zones, horizontal profiles of streamwise

velocity were extracted from each field plot at a vertical height of 1.5 cm above the bottom wall—the

vertical location, as demonstrated in previous experimental work on hemispheres [158], closest to the region

of greatest recirculation while still avoiding wall drag effects. Figure 5.10 plots these velocities—normalized

by free-stream velocity—for each surface roughness at low and high Reynolds number conditions under steady

and unsteady forcing. The recirculation length is determined by the location on the x-axis at which velocity
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Figure 5.8: Time-averaged streamwise velocity fields for low (left) and high (right) Re unidirectional flow test cases.
Maximum and minimum colorbar values are scaled proportionally across each Reynolds number regime so that color
field plots are non-dimensional.

transitions from negative to positive, and the recirculation strength is measured by the peak value of negative

flow. For both unidirectional cases, the smooth model exhibited the shortest recirculation length, due to the

lack of flow disturbance caused by surface roughness features. At Re = 6, 750, the recirculation bubbles for

the w/k = 2.0 roughness and coral model are approximately 25% larger, though recirculation strength is

approximately equal for all roughness types. At Re = 20, 250, the models with surface roughness exhibit an

increase in reattachment length of approximately 50% compared to the smooth model, but interestingly, the

k-type roughness recirculation strength is only about 70% of the peak recirculation of the d-type roughness—
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Figure 5.9: Time-averaged streamwise velocity u fields for low (left) and high (right) Re oscillatory flow test cases.

a dimensional deficit of nearly 2 cm s−1. This reduction in recirculation strength extends vertically across

the entire height of the recirculation bubble as demonstrated in figure 5.11, which plots vertical profiles of

streamwise velocity taken within the middle of the wake at x/D = 0.5.

The bottom row in figure 5.10 shows the horizontal profiles of mean streamwise velocity for the

oscillatory test cases. The key distinction from the unidirectional regime is that the unsteady nature of the

oscillatory flow prevents a stable recirculation bubble from establishing itself. Rather, the surface roughness

acts to smear out sharp gradients in mean velocity in the far-field wake, with the amount of dispersion

increasing with larger w/k roughness ratios. This is evident in the lower velocity magnitudes for the w/k = 2.0
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Figure 5.10: Horizontal profiles of mean streamwise velocity u (normalized by free-stream velocity u∞) at z = 1.5 cm
above bottom wall. Top row : Unidirectional flow test case. Bottom row : Oscillatory flow test case.

model in the far-field regions 1-2 diameters away from the model surface for both low and high Reynolds

number regimes.

Statistical Reynolds shear stresses u′w′ are automatically calculated by the numerical model using

running means of the instantaneous velocity correlation and running means of instantaneous velocities, ac-

cording to u′iw
′
j = uiuj−ui uj . Figure 5.12 plots mean Reynolds shear stresses u′w′ for the unidirectional test

cases, and figure 5.13 shows u′w′ for the oscillatory test cases. Again, so that non-dimensional comparisons

between Reynolds number regimes can be made, maximum and minimum Reynolds shear stresses are scaled

proportionally in the colorbars (since u′w′ scales with the square of velocity, peak colorbar values are 9x

larger in the high Re case to reflect the 3x velocity difference). In the unidirectional plots, the distribution of

u′w′ is largely similar across the different roughness models, with the key distinction being a broader spread
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Figure 5.11: Vertical profiles of mean streamwise velocity u (normalized by free-stream velocity u∞) for Re = 6, 750
(left) and Re = 20, 250 (right) at one-half diameter downstream from trailing edge of model, i.e., x/D = 0.5, under
unidirectional flow.

of shear stresses both vertically and nearer to the model surface for the high Reynolds number flows. For

the oscillatory plots, the k-type surface roughness clearly disturbs the stress distribution pattern occurring

at the model top, causing a breakup of the well-defined lobes seen in the other models and greater advection

of non-zero stresses to regions farther away from the peak shear producing location of the model top.

To compare u′w′ values quantitatively, streamwise profiles were extracted along the horizontal line

level with the top of each model, i.e., z/r = 1, where the Kelvin-Helmholtz instabilities of the wake shear

layer and vortices shed from roughness elements generate peak stress values as confirmed visually in the field

plots. Figure 5.14 plots normalized Reynolds shear stresses for the unidirectional test cases (top row) from the

model top to the domain end and for the oscillatory test cases (bottom row) across the entire model domain.

For both low and high Re unidirectional flows, the k-type surface roughness produces approximately 20%

larger peak shear stress values compared to the d-type surface, as well as a significantly larger “tail” of non-

zero u′w′ in the low Re regime. Peak values shift closer to the model surface at the larger Reynolds number,

moving from roughly 0.7 diameters downstream to only about 0.4 diameters downstream. By contrast, under

oscillatory forcing, the peak Reynolds stress values associated with roughness type are reversed, with the

smooth and d-type models exhibiting nearly 50% greater values of u′w′. Interestingly, at high Re oscillatory

flow, the Reynolds stress profiles for the smooth and d-type models are nearly indistinguishable, suggesting

that the roughness elements contribute very little to the production of shear stresses under these conditions.

The turbulence dissipation rate ε—the rate at which viscosity converts turbulent kinetic energy

into heat—correlates to the degree of “smearing out” of scalar and thermal gradients, with larger ε more
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Figure 5.12: Field plots of statistical Reynolds shear stress u′w′ for low (left) and high (right) Re unidirectional flow
test cases. Maximum and minimum colorbar values are scaled proportionally across each Reynolds number regime so
that color field plots are non-dimensional.

effectively reducing velocity gradients and homogenizing a scalar/thermal field. Turbulence dissipation is

a field parameter that varies spatially, depending turbulence production and transport, and is defined by

ε = 2νSijSij , where Sij is the strain rate tensor. Table 5.3 gives the rate of turbulence dissipation for each

model type and flow condition at a point location one model diameter downstream and one model height

above the wall. The dissipation rates show that the unidirectional flow advects turbulence to the downstream

point more effectively than does the oscillatory flow, as expected from the flow dynamics, and that the higher

Re regimes produce more intense turbulent mixing. ε is also used to define the smallest turbulent length
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Figure 5.13: Field plots of statistical Reynolds shear stress u′w′ for low (left) and high (right) Re oscillatory flow test
cases.

scale, called the Kolmogorov microscale η, according to η = (ν3/ε)1/4. Since η is inversely proportional to

ε, the larger dissipation rates create smaller scale eddies, as seen in table 5.3, which provide the mechanism

for more effectively removing velocity gradients.

Near-surface flow results

The far-field hydrodynamic results presented above play a critical role in scalar and thermal mixing

and advection for the downstream environment. However, in order to understand and quantify the scalar

and thermal flux occurring at the model surface, it is necessary to investigate near-field boundary layer
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Figure 5.14: Horizontal profiles of mean Reynolds shear stress u′w′ (normalized by the square of the free-stream
velocity u2

∞) at an elevation equal to half the model height, i.e., z/r = 0.5. Top row : Unidirectional flow test case.
Bottom row : Oscillatory flow test case.

characteristics and flow fields both above and within surface roughness elements. Figure 5.15 shows close-up,

near-surface plots of mean total velocity magnitude for each surface roughness, Reynolds regime, and flow

test case. Three-component velocity magnitude, rather than streamwise-only velocity, is plotted because it

provides a clearer visualization of the fluid motion occurring within the roughness cavities and because flow in

any direction adjacent to the cavity walls—not just horizontal flow—plays a role in heat flux from the surface.

Colorbar legends are again scaled proportionally for low and high Re regimes to generate non-dimensional

plot coloring.

For the unidirectional case (top), each model shows a zero-velocity stagnation point at the leading

edge, approximately 3 cm and 2.5 cm above the bottom wall for the low and high Re regimes, respectively.
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Turbulence dissipation rate, ε× 10−6 (m2/s3)

Flow regime Re Smooth w/k = 0.5 w/k = 2.0 Coral

Unidirectional 6,750 6.86 5.89 7.32 5.71
Oscillatory 6,750 0.11 0.03 0.08 0.02
Unidirectional 20,250 21.9 60.4 39.2 44.7
Oscillatory 20,250 3.37 2.54 6.48 0.46

Kolmogorov microscale, η (mm)

Flow regime Re Smooth w/k = 0.5 w/k = 2.0 Coral

Unidirectional 6,750 0.53 0.55 0.52 0.56
Oscillatory 6,750 1.51 2.14 1.59 2.45
Unidirectional 20,250 0.40 0.31 0.34 0.33
Oscillatory 20,250 0.64 0.68 0.54 1.04

Table 5.3: Turbulence characteristics for each roughness type and flow condition at a point location one model
diameter downstream, x/D = 1, and one model height above the wall, z/r = 1.

Close inspection of the leading edge shows almost no flow entering the narrow, d-type roughness cavities

at low Reynolds number, while at high Reynolds number, moderate penetration into the d-type roughness

cavities occurs in a small region (an arc length of approximately 45°) just above the stagnation point. For the

broadly spaced k-type roughness, intense vortical flow fully penetrates the leading edge roughness cavities

for both low and high Reynolds number regimes, and lower magnitude vortical flow begins to develop within

trailing edge cavities, driven by the strength of the recirculating flow at high Re. Similarly, the coral model

shows flow fully penetrating the leading edge cavities for both Reynolds regimes, though with less organized

structure owing to the less regular roughness structure and large scale morphological asymmetries.

Under oscillatory forcing, the intra-cavity flow dynamics are significantly altered. The unsteady flow

conditions drive non-zero mean velocities into nearly every roughness cavity on both the leading and trailing

edges for all roughness models. The main distinction is the depth of penetration. Whereas the k-type and

coral models show flow clearly reaching the cavity bottoms for both low and high Re flows, the d-type

roughness exhibits a qualitative difference in the degree of flow penetration, with the higher velocity flow, as

expected, pushing non-zero velocity further into the roughness cavities and exposing additional surface area

to convective flow.

To quantify the penetration depth hp and strength of intra-cavity flow, surface normal profiles of

the horizontal component of velocity were taken at the middle of the models’ leading edges (approximately

45° from the base of the model front), beginning at the bottom of the roughness cavity and extending

normal to the surface for 2 cm. The streamwise velocity was selected because it more clearly illustrates the

strength of vortical flow within the cavities. Figure 5.16 plots surface normal profiles for each Re regime and

flow condition, normalized by free-stream velocity. The dashed zero line of the vertical z-axis represents the

top of the roughness cavity for the d-type, k-type, and coral models and the model surface for the smooth
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Figure 5.15: Near-surface close-up field plots of mean velocity magnitude u for unidirectional test cases (top) and
oscillatory test cases (bottom) for low and high Re regimes. Maximum and minimum colorbar values are scaled
proportionally across each Reynolds number regime so that color field plots are non-dimensional.

hemisphere. As seen in the two-dimensional plots, the k-type surface roughness generates very strong negative

flows—nearly 50% of u∞, except for the low oscillatory condition—directly adjacent to the cavity floor. The

d-type roughness, by contrast, exhibits very small negative flows—only about 5% of u∞. The penetration

depth for the d-type roughness, as measured by the location at which negative velocity strength drops below

0.1 cm s−1, is approximately 0.3–0.35 cm for the low Re regimes, and approximately 0.4 cm for the high Re

regime. In other words, for the d-type model, hp extends roughly 60–70% of the cavity depth for low Re

flows and ∼80% of the cavity depth for high Re flows. Whereas, the k-type model has a 100% penetration

depth for all flow conditions.

Figure 5.17 plots the mean wall surface shear stress for unidirectional (top) and oscillatory (bottom)
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Figure 5.16: Surface normal profiles of mean streamwise velocity u (normalized by free-stream velocity u∞) for
unidirectional flow (top) and oscillatory flow (bottom). Profiles are taken at the model leading edge at a location 45°
from the front base and extend outward from the bottom of the roughness cavity.

test cases at both low and high Reynolds number. As expected, under unidirectional forcing, the model leading

edges’ experience the greatest shear, increasing from a minimum at the stagnation point to a maximum in

the area of greatest flow compression, and again decreasing to the point of flow separation. The trailing edges

exhibit negligible surface shear, except for a small region near the model bottom where high Re recirculating

flow interacts with the model surface. For the rough models, peak shear values occur at the edges or tips

of individual roughness elements, which become most evident on the coral model with its highly convoluted

roughness patterning. Under oscillatory flows, peak stresses are lower than for comparable unidirectional

flow speeds, but the surface area exposed to non-negligible shear stresses is approximately double that of the

unidirectional case. Thus, a trade-off between wall shear strength and areal wall shear exposure is established
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Figure 5.17: Surface plots of mean wall shear stress for unidirectional (top) and oscillatory (bottom) flows for low and
high Re regimes.

for unidirectional versus oscillatory flows—which suggests mass and heat transfer may also experience similar

trade-offs.
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Figure 5.18: Time-averaged temperature fields for low (left) and high (right) Re unidirectional flow test cases.

5.4.2 Results: Heat Transfer Characteristics

Numerical model results for interfacial heat flux and convective heat transfer can be easily visualized

through two-dimensional field plots of temperature distribution. Figure 5.18 shows mean temperature fields

for high and low Re unidirectional flow past all four surface geometries. The background bulk fluid tempera-

ture and inlet fluid temperature are both 29°C, while the surface temperature is held constant at 32°C. The

increases in thermal convection from the hemisphere surfaces correlate with increasing w/k ratio, as indicated

by the larger area and higher density of high-temperature colors. The exception is the coral skeleton, which

has an approximate w/k ratio equal to 1, but because the roughness spacing is not radially symmetric like
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Figure 5.19: Time-averaged temperature fields for low (left) and high (right) Re oscillatory flow test cases.

the idealized models, the coral model possesses a significantly higher total surface area from which to shed

thermal energy. The temperature distributions of the high Reynolds number flow are less intense compared

to the low Reynolds flow because the higher fluid velocities advect more of the thermal energy downstream

and the higher Reynolds shear stresses more effectively mix out thermal gradients. However, a similar pattern

of increasing thermal field with increasing roughness is seen in these plots.

Mean temperature fields under oscillatory forcing are shown in figure 5.19. The same distribution

patterns, i.e., larger, more intense temperature fields with increasing w/k ratios and more diffuse temper-

ature fields at higher Re, are seen in the oscillatory plots as in the unidirectional plots. Comparing the
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Figure 5.20: Vertical profiles of mean temperature T (normalized by background bulk fluid temperature T∞) for
unidirectional (top) and oscillatory (bottom) flows at x-axis location one diameter downstream from trailing edge of
model, i.e., x/D = 1.

temperature distributions between unidirectional and oscillatory test cases for both low and high Re, it is

evident that the oscillatory flow transfers higher levels of thermal energy from the hemisphere surfaces and

that oscillatory motion confines the higher temperature fields to regions closer to the hemisphere models.

Quantitive comparisons can be made by plotting vertical profiles of temperature distribution one model

diameter downstream of the trailing edge. Figure 5.20 plots mean temperature normalized by bulk fluid

temperature for all four surface geometries at low and high Re under unidirectional and oscillatory forcing.

For unidirectional flows, the k-type model shows a temperature enhancement of approximately 1.5%

and 3% over the d-type and smooth models, respectively. (The coral model is even greater at 3.5% and

5.5%, respectively). For oscillatory flows, the low Re test case shows much higher temperature values for all
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Figure 5.21: Horizontal profiles of mean temperature T (normalized by background bulk fluid temperature T∞) for
unidirectional (top) and oscillatory (bottom) flows. Profiles begin adjacent to model trailing edge and extend to end
of computational domain. Profiles are taken at a vertical elevation equal to one-half model height, i.e., z/r = 0.5.

models—on the order of a 5% increase—but the general pattern of k-type temperature enhancement over

d-type remains, as it also does for the high Re oscillatory case. Quantification of downstream profiles can also

be made by extracting horizontal profiles from the models’ trailing edges to the end of the computational

domain. Figure 5.21 plots profiles for low and high Re unidirectional and oscillatory flows. Profiles in the

streamwise direction demonstrate that the enhancements seen in vertical profiles of figure 5.20 are sustained

in an approximately linear fashion as one moves downstream from the models’ trailing edges.

Close-ups of near-surface temperature fields are shown for each surface geometry and flow condition

in figure 5.22. The colorbar scaling—ranging from a low of 29°C associated with the bulk fluid temperature

to a high of 32°C associated with the model surface temperature—is different from the far-field plots, whose
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Figure 5.22: Near-surface close-up field plots of mean temperature T for unidirectional (top) and oscillatory (bottom)
test cases for low and high Re regimes.

colorbar ranges were reduced to visualize more clearly the downstream temperature fields. Surface cavities

filled entirely in red, for example, along the top of the d-type model in low unidirectional flow, indicate that

the cavity water heated by the model surface is not being flushed out as effectively, and thereby inhibiting

additional heat flux from the surface. By contrast, the k-type and coral model roughness cavities show much

lighter temperature fields, which become increasingly flushed as Reynolds number increases and as oscillatory

flow is experienced. The oscillatory test cases demonstrate that the narrow d-type cavities are much more

effectively cleared of high temperature fluid compared to the unidirectional case and that increasing Reynolds

number further enhances thermal flux away from the model surface.

Finally, surface plots of mean wall heat flux are shown in figure 5.23 for each surface geometry and

flow condition. Similar to the wall shear plots in figure 5.17, the oscillatory test cases exhibit smaller peak
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Figure 5.23: Surface plots of mean wall heat flux for unidirectional (top) and oscillatory (bottom) flows for low and
high Re regimes.

fluxes compared to their equivalent unidirectional cases, but the amount of surface area exhibiting non-

negligble heat flux is significantly increased. The roughness cavities for the k-type model show high levels of

heat flux across all walls of the cavity, as was suggested by the vortical motion plotted in figure 5.15 and in

the surface-normal profile plots of figure 5.16. Close inspection of the d-type roughness cavities show that
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Mean Wall Heat Flux, q ×103 (W m−2)
Flow Regime urms (cm s−1) Smooth w/k = 0.5 w/k = 2.0 Coral

Unidirectional 5 1.78 1.32 2.14 2.58
Oscillatory 5 1.77 1.94 3.71 5.18
Unidirectional 15 3.51 3.79 5.50 6.63
Oscillatory 15 4.18 6.41 8.84 10.37

Total Heat Flux, qtot ×102 (W)
Flow Regime urms (cm s−1) Smooth w/k = 0.5 w/k = 2.0 Coral

Unidirectional 5 0.51 0.81 0.95 2.05
Oscillatory 5 0.51 1.20 1.64 4.11
Unidirectional 15 1.00 2.33 2.43 5.27
Oscillatory 15 1.20 3.95 3.91 8.24

Mean Heat Transfer Coefficient, h ×103 (W m−2 K−1)
Flow Regime urms (cm s−1) Smooth w/k = 0.5 w/k = 2.0 Coral

Unidirectional 5 0.59 0.44 0.71 0.86
Oscillatory 5 0.59 0.65 1.24 1.73
Unidirectional 15 1.17 1.26 1.83 2.21
Oscillatory 15 1.39 2.14 2.95 3.46

Table 5.4: Top: Surface area-averaged and time-mean wall heat flux values q. Middle: Total amount of heat flux qtot
per unit time. Bottom: Mean heat transfer coefficient h.

the bottom surfaces show negligible rates of heat transfer, but that the high Re conditions do drive heat

flux farther down the sides of the cavity walls, as also implied by the surface normal velocity plots of figure

5.16. Comparisons to the wall shear stress plots in figure 5.17 indicate that areas of highest surface stress

correlate with areas of greatest wall heat flux, as would be expected from the large velocity gradients that

determine shear levels and define the heat transfer governing equations.

To quantify the amount of convective heat flux for flow past the model hemispheres, areal means of

time-averaged wall heat flux were calculated for each surface geometry and flow condition. Mean wall heat

flux values q are given in table 5.4 (top). These values were then multiplied by the appropriate model surface

area (given in table 5.1) to produce the total amount of thermal energy fluxed from the model surface per

unit time, given in table 5.4 (middle). Lastly, areal means of dimensionless heat transfer coefficient h were

calculated according to equation 5.1 and are given in table 5.4 (bottom).

The general trend of the heat flux table is consistent with the previous figures above, i.e., greater

heat transfer rates occur for larger Reynolds numbers (ranging from 2x to 3.3x enhancement) and for os-

cillatory, rather then unidirectional, flow (ranging from 1.2x to 2x enhancement). Rates of mean heat flux

also increase as surface roughness increases, though the coral model, at w/k ∼ 1.0, does not follow this

pattern because of its highly convoluted surface. Two key exceptions to these trends should be noted. First,

the average wall heat flux for unidirectional low Re flow past the smooth hemisphere is actually greater
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than for comparable oscillatory flow—a sharp contrast to all other unidirectional/oscillatory comparisons.

Second, the total heat flux qtot, which takes into account the model surface area, mirrors the pattern of the

mean heat flux q of increasing values with increasing roughness, except for the high Re oscillatory flow past

the d-type hemisphere. Under these conditions, the penetration of flow into the narrow roughness cavities

allows for the greater surface area of the d-type hemisphere to outperform (in terms of heat transfer) the

greater roughness-generated turbulence of the k-type model. The implications of these roughness/surface

area tradeoffs on individual hemisphere models and on downstream flow environments will be discussed

below.

5.5 Discussion

5.5.1 Boundary layer and wake hydrodynamics

The objectives of the present study were twofold: first, to quantify and describe the role of surface

roughness on the turbulence characteristics of the near-wake and downstream flow structure, and second, to

analyze the effect of these roughness-generated flow differences on interfacial heat flux and far-field convective

heat transfer. The hydrodynamic results here show that the presence of surface roughness on a wall-mounted

hemisphere alters the structure of mean velocity and turbulence characteristics, and that the degree of

alteration depends on roughness type, Reynolds number, and unidirectional versus oscillatory flow conditions.

At low Reynolds numbers for both unidirectional and oscillatory flows, the mean flow characteristics of the

d-type roughness more closely resemble that of the smooth hemisphere than the k-type roughness, especially

with regard to recirculation size and strength and mean velocity field (see figures 5.8 through 5.11). Whereas

at high Reynolds number, the d-type roughness begins to exhibit hydrodynamic characteristics more similar

to the k-type roughness than the smooth hemisphere, with much larger recirculation lengths and negative

velocities.

The likely physical mechanism that drives the mean field dynamics between these roughness types

and Re regimes is the relative influence of frictional drag versus pressure drag induced by the roughness

elements and the amount of momentum this imparts into the boundary layer flow. Direct numerical simu-

lations of flat-plate roughness have shown that the historical classification of d-type roughness as w/k < 1

is better described by high ratios of frictional drag Cf to pressure drag Pd, while k-type roughness exhibits

lower ratios [38]. The large-scale curvature of the hemisphere body, however, alters the orientation of the

roughness elements in relation to the incoming flow. In contrast to flat-plate d-type roughness, this curva-

ture allows boundary layer flow to enter the d-type roughness cavities, as demonstrated by figure 5.16, and
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thereby increase the amount of pressure drag from individual roughness elements. This mechanism under-

lying the transition of d-type roughness behavior with Reynolds number can be confirmed by calculating

the average surface pressure along a line integral for the front half of each hemisphere model. As predicted,

at low Reynolds number P d for the d-type roughness measures 0.30 Pa and is closer to Pd for the smooth

model, 0.35 Pa, than for the k-type model, 0.43 Pa. In fact, the narrow d-type roughness cavities absorb

some of the high pressure generated by leading edge streamline compression resulting in lower within-cavity

pressure and a smaller total P d compared to the smooth model. At high Reynolds number, the relationship

is reversed, with the d-type and k-type pressure drags measuring 2.73 Pa and 3.72 Pa, respectively, while the

smooth model is only 1.96 Pa. (For completeness, the coral model generates the highest pressure drag among

all models at 0.52 Pa and 4.36 Pa for low and high Re, respectively.)

With regard to turbulence characteristics, flow past a bluff body is comprised of a superposition

of three key physical processes—the primary wake instability, the separating shear layer, and the surface

boundary layer. The largest scale eddies are generated by von Kármán vortex shedding induced by unsteady

downstream pressure fields, which scale with the size of the bluff body [159]. Kelvin-Helmholtz instabilities

in the shear layer produce much smaller turbulent fluctuations, which scale with the strength of the shear

layer [131]. And the smallest scale turbulent eddies derive from flow interaction with the hemisphere surface,

either through the development of a turbulent boundary layer at high enough Re or from vortex shedding

from individual roughness elements. Since the turbulence dissipation rate ε must match the rate of turbulent

kinetic energy input from these three processes, and since the most energetic eddies derive from the same

model length scale, it is expected that ε should be similar among all models within the same flow regime.

The results in table 5.3 show this to be valid, with each particular flow condition generating dissipation rates

of approximately the same magnitude across all model types.

Though the large-scale shedding mechanism dominates the TKE input (and subsequent dissipation

rate), the smaller scale roughness-induced turbulent eddies are responsible for the differences in Reynolds

shear stresses among model types (see figure 5.14), especially for low Re flows, in which the shear layer

strength is smaller and associated Kelvin-Helmholtz instabilities contribute less to u′w′. The location and

strength of eddy vortices can be identified using the Q-Criterion, which is defined as the second invariant

of the velocity gradient tensor, i.e., Q = − 1
2AmnAnm, (which, after manipulation of tensor algebra, yields

the difference between the vorticity tensor and strain rate tensor) [160]. Figure 5.24 shows the distribution

of eddies along the leading edge roughness elements at low Re unidirectional flow. The peak values of eddy

strength for the k-type roughness are approximately 40% greater than the d-type roughness (69.1 s−2 versus

48.5 s−2, respectively) and 300% greater than the smooth model (23.0 s−2). The magnitude of this pattern

of increasing eddy strength with increasing roughness matches almost exactly the respective downstream
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Figure 5.24: Instantaneous eddy vorticity fields for unidirectional low Reynolds number flow, as identified by the
Q-Criterion.

Reynolds shear stress levels (see figure 5.14). The larger number of elements that comprise the d-type

roughness allow it to “make up” for lower peak magnitudes and narrow the downstream shear stress gap to

only ∼20%. At high Re the same pattern of roughness type and eddy strength remains (data not shown), but

now, the shear layer instabilities contribute more to the stress levels and nearly wash out the high-frequency

roughness eddy contributions, though some distinction still persists.

The oscillatory flow regimes exhibit significantly altered dynamics and are driven by different under-

lying physical mechanisms. Turbulence dissipation rates one model diameter downstream are much lower in

comparison to equivalent unidirectional flow because the relatively short wave period does not allow enough

time for either the von Kármán vortex shedding mechanism to set up or for the Kelvin-Helmholtz instabilities

to propagate (and because the absence of a background mean current prevents the turbulence characteristics

from being advected downstream as in the unidirectional case). Rather, the majority of vortex production

comes from eddy roll-offs generated during flow reversal. As velocity slows leading to reversal, it encounters

a large adverse pressure gradient, which induces shear instabilities that grow as the flow reverses and begins

to interact with the model surface to create additional areas of unstable pressure gradients, similar to the

dynamics seen in experiments of oscillatory flow over sand roughness [74]. Figure 5.25 illustrates this process

by showing a time series of streamwise velocity, pressure field, and Q-Criterion for one-half of a wave cycle

at high Reynolds number for the k-type model. At t = 0, horizontal velocity u(t) is at a maximum, and the

flow and pressure fields resemble the unidirectional case with vortices occupying the leading edge roughness

cavities. (The downstream eddies are residual from the previous wave cycle). In the decelerating phase at

t = π/4, the strength of the leading edge vortices weakens and recirculating flow on the downstream edge

is enhanced. At the point of reversal at t = π/2, the inertia of the downstream recirculating flow carries

it along the top of the model where disturbance in the pressure field have developed, but the Q-Criterion

strength of existing eddies is quite small. After flow reversal at t = 3π/4, strong negative pressure gradients

near the model top destabilize the flow and induces intense eddy vortices at this location. Finally, at t = π,

the horizontal velocity flow field is fully reversed with large vortices occupying the (previously) downstream
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Figure 5.25: Time series of streamwise velocity (top), pressure (middle), and Q-Criterion (bottom) across one-half of
a wave cycle for high Re oscillatory flow past the k-type roughness model.

roughness cavities and the (newly) downstream edge eddies being advected away from the model. The roll-off

eddies generated in this way produce mean Reynolds stresses that are an order of magnitude larger than

for comparable unidirectional flows (note the y-axis scale in figure 5.14) and should act to homogenize both

velocity and thermal/scalar gradients more efficiently.

5.5.2 Surface roughness and flow effects on convective heat transfer

Results from the convective heat transfer model show that the interfacial heat flux is controlled to

varying degrees by each of the three parameters investigated: Reynolds number, surface roughness type, and

flow regime, as well as interacting effects among the three controls. The most direct and most significant

impact results from increasing Reynolds number, where a 3-fold increase in Re produces a 2x to 3.3x en-

hancement in mean heat flux. The second most important control on q is the type of surface roughness, where

the k-type roughness demonstrates an enhancement in mean heat flux of 1.2–2.1x compared to the smooth

and d-type models. Last, the presence of oscillatory flow enhances mean heat flux by 1.2–2.0x compared

to equivalent unidirectional flow (with the exception of the low Re flow past the smooth model, where q is

nearly equal between the two regimes).

The dynamics of Reynolds number control are well established—e.g., thinning of the thermal bound-

ary layer, enhanced surface shear, greater fluid advection—and the impact of Re on the calculated heat flux

for the unidirectional flow cases past the smooth model compares well to the empirically predicted heat

transfer correlation given in equation 5.6. The numerical model over-predicts h by approximately 20% for

each case (594 vs. 499 W m−2 K−1 and 1170 vs. 924 W m−2 K−1, respectively), but the correlation equation
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Figure 5.26: Time series of turbulent eddy distribution, as measured by Q-Criterion, for d-type model during accel-
erating phase after flow reversal, i.e., after t = π/s, under high Re conditions.

has been shown to produce uncertainties of up to 20% and was derived for spheres rather than hemispheres

[152].

Enhancement of heat flux resulting from surface roughness is governed by the hydrodynamic mech-

anisms described above, in particular by the production of high vorticity eddies within roughness cavities,

which create steep velocity gradients and enhance surface shear, and by the increase in pressure drag as-

sociated with greater roughness. Skin friction drag actually decreases for the d-type roughness since much

of the roughness cavity surfaces are sheltered, but the surface curvature of the model—in conjunction with

the presence of roughness elements—means the pressure drag is the dominant term, as is the case for all

models (ranging between 90–96% of total drag Cd). As described above, at low Re for unidirectional flow,

the d-type roughness has the smallest total drag, followed by the smooth model and the k-type model, which

corresponds to the order of heat transfer coefficient magnitude. By contrast, at high Re, total Cd increases

monotonically with surface roughness, and h follows accordingly. In each case, h is determined by the total

model drag Cd—a correlation well documented in the literature [151]. With the exception of low Re flow past

the d-type model, surface roughness—as measure by w/k ratios—acts to increase Cd and thereby enhance

h (though only up to some optimal ratio, which for flat plates was shown to be w/k = 7 as demonstrated

by DNS data from Leonardi et al. (2003) [138]).

For oscillatory flow conditions, the increase in heat transfer coefficients results from a combination

of several physical mechanisms. First, the alternating positive and negative horizontal velocities allow for a

greater amount of model surface area to experience high wall shear stresses, as seen in figure 5.17. Next, at

the point of flow reversal, large negative pressure fields are induced on the (previously) leading edge, which

can be seen in figure 5.25 at t = π/2. This negative pressure acts to “suction out” high temperature fluid

from the roughness cavities, which, upon close inspection of the velocity field in figure 5.25, shows large,

though diffuse, negative velocities at the model’s left edge. Lastly, the roll-off eddies described above advect

downward to draw additional thermal energy out of the upper roughness cavities, but which also act to cut

off the high temperature fluid that had been suctioned from the surface and advect it away from the model.

Figure 5.26 shows a time series of this eddy advection—as measured by Q-Criterion—that occurs in close
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Figure 5.27: Time series of temperature fields for d-type (top) and k-type (bottom) models across one-half wave cycle
of high Re oscillatory flow.

succession around the t = 3π/4 wave phase. This entire process is illustrated in figure 5.27, which shows a

time series of temperature fields for both d-type and k-type models demonstrating suction at t = π/2, eddy

roll-off at t = 3π/4, and high-temperature fluid advection at t = π. Unlike previous studies of oscillatory flow

through canopies or branching structures, in which the time-varying flow field has been shown to enhance

mass flux by creating pressure fields that drive higher in-canopy flow speeds [64, 153], the rough bluff bodies

investigated here exhibit significantly different physics, yet experience a similar magnitude of heat transfer

enhancement resulting from oscillatory flow.

5.5.3 Biological and ecosystem implications of heat and mass transfer

The rate of heat/mass transfer across the coral-water interface has been shown to play a role in

a number of processes critical to the biological success of corals, such as driving rates of photosynthesis

[31], directing structural growth [161], and mitigating heat-induced bleaching [162]. The high rugosity of reef

systems and the maximization of coral surface area available for these biophysical process has been suggested

as a key explanation for the so-called “Darwin’s Paradox”, which attempts to reconcile the high productivity

of reef ecosystems with the relative paucity of nutrients found in tropical aquatic habitats of corals. To this

end, experimental work on gypsum dissolution of rectangular forms with mm- and cm-scale roughness by

Falter et al. (2005) [37] demonstrated a positive linear relationship between rugosity, i.e., the ratio of total

surface area-to-planar projected area (given in table 5.1) and mass transfer coefficient hm. However, the

heat transfer results here indicate that such a relationship is not present and is directly contradicted by the

higher values of h for the k-type roughness, despite its smaller rugosity and lower total surface area. Falter

et al. suggest their experimental design allowed for all surfaces of the model to experience comparable flow

conditions, which the mean velocity plots show not to be the case here, and which does not account for the

differing mechanisms of turbulence-driven heat flux resulting from different roughness types and specific flow
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conditions.

Measurements of mass transfer coefficients for nutrients taken over coral reef flats by Bilger and

Atkinson (1992) [27], by contrast, suggest rugosity is not a key determinant of mass flux and that the

enhancement in hm is ∼40x larger than would be expected from engineering relationships developed for

flat-plate roughness [163]. The authors suggest a variety of mechanisms that may be responsible for the

unexpectedly high flux, such as wave surge, higher surface areas resulting from the fractal nature of reef

organisms, and active ciliary pumping at the coral surface, which recent work has indeed shown to enhance

mass flux 4-fold [25]. The results of the current study demonstrate that using convection coefficients de-

rived from unidirectional laboratory flow past flat-plate roughness as an analogue for wavy flow past reef

structures fails to account for many of the additional physical dynamics that enhance heat transfer. Using

the heat transfer correlation equations developed for flat-plate roughness by Webb et al. (1971) (the same

as those employed by Bilger and Atkinson) [140], the low Reynolds number unidirectional flow over k-type

roughness investigated in this study produces an estimated flat-plate h of ∼ 290 Wm−2K−1. The equiva-

lent flow conditions for the k-type hemisphere produce a mean heat transfer coefficient nearly 2.5x larger

(∼ 714 Wm−2K−1), which is a similar magnitude of heat transfer enhancement that is seen for smooth hemi-

spheres compared to smooth plates using equations 5.6 and 5.4 above, respectively. Thus, the combination

of ciliary action (4x enhancement), oscillatory fluid motion (2x enhancement), and hemisphere dynamics

(2.5x enhancement) can account for roughly a 20x enhancement over predicted rough flat-plate convection

coefficients.

Representing the entire reef as a rough flat plate may be useful for reef-scale parameterizations of

terms like friction velocity u∗, drag coefficient Cd, or bottom friction Cf in order to describe the meter-scale

bottom boundary layer. Such descriptions of reef systems have been shown to not depend on the small-

scale features of individual reef components [95] and have been successfully employed to estimate large-scale

impacts such as wave dissipation [23] or whole-reef nutrient uptake [22]. However, for an individual coral—

whose health is critical to sustaining the entire reef ecosystem—the results presented here demonstrate

that the hydrodynamic and heat transfer dynamics of the fine-scale near-surface boundary layer, embedded

within the larger bottom boundary layer, depend heavily on small-scale surface features and individual coral

topography. Spatial variation of wall shear and mass transfer rates have been shown to drive patterns of

coral morphogenesis, where tissue aggregation is controlled by the rate of nutrient accumulation [14, 161],

and thus, the hydrodynamic conditions of a particular coral habitat may apply selective pressure on the

morphology best suited to that environment. As a colonial organism, though, with the ability to transport

transport nutrients internally throughout an entire colony of polyps, an equally important consideration for

coral health—in addition to spatial variability of local flux—is total mass transfer across the entire surface
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area. As such, the optimal surface morphology to drive maximum heat flux qtot depends on the specific

combination of flow speed and oscillatory condition, as seen in table 5.4, and is result of the specific physics

generated by the dynamic relationship between flow regime and roughness type.

In addition to describing the hydrodynamic and heat transfer impacts on individual corals, the nu-

merical results in this study provide a characterization of downstream turbulence, mixing, and heat/mass flux

that affects the bio-physical environment of other nearby reef structures and organisms. Field measurements

of the flow environment behind a single coral bommie made by Hench and Rosman (2013) indicate that the

wake structure for low frequency (< 0.03 Hz) wavy flow creates a similar effect to unidirectional flow, which

shelters organisms from high drag forces, reduces mean flow speeds, and enhances turbulent fluctuations and

vertical mixing [123]. The simulation results for the unidirectional case here are consistent with these findings

and also demonstrate that the nature of the surface roughness of the upstream obstruction significantly alters

the hydrodynamic and scalar wake conditions. The variability within these far-field flow conditions creates

an array of niche environments in which reef organisms can exploit specific conditions and increase habitat

biodiversity. High frequency flows like the oscillatory cases investigated in this study, by contrast, generate

a small flow excursion length Arms
∞ relative to the coral diameter d (for high Re regime here, Arms

∞ is only

88% of d), which prevents the establishment of a persistent wake structure. Nevertheless, oscillatory flow

enhances flux from the coral surface compared to an equivalent unidirectional flow, and as the temperature

fields in figure 5.19 illustrate, also produces a range of potentially exploitable niche conditions, which are

differentially affected by surface roughness. Thus, the wave period of the oscillatory flow establishes whether

drag forces dominate (i.e., at low frequencies) or inertial forces dominate (i.e., at high frequencies). This

interaction of flow speed, wave period, and surface roughness across a range of spatial and temporal scales

in the natural environment creates a dynamic flow and resource landscape that has profound consequences

on the bio-physical processes of surrounding reef organisms.

5.6 Conclusions

The major research question addressed in this chapter is how does surface roughness affect hydrody-

namics and heat transfer for flow past a wall-mounted hemisphere. The implication of this question is that

trade-offs exist between the advantage of using broadly spaced roughness to generate turbulence for enhance-

ment of heat transfer versus the advantage of using densely spaced roughness to increase the amount of total

surface area for enhancement of heat transfer. The results demonstrate that the preferred w/k roughness

ratio needed to optimize these trade-offs depends on the specific flow conditions, in particular the flow speed

and whether the flow is unidirectional or oscillatory. Moving beyond the ideal flat-plate roughness ratio of
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w/k ∼ 7–8 as demonstrated by Leonardi et al. (2003) and Ryu et al. (2007) [138, 151], the conclusions in this

study offer new and interesting contributions to the literature and provide novel insights into the physical

mechanisms and resulting impacts of the complex interaction between flow speed, steadiness of flow, and the

nature of surface roughness. Ultimately, the results suggest potential new avenues of research within both

the engineering flow and heat transfer literature, as well as the coral environmental fluid dynamics literature.

The results of this dissertation aim to help the scientific community achieve a better understanding of not

only fundamental physics in turbulence and fluid dynamics, but importantly, offer new insights into the

resilience and sustainability of corals and the efforts we can take to promote their continued survival and

future success.
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Chapter 6

Conclusions

The major results of this dissertation show how specific alterations to a coral surface impact the

characteristics of boundary layer flow and affect the flux of mass and thermal scalars across the coral-water

interface. In particular, Chapter 3 demonstrates that the addition of turf algae shifts the turbulence regime

of the boundary layer from a wall-bounded inertial layer to a plane-mixing layer, which enhances turbulent

mixing above the algal canopy but simultaneously reduces mass flux at the coral surface. Chapters 4 and 5

illustrate the profound hydrodynamic consequences resulting from variations in surface roughness and the

presence of oscillatory flow, in which k-type roughness increases turbulence production and heat transfer,

while oscillatory flow shifts the underlying physics and introduces new trade-offs in surface area-to-roughness

optimization that favor d-type roughness under wavy, high speed flow conditions. Below, I situate the present

results within the larger context of existing literature on coral biology and engineering roughness and describe

the significant contributions of this research in extending our current understanding.

6.1 Relevance to Current Research in Coral Biology

Massive Scleractinian corals exhibit a wide range of surface morphologies in nature, from smooth,

lightly dimpled surfaces to broad ridges with and without grooves to sharp, fin-type roughness (e.g., figure

6.1). The results presented in this dissertation demonstrate that specific variations in morphology, in par-

ticular the spacing between roughness elements, can drive significant differences in rates of heat (and mass)

transfer. Though much inter-specific variation is determined by genetic differences [164, 165], long-term envi-

ronmental conditions, such as the flow regimes investigated here, can create selective evolutionary pressures

that optimize a particular surface topography for a dominant flow environment. At much shorter time scales,

the phenotypic plasticity seen in intra-specific morphological variation has been shown to be a response to

133
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Figure 6.1: Photographs illustrating variation in Scleractinian surface morphology. (a) Siderastrea siderea. (b) Diploria
labyrinthiformis. (c) Colpophyllia natans. (d) genus Platygyra, species-level identification unavailable.

environmental gradients (e.g., light, nutrient/prey availability, temperature), which are often controlled by

local hydrodynamic conditions. Gradients in coral size have been shown to correlate with increasing wave

and tide conditions [134], and faster flows have been shown to promote this distribution by generating

denser carbonate structures, raising zooxanthellae counts, and improving reproductive output [166]. Since

these coral growth and survival processes are driven by scalar fluxes at the surface, the results presented in

Chapter 5 suggest that the enhanced heat transfer rates shown to result from rougher surfaces may expand

the environmental conditions under which they can exist. For example, the heat transfer coefficient for the

k-type model at low oscillatory flow is nearly equal to that of the smooth model at high oscillatory flow (1.24

versus 1.39 W m−2 K−1, respectively), which implies the rough model may be able to endure much lower

energy flow environments than the smooth model, yet still benefit from comparable rates of heat and mass

exchange.

Given flow as a key abiotic factor, then, in controlling coral productivity and directing growth,

recent efforts were undertaken to quantify directly the rates of mass transfer subject to various flow and

morphological conditions using primarily field/mesocosm measurements and laboratory gypsum dissolution

methods. A direct relationship was demonstrated between flow speed and increased nutrient uptake over

reefs in the field [28, 167]. In the lab, the addition of oscillatory flow or roughness—either as branching

structures or rubble resembling bluff bodies—was shown to enhance mass transfer up to 3-fold [37, 64, 153]

and 9-fold [37, 91], respectively, compared to comparable unidirectional flow or smooth surfaces. The findings

here are consistent with the existing literature, as well as with long-established convection correlations in the

engineering literature for smooth spheres, as was demonstrated in Chapter 5. However, the simulations offer

new insights into the combined effects of these variables, by demonstrating an important trade-off that occurs

to alter the optimization strategy of sacrificing surface area in order to enhance turbulence generation. Under

oscillatory high-speed flows, the benefits of greater surface area from narrowly spaced roughness outweigh

the benefits of enhancing turbulence from broadly spaced roughness in the effort to maximize heat transfer.
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Such environmentally dependent trade-offs are likely to affect patterns of coral habitat distribution, but also

impact differential survival rates during stress events and subsequent recovery rates, as has been documented

for post-bleaching zooxanthellae recovery [135, 168].

Further, by investigating the specific physical mechanisms that drive this trade-off—as was done

through a half-wave cycle in Chapter 5—I also show that the underlying physics differs from that which drives

oscillatory flow mass flux enhancement for branching corals. In the case of branching canopies, oscillatory

flow generates large pressure gradients between coral branches which drive higher in-canopy flow speeds and

result in enhanced mass transfer [64, 153]. By contrast, the hemispherical coral models here experience a

shift in the relative importance of inertially driven flow, which induces large negative pressure fields that

“suction” thermal energy from the surface, as well as enhances eddy vortex production. The rates of heat flux

modeled here, however, are limited only by the thermal diffusion boundary layer, rather than any biological

mechanism whose reaction kinetics may slow rates of mass transfer [169]. Field measurements of nutrient

uptake rates [22, 170] have shown that the scalar exchange processes occur at maximal levels, indicating

these systems are “mass-transfer limited” and thus, the heat transfer results can likely be extended to

estimate mass transfer rates, using the appropriate scaling of thermal to scalar diffusivity given in Chapter

5. The numerical modeling undertaken here also has the advantage of avoiding some of the limitations of

gypsum dissolution methodology, for example, the effect of changing surface structure as the gypsum model

dissolves and the limited efficacy of comparisons across different flow environments [171]. Lastly, numerical

modeling provides an easy, low-cost, time-effective strategy to investigate a range of parameterizations of

flow conditions and surface morphologies.

In addition to considerations of mass flux on coral health, the dynamics of the thermal boundary

layer and the rate of heat flux play vital roles in mitigating thermal stress and associated photoinhibition of

zooxanthellae and bleaching events [172]. Hemispherical stony corals have been shown to be more susceptible

to surface warming compared to branching corals [32] and those with larger aspect ratios, i.e., greater height-

to-diameter ratios, were reported to suffer greater mortality during thermal stress events [173]. Micro-profiles

of the thermal boundary layer across coral surfaces with “uneven topography” revealed fine-scale variations

and patchiness [162]—a finding consistent with the hydrodynamic PIV results presented here in Chapter

3 and the modeling of temperature profiles in Chapter 5. Though coral thermal flux has been shown to

depend on flow speed and surface topography, no careful classification of coral roughness type and its

effect on heat transfer has been undertaken until this dissertation. The idealized roughness models used

in Chapters 4 and 5 were designed with engineering analogues, i.e., two-dimensional bar roughness, as a

simplified representation of coral surface morphology in order to isolate the influence of roughness spacing-

to-height ratios on hydrodynamics and heat transfer. However, the lack of fidelity of the idealized models to
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actual coral morphology raises the question: can the results presented in this dissertation yield insights into

real coral biophysics?

Two key features of the heat transfer data presented in Chapter 5 allow us to connect the idealized

model results to potential implications for actual corals in the environment. First, the underlying physics that

was shown to affect optimization trade-offs for the simplified models—for example, the finding that under

certain flow conditions (i.e., fast, wavy flows) total surface area becomes a more important driver of heat

transfer than roughness-generated mixing—applies equally well to real corals with different morphologies,

though with different specific trade-offs for their more complex morphology. Second, the inclusion of an actual

coral skeleton in the numerical modeling in Chapter 5 provides us with an indication of the scale of heat

transfer enhancement resulting from the additional variation in surface topography. As the w/k roughness

ratio is increased from 0.5 to 2.0, the heat transfer coefficient increases between 40–90% depending on flow

condition. The coral model has a w/k ratio between the d-type and k-type models—approximately equal

to 1.0—but the average heat transfer coefficient is 20–40% larger than the k-type model. Thus, we would

expect the trend of increasing rates of heat transfer with increasing roughness to extend to real corals, but

with an additional enhancement to account for the added complexity in surface topography.

6.2 Relevance to Engineering Literature

Despite the biological motivation underpinning the main questions of this dissertation, the findings

also contribute new results to the physics and engineering literature, particularly with respect to flow and

heat transfer characteristics over bluff bodies with roughness. Though the investigated parameter ranges for

Reynolds number and roughness ratios were not as broad as are available in the literature, the hydrodynamic

and heat transfer findings are largely consistent with previous work, particularly with regard to polar sep-

aration angles, form drag relationships, and convection coefficients. The results demonstrate that trade-offs

exist between maximizing surface area by densely packing roughness elements together versus maximizing

drag and turbulence production by spacing roughness elements broadly apart—a physical consideration that

has been shown to be inherent to flat plate roughness as well. In general, heat transfer rates peak when

resistance to the flow is maximized, and for flat plate two-dimensional bar roughness, this corresponds to

a peak in form drag [138] and the greatest strength of outward fluid ejection from roughness cavities [174].

This typically occurs at w/k ∼7–9 [138, 151], though differences in rates of heat transfer persist depending

on the shape of the roughness elements, even for those that produce identical shifts in roughness functions

[175, 176]. Such wide spacing is not usually seen in coral morphology—and thus such large w/k ratios were

not tested—but this suggests that other biologically driven pressures are contributing to phenotypic devel-
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opment, and importantly, that the wave-driven flows in the ocean environment create different cost-benefit

evaluations for roughness types compared to the unidirectional flow typically employed in flat plate roughness

studies.

Additionally, the models tested here—and the real hemispherical corals they represent—are not well

described by flat plate roughness. The experimental and numerical results presented in Chapters 4 and 5 are

the first investigation of rib-type roughness on a wall-mounted hemisphere. Studies of flows past spherical

bluff bodies have shown the amount of form drag remains independent of Reynolds number until a critical

value is reached (approximately Recrit = 4× 106), above which the previously laminar boundary layer flow

transitions to turbulent flow and a smaller drag value is established [112]. The presence of surface roughness

accelerates this transition, with larger roughness reducing the value of Recrit more than smaller roughness

and also creating a larger supercritical drag for Re > Recrit [85]. Though such large Reynolds numbers were

not investigated, the hydrodynamic results are consistent with these previous findings, and the PIV results

of Chapter 4 showed that the k-type roughness accelerates this transition to turbulence (and thus increases

the separation angle) at a Reynolds number much lower than has been seen for sand-type roughness or small

spherical protuberances [85]. Despite the lower drag at high Reynolds number, the production of velocity

fluctuations by the turbulent flow enhances heat transfer rates compared to the laminar regime [152], and

the results of the heat transfer simulations are consistent with this finding. What has not been previously

demonstrated, however, is that the large-scale bluff body curvature alters the traditional balance of frictional

drag to pressure drag for rib roughness, which allows for d-type roughness to outperform k-type roughness

in terms of total heat flux under specific flow conditions.

In particular, it is the presence of oscillatory flow that creates the advantage for the larger surface

area of the d-type roughness. However, the nature of the oscillatory flow, specifically the wave period T and

maximum velocity umax, determines the degree to which this mechanism alters trade-offs, as has been shown

in gypsum dissolution experiments where higher wave frequencies enhance mass transfer [64]. The ratio of

wave excursion length to object diameter D defines the dimensionless Keulegan-Carpenter number, given as

KC = (umaxT )/D, and which describes the relative influence of inertial to drag forces. For the high and low

oscillatory regimes studied here, the flow conditions give KC = 2.6 and KC = 7.8, respectively, which fall on

either side of the critical KC number that identifies the onset of vortex shedding, i.e., ∼ 5 for a smooth surface

[177]. The role of vortex shedding described in Chapter 5 is an important component in the inertia-driven

mechanism that enhances heat transfer under oscillatory forcing. Characterizing the roughness-to-surface

area trade-offs that maximize heat transfer for a wall-mounted hemisphere with rib roughness specifically

under oscillatory flows have not previously been performed, and this dissertation contributes significant novel

findings to the engineering literature, which also helps us better understand the role of coral morphology
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and the ecological consequences that derive from the interaction of flow with coral structures.

Ultimately, the health and sustainability of corals face a host of environmental challenges in the

future, of which two of the major threats include excessive nutrient loading and rising sea surface temper-

atures. Eutrophication promotes algal overgrowth, which has been shown in Chapter 3 to fundamentally

alter hydrodynamic characteristics and negatively impact coral mass transfer. Mitigating thermal stress and

promoting post-bleaching recovery can be guided by better a understanding of heat transfer processes that

are affected by flow conditions and coral morphology, which Chapters 4 and 5 have demonstrated depend on

trade-offs between total surface area and roughness-induced turbulence production. In sum, the dissertation

provides new insights into the effects on scalar flux resulting from flow interaction with variation in coral

morphology and elucidates the underlying physics that govern these processes. It is hoped that understanding

these bio-physical interactions can guide policy and management decisions to identify vulnerable areas and

target protection for susceptible populations as a way to promote coral resilience and support these fragile

organisms and their unique reef ecosystems.
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A.1 Wave-turbulence decomposition

The goal of the Phase method is to isolate the turbulent Reynolds stress u′w′ from the wave stress

ũw̃ using spectral sums in frequency space. The wave stress is defined as

ũw̃ =

∫ fNyquist

−fNyquist

Sũw̃(f) df (A.1)

where Sũw̃ is the two-sided cross-spectral density (CSD) of the wave orbital velocities. The turbulence

spectrum is then defined as the difference between the spectrum of raw velocities (minus the mean flow) and

the spectrum of wave orbital velocities

Su′w′(f) = Suw(f)− Sw̃w̃(f) (A.2)

Integrating the CSDs in equation A.2 yields an estimate of turbulent Reynolds stress

u′w′ = uw − ũw̃ (A.3)

In the spectral domain, the wave orbital frequencies and the turbulence frequencies typically overlap

so that the wave-containing frequencies cannot be band-passed out without losing turbulence stress values.

Thus, to isolate the contribution of wave stress to the total CSD for the wave-containing frequencies, it

is necessary to interpolate the turbulence spectrum beneath the wave peak via a least-squares fit to the

theoretical −5/3 inertial subrange using frequencies outside the wave peak. As the real part of the CSD
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contains both positive and negative values, interpolation is only possible by redefining the CSD in terms of

the autospectral densities (PSD) of u and w, which contain only positive values. The PSD of u is given by

Suu,j =
1

df
|Uj |2 (A.4)

where Uj is the Fourier transform of u(t) for frequency fj . A similar expression gives the PSD for w.

For a finite data series, equation A.1 becomes

ũw̃ =

N/2∑
−N/2

Ũj ∗ W̃j (A.5)

where N is the number of data points in the Fourier transform, Ũj is the Fourier transform of ũ at frequency

fj , and W̃j is the Fourier transform of w̃ at frequency fj . The phase of Ũj is determined from the Fourier

coefficients of the PSD, and the magnitude of Ũj is the difference between the raw Uj and the turbulence

U ′j , found using the least-squares fit interpolation (figure 3.5 in main text). The turbulent Reynolds stresses

are then found through equation A.3.

The Phase method assumes no interaction occurs between the turbulence-induced strain field and

the wave-induced strain field, which can “stretch” turbulence and bias Reynolds stress estimates [178].

The extent of strain interaction for each measurement record was calculated using the rapidity parameter,

R = (∂u/∂z)wave/(∂u/∂z)turbulence, which describes the ratio of wave-to-turbulence strain and confirms no

interaction if R� 1 [179]. All bursts used in the analysis met this criterion.

A.2 Turbulent kinetic energy (TKE) budget equations

Calculation of q2 requires all three velocity components; however, particle image velocimetry (PIV)

data only includes horizontal and vertical components. Therefore, we estimated TKE as q2 = 0.5(u′u′ +

2.3w′w′), where the scaling factor of 2.3 was chosen because shear layers have been shown to possess similar

relative intensities of velocity components with v′v′ = 1.3w′w′ across a range of flow conditions [80]. Wake

production Pw was estimated using the canopy drag coefficient Cd according to Pw = (1/2)Cdau
3, where a

is the frontal area per canopy volume, i.e., canopy density λ divided by canopy height h. Cd is a function of

mean flow velocity u, algal stem diameter d, and the element Reynolds number Red ≡ ud
ν , and is given by

Cd =
2ν(5Re

1/3
d +0.5Red)

ud [180].

Dissipation estimates were made using the inertial dissipation method, in which the one-dimensional

autocorrelation power spectral density (PSD) for vertical fluctuations is fit to a theoretical wavenumber
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Kolmogorov spectrum. For each measurement record, a PSD was generated by ensemble averaging 11 in-

dependent spectra created by dividing the 10-min burst interval into Hanning-windowed segments of 2048

data points with 50% overlap. The ensemble-averaged spectra exhibited a characteristic −5/3 slope outside

the wave-containing frequencies, which indicates the presence of an inertial subrange (see figure 3.5 in main

text). Velocity spectra were fit to the model representation given by

Sww(ω) =
12

55
αε2/3uω−5/3I(σ/u, θ) (A.6)

where α = 1.5 is the Kolmogorov constant, ω = 2πf is the PSD radian frequency, and I(σ/u, θ) is a function

describing the variance in wave-induced horizontal velocity σ2, the mean current u, and the angle between

waves and current θ [181]. I(σ/u, θ) accounts for convection of turbulence by a spectral wave field [182] and is

defined in the appendix of (Trowbridge and Elgar 2001) [181]. To convert frequency spectra into wavenumber

space, we employed Taylors “frozen” turbulence approximation, which assumes advection of the turbulence

field past the sensor at a rate much faster than turbulent eddy evolution. Taylors hypothesis, k = 2πf/urms,

is considered valid when u′/utextrmrms � 1 [183], where the use of root mean square (rms) velocity rather

than mean velocity is the more appropriate scale in the presence of waves [184]. The magnitude of Sww was

then used in equation A.6 to solve for ε. Turbulent wake production in the canopy, however, is very fine-scale

and bypasses the inertial cascade, which means the IDM method fails to account for this dissipation [78].

Thus, estimates of ε in the canopy are set equal to the negative of wake production, which accounts for the

in-canopy balance.
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