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Abstract: Large eddy simulations were performed to characterize the flow and mass transport
mechanisms in the interior of two Pocillopora coral colonies with different geometries, one with a
relatively loosely branched morphology (P. eydouxi), and the other with a relatively densely branched
structure (P. meandrina). Detailed velocity vector and streamline fields were obtained inside both
corals for the same unidirectional oncoming flow, and significant differences were found between
their flow profiles and mass transport mechanisms. For the densely branched P. meandrina colony,
a significant number of vortices were shed from individual branches, which passively stirred the
water column and enhanced the mass transport rate inside the colony. In contrast, vortices were
mostly absent within the more loosely branched P. eydouxi colony. To further understand the impact
of the branch density on internal mass transport processes, the non-dimensional Stanton number
for mass transfer, St, was calculated based on the local flow time scale and compared between
the colonies. The results showed up to a 219% increase in St when the mean vortex diameter was
used to calculate St, compared to calculations based on the mean branch diameter. Turbulent flow
statistics, including the fluctuating velocity components, the mean Reynolds stress, and the variance
of the velocity components were calculated and compared along the height of the flow domain.
The comparison of turbulent flow statistics showed similar Reynolds stress profiles for both corals,
but higher velocity variations, in the interior of the densely branched coral, P. meandrina.

Keywords: coral hydrodynamics; immersed boundary method; large eddy simulation; turbulent
stresses; mass transfer

1. Introduction

Determining hydrodynamic properties in the interior of coral colonies is essential for understanding
growth and mass transport process in branching corals [1,2]. Because of each colony’s unique geometric
structure, distinct flow fields evolve in different individual colonies, both in the interior and at the
exterior of the colony. The characteristics of internal flow field depends upon morphological parameters
such as the porosity, branch diameter, inter-branch distance, and the Reynolds number. The mean
flow profiles inside the colony influence the exchange of solutes across the coral tissue-water interface,
control the nutrient transport, and determine the dissolved oxygen concentration near the coral
surface [3].

Reef corals depend on the surrounding water for nourishment and their morphology affects food
availability. In an early flume experiment, Chamberline et al. visualized the flow around different
coral morphologies and concluded that loosely branched colonies likely have a relatively higher
probability of obtaining suspended food particles inside the colony. In contrast, tightly branched
colonies must contend with the reduced access to food inside the coral due to their complex branching
structures that impede the flow [4]. The suspended particles serve as supplemental nourishment
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when the symbiotic relationship between algae and coral polyps provides insufficient nutrition.
Chamberlain also brought attention to the effect of colony orientation on the flow field and discussed
the hydrodynamic adaptation of branching corals. Sebens et al. [5] analyzed the impact of branch
spacing on the particulate capturing capabilities of corals. The authors of that study analyzed the
maximum particulate capturing cases within the low and high density aggregate corals from low to
high flow conditions, and found that the location of maximum consumption depends on the internal
flow conditions. In some cases, the corals changed morphological structure to gain better access
to nutrients. Similarly, Hunter et al. investigated the effects of colony bushiness on the feeding
effectiveness for unidirectional and wavy flows [6]. Thus, we see that nutrient availability changes
significantly in corals with changes in internal hydrodynamics, which need to be explored in detail
to understand their impact on colony growth and transport processes. To examine this relationship,
Mass and Genin conducted a controlled study and demonstrated the development of an asymmetrical
branching pattern as a consequence of an asymmetry in the oncoming flow conditions [7]. Kandorp and
Kubler also discuss how the flow conditions can change the internal branch density of corals [8].

Experimental studies show that the growth and development of coral and reef systems are
influenced by metabolic responses, which directly depend on the internal flow dynamics [2,9].
Physiological processes like photosynthesis and respiration depend on the thickness of the diffusive
boundary layer (DBL), which is a strong function of the internal hydrodynamics [10,11]. To understand
this relationship, Bruno et al. conducted an experiment and found that coral respiration rates depend
on the inter-branch distance and flow magnitude inside the corals. The authors suggested that an
increase in inter-branch distance enhances the transport rate due to the corresponding reduction in the
thickness of the DBL [12]. Similarly, Jimenez et al. measured the thickness of the thermal boundary
layer (TBL) in low flow conditions and showed that the TBL at the coral surface is a strong function of
the flow magnitude [13]. In a recent paper, Chan et al. hypothesized that the tissue surface pH of a
coral is also a function of the flow microenvironment inside the colony structure [14].

Reidenbach et al. [15] performed laboratory experiments on mass transport over rough coral
beds and found that the mass transfer rate increased sharply for wavy flow in comparison to the
unidirectional flow condition. The authors concluded that the increase in turbulent stress also increased
the mass transfer rate. Later, Stocking et al. took flow field measurements above one healthy and
one algae-covered coral colony and found differences in the velocity profiles and Reynolds stresses
at the top of the colonies [16]. Similarly, Hench et al. investigated spatial flow patterns on a single
colony, and on several adjacent colonies (at resolutions of 0.1–10 m) using acoustic Doppler velocimetry
(ADV). Here, the flow profile and turbulent statistics were calculated from measurements obtained at
the minimum spatial resolution of 0.2 m in the horizontal and vertical directions [17]. Pomeroy et al.
used ADV to obtain velocity profile, shear stress, and suspended sediment transport rates over the
rough boundary of coral reef [18]. Similarly, Sous et al. characterized the spatial evolution of a reef
structure using spectral analysis [19]. In a flume study, Asher et al. calculated drag force on a model
reef composed of 81 Pocillopora colonies and determined the drag force as a function of colony height
at several points inside the model reef. The authors also determined the mean velocity profile and
Reynolds stresses from the velocity measurements at the same measurement points, both inside and
above the model reef [20]. These analyses provide an excellent picture of the character of turbulent
flow fields throughout a coral reef, but complete, detailed, three-dimensional flow fields inside an
entire coral colony remain exceedingly difficult to obtain. In recent years, new flow visualization and
measurement techniques like magnetic resonance velocimetry (MRV) have been used to obtain the
flow field inside complex geometries. Chang et al. used MRV to obtain the first detailed flow profile
in the interior of a colony and compared the mean velocity profile between low and high flow coral
geometries with different inter-branch distances [21]. This is the first study where detailed velocity
fields were used for analyzing flow inside a colony and the authors emphasized how intra-colonial
variability plays an important role in mass transfer. In another study, Chang et al. computed the flow
profile inside Pocillopora and Stylophora colonies and derived a correlation between the local shear stress
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and the rate of scalar transport. The authors suggested a similarity in mass transfer characteristics
despite differences in their physical shapes and hydrodynamic conditions [22]. Recently, Shapiro et al.
showed that the cilia of a coral can stir the water column and create vortices which can enhance the
mass transport rate by up to 400% compared to diffusion through an unstirred boundary layer near
the coral surface [23].

The current study builds upon the foundational studies by Chang and Shapiro, and tries to address
the question of whether the internal geometry plays an important role in mass transfer in the interior
of coral. In a recent paper, Hossain and Staples computed the detailed, three-dimensional velocity
field inside a P. meandrina colony and documented the existence of passively formed vortices within
the densely branched colony, which enhanced mass transport inside the complex geometry [24]. In the
current study, we want to extend this analysis further by comparing flow fields between two different
branching coral species in the same genus to evaluate if the same mass transport characteristics and
mechanisms hold for densely and loosely branched colonies. The first part of the paper discusses
how internal hydrodynamics control the transport process for branching corals. To quantify the
mass transfer rate in coral colonies, engineering correlations for heat and mass transfer serve as as
an important tool. Atkinson and Bilger et al. were pioneers in such analyses. They used the mass
Stanton number to compute the uptake of phosphate in corals and compared their experimental flume
study data with the engineering correlations from classical heat and mass transfer applications [25,26].
The mass Stanton number is a dimensionless number that represents the ratio of mass transfer rate
to the advection rate on the surface. Similarly, the Sherwood number has been used to calculate
mass transfer rates from submerged canopies of arrays of cylinders for both unidirectional and
oscillatory flows [27]. Both the mass Stanton and Sherwood number can be used to estimate the mass
transfer rate between the complex geometry of a coral colony and the surrounding water as both these
numbers are the functions of the Reynolds and Schmidt numbers, roughness parameters, and the
surface geometry [22,26]. In the current study the mass Stanton number used to calculate average
mass transfer rates along the length of both colonies was based on the mathematical formulation by
Atkinson and Bilger et al. [25].

The mass transport between the surrounding water columns and the interior of the coral reef also
depends on the turbulent flow profile both at the exterior and interior of the reef [15,28]. For example,
the transport of eggs and sperm from the surface of an Acropora reef to the surrounding water and
the transport of nutrients from the water to the interior of the reef depends on the turbulent stress at
the top of the reef. Turbulent flow statistics are also important for calculating the Reynolds stress and
the bed shear stress, and determining the transport momentum and sedimentation rate in the bottom
layer of the reef or over a colony or reef [16,29,30]. Though numerous studies have explored the effects
of these quantities on coral reef systems, we reiterate here that computing the detailed, local turbulent
flow in the interior of a reef or a single colony is still a challenging task.

Canopy flow theory can be used to compute the turbulent flow characteristics through complex
coral reef structures and to understand the macroscopic turbulent flow field around the structure.
Nepf et al. performed an open channel flume study and described the transition between emerged and
submerged canopies and explained the impact on mean momentum and turbulence [31]. Generally,
the double-averaged Navier–Stokes equations are used to solve the spatio-temporally averaged
velocity components and turbulent statistics from the flow field [32]. The averaging procedure creates
a new term, the dispersive stress, which needs a closure model in order to solve the complete set of
equations [33]. The closure models that exist were developed for homogeneous structures, and the
accuracy of these models inside a complex coral reef geometry is still not clear. Though it is an excellent
tool for large-scale flow analysis, more detailed flow information for a single colony is needed to obtain
the micro-scale flow field and to understand the mass transport mechanisms, and local turbulent
statistics within coral colonies with different branching patterns. In addition, we still depend on
empirical and semi-empirical data for calculating drag forces inside reefs [34]. If we can resolve the
flow field inside the reef, the drag forces and the closure models used for the calculation of dispersive
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stress can be evaluated more accurately. To achieve this, we continue our analysis of the turbulent
stress and momentum transfer through both structures in the second part of this paper.

To assist us in achieving both of these objectives, we implement a numerical approach to
solving for the flow field inside the coral colonies. Capturing the arbitrary boundary of a coral
is a challenging task. Different numerical approaches have been used to solve this issue, but problems
arise due to the complex natural morphology of corals, and the turbulent flow. Therefore, a new
interest in the numerical simulation of hydrodynamics of real corals has emerged. In a recent
paper, Stocking et al. numerically investigated heat and mass transport for flow over the exterior
of natural and modeled coral structures and discussed the effect of roughness on heat and mass
transport [35]. Similarly, Cano et al. performed a drag force analysis on a real coral geometry with an
open-branched structure [36]. These analyses provide an excellent view of the flow dynamics in real
corals, but did not calculate the structure of the turbulence, including the fluctuation components of
the velocity, the detailed velocity vectors, or the development of local shear stresses inside the coral
structures. Kaandorp et al. used the lattice Boltzman method to calculate flow pattern inside Maracis
mirabilis [37,38] and, similarly, Chindapol et al. used COMSOL Multiphysics to model the effect of
flow on the growth of Pocillopora verrucosa [39]. But these simulations were performed in a laminar
flow framework. The immersed boundary method (IBM) is suitable for handling complex geometries
and turbulent flows, and the governing equations are discretized on fixed Cartesian grids with an
external force. Chang et al. were the first to use the immersed boundary method to simulate the flow
inside the arbitrary branches of coral colonies [22]. In the current analysis, we have used the similar IB
algorithm to perform all of these simulations in a large eddy simulation (LES) framework.

2. Materials and Methods

2.1. Immersed Boundary Method with Large Eddy Simulation

The turbulent flow over these complex geometries was computed with an incompressible immersed
boundary solver, developed in the large eddy simulation framework. In LES, the large scales in the
flow are resolved whereas the small scales are modeled. The filtered Navier–Stokes equations used in
the current analysis are shown below:

∂ūi
∂t

+
∂ūiūj

∂xj
= −1

ρ

∂P̄
∂xi

+ ν
∂2ūi
∂xjxj

−
∂τij

∂xj
+ fi (1)

∂ūi
∂xi

= 0 (2)

where the bar represents the filtering operations. The velocity components are defined by ūi and P
represents the dynamic pressure. The term fi is used for the external forcing used in the immersed
boundary method. Here the subgrid stress tensor is defined by τij = uiuj − ūiūj and must be modeled
to solve the velocity field. There are different techniques to parameterize the subgrid stress. In the
current study, a Lagrangian dynamic Smaogrorinsky [40] model has been used for the complex
structure. Here the coefficients of subgrid scale(SGS) stress model are adjusted dynamically which
is suitable for LES of complex geometry [41]. In the current simulation, a uniform grid spacing has
been used in the X, Y and Z coordinates.A finite difference algorithm with the second order accuracy
in space and time has been used to discretize the N-S equations. Here the time Step was advanced
explicitly with a second-order Adams–Bashforth time marching algorithm. A uniform incoming
velocity boundary condition at the inlet and a convective boundary condition have been used at the
outlet of the domain. Slip boundary conditions are assumed in the lateral direction and at the top of
the flow domain.

Performing LES in a complex geometry is still a challenging task. The process requires high quality
mesh generation, which is not easy even for simple geometry. In comparison, immersed boundary
with an arbitrary shape can be modeled on a fixed nonconforming grid by using an external force
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field. The IB method was first introduced by Peskin et al. [42] and is used mainly for low Reynolds
number biological flows by modeling the boundary as a set of interconnected spring elements. But this
approach causes stiffness at the stationary boundary. Later Mohd-Yusof et al. [43] and Fadlun et al. [44]
solved this issue by introducing a direct forcing approach to this algorithm. In the direct forcing
method, forcing is implemented in such a way that the appropriate boundary conditions are enforced
on the boundary itself. The IB method used in the current study was developed by Balaras et al. [45]
and the details of the implementation and accuracy of the method can be found in the referenced
papers. Here a brief description is introduced to describe the main features of the algorithm. In the
current IB method, a ray-tracing algorithm was implemented to capture the interface of solid and fluid
in the Cartesian grid. To provide a short description, different stages used in the IB method are shown
in Figure 1.

Fluid

Solid

1
1

1

1

1 1

1

1

1

1

1

1 1

1

1

1

11

1

1

1

1

1

1

1

1

1

11 1 1

1 1 1

-1

-1

-1

-1

-1-1-1-1

-1

-1-1

-1

-1

-1

-1

-1

-1

-1-1

-1
-1

-1 -1

-1 -1

-1-1

Fluid MarkerSolid

Fluid

Solid

Ray nb
(A) (B)

Figure 1. (A) An arbitrary object immersed in Cartesian coordinates. (B) A ray tracing algorithm
is utilized in the immersed boundary algorithm [45,46] to identify solid and fluid grid points in the
computational domain.

Figure 1 shows a solid object submerged in the Cartesian grids. The boundary is described by a
series of markers. In the Stereolithography (STL) file, the boundary of the solid object is composed
of millions of triangles. A search algorithm is used to identify the nearest grid points around the
marker particles. To find the phase of grid points, ray is sent from these markers to the nearest grid
points and normal is calculated on these markers. Then the dot product of the normal and the ray
determines if the location of the grid point is inside the solid or not. In the case of the stationary
boundary, this process is performed at the beginning of the simulation. Then the closest grid points
near the boundary in the fluid are chosen for the implementation of the forcing function. The velocity
of the forcing points is interpolated from the surrounding fluid. Different techniques are available for
interpolation to reconstruct the velocity field near the solid boundary. The reconstruction procedure
and the implementation of the immersed boundary method can be found in detail in the referenced
paper of Balaras and Young et al. [46].

In addition to the main features of the current algorithm, we also want to discuss the limitations
of the current study. The experimental studies show that mass and flow dynamics change significantly
in oscillatory flow conditions [47]. In the current analysis, only the uniform flow condition was
considered in studying the impact of coral structure on hydrodynamics. In addition, coral grows
in a natural reef environment and the colony sitting in the wake region of another coral will have
different flow dynamics than the one in front of it. A single coral, sitting in an open flow condition,
does not represent a typical flow condition in nature. However, resolving the flow field with a fine-scale
resolution in the interior of a reef is extremely computationally expensive. Even for a single coral,
54 million grids were used for all of the simulations performed in the current study. This illustrates how
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expensive the simulation would be if the computation were performed on a larger scale. In addition,
the sidewall of the domain may constrain the flow. However, the presence of the close neighboring
corals may have a similar effects on the flow profile. Overall, the objective of the current study is to
find the detailed hydrodynamics and mass transport mechanisms inside two different coral geometries
where the maximum length scale of the analysis is the height of the coral. In addition, the simulation
performed in the current study was not fine enough to resolve the diffusive boundary layer, which is
approximately a few hundred microns from the coral surface [48]. We believe that the current setup of
the flow domain shown in Figure 2 and the resolution of the simulation will be sufficient to meet the
aforementioned objectives.

y

z
x

x’

U
∞

0.6m

0.3m

0.3m

Figure 2. Schematic of flow domain used in the simulation (not to scale). x = 0 indicates the beginning
of the flow domain, while x′ = 0 represents the beginning (front edge) of the coral in the flow domain.

2.2. Coral Geometries

From the previous discussion, it is clear that the current analysis needs to be performed on real
coral geometries with different branching patterns. To achieve this, Stereolithography (STL) files of
two Pocillopora colonies were used for the current simulations. The densely branched P. meandrina
also known as Cauliflower coral, is generally found in the Indo and eastern Pacific and grows in
strong flow conditions. In contrast, there is relatively more space between the branches of P. eydouxi,
which is found in the frontal reef area. The size of these coral structure depends on the physiological
factors, hydrodynamic condition, and species-specific demographic location. So, there exists spatial
heterogeneity in their population size. The STL file of P. meandrina, used for the current simulations,
were obtained from the computed tomography (CT) scan of the real coral skeleton and shared by
Dr. Uri Shavit from Technion—Israel Institute of Technology. The dimension and the geometric features
of both of these colonies can be found in Table 1. In addition to the geometrical dimensions, the mean
branch diameter was plotted as a function of colony height for both structures in Figure 3. These are
Stony corals, where the tissue makes little contribution to the body mass index. Therefore, using coral
skeletons instead of real coral geometries will have a little impact on the computational results.

Table 1. Geometrical features of the Pocillopora colonies.

Colony Length (m) Width (m) Height (m) Volume/Surface Area Interbranch Distance/Diameter

P. meandrina 0.172 0.172 0.100 2.060 2.8 to 4.0
P. eydouxi 0.120 0.110 0.100 2.090 8
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Figure 3. (A,B) Rendered stereolithography files of the P. meandrina and P. eydouxi colony geometries
used in the simulations. (C,D) Mean branch diameter at normalized height from the base of the
Pocillopora colonies. Horizontal bars indicate the variance.

3. Results

3.1. Validation of the Simulation Results

The current simulation was validated by two experimental results from Chang et al. [21] and
Asher et al. [20], respectively. A detailed comparison between the experimental results of Chang et al.
and the results from current numerical techniques can be found in Hossain and Staples [49]. Only a
brief description of the main features of the comparison is discussed here. Chang et al. utilized MRV
to obtain a detailed velocity at the interior of the densely branched coral (high flow morphology) of
Styolophora. The experiment was performed at the Reynolds number 5000 based on the incoming flow
magnitude and height of the colony. For the numerical simulation, the computation was performed on
P. meandrina at the same Re number based on the height and incoming uniform flow. The geometrical
features of colonies and the dimensions of the flow domains were similar for both cases. For qualitative
comparison, velocity slices were extracted from the same normalized height and compared between
the experimental and simulation results. The comparison shows similar flow characteristics at both the
interior and exterior of the colony. As the densely branched structure worked as a baffle, most of the
incoming flow was diverted outside and toward the top of the colony for both structures. In addition,
a quantitative comparison was performed by measuring the mean velocity magnitude as a function
of radial distance from the exterior to the center of the colony, and the result showed similar velocity
trends for both structures.

The second comparison was performed with the experimental results of Asher et al. [20] who
analyzed the P. meandrina colony, similar to the current simulation to measure the vertical variations
of drag forces. In the experimental study, eighty-one P. menadrina coral skeletons were used for
calculating mean streamwise velocity profiles and the Reynolds stress developed over the colony.
These velocity profiles were obtained by laser Doppler anemometry, using 19 locations inside and
around the P. meandrina. In this flume study, the ratio of the height of the water column to the colony
height was three, which represents the optimum depth after which the flow structure does not change
with an increase in the depth to coral height ratio [50]. The magnitude of the Reynolds number
was 23, 513 based on the uniform incoming flow and the height of the colony. The mean velocity
and Reynolds stress profiles were obtained by double averaging the respective magnitude in the
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streamwise and lateral directions and normalized by the friction velocity, which was calculated with
the equation of Pokrajac et al. [51]. For the simulation, the same water depth to coral height ratio and
Reynolds number were used in the flow domain. Here the Reynolds number was calculated based
on the height and uniform flow at the inlet of magnitude 0.21 m/s. To match the dimension of the
experiment, the height of the colony used in the simulation was extended up to 0.111 m. Similar to
the experimental study, a double averaging was implemented here in the streamwise and lateral
direction up to the dimension of the P. menadrina to obtain the mean streamwise velocity and Reynolds
stress profiles developed through the colony. Both mean profiles were normalized by the friction
velocity calculated from the square root of the maximum values of Reynolds stress [33] found at the
top of the colony. Figure 4 shows the comparison of mean streamwise velocity and Reynolds stress
profiles between the flume study and the current simulation through the P. menadrina. In general,
the comparison shows a close match between the experiment and the current simulation results for
both of these profiles. For the streamwise velocity, both results showed an inflection point located
near z/h ≈ 0.5 at the interior of the colony, and the profiles matched well up to z/h ≈ 1.5 above the
coral. Above z/h ≈ 1.5, the experimental result displayed a relatively higher velocity magnitude in
comparison to the simulation.

To capture the turbulent mixing and shear, Reynolds stress was also plotted along with the height
of the colony and averaged, in the same manner discussed earlier. The Reynolds stress exhibited
the maximum magnitude at the top of the colony for both cases, which indicates higher mixing and
momentum transport at the top of the coral. For the Reynolds stress, the results show a close match
from the base up to z/h ≈ 1.5 in the flow domain, and beyond this height, the simulation result
reached zero magnitude more quickly than the experiment. One reason for these discrepancies might
be the number of corals analyzed. The slip boundary condition used at the top of the colony might also
affect the overlying water column. The third reason might be the length of the flow domain where the
averaging was computed. In the experiment, the averaging was performed on 81 P. menadrina colonies,
whereas only a single coral was analyzed in the simulation. To demonstrate the grid independence of
the the numerical results, we preformed the validation simulation at two different grid resolutions
(Nz = 250 and 300) in the vertical direction. As we are averaging the simulation data in the horizontal
and lateral directions, similar to the experimental procedure discussed earlier, we changed the grid
resolution only in vertical direction. We did not find any difference in the simulated results at the two
grid resolutions and the profiles were similar to the computational results shown in Figure 4. It is
interesting to note that both the velocity and Reynolds stress profiles matched well within the colony
up to the crest height. This might be interesting for future analysis if the simulation results on multiple
colonies can be used to simulate flow inside large-scale reef. Though the results show a good match
between the experiment and numerical studies, the comparison between only one set of geometry is
not sufficient to draw such a conclusion.

3.2. Comparison of Flow Profiles and Transport Mechanism between Pocillopra Geometries

To understand the variation of the flow field within the colonies, comparison of flow profiles
was performed between the two Pocillopora geometries at Reynolds number 15, 000. The Reynolds
number was determined based on the uniform flow magnitude at the inlet and the height of the
colony. The incoming velocity was selected based on the computational experiments performed on
Pocillopora by Chang et al. [22], for the purposes of comparison. For the internal flow comparison
between these two branching corals, detailed vector profiles were obtained inside different sections of
coral. Figures 5 and 6 show a comparison of the top view of the vectors profile in the interior of both
colonies obtained at the same normalized height from the base of the coral. For the densely branched
P. menadrina, the velocity vector profile shows the interaction of the incoming flow with the branches
of the colony. Comparatively large and higher concentrations of velocity vector were observed at the
frontal section of the coral in comparison of the rear section, which indicates the difference in flow
magnitude and the nutrient distribution between the front and rear sections of the coral. Here most
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of the flow was diverted outside because of the dense branch structure of the colony. From this
observation, it seems that the dense branches at the frontal section of P. menadrina channel the flow to
the outer periphery. In contrast, the vector profiles inside P. eydouxi show better penetration in the deep
interior of the colony due to the openness of the structure. One of the interesting features of the flow
profile of P. eydouxi was the formation of the wake region behind the individual branches in addition to
a large wake region behind the coral. Though these vector profiles provide a qualitative comparison of
the distinct flow features exhibited by the two different branching patterns, the transport mechanism
in the interior of the colony is still not clear. To understand the transport mechanism, streamlines were
plotted on the x− z planes perpendicular to the flow direction from the front to the back of the colony.
Figure 7A shows the formation of local vortices in the interior of P. meanndrina plotted at x′ = 0.5
L perpendicular to the flow direction. For this densely branched colony, a highly vortical flow was
observed from the x′ = 0.2 L to the back of the colony, specifically in the middle where the mean
flow magnitude started to drop in the interior. These passively formed vortices stirred the water near
the coral surface and enhanced the mass transport rate. Similar formation of vortices at the exterior
of the colony due to ciliary beating was cited by Shapiro et al. [23]. In a recent paper, Hossain et al.
mentioned the formation of these vortices for the same P. menadrina colony [24]. The authors calculated
the advection timescale along the length of the coral. They suggested that these passive vortices
compensate for the reduction of the flow speed in the interior of coral. In the current study, we wanted
to extend this analysis for relatively open uniform branching coral like P. eydouxi and determine
whether these local vortices formed in a large number as found in P. meandrina. To achieve this,
streamlines were also plotted at the same normalized location in the interior of P. eydouxi (Figure 7B).
In this case, the formation of these local vortices decreased substantially. Similar slices were obtained
at different sections from the front to the back of the coral and most of the slices did not show these
vortices, except for a couple of small ones. This corroborates our previous assumption [24] that passive
geometric features generate highly vortical flow in the interior of densely branched coral. When the
branching pattern becomes relatively open and uniform, coral does not need to compensate for the
drop in velocity magnitude by generating vortical fields inside the colony.

Figure 4. Comparison of (A) the normalized streamwise velocity and (B) Reynolds stress over a single
P. meandrina colony from the current simulation with the experimental results over 81 P. meandrina
colonies at Re = 23, 513 by Asher et al. [20]. The dotted line represents the top of the colony.
The experimental data were obtained using GRABIT in MATLAB [52] and reproduced with permission
from Asher et al. Vertical variations of coral reef drag forces. Journal of Geophysical Research: Oceans
2016, 121, 3549–3563. For both data sets, the mean velocity and Reynolds stress were normalized by
the friction velocity.



Fluids 2020, 5, 153 10 of 20

Figure 5. Top view of the instantaneous velocity vector fields at two different heights (z = 0.1H and
0.4H, where H is the height of the colony) inside the P. meandrina colony. These vector fields show the
detailed interaction of the oncoming flow with the individual branches of the colony. The lower right
figure shows a zoomed-in view of the velocity vectors at the frontal section of the colony at z = 0.1H.
The difference in vector fields at the front and rear halves of the densely branched coral, P. menadrina is
clearly observable from the figure.

We want to further investigate the transport rate for both these branching structures. Atkinson and
Bilger et al. [25] previously used the Stanton number to compute the phosphate uptake in the reef
environment. The mass Stanton number is the ratio of the mass transfer rate to the advection rate at
the surface. Here we used the mathematical formulation of Atkinson and Bilger [25] to calculate the
Stanton number along the length of both of geometries. The Stanton number can be defined as:

St =
m

ub(Cb − Cw)
(3)

where m is the mass transfer rate, ub is the mean velocity magnitude, and Cb and Cw are concentrations
of the substance at the surface and in the far water, respectively. If we consider a control volume (CV)
around the coral, where the dimensions of the CV are equal to the maximum length, width and height
of the coral, and assume that the concentration of the substance is zero (cw ≈ 0) in the surrounding
water, the transport of the substance will balance the decay in the concentration as described in the
equation here:

mA = −V
dCb
dt

= VkCb (4)

where A is the surface area of the coral, V is the volume of water in the control volume and k is the
first order decay rate which is defined as follows:

k = − 1
Cb

dCb
dt
≈ − 1

Cb

∆Cb
∆t

(5)
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Figure 6. Top view of the instantaneous velocity vector fields at two different heights (z = 0.1H
and 0.4H, where H is the height of the colony) inside the P. eydouxi colony. In comparison to
P. meandrina, the velocity vector field demonstrates relatively higher flow penetration into the P. eydouxi
colony because of the openness of the structure. The formation of wakes can be observed behind
individual branches.

Figure 7. Front-view streamline sections plotted at x′ = 0.5 L for both Pocillopora colonies. The formation
of vortices can clearly be seen in the inter-branch velocity field of P. meandrina in (A), whereas relatively
few vortices are formed around the branches of P. eydouxi, as seen in (B).

To make a fair comparison of the mass transfer rate between the two colonies, the transport of
the same substance was compared, and the mass Stanton number was estimated along their lengths.
Calcification is one of the most important physiological processes that stony corals carry out, and it
controls the formation of their calcium carbonate skeletons. Here, we calculated St based on the
transport of the same quantity of Ca2+ from the coral surface for a given advection timescale at
different sections of the colonies. To calculate St from Equations (3)–(5), we need the magnitude
of the concentration of Ca2+ in the reef, the mean velocity magnitude, and the advection timescale
value along the length of the coral. The concentration of Ca2+ is approx. 15 mol/m3 at 16 to 17 ◦C in
water [27]. ∆Cb is the magnitude of decay, which is on the order of mmol/m3 inside a coral colony [53].
Here, we used the advection timescale inside the colony as ∆t . The mean velocity and the advection
time scale calculated at different sections of both colonies are shown in Table 2. The advection time
scale was calculated based on two different characteristic length scales. For P. meandrina, the advection
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time was calculated from the mean diameter of the vortices (except for at x′ = 0.2 L). As the number
and the size of the vortices were not significant inside P. eydouxi, the advection time scale was calculated
from the mean branch diameter and velocity magnitude along the length of the colony.If we consider
the decay of the same quantity of Ca2+ at the different advection time scales, estimates of the Stanton
number can be obtained from Equations (3)–(5). In natural environments, the assumption of the decay
of the same quantity of a substance at the advection time scale along the length of the colony may not
hold everywhere in the colony [27]. If more than one coral were used in the analysis, the result might
show significant variations in the Stanton number as the corals in the wake region of a reef might
have a different mean flow profile than the frontal corals; however, these simplifying approximations
were used to compare the transfer rates under idealized conditions between two different branching
corals for the same flow conditions. Figure 8 shows the Stanton number obtained along the length
of the P. meandrina colony, and Table 2 shows the values used for calculating St for both colonies.
Due to the small number of vortices at the frontal and rear sections of the colony, the calculations
of St were started and ended at x′ = 0.4 L and 0.8 L, respectively, in the interior of the P. meandrina
colony. The calculations demonstrate an increase in the Stanton number of up to 219% compared to
the St magnitude calculated from an advection timescale based on the average branch diameter of
P. meandrina; however, the P. eydouxi colony exhibits St values that are almost twice the magnitude of
the maximum St value within the P. meandrina colony. It should be noted that the Stanton number
calculated in the current study matches well with the St number measured in the flume study by
Atkinson and Bilger [25] for the transfer of phosphate within coral colonies, and the magnitude varies
from 13.8 to 106× 10−5, when studied for the velocity range 0.0324 to 0.581 m/s.

Figure 8. The Stanton number calculated in the interior of the P. meandrina colony based on the mean
flow magnitude and advection time scale at Reynolds number 15,000. Here, the advection time scale
was calculated based one the mean vortex diameter at different sections of P. meandrina perpendicular
to the flow direction, and the mean velocity value in those sections.

Table 2. Stanton number calculated along the length of the P. meandrina colony in the flow direction
using two different methods (top and middle values) and the Stanton number calculated along the
length of the P. eydouxi colony using the first method only (bottom values). Key: * The mean branch
diameter was used as a length scale to calculate these values. † The mean diameter of the vortices was
used as a length scale to calculate these values.

Colony x′ (m) u (m/s) Diameter (m) τadv (s) St Increase (%)

P. meandrina (∗) x′ = 0.2 L 0.142 0.013 0.091 5.92× 10−5

x′ = 0.4 L 0.084 0.004 0.048 1.89× 10−4 219%
x′ = 0.5 L 0.0675 0.0045 0.066 1.70× 10−4 187%

P. meandrina (†) x′ = 0.6 L 0.057 0.0045 0.079 1.54× 10−4 160%
x′ = 0.8 L 0.066 0.0050 0.075 1.71× 10−4 189%

P. eydouxi (∗) x′ = 0.2 L 0.138 0.00585 0.0423 2.84× 10−4
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In addition to the transport mechanism, mean velocity profiles were computed and compared
inside both these colonies from front to back for a similar incoming flow condition. The mean velocity
profile averaged in the lateral direction within the coral is plotted along the length of the coral in
Figure 9. To understand the variation of mean velocity with the internal geometry, the cross-sectional
areas of the coral on the y-z plane were also included in the same plot. Almost in the middle of the
colony, the mean velocity magnitude dropped to 60% within the densely-branched P. meandrina.
In comparison, a relatively higher velocity profile was observed along the length of P. eydouxi,
which ensures a higher probability of obtaining suspended food and relatively fast mass transfer
in comparison to P. meandrina. It will be interesting to find the variation of the mean velocity profile
with the change in incoming flow magnitude within the colony. In a previous study, Chang et al.
performed a similar numerical experiment and found that the mean velocity profiles collapsed within
Pocillopora when they were normalized by their respective incoming flow velocity [22].
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Figure 9. Mean velocity profile and internal cross-sectional area (y-z plane) along the length of (A) the
densely branched P. meandrina colony and (B) the loosely branched P. eydouxi colony. Here, the area
and velocity are normalized by the maximum cross-sectional area and oncoming velocity magnitude,
respectively.

3.3. Turbulent Momentum Flux

Numerous experiments and numerical studies were performed to understand the effects of canopy
density on the mean velocity profile and turbulence statistics and have concluded that the turbulent
momentum flux inside the canopy is strongly influenced by the canopy density [41,54,55]. In one study,
Nepf et al. measured the mean velocity profile over a submerged canopy and described that the mean
velocity and location of the inflection points depend on the sparsity of canopy elements [56]. Similarly,
Dupont et al. used large eddy simulations to calculate the variation in turbulence characteristics for the
variation in leaf-area index (LAI) parameters for the canopy elements. Though these turbulent analyses
provide an excellent overview of the impact of canopy density on turbulent flow fields, measuring
the fluctuating components and the subsequent calculation of turbulence moments within a single
coral structure, as we have done here, has not been done before. In the current study, we were able to
obtain this detailed fluctuating velocity field around both structures. Figure 10 shows a comparison
of the instantaneous and fluctuating vector fields inside and above P. eydouxi. Figure 10 (left) shows
the lateral view of the relatively high concentration of velocity vectors at the front and along the top
surface of the colony. These velocity fluctuations contributed to the development of turbulent stress on
the top of the surface of the coral. Maximum velocity fluctuations were observed both at the top and
inside the colony, which indicates a significant contribution of the turbulent stress within the coral.
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Figure 10. Side view of instantaneous mean (left) and fluctuating (right) velocity vector components
above P. eydouxi at y = 0.5W, where W is the width of the colony. Here, the flow is moving from right to
left. The instantaneous mean vector field (left) shows a higher concentration of velocity vectors above
the colony as most of the flow is diverted to the top and sides of the colony. The fluctuating vector field
was obtained by subtracting mean velocity from the instantaneous velocity field. These fluctuating
velocity components also appear denser at the top surface of colony and contribute, to the Reynolds
stress which controls mass transport to and from the top surface of the colony.

From these detailed fluctuating flow fields, we were able to calculate Reynolds stress for these
corals. Figure 11 shows the formation of the Reynolds stress over both structures at Reynolds number
15,000. Here, the Reynolds stress showed similar profiles over the geometries, and the maximum
magnitude was found at the crest of the colony, which matches the relatively higher fluctuating vector
components described earlier over the top of the colonies in Figure 10. Even though there was a
slight difference in the magnitude, the internal branching pattern did not alter the general profile of
Reynolds stress too much in the interior of the colony. This is a very interesting finding in the sense
that the Reynolds stress controls the mixing, transport of nutrients, and the transfer of scalar to and
from the coral colony. Therefore, the influence of the Reynolds stress on the mass transfer was almost
the same for both Pocillopora colonies despite significant differences in their branching patterns. It may
be tempting to use this finding to contradict the common assumption that densely branched strictures
may dampen the turbulent stress in the interior of the colony. But with only two geometrical structures,
it is difficult to come to such a conclusion. Similar studies in the future should include more geometries.
The same magnitude of Reynolds stress at the top of the colony indicated similar frictional velocity
above both colonies, and the magnitude of the stress reached the zero value at nearly the same height.

In addition to Reynolds stress, streamwise and vertical velocity variances were computed over
both Pocillopora structures (Figure 12). Here, the streamwise velocity variance showed relatively greater
magnitudes above the tops of these heterogeneous structures, which was expected for open branched
colonies like P. eydouxi. But within the canopies, the streamwise variance did not vary monotonically
with the increase or decrease in branch density for both corals. For densely branched P. meandrina,
the magnitudes remained constant up to the height of the colony. In contrast, the magnitude of
streamwise variance was relatively small up to the mid-height of the colony in P. eydouxi and the
variance increased sharply above this height. Similarly, relatively higher vertical velocity variance was
observed in the densely branched heterogeneous structure of P. meandrina.



Fluids 2020, 5, 153 15 of 20

0.0000 0.0005 0.0010 0.0015

0.0

0.5

1.0

1.5

2.0

2.5

h
/z

<u’w’> (m/s)2

0.0000 0.0005 0.0010 0.0015

0.0

0.5

1.0

1.5

2.0

2.5

<u’w’> (m/s)2

h
/z

P. eydouxiP. meandrina

(A) (B)

Figure 11. Mean Reynolds stress plotted as a function of normalized height above the top surface of
the colony for (A) P. meandrina and (B) P. eydouxi at a Reynolds number of 15,000. Similar Reynolds
stresses were observed above both colonies, despite their differences in branching patterns.
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Figure 12. (A,B) streamwise, and (C,D), vertical velocity variance computed over P. meandrina and
P. eydouxi, respectively. In both cases, the magnitude of the variance was found to be higher for
P. meandrina where the inter-branch distance was smaller than for P. eydouxi.

4. Discussion

Mass transport mechanisms were compared for two Pocillopora branching coral colonies with
different branch densities and the Stanton number was used to compare the efficacy of mass transfer
in the two colonies. The advection time scale used to calculate the Stanton number within the colonies
was found in two different ways. First, when then were a large number of vortices in the flow field at
the interior of the colony, the mean vortex diameter was used as the characteristic length to calculate
the advection time scale following [23,24]. Alternatively, when the number of vortices in the colony
interior was not significant, and hence using the mean vortex diameter was not feasible, the mean
branch diameter was used as the characteristic length scale for the advection time scale. The branch
diameter was also used by Chang et al. [27] for the calculation of the Sherwood (Sh) number from the
direct measurement of the dissolution rate of gypsum from a coated coral colony.
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Figure 8 and Table 2 show the Stanton number calculated along the flow direction in the densely
branched P. meandrina colony based on the mean vortex diameter. These results demonstrate a
significant increase in the Stanton number compared to the Stanton number calculated using the
branch diameter, as tabulated in column 7 of Table 2. When the mean branch diameter was used
along the length of coral, the results showed a nearly constant Stanton number throughout the colony
in the flow direction, which is the upper bound of mass transfer for the whole colony. Meanwhile,
experimental results in a similar colony geometry showed a decreasing trend in the interior of the
colony [27]).

But even the upper-bound transfer rate may not meet the large mass transport requirement within
the densely branched colony, which is due to the large internal surface area ( Sur f ace_Areameandrina

Sur f ace_Areaeydouxi
≈ 5.65),

to keep the internal polyps healthy. The transport mechanism for the loosely branched P. eydouxi
colony, where the velocity magnitude is comparatively higher within the larger inter-branch spaces,
may use a constant mass transfer rate, but this mechanism perhaps would not meet the mass transfer
requirement for the densely branched P. meandrina colony. Densely branched corals might be utilizing
an additional mass transport mechanism in order to meet their nutritional needs. The observed
passively-generated vortices within P. meandrina might help bridge this mass transfer rate gap by
stirring the overlying water column, which enhances mass transport. Recently Shapiro [23] and
Pacherres et al. [57] visualized the formation of vortices near the coral surface due to ciliary beating.
Stony corals might use passive vortex shedding from branches, ciliary beating, or both, to generate
vortical fields deep inside the colony where a high transport rate is required, in order to enhance mass
transport there.

The detailed velocity vector fields also help to explain the requirement for an alternative method
to increase the transfer processes within a densely branched colony. For example, the mean vector
magnitude at the frontal section (up to x′ ≈ 0.5 L) of P. meandrina is higher than at the downstream
side. Therefore, there exists a mean velocity gradient along the densely branched colony, which
also generates a mass transfer gradient within the colony [21,27]. The blockage of the flow increases
with the thickness of the branches and Figure 9 shows substantial reduction in mean velocity inside
P. meandrina. The situation will be worse for any coral living in the wake region of another coral. If a
reef is large enough, the transport process may become stagnant within the interior. Corals adapt to
the local flow environment to adjust their metabolic processes [7] and the local flow information found
within P. meandrina might help us to understand how such adaptation occurs.

When the number of vortices is small within the branching colony, the branch diameter might be
another alternative for calculating the St number. The time required for one particle to move through
the diffusion boundary layer from the coral surface to a position one branch diameter away within the
colony will require approximately ∆t ≈ lchar

umean
seconds. For P. eydouxi the value of ∆tpeyd was 0.06914 s

for the mean branch diameter of 5.85mm at x′ = 0.6L, whereas at same location the magnitude of
∆tpmean was 0.228 s based on the mean branch diameter. This means that P. meandrina required almost
∆tpmean
∆tpeyd

= 3.28 times longer to travel one branch diameter distance from the surface. To reach the same
branch diameter distance as P. eydouxi, P. meandrina needed almost 1.03 s, which is approximately
1.5 times longer than the time required for P. eydouxi. The extra time required for transport inside
P. meandrina may significantly affect the thickness of diffusive boundary layers as well as the metabolic
processes. Therefore, there should exist a mechanism that helps the interior of dense colonies remain
healthy. Now, from the comparison of the Stanton numbers and the advection time scales, it is clear
that the mass transfer rate is higher within P. eydouxi than within the densely branched P. meandrina.
Reidenbach et al. [28] measured the mass transfer rate from coral with different inter-branch spacing
and found similar results showing a lower mass transport rate for the more densely branched colony.

The effects of the internal structure of the colony on the turbulent stresses were also studied for
these two Pocillopora colony geometries. The Reynolds stress and variance were calculated for the two
colonies. For the Reynolds stress, the profiles remained generally the same throughout the colony
though there were substantial differences in their internal geometrical properties. The magnitude of
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the Reynolds stress has an important impact on quantities such as the friction velocity, mass transfer
rate, bed shear stress, and drag developed on the corals. For example, the friction velocity directly
depends on the maximum magnitude of the Reynolds stress over the colony and the results show a
similar magnitude of friction velocity developed on both colonies. Similarly, the coefficient of the mass
transfer rate is a direct function of shear stress over the colony, which shows an almost similar rate of
transfer at the top of both colonies [3].

5. Conclusions

The mass transport mechanism and detailed vector profiles were analyzed for two different
branching corals. The vector profile shows a relatively higher flow penetration for the front half of
densely branched P. meandrina than for the rear half. In contrast, the flow penetrated deep into the
interior of P. eydouxi due to the relative openness of the structure. The mean velocity magnitude was
computed along the length of coral and used for calculating the Stanton number for the estimation
of the mass transfer rate. streamlines were plotted inside the coral to understand the transport
mechanisms for two different branching patterns. The results showed the formation of passive vortices
inside densely branched P.meandrina, which stirred the water column and enhanced the transfer
rate. In contrast, a relatively small number of vortices were found in the more sparsely branched
colony of P. eydouxi. To quantify the transfer rate, Stanton numbers were calculated and compared
along the length of both corals. The results show a constant mass transfer rate for P. eydouxi from
the front to the back of the colony, which corresponds to the better flow penetration in the interior.
For the densely branched P. menadrina, the magnitudes of the Stanton numbers were calculated based
on the two different time scales. The results show up to a 219% increase in the Stanton number
when the mean vortices diameters were used as length instead of the mean branch diameter inside
P. menadrina. However, in both cases, the magnitude of the Stanton number was relatively smaller
than the P. eydouxi for the same incoming flow. In addition, turbulent statistics were calculated for
both Pocillopra geometries at Re = 15,000. The vector field displayed a relatively large number of
velocity fluctuations near the top of the colony, which makes significant contributions in the mixing
and momentum transfer from the top of the coral. This flow information was used for the calculation
of mean Reynolds stress and velocity variance along with the height of both colonies. The results
exhibit almost the same magnitude of Reynolds stress and variance above the top of the colonies with
maximum magnitude at the crest, but in the interior, these parameters show a significant difference in
magnitude due to the difference in branching patterns.
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