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Coral reefs are exposed to extinction due to the sediment blocking through coral colonies. In this
condition, there is no practical solution that originates from nature. Among all aquatic animals, marine
tubular sponges have marvelous mechanisms. These natural creatures can inspire the design of a device
for managing sediment-flow hydrodynamics. They suck flow from body perforation and pump water
and undigested materials from the top outlet. Therefore, coinciding with receiving nutrients, the flow
becomes circulated. This may help the momentum transfer through the coral colonies. In the current
study, a synthetic sponge by motivating the tubular sponges was designed. Synthetic sponges’
suction/pumping discharge was constant at 150 L/h. They have a body diameter of 8 and 15 cm and a
height of 20 cm. The perforation area distribution changes to understand how it may influence sediment-
flow hydrodynamics. The numerical modeling based on Reynolds Averaged Navier Stokes (RANS)
equations and image processing technique (surface LIC) were deployed to determine the vortical flow
patterns. Results confirmed that choosing the best body perforation configuration and area distribution
can generate the dipole vortex. In this condition, a tornado combines with dipole and erodes the
sediments to ~ 30% near the bed. Moreover, the sediment concentration reduces to ~ 20% in the water
column at X/D =1. In this condition, it can be observed that the emergence of specific vorticities and re-
circulations develops the suspension of particles. Therefore, the synthetic sponge with precise design can
be practical for enhancing the momentum transferring and preventing pollutant blockage among coral
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colonies.
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NOMENCLATURE Greek Symbols
U Mixture velocity p Mixture density (kg/m°)
p Pressure Ay Volume fraction of the mixture
g Gravity (m/s?) a, Volume fraction of the air
S* Strain rate tensor a, Volume fraction of the water
k Turbulent kinetic energy per unit mass as Volume fraction of the sediment
| Kronecker delta u Mixture dynamic viscosity
D Sponge body diameter Kapm Surface curvature of mixture
J Sponge suction/pumping discharge (L/h) o Surface tension
Co Mean sediment concentration T Reynolds stress tensor

1. INTRODUCTION

Coral reefs are the primary alive ocean ecosystems. They
mainly exist in shallow waters and near the coasts. In this
regard, they are prone to sedimentation and pollutant
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accumulation [1]. Human civilization operations, global
warming, increasing water temperature, and wave height
cause coral reefs to be exposed to extinction [2]. It is
anticipated that 90% of coral reefs will be annihilated by
2040 [3].
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The coral reefs’ death causes the migration of fishes
and other aquatic animals, and then they will disappear
forever due to losing their hometown and food resources.
In addition, the extinction of the coral reefs causes harm
to the coastlines and human residences via significant
wave heights [1]. Various studies have focused on
determining how corals influence flow and sediment
hydrodynamics. A solution is expected to be provided for
saving the coral reefs by learning from nature. Today it
is believed that the branched corals’ density is
responsible for saturation velocity [4]. They stir the flow
and enhance the momentum exchange to over 400% [5].
The passive vortices are in charge of the water stir
phenomenon. They vanished where the loosely branched
corals were presented [6]. An increase in turbulence
directly influences the sedimentation/suspension rates of
particles rear of the coral patch [7]. The reduction of
velocity around corals causes sedimentation to be
increased [8].

The tubular corals (sponges) also have interesting
effects on flow hydrodynamics. A group called
Euplectella aspergillum has mazed-helical ridges on the
outer surface. This fabulous shape is the inspiration for
engineering and structural designs. It totally suppresses
the shedding behavior of Von-Karman street and
moderates the uplift force. This leads to enhancing the
sponge stability and preventing erosion of bed materials
[9]. Removing the outer ridges causes the increase of
vibration in the wake street due to the shear of the
Boundary Layer (BL) [10]. The sponges suck flow from
the body perforation (Ostia) and pump the water and
undigested materials from the top outlet (Osculum). This
function helps them to clean their residence, circulate
flow, and receive nutrients without movement [11]. It
may be interesting for controlling the sedimentation,
nevertheless, the authors did not find any project or
research that focuses on sponge planting for controlling
sedimentation.

The yellow tube sponge (Aplysina fistularis) has a
perforated-tubular shape. When it is lower than 20 cm, it
has one column. By growing and reaching over 20 cm, it
proliferates [12]. Figure 1 shows the yellow tube sponge
compared to the Staghorn coral and Giant barrel sponge
[13].

Figure 1. Yellow tube sponge versus Staghorn coral and
Giant barrel sponge [13]

A singular tube of one cluster of yellow tube sponges
has a 3-15 cm diameter. But a cluster diameter reaches up
to 84 cm [14]. The body perforation has an average
diameter of 270 um [12, 15]. This sponge has various
suction/pumping discharges within a day. The
suction/pumping discharge varies with sponge size,
pollutant/sediment concentration, water temperature, etc.
[16, 17]. Figure 2, illustrates the yellow tube sponge
dimensions [13, 14].

The innovation of the current study is inspiring the
marine tubular sponges to design a new structure for
enhancing the momentum transfer through the coral
colonies. In this structure that will be called the synthetic
sponge from now on, the physical shape and
suction/pumping mechanism of natural tubular sponges
were enthused. Numerical modeling was employed to
investigate how the synthetic sponge can manage
sediment-flow hydrodynamics and sediment
concentration.

2. COMPUTATIONAL METHODS AND DETAILS

InterMixingFoam solver of OpenFOAM V.1812® was
deployed for numerical modeling purposes. In continue,
the details of the modeling, mesh generation, validation,
and scenario preparation are presented.

2. 1. Basic Numerical Solution and Equations
The interMixingFoam solver is based on the Three-Fluid-
Mixture (TFM) theory. Three phases (i.e., air, water, and
sediment) are considered as fluids. The equations consist
of phases concentrations and the relative velocity
between water and sediment [18, 19].

am =0y +03 (1)

o =1-ap, ()

where oy, oy, a,,and ay are volume fractions of the
mixture, air, water, and sediment, respectively. By using
Reynolds Averaged Navier Stokes (RANS) equations,
the governing equations of fluid flows (continuity and
momentum) can be expressed as follows [20, 21]:

Figure 2. Yellow tube sponge dimensions [13, 14]
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where U is mixture velocity, p is pressure, p is mixture
density, x is mixture dynamic viscosity, g is gravitational
acceleration, -, is surface curvature of the mixture,

o is surface tension [20], and 7 is Reynolds stress tensor
defined by the Boussinesq approximation as follows.

2 2
=Z 4S*-2ks
TE ST (5)

where g4 is turbulent viscosity, S* is strain rate tensor, k

is turbulent kinetic energy per unit mass, and J is
Kronecker delta.

The two-equation of k- Shear Stress Transport (k-
®SSt) was deployed as a turbulence closure model. See
the OpenFOAM manual for the details of the
interMixingFOAM solver and k-oSSt equations [22].

2. 2. Validation The Coleman [23] experiments
were carried out for validation (Case No. 2). The 0.91 kg
of sediment with a particle diameter of 105 mm was
injected into a rectangular channel. The channel had 15 x
0.356 x 0.4 m (Lx Wx H) dimensions. Figure 3 shows
the accuracy of the wvalidation of velocity and
concentration. The RMSE of concentrations and
longitudinal velocities were 4.45E-5 and 0.0.069,
respectively. Correlation coefficients between measured
and computed data of concentrations and longitudinal
velocities were 0.99 and 0.96 respectively. Therefore, the
validation is acceptable.

2. 3. Model Setup Some scenarios were defined to
investigate the effects of a synthetic sponge on sediment-
flow hydrodynamics and concentration. The further
details are as follows.

2. 3. 1. Synthetic Sponge The synthetic sponge
has a perforated cylindrical shape that uses suction and
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S vy 160 { )
** Trendline T 140

20 JRi00021 AT 20 {R?=0.96a1

0 H= -55.19In(x) - 400.61 0 H= 2141.2x2 - 3450.3x + 1407.1
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Concentration Mean longitudinal velocity (m/s)

Figure 3. The accuracy of the numerical modeling: (a)
concentration and (b) mean longitudinal velocity

pumping functions. The suction is done by body
perforation, and the top outlet performs pumping. Figure
4 shows the synthetic sponge shape and mechanism
versus the natural sponge. It is also worth to pay attention
that the current study’s goal is not simulating a natural
tubular sponge. The main goal is to understand how a
structure inspired by a tubular sponge influences
sediment-flow hydrodynamics. The synthetic sponge has
a larger perforation diameter and significant
suction/pumping discharge compared to the natural one.

2. 3. 2. Scenarios Five scenarios were designed to
investigate the effects of synthetic sponges on sediment-
flow hydrodynamics (Table 1). The perforation area
distribution (the cumulative of the body pores area to the
lateral area of the sponge) varies between 0.02-0.375.
This range was chosen to facilitate the production of a
synthetic sponge in the laboratory. In addition, since the
body diameter of a single tube of the sponge has 0.03-
0.15 m, the body diameter of the synthetic sponge (D)
also was 0.08 and 0.15 m [25]. A natural sponge’s height,
when a single tube exists and before the emergence of
branches, is less than 0.2 m [25]. Thus the synthetic
sponge height (h) in all scenarios was 0.2 m.

The suction/pumping discharge of natural sponge
also varies between 0.018-2.1 L/h [25]. Nevertheless, due
to practical limitations, the suction/pumping discharge of
synthetic sponge (J) was kept constant and equal to 150
L/h. The mean sediment concentration (C,) and velocity

(u,) also were 0.000325 and 0.54 m/s, respectively. They

Natural tubular sponge

Figure 4. The natural tubular sponge [24] versus synthetic
sponge

Synthetic sponge

TABLE 1. Scenarios of the numerical study
Perforation

Perforation Body Pores vertical

Scenario dist?iﬁl?tion diameter (m) dia(rrr1n«§ter distance (m)
M1 0 0 0.08 0

M2 0.0375 0.010 0.08 0.04

M3 0.0843 0.015 0.08 0.057
M4 0.375 0.010 0.08 0.015
M5 0.02 0.010 0.15 0.052
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were chosen based on Coleman's [23] experiments about
dilute sediment transport and Palau Salvador et al. [26]
experiments, respectively.

2. 3. 3. Mesh Generation The channel has 2.32 x
0.356 x 0.4 m (Lx Wx H) dimensions. The sponge/rigid
cylinder was located 0.32 m from upstream. The sponge
was designed by CATIA V.5R21 software. The mesh
generation also was prepared by SnappyHexMesh. The
explicit surface and edge refinement levels were set to 1
and (0 2), and the unstructured boundary layer was set
around the sponge. It is important to pay attention that the
mesh sizes were selected based on the mesh
independence analysis. Table 2 shows the mesh
independence analysis. As can be observed, in the C3
scenario the percentage change is about 1 % and also has
an acceptable size for capturing the vortices. Figure 5
shows the mesh and computational domain as well.

2. 3. 4. Boundary Conditions, Turbulence Model,
and Solution Procedure The y* is the
dimensionless quantity for the distance from the wall up
to the center of the first grid cell. It is necessary to be
checked to ensure the correct moddeling of the flow near
the bed. When it comes to the near-wall treatment, three
options exist:

TABLE 2. Mesh sensitivity analysis

Case Meshsize (x x y x2) |U](at |Dcasei+1|~|Jcaseil

No. m X/D =1) ‘Ucasei‘ 100
Co 0.013x 0.02x 0.016  0.2427

C1l 0.026x 0.02x 0.008 0.2494 2.76

Cc2 0.026x 0.01x 0.016  0.2473 0.84

C3 0.013x 0.01x 0.008 0.2502 117

C4 0.0065x 0.01x 0.004 0.2809 12.25

C5 0.013x 0.005x 0.004 0.2980 6.07

C6  0.0065x 0.005x 0.008 0.2557 14.19

232m

Figure 5. Computational domain and mesh structures

1. use wall function — 30 <y*< 300
2. insensitive wall functions — 1 <y*< 300
3. resolve the boundary layer — y*< 6

The use of wall functions allows using coarser grids
[27]. In the current study, to prevent the computational
cost and ensure the correct flow conditions, OpenFOAM
special wall function was deployed. The y* parameter
computes by the following equation [28]:

.Yy,
19

y (6)

where u_ is the friction velocity, y is absolute distance

from the wall, and © is kinematic viscosity. The y*in
the current study was between 30-200. Therefore, the
OpenFOAM wall function provides desired accuracy.
The velocity boundary conditions are defined in Table 3.

A K-oSSt was used as a turbulence closure model.
This model shows higher accuracy in detecting the flow
separation downstream. k and «w coefficients were set to
0.11 and 0.85, respectively. The maximum CFL number,
deltaT, and run-time also were 0.5, 0.001, and 80
seconds, respectively.

3. RESULTS AND DISCUSSION

In the current study, the Surface Line Integral
Convolution  (SurfaceLIC) was coupled with
OpenFOAM. The SurfaceLIC is an image processing
technique. It visualizes vector fields through the
combination of noises and streaking (by black lines).
However, additional image optimization is necessary to
achieve the high accuracy of re-circulation zones [29]. In
the current study, both LIC and color were used to
enhance the contrast. Anti-aliasing (AA) was performed
to prevent pixelation. A uniform noise texture was
applied on flow sections to visualize the streaks of
velocity vectors better. The noise texture and grain size
were 128 and 2, respectively.

3.1. The Surface Line Integral Convolution atZ/h=
0.25 Based on Figure 6, downstream of the rigid

TABLE 3. Velocity boundary conditions
Boundary

Velocity boundary condition

Channel inlet fixedValue

Channel outlet zeroGradient
Channel bottom no-slip
Sponge/Cylinder wall no-slip
Top of the channel pressurelnletOutletVelocity
Sponge perforation flowRatelnletVelocity (Discharge)

Sponge outlet flowRateOutletVelocity (Velocity)
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cylinder (M1 scenario), small re-circulation bubbles
emerge. It is worth noting that the re-circulation bubble
(re-circulation zone) consists of a stationary vortex, i.e.,
the vortex does not move. In this zone, the air core does
not exist and the streamwise velocity component is
negative. The bubbles are the erosive zones. The size of
bubbles is less than when a rigid cylinder exposed the
pure current. The presence of sediment causes energy
extraction from the water. So the velocity and
consequently, the size of the re-circulation bubble
reduces. Another research also observed this for dense
and dilute sediment-concentrated fluids [30]. The S
marks in Figure 6, indicate the location of the bubbles’
focies [31]. Focies were detected attached to the cylinder
toe at X/D = 0.51.

By replacing the rigid cylinder with the synthetic
sponge, it was observed that whenever the perforation
area and pores’ vertical distance are small (M2 scenario),
the streamlines do not separate in downstream. In this
regard, the re-circulation bubble vanishes. In the M3
scenario, an asymmetric wake emerges by reducing the
suction velocity. A primary wake bubble with a foci
location of (X/D = 0.8, Y/D =~ -0.98) was detected near
the sponge toe. The emergence of the primary bubble is
due to the attaching of the shear layer rolling to the
sponge’s rear surface [31].

In the M4 scenario, a steady pattern generates when
the perforation area distribution reaches 0.375. In this
condition, two symmetric and counter-rotating re-
circulation bubbles emerge downstream with core
coordinates of (X/D = 1.1, Y/D = 1.1) and (X/D = 1.1,
Y/D = -0.98). The generation of two recirculation
bubbles can be due to the dipole generation, less sediment
concentration in the water column, and flow suction by

Y/D

Y/D

Figure 6. SurfaceLIC at Z/h = 0.25 for: (a) M1, (b) M2, (c)
M3, (d) M4, and (e) M5

body perforation. In the M5 scenario, the conditions are
nearly the same as in M2. But the sediment concentration
downstream is much higher than in the M2 scenario. The
reason will be discussed by vortical detection in future
sections.

3. 2. The Surface Line Integral Convolution at
Y/D=0 For detecting the vertical concentration and
flow hydrodynamics, image processing was deployed at
a vertical surface in Y/D = 0 (Figure 7) downstream, a
quadrupole vortex emerges. Its re-circulation core is at
(X/D =0.6, Z/h = 0.64). Since the sediment concentration
near the bed is high, the up-wash and down-wash interact
at a higher elevation. So a stagnation point (SP) emerges
at (X/D = 0.9, Z/h = 0.3). Meanwhile, for M2 and M3,
the suction makes the quadrupole unstable and turns it
into a six-vortices type. The six-vortices type was
detected recently [32, 33]. It is a transitional condition
between dipole and quadrupole. The six-vortices pattern
can be identified by increasing the pores’ vertical
distance and diameter (Figure 7(c)). Nevertheless, a
stagnation point occurs at (X/D = 0.7, Z/h = 0.47).

In the M4 scenario, the increase in a perforation area

distribution reduces the concentration downstream of the
sponge. Consequently, the downwash interacts upwash
near the bed (Figure 7(d)).
Therefore, the six-vortices or quadrupole vanishes, and
the dipole emerges. A dipole has the potential to generate
a tornado (spiral) adjacent to the sponge. The suction via
pores disturbs the downward flow pattern and
consequently, a tornado occurs. In this condition,
coinciding with the suction mechanism, a spiral pulls the
sediment out from the bed. It transfers particles to higher
water elevations, where the flow velocity is much more
significant. Figure 8 is the 3D- modeling of streamlines
which displays the tornado generation by sponge.

0
X/D

Figure 7. SurfaceLIC at Y/D = 0 for: (a) M1, (b) M2, (c)
M3, (d) M4, and (e) M5
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Figure 8. Tornado (Spiral) generation adjacent to the sponge
in the M4 scenario

A similar tornado was observed downstream of a
finite-height cylinder with H/D = 1.12 in low Reynolds
number (Rep = 16000) [32]. Nevertheless, the origin of
the tornado is near the trailing edge of the synthetic
sponge. Whereas, the origin of the tornado explained by
Kirkil and Constantinescu [32] is near the bed. The
difference in location is due to the cylinders' aspect ratios
(AR) and relative boundary layer thickness (8/h). The
visualizations has been found by Zhang et al. [34].
However, due to using RANS modeling, the tornado’s
dimension can not accurately be captured.

Figure 9 confirms that at X/D = 1, the M4 scenario
causes =~ 20% reduction in sediment concentration
compared to the M1 scenario (Figure 9(a)). In addition, it
causes ~ 11% and =~ 30% sediment erosion compared to
the rigid cylinder, at Z/h = 0.6 and Z/h = 0.2, respectively
(Figures 9(b) and 9(c)). It is worth pointing out that
herein erosion and sedimentation means sediment
concentration decrease and increase, respectively.

In scenario M5, the suction effects become weak by
reducing the pore area distribution to the lowest value
among all scenarios. Therefore unique vortical patterns
were not captured by surfaceLIC. As a result, a 2%
increase in sediment concentration at X/D = 1 can be
observed. Near the bed (Z/h = 0.2) and at Z/h = 0.6, the
sediment concentration also is higher than when a rigid
cylinder presents (= + 6%). Thus, it can be concluded that
designing the perforation configuration and sponge body
size is essential for managing the vortical flow and
preventing sedimentation through the channel.

3. 3. The Surface Line Integral Convolution at X/D
=1 For understanding the sedimentation/erosion
patterns, the surfaceLIC was deployed at X/D = 1.
through a vertical surface (Figure 10).

In the M1 scenario, two clockwise and counter-
clockwise patterns were detected. This was similarly
detected in M2-M5 scenarios. They are known as
Counter Rotating Vortex Pairs (CRVP). The CRVP
generation makes an eroded ridge in the Y/D = 0. So the
circulation pattern causes lateral sedimentation in the
channel.

Besides, the extension of the horse-shoe vortex
(EHV) legs can be identified on both sides of the rigid

15

1.2

0.9

z/h

0.6

0.3

<afas>

(/<)

Figure 9. Concentration distribution at (a) X/D =1, (b) Z/h
=0.2,and (c) Z/h=0.6.

z/h

z/h

2.3 -1.3 -0.30 1 2 23 -1.3 -0.30 1 2

-1.2 -0.20 1
Y/D

Figure 10. SurfaceLIC at X/D =1 for: (a) M1, (b) M2, (c)
M3, (d) M4, and (e) M5

cylinder/sponges. They are not precisely the downstream
horse-shoe vortex or upstream vortices [35]. The horse-
shoe vortex that continues downstream from the cylinder
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helps sediment deposition in outer zones. In Figure 10(c),
CRVP and similar mushroom vortex* can be detected. A
mushroom vortex is often realized behind concave walls
or along streamlines with a curvature form [36]. By
reducing the perforation area distribution and
pores’vertical distance (M5 scenario), the Gortler
instability changes into the large dual mushrooms. The
CRVP and the two-mushrooms generation disturb the
sediment concentration and cause the suspended
sediment through the water column. So, the results of
Figure 9 were achieved.

It is also essential to pay attention that, based on Xu
etal. [37], the pressure increase is the reason for changing
the Gortler instability to completely round mushrooms.
Nevertheless, Based on Figure 11, the place of
perforations influences the fluid streamlines and the
vortices generation. So, it is necessary to design the
synthetic sponge’s perforation configuration accurately
to reach the best flow management.

Perforation

Figure 11. Streamline situations in the M5 scenario

4. CONCLUSION

In the current study, the marine tubular sponges were
inspired to design a synthetic sponge. The synthetic
sponge has a perforated tubular structure that sucks flow
from the body perforation and pumps it from the top
mouth. The numerical modeling based on RANS
equations and image processing techniques were
deployed to understand how synthetic sponges can
influence  sediment-flow hydrodynamics. Results
confirmed that the perforation diameter, perforation area
distribution, and perforation configuration influence the
re-circulation  bubble and vortices generation
downstream of the sponge. The rigid cylinder causes
quadrupole generation; meanwhile, sponges make it
unstable. In this condition, regarding the sponge’s
characteristics six-vortices and a dipole generate.

The dipole and large tornado generation downstream
of the sponge in the M4 scenario, reduce the sediment
concentration to =~ 20% in the water column. The CRVP

1 Secondary Gortler Instability

production causes sedimentation in laterals and makes an
eroded ridge in the middle of the channel.

Overall, it can be concluded that designing a device
based on tubular sponges can influence sediment
concentration through the water column. It can enhance
sediment transport and momentum exchange. Therefore,
the present design is anticipated to be practical for
enhancing pollutant, sediment, and food transport
through the coral colonies.
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