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Abstract: Since recreational diving activities have increased in recent decades, resulting in additional
environmental pressure on the coastal zone, the deployment of artificial reefs as a conservation
strategy to divert mass ecotourism from fragile natural reefs has been proposed and realized in
many areas of the world. Twelve units of a patented naturoid artificial reef technology developed
by the Hellenic Centre for Marine Research (HCMR) were deployed in 2015 in the Underwater
Biotechnological Park of Crete (UBPC) in order to create an experimental diving oasis and investigate
the potential of achieving this aim for the over-exploited coastal ecosystems of this part of the Eastern
Mediterranean. Assessment of the degree of establishment of artificial reefs and their ability to mimic
natural ecosystems is often monitored through biological surveys and sampling. The measurement
of the chemical, physical, and hydrodynamic characteristics of the water mass surrounding artificial
reefs is also essential to fully understand their comparison to natural reefs. In particular, the flow
field around reefs has been shown to be one of the most important physical factors in determining
suitable conditions for the establishment of a number of key species on reef habitats. However,
the combination of biological establishment monitoring and realistic flow-field simulation using
computational fluid dynamics as a tool to aid in the design improvement of already existing reef
installations has not been fully investigated in previous work. They are often reported separately
as either ecological or engineering studies. Therefore, this study examined a full-scale numerical
simulation of the field flow around individual already installed naturoid reef shapes, and part of
their present arrangement on the sea bottom of the UPBC combined with the field-testing of the
functionality of the installed artificial reefs concerning fish species aggregation. The results show that
the simulated flow characteristics around the HCMR diving oasis artificial reefs were in good general
agreement with the results of former studies, both for flows around a single deployed unit and for
flows around a cluster of more than one unit. The results also gave good indications of the performance
of individual reef units concerning key desirable characteristics such as downstream shadowing and
sediment/nutrient upwelling and resuspension. In particular, they confirmed extended low flow
levels (less than 0.3 m/s) and in some cases double vortexes on the downstream side of reef units
where observed colonization and habitation of some key fish species had taken place. They also
showed how the present distribution of units could be optimized to perform better as an integrated
reef cluster. The use of computational fluid dynamics, with field survey data, is therefore suggested
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as a useful design improvement tool for installed reef structures and their deployment arrangement
for recreational diving oases that can aid the sustainable development of the coastal zone.
Keywords: artificial reefs; diving tourism; flow field; CFD; Crete; Mediterranean Sea; sustainable
development; coastal zone

1. Introduction
According to the World Tourism Organisation, coastal tourism is by far the most significant in
terms of tourist flows and generation of income [1]. However, the importance of the coastal zone is
subject to various disciplines since antiquity, such as engineering, ecology, biology, socio-economics,
logistics, aquaculture, etc. Recently, it has been reported that increased pressure is generated in the
coastal zone [2] due to physical and anthropogenic reasons: degradation of the natural ecosystems due
to climate change, ocean acidification [3], overexploitation of natural resources through commercial
fishing [4], and reconfiguration of temperate coastal communities as a result of climate-mediated
changes [5]. The exploitation of the coastal zone’s resources should be governed by multidisciplinary
principles of integrated management plans that are in good agreement with sustainable perspectives
and actions. This exploitation should be from a holistic point of view that takes into account both
physical and social impacts, especially when it comes to tourism and the interactions it provokes [6].
Having in mind the definition of ecological engineering as “the design of sustainable ecosystems
that integrate human society with its natural environment for the benefit of both” [7], the deployment
of artificial reefs (ARs) is a vivid example of an application that should be carefully implemented in
such a harsh and demanding environment as the coastal zone. The United Nations Environment
Program defines the artificial reef as a submerged structure deliberately constructed or placed on the
seabed to emulate some functions of a natural reef such as protecting, regenerating, concentrating,
and/or enhancing populations of living marine resources; objectives of an AR may also include the
protection, restoration, and regeneration of aquatic habitats, and the promotion of research, recreational
opportunities, and educational use of the area [8].
Several studies have taken place to investigate the ecological effects of ARs on the local habitat
they have been deployed in [9,10], in particular concerning the characteristics of fish assemblages
around them and the ARs’ interaction with marine life [11–20]. The impact of ARs on adjacent hard
substrates [21] and the complexity of a created habitat for restoration and reconciliation have also
been investigated [22]. The need for ecological and environmental criteria in designing manmade
structures [23] has been highlighted even in offshore renewable energy constructions since they act also
as ARs [24]. Biofilm monitoring has been proposed as a tool to assess the efficiency of AR, since it is the
first stage of their trophic network [25]. ARs have been constructed to offer a substrate of opportunity
in order to counteract land reclamation that has had an impact on natural coral communities [26] and
aid in the transplantation of reef biota to enhance the biodiversity of coastal defense structures [27].
In addition, studies have been carried out to assess the enhanced production of ARs [28] and to examine
the ability of ARs to mimic the natural habitats they are supposed to conserve and rehabilitate [29,30].
Most of the findings of these ecological studies address design topics that affect ARs (or manmade hard
substratum in general) performance and should be considered prior to their deployment. These design
topics include species-specific attractive AR design, AR aesthetics to mimic the natural local reefs,
complex/heterogeneous geometry to increase diversity and abundance of species, and predesigned
distancing between AR clusters so that they interact with each other. Concerning mass diving tourism,
many studies have highlighted the necessity and the feasibility to relieve areas of natural interest
with the deployment of manmade structures [31], since the detrimental impact of SCUBA diving
has been reported [32,33]. Any possible environmental educational briefing before a recreational
dive [34] and the diver’s experience level and how it affects and determines one’s perception of AR
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attractiveness [35] have also been investigated and certain studies have proven that ARs can provide a
recreational ecosystem service [36], thus relieving Marine Protected Areas (MPAs) and/or overexploited
areas of natural interest, e.g., coral reefs [37,38]. These recreational-diving-oriented studies conclude
that, no matter the diver’s experience level, ARs seem to be both attractive and a good practice to
divert manmade pressure from natural coastal ecosystems. Nature-mimicking aesthetics and fish
biodiversity are also reported to be the prime prerequisites when it comes to AR design.
In terms of sustainability, the applicability and effectiveness of ARs have been studied [39,40] and
highlighted [41]. However, managerial actions that embody ecological and socioeconomic aspects
still need to be integrated into the broader implementation of such AR projects [42]. In the design of
marine infrastructures, integrated ecological–social principles should govern any decision-making
initiatives [43,44] while every management tool and action should be within the best practice
guidelines of science–policy–practice interfaces [45]. Inevitably, any coastal zone infrastructure
should be part of an integrated master plan for sustainable development [46] that accounts for
various examples and experiences (e.g., urbanization effects on coastal habitats [47], as well as
sustainable-tourism-management-decision support systems [48]), in order to reduce any ecological
footprint without compromising either the infrastructure’s operational performance or the ecological
considerations of its surrounding area [49]. These studies result in identifying and highlighting the
need for multidisciplinary feedback during design, operation, and assessment of such infrastructures.
Strict managerial/conservation measures and science-based planning actions should also be taken, in
order to efficiently protect and sustain the local ecosystems.
Furthermore, various numerical and experimental engineering studies have been carried out
to investigate scouring effects on submerged structures [50] and ARs [51]. The chemical [52,53]
and mechanical [54] behavior of materials used in manmade structures and the impact of the
prior-to-deployment considerations of shape, height, and weight of an AR unit have been
investigated [55]. Computational fluid dynamics (CFD) studies have been carried out to study
the flow characteristics around artificial surf reefs [56], the wake estimation of an AR unit [57], the
drag coefficients of various AR shapes [58], the influence of shape openings on the flow field of cubic
ARs [59], the flow characteristics around cubic [60] and star-shaped [61] ARs, and the effect of guide
plates on the flow field of an AR [62]. Moreover, the estimation of effective AR volumes [63], the impact
of water depth [64], and the deployment arrangement of AR units have been studied [65]. Even the
potential of the current flow of an AR breakwater as a renewable energy source has been assessed [66];
fractal-based models for the design of artificial habitats [67] and the use of fine-scale concrete surface
textures to mimic the natural rocky reefs have been proposed to maximize the ecological value of
marine urban infrastructures [68], in the scope of ecological engineering. These numerical studies, as
well as their results, take advantage of the adaptability of the input parameters and the CFD simulations
to address various design issues like scouring effects, flow field characteristics, and AR shape geometry.
Numerical simulations may require less time and money than field and experimental studies, but it is
also suggested and reported that for the verification of any conclusion or decision, a holistic approach
that combines most of the aforementioned methods should be applied.
It is clear from the above that both biological establishment monitoring and flow-field simulation
for artificial reefs have been used extensively in previous work on artificial reefs. However, these are
often reported separately as either ecological or engineering design studies, with the design studies
usually being run on scaled-down geometrically regular reef units prior to deployment, and rarely
in relation to their use as recreational diving attractions. Therefore, this article presents a full-scale
numerical investigation of the flow field around the already installed UBPC naturoid artificial reefs
comprising the patented ”HCMR Recreational Diving OasisTM ” concept developed by Dounas and
the HCMR [69]. The term “oasis” is used here to describe the concept that even a naturally degraded
area can be upgraded and protected in environmental terms and consequently offer hard substratum
for marine life to thrive. This concept offers a recreational diving alternative both for the sustainable
development of naturally “diving-unattractive” seascapes and for use in the vicinity of MPAs or places
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of natural interest in order to relieve manmade pressure on their local ecosystems. The investigation
was carried out in the context of the five-year field-testing results from the biological survey and
survey and sampling of the deployed ARs in order to evaluate the combination of CFD and in situ
sampling of the deployed ARs in order to evaluate the combination of CFD and in situ AR establishment
AR establishment monitoring as a design improvement tool for the HCMR diving oasis. In particular,
monitoring as a design improvement tool for the HCMR diving oasis. In particular, this research
this research examined the additional benefit of carrying out a full-scale numerical simulation of the
examined the additional benefit of carrying out a full-scale numerical simulation of the actual naturoid
actual naturoid reef shapes, and part of their present arrangement on the sea bottom of the UBPC,
reef shapes, and part of their present arrangement on the sea bottom of the UBPC, along with the
along with the field-testing of the functionality of the UBPC artificial reefs concerning fish species
field-testing of the functionality of the UBPC artificial reefs concerning fish species aggregation. Fish
aggregation. Fish aggregation around AR units is reported in these studies to be driven by field flow
aggregation around AR units is reported in these studies to be driven by field flow characteristics. The
characteristics. The combination of the upstream upwelling flow with the formation of a wake zone
combination of the upstream upwelling flow with the formation of a wake zone downstream of an AR
downstream of an AR unit results in sediment/nutrient resuspension and the presence of eddies and
unit results in sediment/nutrient resuspension and the presence of eddies and vortexes. These flow
vortexes. These flow fields provide shelter, feeding ground, spawning ground, and rest areas for fish
fields provide shelter, feeding ground, spawning ground, and rest areas for fish assemblages around an
assemblages around an AR [70]. Consequently, this research is presented both as an evaluation and
AR [70]. Consequently, this research is presented both as an evaluation and future-design improvement
future-design improvement tool while possible multidisciplinary uses and benefits of such an
tool while possible multidisciplinary uses and benefits of such an application are also discussed.
application are also discussed.
2. Materials and Methods
2. Materials and Methods
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The aforementioned instruments that comprise the seafloor observatory assist the AR
infrastructure since the continuous logging of environmental data is vital when it comes to the
monitoring of marine organisms—how they cope with the inter-annual seasonal changes and
determining the impact of climatic extreme conditions, minima and maxima—especially for a study
area in the northern Cretan coast that is prone to Lessepsian migration [71,72].
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The constructed ARs were separated into two different groups concerning their structural
geometric morphology. The first group (Type A in Figure 4c) provides big vertical crevices, most of
which are blind (do not continue all the way through the construct), thus allowing bigger distinct
external and internal surfaces for every AR unit. The second group (Type B in Figure 4c) provides big
horizontal crevices—both blind and through—giving this group of ARs up to four distinct vertical
levels of concrete. AR units of both groups weigh between 1500 and 2500 kg, have a height between
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B1 in Figure 4c, was (a)
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Figure 3. (a) The construction site of the artificial reef units at the land premises of the Hellenic Centre
for Marine Research (HCMR) in Crete. (b) Deployment of an artificial reef unit in the UBPC.

AR unit had a 100 mm vertical hole through its center axis in case an additional mounting pipe was
going to be inserted in the seafloor to provide more stability to counteract scouring effects or trawling
activity. However, for this study, it was decided not to insert additional mounting pipes in the
seafloor, in order to observe the operational behavior of the AR and how they responded both to
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navigational aid. The final AR placement selection was with respect to the local habitat that is mainly
muddy sand, covered by meadows of the green macroalgae Caulerpa prolifera (Lamouroux, 1809)
interspersed with small patches of Posidonia oceanica (Delile, 1813).
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Figure 5. (a) Photo of an artificial reef unit. (b) The 3-D generated mesh for the respective artificial
reef unit.

The extracted mesh file of every AR unit
unit was
was imported
imported in
in ANSYS
ANSYS Workbench
Workbench software.
software. Therein,
Therein,
the ICEM package was used to set up and prepare the computational mesh of different AR units for
Following the ANSYS tutorials and guidelines [74], a water tunnel was designed with
CFD analysis. Following
dimensions of
48
width,
and
height
respectively)
to study
one one
single
AR unit.
of 48mm××24
24mm××1212mm(length,
(length,
width,
and
height
respectively)
to study
single
AR
The
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was placed
approximately
12 m from
inlet
wall,
the
unit.under-investigation
The under-investigation
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12 mthe
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the
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distance
to
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of
the
AR-object.
In
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the
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12 m and
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of width
the tunnel
defined
24 m. as
In24
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AR
the
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wasasdefined
as 12
and the
of thewas
tunnel
was as
defined
m. In
thesethe
terms,
unit’s
was
at least
heightits
away
from
any from
wall surface
of surface
the tunnel.
Fortunnel.
the leeFor
sidethe
of
the
ARmesh
unit’s
mesh
was5attimes
leastits
5 times
height
away
any wall
of the
the
AR
unit,
the
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to
the
outlet
was
greater
than
15
times
its
height
(~36
m)
(Figure
6a).
For
lee side of the AR unit, the distance to the outlet was greater than 15 times its height (~36 m) (Figure
the study
ofstudy
an ARofcluster,
dimensions
of the simulation
water tunnel
60were
m × 30
15 m
6a).
For the
an AR the
cluster,
the dimensions
of the simulation
waterwere
tunnel
60 m
m×
× 30
(length,
height
respectively)
in order toinkeep
thetoaforementioned
protocols concerning
× 15 m width,
(length,and
width,
and
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order
keep the aforementioned
protocols
distancing–AR
height ratiosheight
(Figureratios
6b). The
unstructured
mesh that wasmesh
generated
wasgenerated
then imported
concerning
distancing–AR
(Figure
6b). The unstructured
that was
was
into ANSYS
Fluent
CFD analysis.
TheCFD
k-ε model
is widely
used
for practical
engineering
then
imported
intofor
ANSYS
Fluent for
analysis.
The k-ε
model
is widely
used for modeling
practical
of turbulentmodeling
flows due
its robustness,
economy,
and reasonable
accuracy
for a wide
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of
engineering
ofto
turbulent
flows due
to its robustness,
economy,
and reasonable
accuracy
The k-ε
model assumes
the flow
is fully
turbulent
that the
effects of
molecular
aflows
wide[60,62,65].
range of flows
[60,62,65].
The k-εthat
model
assumes
that
the flowand
is fully
turbulent
and
that the
viscosity
negligible.
This pressure-based
method wask-ε
selected.
For the solution
methods,
effects of are
molecular
viscosity
are negligible. k-ε
ThisRNG
pressure-based
RNG method
was selected.
For
the solution methods, the Green–Gauss cell-based was selected for the estimation of the gradients.
The second-order upwind was selected for momentum, turbulent kinetic energy, turbulent
dissipation rate, and energy. For the pressure–velocity coupling, the SIMPLEC algorithm scheme was
selected. The temperature was set to 293 K (which was the average value measured by the
instruments of the UBPC); the initial gauge pressure was set to 300,000 Pa to simulate the almost 20
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the Green–Gauss cell-based was selected for the estimation of the gradients. The second-order upwind
was selected for momentum, turbulent kinetic energy, turbulent dissipation rate, and energy. For the
pressure–velocity coupling, the SIMPLEC algorithm scheme was selected. The temperature was set
to 293 K (which was the average value measured by the instruments of the UBPC); the initial gauge
pressure was set to 300,000 Pa to simulate the almost 20 m depth of the actual conditions; and the top
surface was defined as a moving wall with zero initial velocity and no-slip shear conditions. With
Sustainability 2020, 12, x FOR PEER REVIEW
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Figure 6. Schematics of the computational domain for the flow simulations. (a) Domain for the flow
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15 m (length, width, and height respectively).
× 15 m (length, width, and height respectively).

3. Results
3.1. Monitoring of the Deployed AR
Immediately following the deployment of the artificial reefs (ARs) in the UBPC, monitoring
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3. Results
3.1. Monitoring of the Deployed AR
Immediately following the deployment of the artificial reefs (ARs) in the UBPC, monitoring
dives took place to record the structural integrity and the interaction of every unit with the natural
environment, both in technical and ecological terms. The first individuals of damselfish—Chromis
chromis (Linnaeus, 1758)—settled in the reefs during the first week after the deployment (Figure 7a).
Sustainability
12, after
x FOR the
PEER
REVIEW
9 of 25
In
the third2020,
week
AR
deployment, some large individuals of groupers—family Serranidae,
Epinephelus costae (Steindachner, 1878)—occupied large cavities of the units (Figure 7b). Six
Epinephelus costae (Steindachner, 1878)—occupied large cavities of the units (Figure 7b). Six weeks
weeks after the deployment, the first individuals of the family Sparidae and especially white
after the deployment, the first individuals of the family Sparidae and especially white seabream—
seabream—Diplodus sargus (Linnaeus, 1758)—had already settled in the vertical crevices of various
Diplodus sargus (Linnaeus, 1758)—had already settled in the vertical crevices of various ARs (Figures
ARs (Figure 7c,d). In addition, in the seventh week after the AR deployment, the first individuals of
7c and 7d). In addition, in the seventh week after the AR deployment, the first individuals of dusky
dusky groupers—Epinephelus marginatus (Lowe, 1834)—were attracted and already settled in the AR
groupers—Epinephelus marginatus (Lowe, 1834)—were attracted and already settled in the AR
crevices (Figure 7e). Additionally, in less than two months after the deployment of the ARs the first
crevices (Figure 7e). Additionally, in less than two months after the deployment of the ARs the first
pelagic hunters—greater amberjacks, Seriola dumerilii (Risso, 1810)—were encountered in large schools
pelagic hunters—greater amberjacks, Seriola dumerilii (Risso, 1810)—were encountered in large
of a few hundreds of individuals (Figure 7f). Videos and additional information can be found on the
schools of a few hundreds of individuals (Figure 7f). Videos and additional information can be found
website of the UBPC: http://ubpcrete.hcmr.gr/index.php/timeline.
on the website of the UBPC: http://ubpcrete.hcmr.gr/index.php/timeline.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7. Timeline of fish assemblages after the deployment of the artificial reefs (ARs). (a)
Figure 7. Timeline of fish assemblages after the deployment of the artificial reefs (ARs). (a)
Damselfish—first week. (b) Goldblotch groupers—third week. (c,d) Sparidae—sixth week. (e)
Damselfish—first week. (b) Goldblotch groupers—third week. (c,d) Sparidae—sixth week. (e) Dusky
Dusky grouper—seventh week. (f) Greater amberjacks—eighth week.
grouper—seventh week. (f) Greater amberjacks—eighth week.

A major concern for the whole project was the fact that the study area of the UBPC is in open sea
and easily accessible by artisanal fishermen and spearfishing divers. Although a serious effort and a
campaign took place to inform the local fishermen about the research activities and the
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A major concern for the whole project was the fact that the study area of the UBPC is in open sea
and easily accessible by artisanal fishermen and spearfishing divers. Although a serious effort and a
campaign took place to inform the local fishermen about the research activities and the demonstrational
purposes of the deployed AR, the scientific divers of the UBPC found that three units were turned
over and discovered remaining fishing lines and nets on various ARs (Figure 8a), proving that these
units were pulled to rotate and fall down. As an advantage to the design of the ARs comes the fact
that even when some ARs were pulled over onto the seafloor, they still retained their functionality as
an
attractive2020,
habitat
for PEER
various
species and their crevices still hosted organisms that used to dwell
Sustainability
12, x FOR
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groupers, triggerfish, greater amberjacks, tuna, European barracuda, sea bream, dentex, loggerhead
turtles, etc.
3.2. Computational Fluid Dynamics (CFD) Simulation of a Single AR Unit
Selected artificial reefs (ARs) were simulated and the computational results are presented. For a
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groupers, triggerfish, greater amberjacks, tuna, European barracuda, sea bream, dentex, loggerhead
turtles, etc.
3.2. Computational Fluid Dynamics (CFD) Simulation of a Single AR Unit
Selected artificial reefs (ARs) were simulated and the computational results are presented. For a
better demonstration of the 3-D flow characteristics, the results are presented in a horizontal and a
vertical plane. The horizontal plane was set at half the height of the AR and the vertical plane was set
as a cross-section of the middle of the AR, parallel to the flow input direction. The ARs of this study
were not symmetrical since they were not designed to resemble a defined geometric shape, but to
mimic natural rocky reefs. Consequently, the complexity of the generated mesh and of the actual flow
made the simulations very demanding concerning the available computational resources.
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(a)

(b)

Figure 9. Velocity vectors of the numerical simulation of the flow around a single AR unit (with code

Figure 9. Velocity vectors of the numerical simulation of the flow around a single AR unit (with code
A5—refer to Figure 4c). The inlet velocity was 0.5 m/s. (a) A vertical cross-section of the flow. (b) A
A5—refer
to Figure 4c). The inlet velocity was 0.5 m/s. (a) A vertical cross-section of the flow. (b) A
horizontal cross-section of the flow.
horizontal cross-section of the flow.
In Figure 9b, the horizontal plane of the same velocity (0.5 m/s) flow simulation is presented.
The plane was located half the height of the AR unit above the bottom surface, to be less affected by
the boundary interactions between the flow and the bottom surface. In the upstream region, the
velocity again decreased in front of the AR unit due to its resistance, and flow velocity increased in
the flanks of the AR unit, where maximum values were obtained. A complex vortex was generated
in the downstream region and the desired conditions of flow velocity (less than 0.3 m/s) were realized
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In Figure 9b, the horizontal plane of the same velocity (0.5 m/s) flow simulation is presented.
The plane was located half the height of the AR unit above the bottom surface, to be less affected
by the boundary interactions between the flow and the bottom surface. In the upstream region, the
velocity again decreased in front of the AR unit due to its resistance, and flow velocity increased in the
flanks of the AR unit, where maximum values were obtained. A complex vortex was generated in the
downstream region and the desired conditions of flow velocity (less than 0.3 m/s) were realized in an
area that exceeded 3 m.
In Figure 10, the flow simulation of the same AR unit is presented, with flow velocity input equal
to 1 m/s. Similar to the 0.5 m/s analysis, the same principles and results governed this numerical
experiment. In the vertical cross-section, the same flow patterns were visible. The inlet velocity
declined inSustainability
the upstream
region in front of the AR unit and the maximum values were12obtained
in a
2020, 12, x FOR PEER REVIEW
of 25
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In Figures A2 and A3 of the Appendix, the respective flow simulations with an inlet flow velocity
of 0.5 m/s and 1 m/s of the B3 AR unit (refer to Figure 4c) are presented. These numerical simulations
resulted in similar flow field characteristics to the ones presented here for the A5 AR unit.
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In Figures A2 and A3 of the Appendix, the respective flow simulations with an inlet flow velocity
of 0.5 m/s and 1 m/s of the B3 AR unit (refer to Figure 4c) are presented. These numerical simulations
resulted in similar flow field characteristics to the ones presented here for the A5 AR unit.
3.3. Computational Fluid Dynamics (CFD) Simulation of an Artificial Reef (AR) cluster
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Figure 11. Numerical simulation of the flow around an AR cluster. The inlet flow velocity was 0.5

Figure 11. Numerical
simulation of the flow around an AR cluster. The inlet flow velocity was 0.5
m/s. (a) Cross-section planes vertical to the flow direction with velocity contours are presented. The
m/s. (a) Cross-section
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2.5 mdirection
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In Figure A4 of the Appendix, the respective CFD simulation with an inlet flow velocity of 1 m/s
for the same AR cluster shown in this section is presented. This numerical simulation resulted in
similar flow field characteristics to the ones presented here.
4. Discussion
Many local authorities and stakeholders have already expressed their interest in developing a
recreational facility such as the HCMR diving oasis and the benefits of such a project are numerous.
From an ecological point of view, the installation of oases in environmentally degraded areas has been
proved to relieve areas of natural interest (MPAs, etc.) from the ever-growing recreational diving
pressure and protect and support of the local biodiversity in the neighboring areas of oases, as well as
provide more effective supervision and control of diving activities if they are facilitated in such defined
areas. From a socio-economic point of view, in terms of integrated coastal zone management, a diving
oasis can offer benefits that enable engaged co-existence between all end-users of the coastal zone
involved, from divers and fishermen to local businesses and tourism infrastructure. A further benefit
is the opportunity for marine education and training activities, as well as the raising of local public
awareness about various environmental topics. However, the HCMR diving oasis is a system at a
demonstration level requiring continuous evaluation in terms of design and functionality performance.
As part of this evaluation, this study was an assessment of a numerical simulation tool that employs
computational fluid dynamics to calculate the flow around the naturoid artificial reefs (ARs) already
deployed as the HCMR experimental diving oasis in the UBPC. This was combined with a brief timeline
of the progress of fish establishment that are attractive to divers. The assessment was therefore in terms
of the simulations being used as a design and functionality improvement tool for already deployed
ARs and the results from this AR functionality assessment are in the context of the experimental diving
oasis having already been realized in the field in 2015. Further background that should be remembered
is that the diving oasis area was of no recreational diving interest before installation of the ARs, and
within two months became attractive to target species that may interest a diver with these species very
quickly aggregating and finding permanent shelter in the AR infrastructure.
The numerical analysis presented in this paper was in good agreement with previous studies
and the results of the flow simulation proved the AR potential to create the desired shade effect in
the downstream side of an AR unit. This shade effect provided sufficient space for turbulent flow
conditions with velocities of up to 0.35 m/s, which has been reported to be the preferred range for
fish to rest and seek shelter [65]. Moreover, the numerical analysis was also in good agreement with
previous studies in that it showed that the main flow characteristics of the HCMR-ARTM were the
upwelling field and the reverse flow in the vortex-dominated wake area [61]. Additionally observed
was that the height of an AR unit may increase the slow-flow zone’s scale and the back vortex flow’s
intensity behind it [61,65], something that in our study was shown when comparing the flow fields of
two different AR units (Figure 9a compared to Figures A2a and 10a compared to Figure A3a) under the
same inlet flow velocity. Additionally, when comparing the same AR units/cluster with different inlet
velocities, the flow field characteristics did not change qualitatively, but the length of the back-vortex
flow decreased with increasing incoming flow velocity [61]. Moreover, the desired upwelling flow
characteristic for an AR unit was presented in this study. An upwelling field is defined where the
flow velocity component of the z-axis (height) is equal to or greater than 10 percent of inlet flow
velocity [60]. Upwelling is reported by numerous studies to increase the bottom and surface water
sediment and nutrients transport [59,60,63]. By this resuspension, upwelling enhances biological
productivity, which feeds fish, thereby creating a habitat richer in nutrients and oxygen diffusion. The
consequent thriving of algae and plankton are reported by Liu et al. [61] to be the driving force for
the reefs not only to provide shelter from predators but also an abundant food source for aggregating
fish. In our simulations, the upwelling fields were presented above the AR units with the red vectors
(Figures 9a, 10a, A2a and A3a) facing towards the upper water layers after the flow separation in the
top surface of every unit. The area affected by the upwelling seemed to increase with the increase in
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the height and/or the incident flow area of the respective AR (e.g., Figure 9a compared to Figure A2a),
a result that is in good agreement with the ones of former studies. Jiang et al. showed that the
insertion of a guide plate to disturb the flow around a cubic AR had a positive overall function in
altering the flow fields around an AR [62]. In the future, some of our new units could be designed
to adopt the functionality of such a guide plate while still retaining their naturoid design concept.
This could possibly have a positive impact for AR units that are going to be deployed in areas of low
current speeds, where poor sediment–nutrients resuspension is expected. The understanding and the
deliberate alteration of the upwelling field can only be calculated and realized through the utilization
of CFD and the parameterization of key input variables (AR dimensions, current speed/orientation,
etc.). When considering this and the following discussion, it should be noted that, facing the same
computational problems as former studies, the numerical simulations here simplified the seabed
topography and represented it as a flat surface with no indents or formations [62,65].
The simulation for the flow characteristics around an AR cluster presented in this study, rather
than a single unit, was different in some aspects when compared with other studies. One main
difference resulted from the diving oasis concept of our study when compared with other AR sets,
concerning the reef unit deployment arrangement. Since the main purpose for the deployment of
other AR sets was not the creation of a recreational diving facility, but to enhance the local marine
livestock through fish aggregation around the AR sets, different practices were followed. Firstly, the
AR units that were deployed in other areas were designed not to be diver-attractive, so they have
defined geometric shapes (e.g., cubes) since they do not attempt to mimic natural rocky reefs. Secondly,
since the AR positioning on the seafloor of other studies was not part of a diving path, different AR
units may be either have been piled up one on another or AR clusters may even have had a distancing
of up to 100 m or more [12]. For our diving oasis concept, the AR units had to be close enough to each
other for the next unit to be visited to be easily discernible for a diver, in order to follow a diving path.
This prerequisite led to a spacing of maximum of 10 m between reefs, thus a distance of almost five
times the height of a typical unit that is 2 m in height was possible. According to our results, with
increasing inlet flow velocity, the length of the back-vortex flow decreased. This suggests that the
spacing should be reduced in order to increase the intensity of the desired shadow effect in cases like
Figure 11b and also maintain its characteristics as much as possible in higher flow velocities. This
is something that is in good agreement with the findings of previous studies which show that the
impact of two AR units is strongest when the reef units spacing is between three and four times their
height [61]. Worth mentioning here is the fact that various other studies define the ARs according to
the legislation of their local authorities, e.g., Korean regulations where an AR set should have a facility
volume greater than 800 m3 . Typical AR units used in these studies are cubic-shaped with 2 m edges
(volume of 8 m3 ), resulting in more than 100 units to create an AR set [63]. Such a number of deployed
AR units was outside the scope of our diving oasis concept, since a number of 15–20 single units per
diving trail seemed sufficient.
Concerning the flow characteristics of the individual AR units, the numerical simulation presented
here proved to be a valuable tool for their functional assessment and their future design details
and confirmed the AR units’ functionality. The desired upwelling and shadowing effects in the
upstream and the downstream area, respectively, of every single unit were witnessed through the CFD
simulations. However, the results also suggested that the shape of the AR units could be altered in
order to increase the area of the vortex dominated wake region. This is important when the direction of
the flow is perpendicular to the gap between two AR units, where the interaction of the two flow fields
was almost negligible as shown in our study (Figure 11a) and in previous work [61,65]. These previous
studies with cubic reef units have shown that when spacing increases to two reef heights, the flow field
presents a separation trend.
The numerical simulation results here thus provide vital information for the operation of future
AR units in the diving oasis. The shape, openings, and orientation of every future AR unit are going
to be defined and pre-simulated in order to enhance the desired effects and characteristics seen in
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these results. Furthermore, the colonization of key species that was encouraged by the designed flow
characteristics of the ARs is going to be witnessed with the installation of a live network camera in the
UBPC that will provide live-streaming images under any weather/sea-state condition [76]. Thus, the
imperceptible to the human eye flow domains, which affect fish behavior, will be studied with the
visualization of the flow through numerical simulations. Using the CFD tool tested here, the possible
impacts of AR geometry and construction variations (including crevices, protuberances and their
size) on key fish species may thus be validated concerning different flow conditions and various unit
deployment arrangements.
Furthermore, the results here highlight the necessity of the CFD analysis as a tool for the design
improvement of the experimental diving oasis concerning the very nature of the AR units. Since the
units here were constructed to mimic the sparse rocky reef natural habitat of the northern coast of Crete,
the assessment and prediction of their flow fields were only achievable through numerical modeling.
Any new units will have a large number of openings and crevices of different diameters that need to be
recalculated, not only for the technical integrity of the new ARs [59], but also for increasing habitat
availability for the functionality of their carrying capacity of crevice-dwelling organisms as artificial
habitats [77]. In the present study, the geometry of the ARs were simplified and the horizontal crevices
of the Type B units were simulated as blind, since the scope of this study was the investigation of the
characteristics of the flow field around a whole AR unit and clusters of units. There is therefore further
scope for the development of this application of the CFD tool for a more detailed micro-analysis of the
flow fields. Furthermore, the development of an experimental water tunnel for flow simulations is
scheduled for the near future. This water tunnel, assisted by 3-D printing technology, will implement
particle image velocimetry (PIV) techniques that, accompanied by the CFD simulation techniques
developed here, will provide a more accurate and holistic approach to the R&D projects of the flow
fields around the submerged structures. Moreover, the further development of CFD could support
numerous other research projects of the UBPC (e.g., studying the impact of the flow field on the growth
rate/shape of sessile invertebrates of experimental aquaculture [78]). Finally, it is worth mentioning the
necessity for scientific environmental monitoring, beyond the in situ scientific diving surveys of the
colonization of the ARs. These provide essential data on the bio-chemical and physical characteristics
of the surrounding sea water that inform us about the ecological footprint of any manmade deployed
structure. The environmental monitoring at the UBPC utilizes in situ scientific loggers (e.g., CTDs,
ADPs, temperature logger arrays) to give data on such parameters as temperature, salinity, and current
speed and direction. For our study location, available remote sensing datasets were compared with
in situ autonomous temperature logger datasets resulting in highly correlated match-ups [79], thus
providing confidence in using remote sensing data as a proxy for ecological monitoring and also as a
source for former years’ local environmental and climatic information. Further work on the integration
of these environmental variables should assist future numerical simulations of the conditions around
the AR and the diving oasis to be as accurate and analytical as possible, comprising and modeling all
the available input parameters.
5. Conclusions
The AR design of the HCMR diving oasis aimed at (a) diver-attractiveness, (b) mimicking the
natural environment, and (c) fish aggregation, thus defined geometry shapes were excluded while
the parameterization in our studies included various other inputs. For example, different overall AR
unit shapes/crevices, different arrangement/distancing, and different orientation to the local prevailing
current conditions needed to be taken into consideration. These could only be fully realized with
the aid of CFD numerical simulations of the flow fields, in order to deliver locally tailored AR units
and AR arrangements that combined the aforementioned proposed innovative characteristics into
a sustainable recreational diving infrastructure. Overall, the numerical simulations were in good
qualitative agreement with the ones of former studies, since the expected field flow characteristics
were observed, concerning the regimes both in the upstream and the downstream region of AR units.
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Specifically, the utilization of CFD, when combined with in situ data (environmental, field surveys,
and visual census), was shown to be a useful tool in providing key information on the performance of
the naturoid-type HCMR-ARsTM in the diving oasis field setting. CFD analysis proved to be a valuable
tool not only for optimizing the design of one AR unit but also in determining the placement and the
relative position and distancing between the units of an AR cluster and thus the overall design of a
diving oasis. For future designs and deployments, the local geomorphological and environmental
characteristics and prevailing sea current conditions should also be further incorporated. Once they
are fully combined with the CFD modeling, this will allow the incorporation of any AR constructions
into a diving oasis in the most locally tailored manner possible and under the scope of developing
eco-friendly manmade diving infrastructures that can improve the sustainability of the coastal zone.
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