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Abstract: This study comprehensively explores the intricate hydrodynamic and geomorphological
processes that affect the Sulina Channel and bar area. It employs advanced hydrodynamic, wave,
and sediment transport models to simulate the influence of marine currents, waves, and shipping
traffic on sediment transport and deposition patterns, providing valuable insights for maintaining
navigable conditions in the Sulina Channel. It is shown that sediment deposition is highly dynamic,
particularly in the Sulina bar area, where rapid sediment recolonization occurs within one to two
months after dredging. The simulation indicates that vessels with drafts of 11.5 m cause notable
erosion. In comparison, drafts of 7 m have a minimal impact on sediment transport, emphasizing the
importance of managing vessel drafts to mitigate sediment disturbances. This research highlights
and quantifies the siltation phenomenon from the Black Sea to the mouth of the Sulina Channel,
effectively addressing the challenges posed by natural and anthropogenic factors to ensure the
Channel’s sustainability and operational efficiency.
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1. Introduction

Sediment transport in rivers and interaction between two different flow regimens
(river—sea, for example) is an important study field due to the navigation safety and eco-
nomic impact. In his article about sediment depositions in the British seas, Lebour [1]
indicates that this subject is not new. However, the involved processes are highly dynamic
and require modern solutions to assess and propose improvements. According to [2], the
first theoretical attempt to calculate the sediment transport under waves and currents was
carried out by Bijker [3] in 1967. Since then, multiple improvements to the approaches and
methodologies have been proposed, the most recent involving the use of numerical models
to solve hydraulic and sediment transport equations [2,4-7]. Due to the dynamic exchange
involved, as the interaction between river flow, waves, and currents, sediment transport is a
complicated problem from a computational viewpoint [8,9]. Vessel sediment resuspension
has been studied in various contexts, such as the effects of the waves produced by the
recreational boat passage [10,11] and the propeller impact on the riverbed sediment stabil-
ity [12-14]. Research in various locations has tackled the impact of vessel traffic on potential
sediment resuspension. The results have indicated that the sediment characteristics, the
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hydrodynamic changes produced by the vessel, and the vessel characteristics significantly
influence this process.

Spoolder [15] investigated the return flow velocity produced by the propeller and
performed a sensitivity analysis of the vessel velocity, width, and keel clearance. The
results indicate that decreasing the values of the first two parameters and the rate of power
efficiency will decrease the sediment transport. Other research [16,17] analyzed the impact
of the wake waves on sediment resuspension, given the additional stress they exert on the
protection infrastructure (such as dykes or jetties).

In Romania, the main studies in this research field concern the Sulina Channel, one of
the Danube River’s branches. Budileanu [18] studied the Sulina bar’s evolution, discussing
the hydrological conditions, the sediment transport, and the human intervention in the
area. Over time, a steady evolution of the bar has been observed, starting from 1876, when
observations were made about the Sulina mouth area and sediment depositions.

Mateescu et al. [19] described the processes occurring at the Danube River mouth
on the Sulina Channel, pointing out that the interaction between waves and currents
produced by the freshwater discharge leads to longitudinal and riparian currents, with
visible effects in short periods. Bosneagu et al. [20] analyzed the flow conditions using
numerical modeling software and applied computational fluid dynamics theory. They
addressed the flow transfer between the Danube and the Black Sea, at the mouth and
longitudinally, along the jetties.

Bondar [21] made significant strides in modeling the sediment transport interactions
around the Sulina mouth, showing the longitudinal evolution of the sediment deposition
and erosion processes. Constantinescu et al. [22] analyzed the potential negative impacts of
fluvial or coastal hazards and dike breaching on Sulina City. The two jetties constructed
along the Sulina Channel impact the morphological conditions, splitting the area into two
zones, north and south of the jetties. The most impacted zone is the northern one, where
the jetties block sediment transport, leading to rapid sedimentation and the closing of the
Musura Bay [23,24]. A sediment spit continues almost perpendicular to the two jetties.
Raileanu et al. [25] and Ivan et al. [26] have focused on the effects of the wind and waves
over the jetties and Sulina mouth area, highlighting the impact on the navigation conditions
under heavy conditions.

We developed comprehensive hydrodynamic, wave, and sediment transport mod-
els to understand the impact of increasing the navigation depths on the Sulina bar, the
hydromorphology, and the hydrodynamics of the Sulina Channel. They are designed
to accurately simulate the complex hydrodynamic and geomorphological processes in
the Sulina Channel and bar area. Our approach includes an analysis of marine currents,
waves, and shipping traffic and their collective influence on the Sulina Channel fairway
at the mouth of the Black Sea. We studied two predefined scenarios based on a represen-
tative vessel (predefined draught and characteristics) to determine the vessels” impact on
sediment transport.

This research has significant practical implications. It provides crucial insights into
the environmental processes influencing navigation, including wave action, sediment
deposition, and erosion. The results of our research ensure the background for the safe
and efficient passage of vessels with varying draughts, thereby enhancing the overall
navigability of the Sulina bar.

2. Materials and Methods
2.1. Study Area
The Danube splits into three branches before it flows into the Black Sea. The Sulina

branch is the middle navigable channel, with a length of approximately 60 km. The Sulina
bar (Figure 1) is located at the mouth of the Sulina Channel and the Black Sea.
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Figure 1. A map of Romania (top left), the study area (top right), a bathymetric picture of a channel
section (bottom left), and the wind rose (bottom right).

It represents a diked canal that allows smooth navigation from the Danube River
branch into the sea. The dominant wave direction, from north-east, leads to the transport of
the sediment southward, influencing coastal features. The jetties extend several kilometers
from the original coastline, with shallow waters north of the breakwaters. A spit, formed
by breaking waves, is growing southward due to longshore transport from the northeast.
This growth may be stopped by water flowing between the spit and the northern jetty,
potentially carrying sediment from the spit to the bar in front of the Channel’s mouth.

The climate in the area is continental with oceanic influences. The annual precipitation
varies in the interval of 109-487 mm, with an average of about 260 mm and a coefficient
of variation of about 30. In summer, the temperature is lower than in other zones of the
Dobrogea Region to which the study belongs. The winters are cold due to the influence of
the atmospheric masses that come from Russia [27-33].

As previous studies [18-26] have shown, the Sulina bar area is significantly influenced
by the transport of fine alluvial material along the Sulina Channel and by wind-induced
currents and waves in the Black Sea. These processes result in a prominent accumulation
zone for alluvial material near the mouth and submersible dams in the sea.

2.2. Data Series

This study utilized a comprehensive series of input data. This included a Digital
Terrain Model (DTM) with a 1 X 1 m resolution derived from multibeam bathymetric mea-
surements covering the entire riverbed and supplemented by topographic measurements
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of the defense dams. In the areas where these DTM sources were incomplete, DTMs from
free sources were also incorporated.

Historical topo-bathymetric data consisted of raster files detailing the dynamics of the
Sulina Channel bed and its mouth area in the Black Sea over nine years from 2014 to 2022.
From 2014 to 2017, data were available only for the mouth area of the Sulina branch, with
at least one measurement campaign per year. For 2018 and 2022, the minor riverbed was
completely covered within the initially defined study area.

Hydrological data, such as flow rates and levels, were obtained from specific observa-
tions and measurements conducted within the project across 54 profiles. These data were
used as boundary conditions and calibration information for the models. Additionally,
data on the particle size distribution of riverbed sediments and solid flows were gathered
from these profiles.

Information on the parental material within the riverbed perimeter and details of the
riverbed substrate were collected through specific observations and measurements. This
information was analyzed and processed to generate files for use in the models. A wave data
string for the period 24 September 2020-29 July 2022, was recorded by a beacon, although
the wave monitoring sensor was not operational for the entire period. Consequently, wave
height data were available only for 24 September 2020-19 September 2021.

Data on marine currents from 1 February 2021 to 10 January 2023, were sourced
from Copernicus. Wind data covering December 2008-January 2023 included the monthly
frequency of wind directions and information on wind direction and speed in the Sulina
branch area. Information was also gathered on a representative vessel.

Meteorological data recorded at the Sulina meteorological station from 1 January 2013
to 31 December 2022 were also used in this study. These data included multiannual monthly
wind roses, average wind speed by direction, wind frequency by direction, wind frequency
at different speed thresholds, maximum wind speed and its corresponding direction, and
maximum gust wind speed.

Additional studies, documents, and scientific papers were also reviewed, including
technical documentation on the existing port trestles for berthing sea and river vessels along
the left bank of the Sulina Channel in the Commercial Port and vessel traffic data on the
Sulina Channel from 2001 to 2022. Data from other sources, such as satellite imagery from
Google Earth/Google Maps, and previous technical works and research studies conducted
in the area or equivalent locations, were also consulted.

2.3. Methodology—Generalities

This study aims to assess the navigation conditions in the Sulina bar by developing and
utilizing a series of advanced numerical models that that replicate the complex hydraulic
and siltation phenomena.

Using the MIKE 21 FM software developed by the Danish Hydraulic Institute, the
study examines the wave patterns in the Black Sea and sediment transport along the
Sulina bar and coast and within the Sulina Canal, as well as the impact of vessel transit
on sediment dynamics. The models provide insights into the environmental processes
influencing navigation, including wave action, sediment deposition, and erosion, to ensure
the safe and efficient passage of vessels with varying draughts.

In the subsequent sections, we outline the methodology, discuss the integration of
various data sources, and highlight the significant findings that enhance navigation depths
while mitigating potential adverse effects on the surrounding marine and coastal environ-
ments. Figure 2 shows the chart flow of the analysis.

o  Large-scale wave model in the Black Sea area and Sulina Bar and small-scale wave model

A wave model was developed to estimate the general wave conditions impacting the
infrastructure at the Sulina bar and surroundings. Due to the complexity of the processes
in the Sulina Channel discharge area and the limited detailed data on the local wave
regimen, it was necessary to extend the model to cover a larger area of the Black Sea. This
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broad model provides boundary conditions for a more focused wave model around the
Sulina mouth.

Littoral
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Figure 2. The flowchart of the study.

The domain of the large-scale hydrodynamic model encompasses a significant portion
of the Black Sea around the Sulina Channel, extending approximately 15 km from the
Sulina branch into the Black Sea (Figure 3).
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Figure 3. The large-scale domain.

This domain was chosen to capture the interactions between large-scale wave and
current patterns in the Black Sea and their influence on sediment transport and navigational
conditions within the Sulina Channel. The model grid was generated using the MIKE 21
Flexible Mesh Spectral Wave (SW) model, ensuring a wide enough area to provide reliable
boundary conditions for smaller-scale models focusing on the Sulina mouth and bar area.

The large-scale model was validated by comparing simulated wave height and pe-
riod data against available wave measurements from offshore monitoring stations and
satellite-derived wave data. The validation process covered both long-term simulations
and extreme wave events. For wave heights, data from a beacon (available from September
2020 to September 2021) were utilized to calibrate the model, while for marine current data,
we relied on the Copernicus Marine Service, which provided a reliable set of boundary con-
ditions. Additionally, hindcast simulations of key historical storm events were compared
to recorded observations, showing strong alignment between modeled and observed wave
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heights, current velocities, and directions, thus confirming the robustness of the large-scale
model in representing offshore wave dynamics.

o  Coastline sediment transport model

The Sulina Channel and bar area are influenced by various processes, particularly
in the transition zone from river to marine environments. This zone experiences more
pronounced sedimentation, primarily due to fine materials carried by the Danube and
deposited at the bar due to current influences and density differences, as well as sands
deposited by marine currents. The sediment transport model was designed to estimate the
sediment intake along the shore, helping to determine the time required for recolonization
after dredging activities.

o Channel sediment transport model

Like the coastal sediment transport model, a detailed model of fine sediment flow
and transport within the Sulina Channel was created. This model simulates the transport,
erosion, and deposition of fine sediments, particularly at the discharge area into the sea,
where depths decrease from an average of —11 m to about —7 m. The model aids in
estimating the quantities of sediments moving from the Channel to the mouth, ensuring
timely dredging to maintain the minimum depth required for vessels with draughts of 11
or 11.5 m. Additionally, by monitoring sediment transport dynamics, the model assists in
planning field interventions to maintain the continuous fairway.

o Vessel traffic model

To ensure navigable conditions for vessels with draughts higher than currently prac-
ticed, a model was developed to assess the impact of vessel transit on sediment resuspension
and redeposition within the Channel and bar. This model integrates the hydrodynamic
and fine sediment transport models, incorporating data on vessel routes, speeds, draughts,
propulsion coefficients, and travel direction (upstream or downstream). This comprehen-
sive approach allows for an accurate assessment of how vessel transit affects sediment
dynamics, aiding in maintaining navigable depths.

It is important to note that the study took into account the currents from both the river
and the marine sides when developing hydrodynamic and sediment transport models. The
freshwater discharge from the Danube River interacts with the marine currents of the Black
Sea, creating a complex hydrodynamic environment.

The model incorporated the river discharge from the Sulina branch as an upstream
boundary condition based on the average value measured during the bathymetry survey.
The MIKE 21 FM hydrodynamic module simulated the downstream flow of the Danube into
the Black Sea, considering variations in discharge rates. The study particularly analyzed
the impact of the river discharge on sediment transport and siltation in the Sulina bar,
identifying areas of high sediment deposition in the transition zone between the river and
the sea.

For marine currents, we used boundary conditions from the Copernicus Marine
Service database, covering the period from February 2021 to January 2023. These currents
were introduced at the seaward boundaries of the model to simulate large-scale water
movement in the Black Sea. We paid particular attention to the interaction between
these marine currents and wave action in the Sulina mouth area. The combined effect of
longshore currents driven primarily by northeast winds and marine currents was crucial for
accurately representing sediment transport along the coast and in the channel. Additionally,
we evaluated the impact of wave-driven currents on the stability of protective jetties and
the navigation fairway through sensitivity analysis.

3. Case Study
3.1. Large-Scale Wave Model in the Black Sea Area and Sulina Bar and Small-Scale Wave Model

To characterize the wave climate at the river mouth with respect to extreme waves, a
two-step approach was employed:
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a. A wave simulation model for the Black Sea was used to determine the local offshore
wave climate.

b.  Alocal wave model was developed to (i) propagate extreme wave conditions towards
the river mouth and (ii) determine the local wave conditions necessary for calculating
littoral sediment transport.

Note that the effect of currents (both offshore and riverine current) is disregarded in
the analysis presented in 3.1.

3.1.1. Offshore Wave Climate Characterization

The wave model developed for the Black Sea, specifically for the area adjacent to
the Sulina Channel and bar, was simulated over 10 years. The purpose was to identify a
representative year to be used in simulating the impact of waves on flow conditions in the
Sulina bar area (local wave model) and to extract information on the external forces acting
on the existing dike infrastructure of the Sulina Channel into the Black Sea for further use
in other potential stability analyses.

To investigate the wave conditions near the Sulina Channel mouth, a directional
extreme value analysis (EVA) of significant wave heights and associated return periods
was performed at point P1, located in the Black Sea, near the Sulina Channel (Figure 4).
The EVA utilized wave data from the spectral wave model (Metocean Data) developed by
DHI for the Black Sea, covering the period from 31 December 1979 to 31 December 2020.

Figure 4. The position of the point (P1) where the wave analysis was developed.

The wave rose at P1 (Figure 5(left)) is a significant source of information, providing
insights into significant wave heights (Hp0) and mean wave directions (MWD). It is accom-
panied by the current rose, presented in Figure 5(right)) which gives indications about the
current directions and intensity.

The main wave direction is between 0° N and 180° N, with the highest waves pre-
dominantly from 60° N-120° N sector. The information provided by the wave rose is
presented in Table 1. Figure 6 shows the wave heights (Hy,o) for the relevant MWDs from
0°N to 180°N in 30° intervals and for the ominidirectional directions. Among the various
distribution functions tested, the two-parameter Weibull distribution (fitted using the least
squares methods and a threshold value corresponding to the average annual peak (A = 1))
provided the best model for wave height data over the 41 years for which wave information
is available.
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Figure 5. The wave rose at P1, showing the significant waves” height and the mean wave direction

(left) and the current rose at P1 (right).

Table 1. Mean wave direction and frequency of occurrence.

MWD Frequency of Occurrence (%) MWD Frequency of Occurrence (%)
[Interval®] Hmo [Interval®] Hpmo

[315-345] 2.89 [135-165] 9.81

[285-315] 1.55 [105-135] 10.23
[255-285] 1.40 [75-105] 13.54
[225-255] 1.95 [45-75] 17.47
[195-225] 5.36 [15-45] 10.99
[165-195] 18.62 [—15-15] 6.19
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Figure 6. The distribution of Hy,o for directional 30° and omnidirectional ranges at P1.
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The directional and omnidirectional extreme values of wave heights for return periods
(TR) of 1, 5, 10, 50, and 100 years are detailed in Table 2.

Table 2. Extreme wave heights (Hy,o) for 30° intervals and directions for return periods of 1, 5, 10, 50,
and 100 years at P1.

MWD Hpo [m]

[Interval °] TR=1 TR =5 TR =10 TR =50 TR =100
[165-195] 24 29 3.0 34 3.5
[135-165] 24 3.0 3.3 4.1 4.5
[105-135] 29 3.8 41 48 5.0
[75-105] 3.6 45 47 52 54

[45-75] 3.0 3.6 3.8 43 4.5
[15-45] 2.0 24 2.6 3.0 3.1
[—15-15] 1.7 2.0 21 23 24
Omni 3.8 4.6 4.8 53 55

The peak wave periods (Tp) associated with extreme waves are derived from the
graph shown in Figure 7, highlighting the functional relationship between Hy,g and T, for
all waves (omnidirectional). The matching coefficients are given in Table 3. These values
were used as boundary conditions for spectral wave simulations propagating waves from
offshore to the Channel mouth.
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HI110 [m] - Sign. wave height
Figure 7. The significant wave height (Hy,o) and peak wave period (Tp) at P1.

Table 3. Matching coefficients (T, = a Hpyg b) at P1.

Percentage [%] 5 50 95
Matching coefficient a b a b a b
Tp 4.330 0.504 5.623 0.382 7.564 0.233

To simulate the extreme wave conditions in the Sulina Canal area, a local wave model
was developed using Mike 21 Flexible Mesh Spectral (Danish Hydraulic Institute).

The full spectral formulation is based on the wave action conservation equation,
presented in [34,35], where the direction—frequency wave action spectrum serves as the
dependent variable.
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3.1.2. Local Wave Climate Characterization

Specific wave events were simulated using a local wave model to provide extreme
wave conditions in the Sulina Channel area for stability analysis. Additionally, a 10-year
simulation of spectral waves (from 1 January 2011 to 31 December 2020) was conducted to
establish a database to assist in calculating littoral sediment transport processes.

The model is based on the topographic and bathymetric data provided within the
project, as well as data from open sources, as detailed in the input data chapter. The compu-
tational mesh consists of 7043 elements, with the smallest element area being approximately
3600 m? and the largest 550,000 m?.

For specific wave events, Hy, Tp, and MWD were determined based on the statistical
analyses described in previous sections. For the 10-year simulation, data were extracted
from the spectral wave model developed for the Black Sea.

3.1.3. Loads Acting on Protection Dikes

To accurately compute the loads on the protective dikes, it was necessary to simulate
local wave conditions using the above described 2D model for a series of selected events
(local wave climate characterization). The wave heights were extracted from the simulation
results and subsequently applied in the stability computations. The wave model was
simulated over an extended period to identify representative wave conditions in the bar
area that could affect the dikes. Detailed information regarding the current structure of
the dike, including its design and verification criteria, was not available. Therefore, the
analysis was conducted based on the relevant literature and expertise.

Due to the uncertainty regarding the probability associated with the design and verifi-
cation standards of the protective works and the size of the rocks used during construction,
it was reasonable to use, for calculations, events with a 1% return period. The wave heights
were extracted from the simulation results. The boundary conditions were used in the
dikes stability analysis by comparing design values for unit weights for the dike rocks
with known weights. In the calculations, a series of dike sections on the northern structure
(SN) and the southern structure (SS) of the Sulina Channel were considered, as shown in
Figure 8.

Figure 8. Sections selected for calculating loads on north and south dikes.

Sections were selected at the beginning of the dikes into the sea and upstream, ensuring
that a variety of wave heights and cross-sectional characteristics were captured. The two
sections at the sea entrance (dike heads) are designated as Sy (north) and Sgpy (south). The
analysis of the dike sections utilized the available LIDAR data, which included the most
recent and detailed measurements from the project’s survey campaign (2023) providing
crucial information on the actual dikes’ dimensions and slopes. The Sg; to Sgs sections
(located on the southern dike) have recorded water levels lower than the terrain elevation
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and, therefore, were not considered in the calculation of wind-generated wave loads on the
southern side.

The Hudson equations [36,37] were used to estimate the minimum unit weight re-
quired for the dike’s surface layer, assuming minimal damage due to wave action for
different dike sections. The overtopping height and overflow across the dike were calcu-
lated according to Eurotop [38]. The physical or geometric parameters related to the waves
characteristics that were included in the calculations are:

H [m]—Wave height, which is the height of the wave from crest to trough,

T [s]—Wave period, which represents the time it takes for two consecutive wave crests

to pass a fixed point,
e  Direction (°)—Wave direction, which is the angle of wave propagation relative to
true north,
B [°]*—A parameter related to the wave incidence angle relative to the dike structure,
L [m][—Wavelength, which is the distance between two consecutive wave crests.
h/L [-]—Ratio of water depth (h) to wavelength (L)
H/h [-]—Ratio of wave height (H) to water depth (h).
Wave breaking was considered for horizontal beds with H/h = 0.78 and for sloped
beds with H/h = 0.55.

The required weight for tetrapod elements was also calculated to provide context for
the necessary weights to withstand wave loads for a 100-year return period.

3.2. Coastline Sediment Transport Model

The sediment transport models along the coast and within the Sulina Channel and
bar area were employed to estimate the dynamics of sediment deposition. This model
includes solid discharges from the channel, influenced by currents and waves, and marine
sediments deposited in the bar area due to changes in the flow regime.

A one-dimensional model (LITDRIFT), developed by DHI, was used to investigate
the temporal and spatial variation of sediment transport along the northern coast of the
Sulina Channel. It focuses on littoral evolution and excludes the two-dimensional processes
already addressed by other models. LITDRIFT is an integrated modeling system that
simulates non-cohesive sediment transport along quasi-stationary coastal lines using an
“n-line” approach, combining a robust deterministic sediment transport model with the
ability to simulate a wide range of wave and current scenarios, employing methods such
as the integrated momentum approach [39], the Engelund and Fredsoe model [40] for
bedload transport, and the vertical diffusion equation for suspended sediments [41] to
evaluate coastal currents and sediment transport for applications like coastal works impact
assessment and beach development optimization.

The inputs in the model are the wave climate, coastal profile data, sediment character-
istics, and water levels.

The LITDRIFT calculations were based on a 10-year wave climate simulation
(2011-2020). Three profiles were used to model the coastal zone between the Chilia branch
and the Sulina Channel. The results were presented as net and gross transport capacities
along these profiles and their distribution along the coastline.

3.2.1. The Wave Climate

The wave climate is the primary factor driving sediment movement. Wave data were
extracted from the hydraulic model, which provided time series of transformed waves
(height, period, and direction) at the seaward ends of the profiles. These locations (Figure 9),
with water depths of approximately —8 m relative to mean sea level (MSL), were chosen to
avoid the wave breaking and closure zones, ensuring the model captured a full range of
conditions. Predominant wave directions were identified as NE-E.
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Figure 9. The locations of the coastal profiles (red lines) and the associated wave climates represented
as wave roses. Satellite image from Google Earth Pro, dated 11 July 2017.

3.2.2. Coastal Profiles

For the given wave conditions, the shape of coastal profiles determines the wave
breaking zone and its magnitude. The profiles were derived from bathymetric data with
an 80 x 100 m resolution, primarily based on GEBCO Gridded Bathymetric Datasets,
and refined with higher-resolution local data. It is noted that the resolution may not
fully capture the beach slope and sand dune (Figure 10). Beach slopes were manually
adjusted using satellite imagery to reflect field conditions accurately. The profiles extended
perpendicularly from the shore to a depth of —8 m MSL.
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Figure 10. Cross-sectional profiles extracted along the sand dune north of the Sulina Channel.
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3.2.3. Water Level

The variation in water levels within the study area is minimal, and the tidal range is
negligible. Therefore, a constant mean sea level was assumed for the simulations, as the
wave-induced variations were deemed more significant.

3.2.4. Sediment Characteristics

The model incorporated two median particle sizes (d50) of 0.15 mm and 0.2 mm, with
associated settling velocities of 0.0183 m/s and 0.0267 m/s. A roughness coefficient of
0.0037 m and 0.005 m was applied to account for coastal changes in the simulations.

3.3. Channel Sediment Transport

To simulate water flow and sediment transport in the downstream sector of the Sulina
branch, we developed a two-dimensional model that operated continuously on a distance
of 11 km from Sulina to the discharge point into the Black Sea. The model used is Mike
21 Flexible Mesh of Danish Hydraulic Institute from Denmark with Mud Transport (MT)
module. The hydrodynamic system is based on the Navier-Stokes equations, encompass-
ing the mass continuity equation, the momentum continuity equation, and variations in
temperature, salinity, and density, as well as incorporating a turbulence model, while com-
putational equations underlying the MT module are based on those described in [42]. For
enhanced accuracy and model stability, the calculation range was extended approximately
19 km northward, encompassing the Musura Gulf, and around 19 km eastward and 24 km
southward into the Black Sea.

The study area (Figure 3) was defined after the analysis of topo-bathymetric data,
superimposed on maps and orthophotos. This zone, covering 1077 km?, includes all
relevant features: the minor bed of the Sulina branch, defense dams, the locality, and the
extension into the Black Sea.

Based on the analyzed and vectorized data, a bathymetry file specific to MIKE 21 FM
software was created by constructing a network of finite elements (mesh) (Figure 11), with
various dimensions tailored to each area of interest:

Figure 11. The finite elements mesh (left and top right); Bathymetry file used in hydrodynamic model
(right down).
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e  In the minor riverbed, quadrilateral elements were used with sizes varying from 90 x
30 m to 90 x 10 m along the Channel. Locally, triangular elements with a maximum
size of 50 m? were utilized in the upstream area. For the Danube River-Sulina Branch
mouth area, a triangular mesh with elements sized at 55 m? was employed.

e  For the rest of the domain, triangular elements were generated with surfaces ranging
from 500 m? to 75,000 m?, and the element size progressively increased from the land
towards the Black Sea coast.

To find an optimal solution, it was essential to determine the appropriate number of
finite elements that would accurately describe the areas of interest while avoiding stability
and convergence issues and optimize the computational time. Based on the requirement for
precision and taking into account previous experience, a finite element network consisting
of 37,925 elements was established. Figure 12 displays the mesh details, allowing for an
observation of the elements’ density.

e e R

Figure 12. Detail of the network of finite elements (mesh).

The two-dimensional hydrodynamic model integrated the information below:

Turbulent viscosity;
The Manning Roughness Coefficient [43], 1, crucial for the hydrodynamics of a water-
course, which was determined based on the following information:

o The type and size of materials composing the bed and banks of the riverbed;
0 The shape of the riverbed.

To assess the vegetation and land use in the major riverbed, the roughness coefficients
were selected according to recommendations from specialized literature [44]. This selection
was further refined through analysis of available aerial photography charts. Using the
available land use data, the CLC (Corine Land Cover 2018) file was processed and improved,
assigning values to each type of use:

e  The values assigned to n were between 0.023 and 0.027 in the minor bed of the Sulina
Channel;
The Manning coefficient was set to 0.014 in the Black Sea area;
The Manning coefficient ranged from 0.050 to 0.085 in the major riverbed.

Based on experience from previous studies and sensitivity analyses, an average wind
speed of 5 m/s and a direction of 55 degrees were used. Hydrological data (flow and levels)
from project measurement campaigns were also included, with an upstream flow value of
1410 m3/s and variable boundary level conditions for the northern and southern areas, the
beach, and the Black Sea.

The model integrates two-dimensional sediment transport processes, addressing sedi-
mentary flow and morphology changes through erosion or accumulation. Measurements
were processed to determine particle size distribution and bed stratification, enabling
precise simulation of sediment resuspension dynamics.
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The Engelund & Hansen model [45] was selected for sand transport, with the following
sediment properties: porosity—0.4, relative density—2.65, and particle diameter based
on field data, including a grain size of 0.15/0.2 mm for the Black Sea area. Roughness
coefficients from the hydrodynamic model were applied.

For mud transport, cohesive material transport was calculated based on flow condi-
tions, with additional data for three layers of parental material and erosion and density
parameters set according to field sampling information. Wave regime data, with average
values for height (1.0 m), period (3 s), and direction (55 degrees), were also incorporated.

Several fairway depth scenarios (8-12 m) were analyzed to simulate sediment trans-
port. The “Fairway —12 m” scenario was used as a baseline, representing an extreme but
informative hypothesis. The model was validated by comparing hydrodynamic results
with field measurements, showing accurate reproduction of flow phenomena.

3.4. Vessel Traffic Model

The model was further developed to analyze the dynamics of the fairway under the
influence of currents, waves, and naval traffic by incorporating elements that account for
the location and direction of ship movement, such as route, draught, propeller diameter,
speed, propulsion coefficient, and propeller RPM. It also considers the tangential forces
produced by the ship propellers, comparing them with the threshold force needed to
resuspend sediments, which helps in identifying areas of erosion and deposition.

4. Results and Discussion
4.1. Results of the Large-Scale Wave Model in the Black Sea Area and Sulina Bar and Small-Scale
Wave Model

The MIKE 21 SW non-stationary simulation was conducted over 10 years from 1
January 2011 to 31 December 2020. For example, the maximum values of wave heights can
be seen in Figure 13.
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Figure 13. The maximum value of the significant wave height (H,o) for a 10-year simulation.



Water 2024, 16, 2779

16 of 24

The maximum wave heights for a 100-year return period were determined using
the results from the MIKE 21 SW model. Table 4 presents the wave characteristics at the
selected sections.

Table 4. Wave properties at the selected sections.

*

Section H [m] T [s] Direction [°] B [°] L [m] h/L H/h Wave Breaking
SnH 32 10.3 124 0 54.23 0.0756 0.780 Yes
SsH 3 10.3 96 0 53.61 0.0746 0.750 Yes
Sns 1.3 9.9 77 54 44.88 0.0668 0.433 No
Ssg 1.24 9 146 57 30.13 0.0531 0.775 Yes
SNy 1.14 9.9 81 58 37.91 0.0554 0.543 No
Sne 1.03 9.9 87 64 47.34 0.0710 0.307 No
SNs 0.58 10.3 80 57 53.61 0.0746 0.145 No
Sna 0.19 9.9 22.5 0.5 44.17 0.0657 0.066 No
Sn3 0.21 9.9 41 18 40.41 0.0594 0.088 No
Sn2 0.19 10.6 48 25 38.24 0.0484 0.103 No
SN1 0.24 10.6 36 13 34.08 0.0428 0.164 No
The computed values for the minimum unit weight required for the surface layer,
overtopping height, and overflow across the dike are presented in Table 5, where Kp is a
stability coefficient, W is the weight, and Q is the overflow over the crest.
Table 5. Estimated minimum weight of rocks along with overtopping height (Ru2%) and the overflow
over the crest (Q).
Natural Rock Tetrapods R..ro R
Section u2% ¢ 3Q
Kp W [Tone] Kp W [Tone] [m] [m] [m°/s.m]
Snu 1.1 24.61 4.5 6.02 2.37 47 0.03
Ssu 1.1 14.96 4 4.12 2.25 5 0.00
Sns 24 1.21 - - 2.34 3 0.00
Ses 12 2.02 - - 2.27 3 0.00
SNy 1.2 1.77 - - 2.33 2.6 0.00
Sne 24 <1 - - 2.28 2.8 0.00
Sns 24 <1 - - 2.37 25 0.00
Sna 24 <1 - - 1.61 2.6 0.00
Sns 24 <1 - - 1.06 25 0.00
SN2 24 <1 - - 1.00 245 0.00
Sn1 24 <1 - - 1.07 25 0.00

The unit weights of the surface layer components are reasonable along most of the
dike length, matching the known values of the stones forming the dike structure. For
the sections at the heads, these weights reach high values, justified by greater depths
and stronger wave impacts on these sections, which are the most exposed to the wave
climate. Given that the dike’s entire structure and the constituent rocks” weight are only
partially known, it is impossible to conclude definitively on the stability of the protective
structure’s elements. However, the dikes’ stability was assessed by considering them as a
cohesive mass influenced by hydrostatic and hydrodynamic pressures from wave action.
The computation shows that the overtopping height R,j29, is lower than the freeboard for
all sections, and the overflow over the crest (Q) is negligible.
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4.2. Results of the Coastline Sediment Transport Model

A modeling scenario was implemented to analyze sediment transport dynamics
between the Chilia Branch and the Sulina Channel, corresponding to a median particle
diameter of 0.15 m. The 10-year time series of littoral sediment transport, illustrated in
Figure 14, focuses on Profile 2 for 0.15 mm.

N
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Lol . r%l ,@L .r]
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£ -2000-

2011 2012 2013 2014 2015 2016 2017 2018 2019‘2020
Year

Figure 14. Time series of estimated littoral transport (m3) over 10-years for Profile 2, with a beach
orientation of 94° and a sand particle size of 0.15 mm. Negative values indicate transport towards the
north, whereas positive values indicate transport towards the south.

These time series highlight seasonal and interannual variations in sediment transport,
most occurring during winter. Notably, negative values indicate sediment transport from
south to north, while positive values indicate transport from north towards the Sulina
Channel and bar. Similar sediment transport trends are observed in Profiles 1 and 3.

The distribution of modeled sediment transport along the cross-sectional profiles is
presented in Figure 15. The charts display the bathymetric elevation (relative to mean sea
level) on the left Y-axis and transport rates on the right Y-axis, including annual net and
gross transport rates from north to south and from south to north.

Remember that Net Transport is defined as the difference between the transport in
both directions. In contrast, Gross Transport refers to the sum of transport in both directions,
considering movement from the Sulina Channel towards Chilia and vice versa.

The resulting distribution indicates that sediment transport is mainly concentrated
along the slope of the beach and sand dune (as observed in Profile 3) and around the beach
where waves break, generating littoral currents and, consequently, sediment transport.

For sediments with a median diameter (D50) of 0.15 mm, the net transport capacities
(the difference between transport capacities in both directions, N-S and S-N) across the
three modeled profiles range from approximately 40,000 m? /year to 70,000 m3/year. The
predominant direction of transport for all three profiles is from north to south towards
the Sulina Channel. The annual gross transport capacities range from 150,000 m3/year to
230,000 m3/year.

Considering the limitations in data availability, net sediment transport along the
coast north of the Sulina Channel is estimated to range between 30,000 m?/year and
70,000 m3/year towards the river mouth. Consequently, an intensive deposition process is
expected in the river mouth area. However, sedimentation and annual sediment transport
are likely to increase due to additional sediment input from the Danube, which also deposits
in the Sulina bar area.

Figure 16 shows the results of the sediment transport model along the coast. The mea-
surement unit is 1000 m3/ year. The net transport (left number) and gross transport (right
number) are shown in yellow, along with the transport direction. The profile orientation
relative to the beach is shown in green.



Water 2024, 16, 2779

18 of 24

(2]

Profile 1

o LS B

Bathymetry [m MSL]
)

MSL (M —
Bathymetry [m]

Annual Net Transport [m*3im]
Annual Gross Transport [m*3im]
Annual transport towards south [m*3/m]
Annual Transport towards north [m*3/m]

[-200

Transport [m*3/m]

[ -400

F-600

200

T
400

T T
600 800 1000

Distance [m]

Profile 2

1200

1400

1600

 -800
1800

Bathymetry [m MSL]

600

[ 400

200

]

[ -200

Transport [m*3/m]

I -400

I -600

200

400

800
Distance [m]

Profile 3

600

1000

1200

1400

1600

— 800
1800

Bathymetry [m MSL]

600

s
=}
=}

T

)
(=]
o

0

£
T

[ -200

Transport [m*3/m]

-400

-600

—— 800

0

200

400

600 800
Distance [m]

1000

1200

1400

1600

1800

Figure 15. The distribution of littoral transport across three profiles for sediment sizes with a median
diameter (D50) of 0.15 mm.
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Figure 16. Forecasted littoral transport capacities for 0.15 mm sediments.
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4.3. Results of the Channel Sediment Transport Model

The results show sediment deposition in the Sulina Channel’s discharge area into the
Black Sea. A representative image shows bed elevation changes from —12.0 m to about
—7.3m. The sediment deposition dynamics were analyzed in various scenarios, with
estimates for required maintenance volumes. Figure 17 shows, in the longitudinal profile
through the bar, the differences between the results obtained from the modeling (green line),
the topo-bathymetric data obtained in the project campaign (blue line), and the processed
file in which the fairway level has been established as —12 m (red line).
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Figure 17. Comparison between modeling result and DTM in the current situation—longitudinal

profile.

All available historical data have been used for a proper comparison with the re-
sults from the coupled hydrodynamic-sediment transport model. The historical data
were acquired during various monitoring surveys done in 2018, 2022, and 2022 by the
Lower Danube Administration specialists. The comparison has pointed out a dynamic
phenomenon of sediment deposition in the river channel around the river mouth area.
The deposition is slightly uneven, both transversally and longitudinally, but happens
continuously.

Figure 18 depicts the comparison between the simulated deposition (green line) and
the measured deposition bar.
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Figure 18. Comparison between the simulated scenario and historical measurements.
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4.4. Results of Vessel Traffic Model

Simulations conducted over a week, with approximately 150 vessels of 11.5 m draught
moving at 2.5 m/s, revealed that ships cause additional erosion along their routes, par-
ticularly in the upper layer of less consolidated clay. This erosion process stabilizes after
3-5 passages, with the more consolidated second layer experiencing less erosion. Scenarios
involving tugboat-assisted vessels showed similar trends, with slightly higher erosion at
the fairway’s edges.

The model results indicate that a vessel with a draught of 11.5 m transiting the
new navigable channel generates additional erosion due to the currents produced by the
propellers. The results show that this additional erosion generally occurs within a 30-50 cm
range, with only a few areas where these values are exceeded (Figure 19).
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Figure 19. Riverbed erosion due to propellers.

For ships with a draught of 7 m, propeller effect on sediment transport is minimal.

It is crucial to note that the erosion caused by vessels is primarily concentrated along
the ships’ route. This means that vessels do not impact the dikes if they adhere to the
defined channel route. Therefore, it is of utmost importance that ships remain as close
as possible to the channel’s center, thereby avoiding additional tangential stress on the
dike bottoms.

4.5. Discussion

Regarding the sediments recolonization, the results show that the Sulina Channel
mouth area is highly dynamic. The particles resedimentation occurs quite rapidly, with
the water depth varying from —12 m to the stability depth of around —7 m in one to two
months. Figure 20 presents the riverbed evolution in time in a representative area of the
bar. Remark that about 800 h after dredging, the depth to the riverbed is above —7 m.

This recolonization happens mainly in places with a sudden transition between the
Danube’s fluvial flow regime and the Black Sea’s marine current regime because sand parti-
cles from the Black Sea are deposited rapidly. The obtained results match the observations
regarding the deposition area and deposited quantity and the development of a sand dune
from north to south directly through the Sulina bar.

The dikes’ stability analysis has shown that the longitudinal dike along the Sulina
canal is stable and not influenced by external conditions in terms of the lateral pressure
applied by the hydrodynamic wave forces and potential erosion or rock displacement
caused by waves overtopping.
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Figure 20. Evolution of the seabed level in the Sulina Channel’s mouth area.

In this study, an additional scenario considered the vessel propulsion, where the
vessel would not be self-propelled but rather assisted by tugboats, which would have
much smaller draughts than the cargo vessel. The same route and travel speed have been
proposed as for the self-propelled vessel. This scenario was mainly simulated to assess if
the tugboats would induce any scouring in the protection dikes. The simulation results
showed that the tugboats would not have a scouring impact on the dikes” bottom, thus not
threatening the dike stability. Also, considering the smaller draught values, the tugboat
propellers are not powerful enough to cause any significant material resuspension.

The study brings significant insight into the integrated dynamics of various forcings
(waves, currents, winds, river discharge, mud transport, sediment transport, and vessel
traffic) that act on the Sulina Channel’s mouth area and bar.

The novelty of the study is represented by:

e Proposing various models for assessing the individual and combined effects of the
processes that impact the navigability in the Sulina Channel;

e  Designing a vessel traffic model to evaluate the impact of the increased vessel traffic
(that takes into account the increase in vessel sizes) on the sediment resuspension;
Evaluating the potential sediments’ redeposition in the Sulina bar area;

Evaluating the dredging period to maintain the navigability on the canal. This is
especially important during wintertime when the bar could suffer significant re-
sedimentation due to storms and increased sediment transport.

5. Conclusions

The study brings significant insight into the complex dynamics occurring in the
Sulina Channel mouth area accounting for the combined effects of natural forces and
anthropogenic activities. Its novelty consists of presenting an integrated approach that
aims to obtain the necessary input to fully assess the area in terms of interactions between
waves, currents, river flows, and sediment transport and the impact of vessels’ navigation
on sediment resuspension in the Sulina Channel.

Through advanced hydrodynamic, wave, and sediment transport models, the follow-
ing key conclusions have been drawn.

e  The transition zone between the Danube River and the Black Sea experiences signif-
icant sedimentation, primarily due to the fine materials carried by river discharge
and sand deposited by marine currents. This finding is crucial for planning regular
maintenance dredging and the associated costs for maintaining the navigability in
the Channel.

e  The vessels’ transit contributes to additional erosion along predefined routes, with
propeller-induced currents causing significant sediment resuspension. Erosion stabi-
lizes after multiple vessel passages, primarily affecting the less consolidated upper
sediment layers.
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e  The developed wave model successfully estimated the wave conditions impacting the
Sulina Channel and its infrastructure, providing essential data for understanding the
coastal sediment transport processes.

e  Extreme wave height analyses revealed significant wave directions predominantly
between 60° N and 120° N. Therefore, it is necessary to consider these directions in
future coastal management plans.

e  Stability analyses of the dikes along the Sulina Channel demonstrate that the existing
structures can withstand extreme hydrodynamic forces, with calculated wave-induced
pressures confirming the dikes’ resilience. Longitudinal dikes were stable against both
lateral hydrodynamic pressures and potential erosion or rock displacement caused by
wave overtopping, ensuring the continued protection of the Sulina Channel.

The findings underscore the importance of an integrated approach in managing
navigable waterways, ensuring operational efficiency and environmental sustainability.

To enhance the accuracy of future studies, it is recommended that more detailed
field measurements be acquired, particularly regarding wave and current conditions in
the Black Sea. Further investigations should include the impact of wake waves on dike
erosion processes and sensitivity analyses of different vessel characteristics to refine the
understanding of their effects on sediment transport.

Overall, this study presents significant insights into the complex dynamics at the
Sulina Channel mouth, offering valuable information that could significantly shape the
future of the sustainable management and maintenance of this critical navigational route.
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