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ABSTRACT  
This paper investigates the effects of shallow-water 
conditions on the resistance, nominal wake field, and 
propulsion performance of a CEMT Class II autonomous 
inland container vessel equipped with twin azimuth ducted 
thrusters. The study is conducted within the AUTOFLEX 
project, which aims to develop autonomous small vessels 
for cargo transport in confined European waterways. 
Hydrodynamic characteristics of the designed vessel 
“Oskar 2.0” are analysed using full-scale CFD simulations 
in STAR-CCM+, employing a Dynamic Fluid–Body 
Interaction (DFBI) motion model and an Improved 
Delayed Detached Eddy Simulation (IDDES) turbulence 
approach. The results show that decreasing relative water 
depth significantly increases hull resistance, mainly due to 
growth of the pressure component associated with under-
keel flow acceleration, intensified stern separation and 
wave making. Domain confinement also modifies the 
nominal wake field, increasing propulsor loading and 
affecting propulsion factors and propulsive efficiency. 
Under extremely shallow conditions, propulsor–hull 
interaction becomes strongly unsteady, leading to 
increased load fluctuations on the thrusters. Despite the 
higher resistance in shallow water, the optimized hull and 
propulsion arrangement demonstrate substantially lower 
propulsion power demand compared with typical CEMT 
Class II vessels. 
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inland vessels, azimuth thrusters, wake field, propulsion 
factors, confined waterways.  
 

1 INTRODUCTION 
Small- to medium-sized inland navigation vessels (CEMT 
Classes I-IV) are considered a viable alternative cargo 
transport mode for relieving traffic on some of the most 
congested European motorways. Within the Horizon 
Europe project AUTOFLEX (AUTOnomous small and 
FLEXible vessels, https://autoflex-vessel.eu/), a novel type 
of autonomous inland container vessel is being developed 
to provide transport services in the previously underused 
confined waterways of the Netherlands and Belgium. 

Feasibility studies conducted within the project indicated 
that the largest expansion of the accessible waterway 

network in the considered regions could be achieved using 
a vessel of CEMT Class II (Budde et al., 2024). To provide 
the required operational flexibility while complying with 
policy regulations for container carriers, the ship design 
must be carefully optimized within a multidisciplinary 
design framework. From a hydrodynamic perspective, the 
main challenges arise from strong interactions between 
inland vessels and waterway boundaries. These 
interactions increase resistance, modify dynamic squat 
(sinkage and trim), and alter the inflow to the propulsors, 
potentially affecting propulsive efficiency, structural loads, 
and manoeuvring performance. Furthermore, autonomous 
navigation introduces additional safety requirements that 
necessitate reconsideration of some conventional 
propulsion and steering solutions. 

The CEMT Class II vessel design developed in the 
AUTOFLEX project has therefore been subjected to 
extensive hydrodynamic optimization using a simulation-
driven design approach, in which both viscous CFD and 
potential-flow calculation tools were employed. The CFD 
model builds on the validated methodology described in 
Krasilnikov et al. (2025) and on recent studies of shallow-
water effects by Eloho et al. (2025). In the present paper, 
we briefly describe the main features of the vessel design 
(Section 2) and the numerical model employed (Section 3). 
We then focus on analysing the effects of shallow-water 
conditions on hull resistance, nominal wake, and 
propulsive characteristics of the vessel at the design 
loading condition (draught) and speed (Section 4). Finally, 
conclusions are drawn regarding the observed trends, their 
implications for propulsor operation, and possible 
directions for future studies. 

 

2 VESSEL AND PROPULSION SYSTEM DESIGN 
The design of the CEMT Class II unmanned inland 
container vessel “Oskar 2.0” is based on the findings from 
the conceptual studies described in Mateienko et al. (2024). 
The design objectives, constraints, and procedures are 
detailed in Bačkalov et al. (2025). The vessel is designed 
to comply with intact stability requirements for container 
carriers operating in Zones 2 and 3, and with redundancy 
requirements for energy sources on electric ships. The 
locations of the swappable battery packs are defined 



according to CESNI constraints, which inevitably restrict 
the freedom available for hydrodynamic hull optimisation. 
In addition, the low draught, limited water depth, and need 
to avoid developed propeller cavitation and ventilation 
constrain the allowable propulsor size. Within this range, 
azimuth units generally provide lower propulsive 
efficiency than shaft-driven ducted propellers. However, 
this trade-off is necessary to achieve the low-speed 
manoeuvrability required for safe and efficient 
autonomous operation in narrow canals, near berths, and 
during lock entry and exit (Wennersberg et al., 2026).  

The key features of the “Oskar 2.0” design are: (i) 
autonomous operation aligned with CCNR Autonomy 
Level 3; (ii) fully electric propulsion with two ducted 
azimuth thrusters equipped with controllable-pitch 
propellers (CPPs), (iii) a pump-jet bow thruster as an 
auxiliary steering device; (iv) swappable ZES battery 
packs located in the aftmost cargo-hold bay as the primary 
energy source; (v) hull and structural design optimised for 
shallow-draught navigation and Zone 2 operations; (vi) 
compatibility with 20-ft ISO and pallet-wide (PW) 
containers; (vii) compliance with Bureau Veritas 
classification rules and ES-TRIN requirements to the 
extent possible. Figure 1 presents a general view of the 
“Oskar 2.0” vessel, while Figure 2 illustrates the 
arrangement of the main propulsion units in the aftship. 
The general view of the azimuth ducted thruster is shown 
in Figure 3. Table 1 summarises the principal particulars of 
ship hull and propulsion arrangement of “Oskar 2.0”. 

 

 

 

 

 

Figure 1: General view of the designed vessel 

 

 

 

 

 

 

Figure 2: Arrangement of the main propulsion units 

 

 

 

 

 

 

 

Figure 3: Azimuth ducted thruster 

Table 1: Principal particulars of ship hull and main 
propulsion units of “Oskar 2.0” 

Length overall, LOA [m] 55.00 
Beam overall, B [m] 6.60 
Draft, T [m] 1.932 
Depth, H [m] 2.60 
Displacement, D [t]  651.7 
Block coefficient, CB [-] 0.903 
Prismatic coefficient, CP [-] 0.907 
Cargo capacity [TEU] 24 
  

Main propulsion 
2 x 190 kW ducted 
azimuth thrusters 

Coordinates of propulsor center 
(Xpc, Ypc, Zpc) (m) 

(1.59, 1.73, 0.614) 

Thruster installation angles 
(around X, Y, Z) [deg] 

(2.5, 2.0, 2.0) 

Propeller diameter, Dp [m] 0.85 
Number of blades, Z [-] 4 
Blade area ratio, AE/A0 [-] 0.65 
Design pitch ratio, P(0.7)/D [-] 1.20 
Direction of propeller rotation Inward over top 

 

The present hull shape is the result of three rounds of bow-
shape optimisation performed on the baseline design 
developed during the conceptual design phase (Mateienko 
et al., 2024). A parametric hull model developed in 
CAESES was used to vary the forebody systematically 
while preserving the principal dimensions and 
displacement. The optimisation focused on two operational 
profiles: (1) a “50/50” operational profile, with equal 
operating time at 10 and 12 km/h; and (2) a “90/10” 
operational profile, with 90% operation at 10 km/h and 
10% at 12 km/h. 

In the first two rounds, approximately 1225 variants were 
evaluated in deep water using XPAN, the potential-flow 
free-surface panel method in SHIPFLOW. The varied 
parameters included bow elongation, forward shift of the 
midship section, forebody offset-curve steepness, stem 
type, waterline entrance angle, and shoulder location. The 
objectives were to reduce total resistance, bow-down trim 
and sinkage, and to mitigate water-on-deck caused by wave 
making at the higher speed. Four candidate designs were 
then selected for a third optimisation round using viscous 
RANS simulations in STAR-CCM+ for the 50/50 profile. 
This stage also considered limited water depths ranging 
from ℎ/𝑇=4.0 to ℎ/𝑇=1.24. 

The final variant was selected based on the CFD results and 
a basic intact-stability assessment, while accounting for 
regulatory constraints related to redundancy of electric 
propulsion energy sources and the positioning of the 
swappable battery packs. Together with the requirement 
for zero initial static trim and the arrangement of the main 
propulsion units, these constraints largely determined the 
stern shape. Consequently, stern-shape optimisation was 
not explored at this stage, despite evidence that stern design 



can also strongly affect the hydrodynamic performance of 
inland vessels (Kaufmann et al., 2025). 

The hull design incorporates a central skeg, introduced 
based on hydrodynamic, manoeuvring, structural, and 
operational considerations. Twin-azimuth-propelled 
vessels are known to have reduced directional stability, 
particularly at small steering angles. In shallow inland 
waterways, bank proximity and restricted depth can alter 
the aftbody flow, leading to interactions between the flows 
from the port and starboard sides of the hull near the 
centreline. The central skeg acts both as a passive 
stabilising surface and a flow divider, improving course-
keeping ability, reducing yaw oscillations, and mitigating 
instabilities caused by port-starboard flow interaction. It 
also protects the thrusters from bottom contact in confined 
waterways where squat may vary dynamically. For 
autonomous operation, this passive stabilisation is 
especially beneficial because it reduces the frequency and 
magnitude of control actions required by the guidance and 
control system. 

CFD simulations were used to obtain the nominal wake 
field required for the design of the azimuth ducted 
thrusters, which was carried out using the propeller design 
software AKPA (Krasilnikov & Di Paolo, 2025). The axial 
and transverse coordinates of the propulsor centres were 
determined considering propulsive efficiency, 
manoeuvrability, general arrangement, and weight 
distribution in the engine compartment. Particular attention 
was given to minimizing potential interaction between the 
thruster slipstream and the hull central skeg during 
azimuthing. The vertical position of the propulsor centres 
was selected considering propulsor submergence, hull and 
bottom clearance, and the requirement for full 360° 
azimuthing capability. 

Profiled headboxes were used to integrate the azimuth 
thrusters with the hull, as shown in Figure 2. Their 
alignment with the incoming flow from CFD flow analyses 
across the operational speed range in deep water 
conditions. Compared with simple cylindrical headboxes, 
the profiled design slightly increases the total wetted 
surface area but reduces flow separation, lowering hull 
resistance by approximately 1-2%. In addition, the flow 
above the duct becomes more stable, which helps reduce 
dynamic loads acting on the thruster.  

 

3 NUMERICAL MODEL 
The numerical setup for the CFD resistance and propulsion 
simulations implemented in STAR-CCM+ (v19.06.009) 
follows the methodology described in Krasilnikov et al. 
(2025) and Eloho et al. (2025). The main difference lies in 
the adopted approach for modelling vessel motions. 

Instead of the Overset Mesh method used in the previous 
studies, the present work employs the Dynamic Fluid–
Body Interaction (DFBI) solver combined with a Mesh 
Morphing technique to determine the ship’s dynamic 
sinkage and trim. Although the Overset Mesh method 
offers considerable flexibility for handling complex 
motion scenarios, it has inherent limitations related to mass 
conservation can become problematic in extremely 
shallow water. This issue is avoided with Mesh Morphing, 
although mesh quality must be carefully maintained. Since 
the morphing algorithm operates through redistribution of 
mesh vertices rather than modification of cell volumes, 
faces, or edges, it cannot directly evaluate mesh-quality 
metrics. In the present simulations, the magnitudes of 
sinkage and trim remain relatively small compared with the 
available under-keel clearance, allowing the Morpher to 
accommodate mesh deformation without excessive cell 
quality degradation. The applied morphing method uses a 
hierarchical multilevel B-spline approach based on 
progressively adaptive grids (Lee et al., 1997).  

In the resistance simulations, the Equilibrium Body Motion 
option is used with the DFBI solver. As noted in 
Krasilnikov et al. (2025), although this approach provides 
significant computational time savings compared with the 
Free Motion model, it becomes less accurate in situations 
where the flow dynamics do not permit a stable equilibrium 
state, such as in extremely confined waterways. For the 
self-propulsion simulations (operating propulsors), the 
vessel is fixed at the dynamic position (sinkage and trim) 
obtained from the resistance calculations for the 
corresponding speed, draught, and water-depth condition. 

The computational domain consists of the main fluid 
region, where the DFBI motion model is either enabled 
(resistance simulations) or disabled (propulsion 
simulations), and two sliding-mesh regions surrounding 
the rotating propellers. The computational domain includes 
the entire vessel with both thrusters, since interaction 
between the portside and starboard flows becomes 
significant in shallow-water, where the flow around the 
vessel is no longer symmetric. The mesh refinement 
strategy is very similar for the resistance and self-
propulsion simulations, except that in the resistance setup 
the thrusters are removed and the associated local 
refinement controls are deactivated. Figure 4 illustrates the 
mesh refinement around the ship hull for ℎ/𝑇 = 1.5. The 
volume refinement control applied to the bottom part of the 
hull and extending to the domain floor provides an 
isotropic cell size of 0.001ௗ𝐿௉௉, matching the finest free-
surface refinement in the vertical direction. In extremely 
shallow-water conditions, interaction between the free 
surface, canal floor, and propulsor slipstream becomes 
pronounced; requiring adequate resolution in these regions. 

  



Since, in shallow water, ship-generated waves are not 
confined to the wedge defined by the theoretical Kelvin’s 
wake angle of 38.94°, rectangular volume controls are used 
to refine the free-surface mesh in the X and Y directions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Mesh refinement around ship hull and 
domain floor 

Figure 5 illustrates the mesh refinement pattern around the 
azimuth thruster and the headbox. The sliding-mesh region 
surrounding the propeller is indicated in green. Additional 
local refinements are applied in the wake of the gear 
housing, blade-duct tip clearance, gap between the duct and 
headbox, and downstream of the duct trailing edge. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Mesh refinement around azimuth thruster 

 

For the near-wall treatment in full-scale simulations, the 
wall functions approach with the All 𝑌ା Treatment is 
employed, targeting average 𝑌ା values of approximately 
90 on the ship hull and domain floor, and about 60 on the 
propulsor components. Twelve prism layers are applied on 
the hull and domain floor, while eight prism layers are used 
on the propulsors. An example of the 𝑌ା distribution is 
shown in Figure 6 for one of the simulation cases (ship 
speed 𝑉௦ = 10km/h and relative water depth ℎ/𝑇 = 1.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Example of Wall Y+ distribution on ship 
hull and thrusters. Case: Vs=10 km/h, h/T=1.5 

 

The total cell counts in the resistance simulations vary from 
19 million in deep water to 44 million in shallow water, 
depending on water depth. For the self-propulsion 
simulations, the corresponding range is 30-60 million cells.  

The flow around the aft-ship in shallow and confined 
waterways has been shown to exhibit significant separation 
(Krasilnikov et al., 2025; Eloho et al., 2025). Therefore, for 
accurate prediction of the inflow to the propulsors, as well 
as for modelling the interaction between the propulsor 
slipstream and the waterway boundaries, it is essential that 
the anisotropic turbulence field in these regions is properly 
resolved. For this purpose, the present study employs the 
Improved Delayed Detached Eddy Simulation (IDDES) 
method, a hybrid approach combining Reynolds-Averaged 
Navier–Stokes (RANS) modelling near-wall with Large 
Eddy Simulation (LES) in the outer flow region (Shur et 
al., 2008). For turbulence closure in the RANS branch, the 
SST 𝑘–𝜔 turbulence model with a quadratic constitutive 
relation (QCR) proposed in (Spalart, 2000) is used.  

The free surface is modelled using the Volume-of-Fluid 
(VOF) method with the High-Resolution Interface 
Capturing (HRIC) scheme. Following current best 
practices, the cell aspect ratio in the vicinity of the free 
surface was maintained in the range of 4–12 (typically 
around 8) in the region surrounding the ship. The Angle 
Factor and Sharpening Factor were kept at the default 
values recommended in STAR-CCM+ (0.05 and 0.0, 
respectively). These settings produced ship-generated 
wave patterns consistent with photographic observations of 
full-scale vessels operating in inland waterways (VBW, 
2016). Nevertheless, more systematic studies are required 
to establish definitive recommendations for these 
parameters. 



All simulations were performed using the implicit unsteady 
solver. For resistance simulations and the first stage of the 
self-propulsion calculations (in which the propeller action 
is represented using the Moving Reference Frame (MRF) 
method), the time step was determined based on the ship 
length and speed, as follows Δ𝑡 = 0.005 ⋅ 𝐿௉௉/𝑉 . 
During the sliding-mesh stage of the self-propulsion 
simulations, where the propellers rotate physically, the 
time step is determined by the propeller rotational speed 
and corresponds to a rotation of 2° per time step. The self-
propulsion condition was obtained by iteratively adjusting 
the propeller rotational speed until the axial force from the 
two thrusters balanced the total ship resistance plus 
correction terms. These corrections account for hull 
surface roughness, aerodynamic resistance of on-deck 
structures and containers, and the resistance of the bow 
steering device (pump-jet). On average, the estimated 
additional resistance amounts to approximately 10% of the 
hull towing resistance under the corresponding operating 
conditions. 

 

4 SIMULATION RESULTS 

 

4.1 Simulation conditions 
Based on the findings from the conceptual studies 
conducted within the AUTOFLEX project (Budde et al., 
2024; Mateienko et al., 2024), the speed of 10 km/h was 
selected as the design operating condition. The design 
draught of 1.932 m corresponds to the vessel at departure 
with 100% container loading and zero static trim. These 
conditions were adopted for the systematic investigation of 
shallow-water effects carried out in the present study. In 
addition to the theoretical deep-water condition, the 
following relative water depths were investigated: ℎ/𝑇 = 
4.0, 3.0, 2.0, 1.5 and 1.25. All simulations were performed 
at full scale, assuming freshwater properties: density𝜌 =
999.1ௗkg/mଷ and dynamic viscosity 𝜇 = 0.001138ௗPa-s. 
In the shallow-water simulations, the bottom boundary of 
the computational domain was defined as a no-slip wall 
moving with the inflow velocity (equal to the ship speed). 
This approach ensures correct representation of the relative 
motion between the flow and the ship, whose motion was 
computed using the DFBI solver with two degrees of 
freedom: sinkage and trim. 

From the resistance simulations, the variations of total 
resistance and its pressure and frictional components were 
recorded, together with the corresponding values of 
dynamic sinkage and trim. The nominal wake field was 
sampled at the propeller-plane locations, positioned at 
0.3918 m (0.461D) downstream of the propeller centres. 
The self-propulsion simulations, in which the vessel was 
fixed at the dynamic sinkage and trim obtained from the 
resistance calculations, provided information about the 
propulsion factors, including the thrust deduction factor 𝑡, 
axial wake fraction 𝑊், and relative rotative efficiency 𝜂௥. 
In addition, the simulations yielded the required brake 
power 𝑃஻ and the overall propulsive efficiency 𝜂஽. 

4.2 Resistance and dynamic squat 

Figure 7 shows variation of hull towing resistance with 
water depth.  
 

 
 

 

 

 

 

 

 

 

Figure 7: Variation of hull towing resistance with 
water depth. Case: Vs=10 km/h, T=1.932 m 

Resistance increases as 𝒉/𝑻 decreases, consistent with the 
experimental data at the same speed reported by Friedhoff 
et al. (2019) and used for CFD validation in Krasilnikov et 
al. (2025), although those measurements refer to a different 
vessel class and hull design. Figure 8 presents the variation 
of the frictional and pressure components of the resistance 
coefficient for the same conditions.  
 

 

 

 

 

 

 

 

 

 
Figure 8: Variation of total resistance coefficient and 

its frictional and pressure components with water 
depth. Case: Vs=10 km/h, T=1.932 m 

The frictional component exhibits only a minor increase 
with decreasing water depth, indicating that the growth of 
resistance in shallow water is largely caused by changes in 
the pressure component. In deep-water (ℎ/𝑇 ≥ 4.0), the 
pressure component accounts for approximately 30% of 
the total resistance. Its share increases to about 50% at 
ℎ/𝑇 = 2.0, while at ℎ/𝑇 = 1.25 it becomes the dominant 
contributor, reaching approximately 70%. The growth of 
the pressure component is associated with flow blockage 
effect, increase of flow separation extent at the stern and 
increase of wave-making contribution. The variations of 
dynamic sinkage and trim are illustrated in Figure 9. Both 
sinkage and trim by the bow increase as ℎ/𝑇  decreases 
with trim showing the steeper gradient. compared with 
sinkage. The quality of the DES solution was assessed by 
monitoring the upwind blending factor field function. 
 



 

 

 

 

 

 

 

 

 

Figure 9: Variation of dynamic sinkage and trim with 
water depth. Case: Vs=10 km/h, T=1.932 m 

This factor controls the energy partition in the 
discretisation of convection terms between the RANS 
branch, where the second-order upwind scheme is applied, 
and the LES branch, where central differencing is used. As 
illustrated in Figure 10 for ℎ/𝑇 = 1.5, the blending factor 
remains close to 1.0 on the hull surface, within the attached 
regions of the boundary layer, and in the free-stream flow, 
while approaching 0.0 in zones of flow separation. These 
zones are particularly evident downstream of the central 
skeg, in the regions of bilge vortices, around the 
headboxes, and downstream of the stern where the 
detached wake is fully developed. This behaviour indicates 
that the hybrid solution performs as intended. Some 
anisotropic turbulence is also generated at the free-surface 
interface by the ship-induced wave system. 

 

 

 

 

 

 

 

 

Figure 10: Visualization of upwind blending factor in 
the DES solution. Case: Vs=10 km/h, h/T=1.5 

 

4.3 Nominal wake field 
Reduction of water depth increases the axial velocity 
deficit in the hull wake and makes the wake field more non-
uniform. These changes are associated with the increase of 
flow separation in the stern region where the hull lines 
gradually rise from the bottom toward the transom, and 
particularly in the area where the central skeg integrates 
with the main hull. The stern bilge vortices also intensify. 
Together, these phenomena define the time-averaged 
nominal wake patterns shown in Figure 11 for different 
water depths at 𝑉௦  = 10 km/h. The wake distributions in 
Figure 11 were obtained by time-averaging the wake data 
over a time window corresponding to the flow travelling 
one 𝐿௉௉ . The figures also indicate the nominal wake 
fraction (WTx) averaged over the propeller disk. The wake 

fraction increases from approximately 0.09 in deeper-water 
conditions to 0.257 at ℎ/𝑇 = 1.5, mainly due to the wake 
shadow in the sector between 0° and 90°. For the extremely 
shallow-water case (ℎ/𝑇 = 1.25), the velocity deficit at 
the propeller plane decreases again. This behaviour can be 
explained by the separated wake being driven closer to the 
centre plane due to increased flow over the ship sides and 
underneath the stern. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Time-averaged nominal wake field on the 
propeller plane of the portside thruster. Cases: Vs=10 

km/h, varying h/T 

This overflow also induces dynamic movement of the main 
separation region in the vertical direction, so that the flow 
alternately detaches and reattaches to the stern upstream 
and above the thruster location. These phenomena are 
further illustrated in Figure 12, which shows axial velocity 
and vorticity magnitude distributions for the full vessel at 
ℎ/𝑇 = 2.0 and ℎ/𝑇 = 1.25 . It should be noted that at 
ℎ/𝑇 = 1.25  the wake fraction decreases only at the 
propeller disk area, whereas the overall wake field 
becomes stronger, reflecting the increased momentum loss 
associated with the higher hull resistance. 
 

h/T=inf h/T=4.0 

h/T=3.0 h/T=2.0 

h/T=1.5 h/T=1.25 



4.4 Propulsion performance 
The trends in hull resistance and wake field discussed in 
the previous sections determine the operating conditions 
for propulsors behind the hull in shallow water. On the one 
hand, the increase in hull resistance with decreasing ℎ/𝑇 
requires higher thrust to propel the vessel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Instantaneous images of the axial wake 
component and vorticity magnitude. Cases: Vs=10 

km/h, h/T=2.0 and 1.25 

On the other hand, the increasing wake fraction reduces the 
effective advance coefficient of the propulsor operating 
behind the hull, so that, at a given RPM, the propulsor 
develops a higher thrust. Increased propulsor loading leads 
to stronger flow acceleration around the stern, which in 
turn increases the thrust deduction factor. Self-propulsion 
CFD simulations were performed at the design pitch setting 
𝑃(0.7)/𝐷 = 1.20 . The propeller rotational speed was 
adjusted iteratively to reach the self-propulsion condition. 
The average values of ship resistance with operating 
thrusters, total thrust, axial force produced by the thruster, 
and propeller torque were recorded over the final two 
revolutions. From the computed propulsor characteristics 
behind the hull, the conventional propulsion factors were 
derived using thruster open-water characteristics obtained 
from full-scale CFD calculations and the thrust identity 
method, in a manner analogous to self-propulsion model 
tests. The resulting propulsion factors as functions of water 
depth are presented in Figure 13 for the design speed of 10 
km/h. 

The thrust deduction factor 𝑡  shows a gradual increase 
from deep-water conditions down to ℎ/𝑇 = 1.5, followed 
by a steeper increase at ℎ/𝑇 = 1.25 . The axial wake 
fraction 𝑊் generally follows the trend of the thrust 
deduction factor down to ℎ/𝑇 = 1.5 , after which it 
decreases, similarly to the nominal wake fraction discussed 
earlier. At ℎ/𝑇 = 1.5 , propulsor-wake interaction 
becomes significantly stronger, giving 𝑊் values that are 
lower than their nominal counterparts. 

 

 

 

 

 

 

 

 

 

Figure 13: Variation of propulsion factors with water 
depth. Case: Vs=10 km/h, T=1.932 m 

For ℎ/𝑇 ≤ 2.0, the thrusters operate in a relatively mild 
wake and interact with the detached boundary layer only 
within a limited sector of inward angles. Consequently, the 
effective axial wake fraction remains comparable to the 
nominal wake fraction.  
 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14: Flow past ship stern without (above) and 
with (below) working thrusters. Case: Vs=10 km/h, 

h/T=1.5 

The effect is shown in Figure 14. For the extremely 
shallow-water condition ℎ/𝑇 = 1.25 , the interaction 
weaken again because, as discussed in Section 5.3, the 
separated wake shifts toward the centre plane. As a result, 
the average values of the effective and nominal axial wake 
fractions again become comparable. However, under these 
conditions the propulsor–hull interaction is already highly 
unsteady, and the inflow to the propulsor exhibits 
significant temporal variation. This behaviour leads to 
increased load fluctuations on the propulsor components, 
as shown in Figure 15 for the duct thrust and propeller 
thrust of the portside thruster. Consequently, higher 
unsteady loads on the shaft and bearings, as well as 
increased vibration levels, may be expected. 

 

h/T=2.0 h/T=1.25 



 

 

 

 

 

 

 

 

 

Figure 15: Maximum amplitudes of the duct thrust 
and propeller thrust coefficients. Case: Vs=10 km/h, 

T=1.932 m, varying h/T 

The predicted required propulsion power 𝑃஻  and 
propulsive efficiency 𝜂஽ are shown as functions of water 
depth in Figure 16. The brake-power calculation assumes a 
mechanical efficiency of 0.96, and the reported values 
correspond to the combined power of the two thrusters.  

 

 

 

 

 

 

 

 

 

Figure 16: Propulsion power and propulsive 
efficiency. Case: Vs=10 km/h, T=1.932 m, varying h/T 
 
The predicted trends in propulsion power with water depth 
agree well with the results of the model test campaign 
conducted with the designed vessel within the 
AUTOFLEX project (Bačkalov et al., 2025). The power 
levels predicted from the model tests are higher than the 
present CFD predictions, particularly at lower ℎ/𝑇 values 
(40 kW versus 32 kW at ℎ/𝑇 = 4.0; 51 kW versus 43 kW 
at ℎ/𝑇 = 2.0; and 140 kW versus 91 kW at ℎ/𝑇 = 1.25). 
These differences can be attributed to several factors. First, 
as discussed in Eloho et al. (2025), scale effects in ship-
waterway interaction lead to a larger relative increase of 
hull resistance in shallow water at model scale compared 
with full scale. Second, a conservative correlation 
allowance was applied in the extrapolation of the model-
test results to full scale. Despite these conservative 
estimates, the predicted propulsion power of the main 
engines of the “Oskar 2.0” remains significantly lower than 
the statistical median installed power for reference CEMT 
Class II vessels, which is approximately 200 kW. This 
reduction is the result of the extensive hydrodynamic 
optimization of the hull form and propulsion arrangement 
carried out within the AUTOFLEX project. Operating 
conditions such as limited canal width or sailing against 

current would naturally require additional power, but even 
in such cases the propulsion power demand would remain 
below the reference level.  

For ℎ/𝑇 ≥ 2.0, the propulsive efficiency of the azimuth 
ducted thrusters is comparable to that of similar units 
commonly installed on offshore vessels. Considering the 
relatively small size of the present thruster, this represents 
a positive outcome of the design assessment. At lower 
water depths, the efficiency decreases due to increased 
propulsor loading and a higher thrust deduction factor. 
Optimization of the propeller pitch–RPM combination 
could provide a modest improvement in efficiency under 
these heavy-loading conditions. 

Both the CFD analyses and the model-test observations 
revealed no onset of ventilation on the thrusters for any of 
the tested draughts, speeds, or water depths.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17: Cavitation margins on azimuth thrusters. 
Case: Vs=10 km/h, T=1.932 m, varying h/T 

Adequate cavitation margins are also provided, as 
illustrated in Figure 17 for the design speed and draught. 
The smallest margins occur in the sector of inward angles, 
where the blades pass through the wake shadow of the 
separated hull flow. These margins decrease slightly with 
decreasing ℎ/𝑇  as propeller loading increases. 
Nevertheless, under all investigated conditions the thruster 
remains free from cavitation. 

 

5 CONCLUSIONS 
This study investigated shallow-water effects on the 
resistance, nominal wake field, and propulsion 
performance of the CEMT Class II autonomous inland 
container vessel “Oskar 2.0” equipped with twin azimuth 
ducted thrusters. The main conclusions are as follows: 

1. Reduction of relative water depth leads to a 
pronounced increase in hull resistance, primarily due 
to the growth of the pressure component. While the 
frictional resistance increases only moderately, the 
pressure contribution grows from approximately 30% 
of total resistance in deep water to about 70% at 
ℎ/𝑇 = 1.25. 

h/T=3.0 h/T=2.0 

h/T=1.5 h/T=1.25 



2. Decreasing water depth intensifies stern flow 
separation and strengthens bilge vortices, resulting in 
a more non-uniform nominal wake field and a 
significant increase in the axial velocity deficit at the 
propeller plane under moderate shallow-water 
conditions (ℎ/𝑇 ≈ 1.5). 

3. Under extremely shallow conditions (ℎ/𝑇 = 1.25), 
the separated wake is displaced toward the centre 
plane due to increased overflow around the hull sides 
and beneath the stern. This reduces the velocity 
deficit at the propeller plane, although the overall 
wake field becomes stronger and more unsteady. 

4. The altered wake field and increased propulsor loading 
significantly affect the propulsion factors. The thrust 
deduction factor increases steadily with decreasing 
water depth, while the effective wake fraction follows 
the nominal wake trend and becomes highly sensitive 
to the spatial position of the separated wake. 

5. In extremely shallow water, the propulsor-hull 
interaction becomes strongly unsteady, increasing 
fluctuations in thrust and duct loads. Such load 
variations may result in higher dynamic loads on 
propulsion components and should be considered in 
propulsion system design and structural assessment. 

6. Despite the increase in required propulsion power with 
decreasing water depth, the predicted power demand 
of the vessel remains substantially lower than the 
statistical median installed power of reference CEMT 
Class II vessels, demonstrating the effectiveness of 
the hydrodynamic optimisation performed within the 
AUTOFLEX project. 

7. The azimuth ducted thrusters exhibit satisfactory 
propulsive efficiency at ℎ/𝑇 ≥ 2.0, while efficiency 
decreases at lower water depths due to increased 
propulsor loading and higher thrust deduction. No 
ventilation or cavitation inception was observed 
under the investigated operating conditions. 

Overall, the results highlight the importance of accurately 
resolving shallow-water flow separation and wake 
dynamics in the hydrodynamic design and propulsion 
assessment of autonomous inland vessels operating in 
confined waterways. In future work, the present study will 
be extended to conditions of limited canal width to 
investigate the combined effects of shallow water and 
lateral confinement on resistance, wake dynamics, and 
propulsion performance. 
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