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Abstract

The rapid development of Autonomous Underwater Vehicles (AUVs) has increased the
demand for propulsion systems that balance thrust density, hydrodynamic efficiency,
and acoustic discretion. This study presents a comprehensive numerical investigation of
the performance of the Blue Robotics T500 thruster, embedded within the RAS-HA-X25
AUV’s internal conduit. Using transient Computational Fluid Dynamics (CFD) within
the OpenFOAM framework, this research assesses the propulsive characteristics of the
thruster across six distinct outlet geometries, including convergent jet nozzles and multi-
lobed “daisy” configurations. To improve computational efficiency for parametric design,
a calibrated actuator disc model was developed and validated against resolved-rotor
simulations, revealing a 15 % discrepancy attributed to tip leakage and hub vortex effects.
Results show that at the operational advance ratio (J = 0.167), the 60 mm convergent nozzle
is the optimal configuration for maximising thrust, achieving a peak net thrust of 42 N. In
contrast, the daisy-type lobed geometries, while causing a 50 % reduction in absolute thrust
compared to a standard cylindrical pipe, significantly homogenise the exit-plane velocity
distribution and reduce swirl intensity. These findings indicate that lobed terminations
provide a viable mechanism for reducing hydroacoustic signatures, offering a strategic
“stealth” advantage for low-observable underwater platforms where acoustic discretion
is prioritised over pure thrust density. This study establishes a robust methodology for
optimising embedded propulsion modules in next-generation autonomous and hybrid
underwater vehicles.

Keywords: propeller; duct; hydrodynamics; BlueRobotics T500 Thruster; outflow nozzle

1. Introduction
The rapid expansion of marine robotics has made Autonomous Underwater Vehi-

cles (AUVs) indispensable for subsea exploration, environmental data collection, defence
applications, and offshore industrial operations [1–3]. As mission profiles become more
sophisticated, with a focus on compact and acoustically stealthy vehicle footprints and
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extended operational endurance, the need for high-precision motion control and optimal
hydrodynamic integration has increased. Central to achieving these objectives is the propul-
sive efficiency of the vehicle’s thrusters, which must provide reliable performance across a
wide range of operating conditions [4].

For survey style AUVs, such as the Pirajuba[5], and the RAS-HA-X25 test platform
examined in this study, integrating thrusters within the vehicle’s hull, commonly known
as embedded or tunnelled propulsion, provides significant advantages for mechanical
protection and streamlined hydrodynamic profiles [6]. However, this configuration intro-
duces complex internal flow dynamics that differ markedly from open-water propeller
performance [7]. The confinement of flow within a conduit alters the pressure distribution
across the rotor blades and requires a thorough understanding of the axial momentum
recovery at the pipe termination [8].

Previous research has provided a solid foundation for understanding AUV propul-
sion hydrodynamics through both experimental [9] and numerical methods, described by
Battacharyya et al. [10] and the comparison between panel code and Reynolds-averaged
Navier-Stokes (RANS) code by Baltazar et al. [11]; a notable example is also presented by
Haoda Li et al. [12] on propeller thrusters for achieving high manoeuvrability and energy-
efficient motion. Early studies examined the integrated interaction between hull and
propeller forces [6], while later work expanded these perspectives to include high-fidelity
Computational Fluid Dynamics (CFD) analyses of drag, manoeuvrability, and hydrody-
namic coefficients [13–20]. These studies validated CFD methods for predicting underwater
vehicle performance and highlighted the critical roles of flow separation, turbulence,
and propulsor–hull interactions.

Despite these advances, current research in AUV simulation often relies on simplified
numerical models to predict vehicle behaviour. For example, simulators developed for the
BlueROV2 platform, such as those discussed by Einarsson [21] and von Benzon et al. [22],
frequently use Ordinary Differential Equation (ODE)-based models to approximate thruster
forces. Although these models are computationally efficient for control system design, their
accuracy is often limited by the fidelity of the underlying thruster data [23]. This limitation is
particularly evident in ducted and thrust-vectoring systems, which have been the focus of
recent research due to their superior static thrust and flow-conditioning capabilities [20,24–29].
These studies show that the performance of the ducted propeller is highly sensitive to the
geometry of the nozzle, the loading of the blade, and the recovery of swirls.

To bridge the gap between low-fidelity, simplified models and physical reality, this
study uses the Blue Robotics T500 thruster, Bluerbotics, Torance, CA, USA as a bench-
mark. To validate our numerical framework, we apply the foundational principles of
fluid mechanics and aerodynamics established by Halliday et al. [30] and Houghton and
Carpenter [31], as well as AUV thruster fault diagnosis based on the comprehensive model
by Jiang et al. [32]. Furthermore, to support computational efficiency during parametric
studies, actuator disc models have become prominent [19,20,33,34]. We adopt the Actu-
ator disc Theory (ADT) proposed by Sørensen [35], which represents the propeller as a
mathematical pressure jump. This approach significantly reduces computational over-
head while maintaining the essential physics of the induction field, provided the model is
carefully calibrated against actual hardware performance to account for discrepancies in
manufacturer-provided geometries.

Non-conventional designs, such as magnetic-coupling thrusters [36,37], parallel-
manipulator vectored thrusters [38,39], and synthetic-jet steering mechanisms [40], re-
flect growing interest in innovative propulsion configurations for small, streamlined I-
AUVs [41,42]. However, the influence of internal-duct exit geometry–specifically the
trade-off between thrust-optimised convergent nozzles and multi-lobed, acoustically bene-
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ficial “daisy” structures [43–45] remains comparatively underexplored under realistic AUV
operating conditions.

This work addresses this gap by conducting a comprehensive CFD-based investigation
of the T500 thruster installed inside a cylindrical tube with six distinct outlet geometries.
The objectives of this research are threefold:

1. To quantify the influence of tube-exit geometry on thrust production and axial mo-
mentum recovery in embedded thruster systems.

2. To assess the accuracy of actuator disc approximations in internal-duct flow environ-
ments characterised by confinement, swirl, and unsteady vortex dynamics.

3. To identify design trade-offs between convergent nozzles and acoustically favourable
lobed geometries at operational AUV speeds.

By correlating transient CFD results with analytical momentum theory, this study aims
to provide new insights into the hydrodynamic behaviour of enclosed thruster systems.
It may serve as a strong basis for optimising propulsion modules for next-generation
autonomous and hybrid underwater vehicles.

The overall structure of the manuscript is as follows. Section 2 provides a detailed
description of the problem, including the geometric characteristics of the T500 thruster,
the implementation of the actuator disc model, and the specifications of the computational
domain and boundary conditions. Section 3 presents the numerical results, covering the
baseline characterisation of the thruster, validation of the propeller disc approximation,
and a comparative performance analysis of the six distinct outlet geometries. Section 4
discusses the observed hydrodynamic trade-offs between convergent and lobed designs,
and evaluates the fidelity of the transient simulation framework. Section 5 synthesises the
main findings and offers engineering guidance for selecting optimal nozzle configurations
tailored to specific AUV mission profiles.

2. Materials and Methods
The resolution of the problem encompassed two primary objectives. First, the evalua-

tion of thrust and torque on the original T500 thruster equipped with a duct; and second,
the assessment of thrust for the T500 thruster installed within a cylindrical tube. In the
latter configuration, the tube was terminated with six distinct end geometries, which were
systematically analysed to determine their hydrodynamic influence.

Figures 1 and 2 show a 3D model of a T500 thruster and a T500 thruster within the
duct. The green parts indicate the rotating components, including the hub and blades.

The investigation of the ducted thruster began with an examination of the performance
characteristics of the propeller. Characteristic curves were generated at the maximum
motor rotational speed, while the advance velocity and the inflow velocity approaching
the propeller were varied. This enabled identification of thrust and torque trends under
different inflow conditions, which is critical for validating propeller efficiency in constrained
flow environments.

Furthermore, for the thruster enclosed within a tube, the flow field was computed
using a propeller disc model instead of the full thruster geometry. The tube geometry with
various exit terminations is shown in Figure 3. This simplification significantly reduced
computational cost while preserving the essential momentum exchange characteristics.
The propeller disc parameters were derived from the previously generated performance
characteristic curves for the T500 thruster in a duct configuration.

Consequently, for each tube termination type, thrust performance was evaluated
across a range of advance velocities, with the propeller operating at maximum rotational
speed to ensure consistency in the comparative analysis. The six distinct termination
configurations are illustrated in Figures 4 and 5. This approach enabled a systematic
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assessment of hydrodynamic interactions between the propeller-induced flow and the
tube-end geometry while maintaining accurate thrust predictions.

Figure 1. 3D model of the T500 thruster. The green zone indicates the rotating part, and the red zone
indicates the non-rotating parts.

Figure 2. 3D model of the T500 thruster enclosed within a duct. The green zone indicates the rotating
part, and the red zone indicates the non-rotating parts.

Before describing each geometry, it is important to note that the entire CFD analysis
was performed using the OpenFOAM platform. The computational mesh was generated
with the SnappyHexMesh utility, which enables automated creation of body-fitted meshes
for complex geometries. This approach ensured adequate resolution near the propeller and
duct surfaces while maintaining mesh quality in the far-field region, thereby supporting
accurate prediction of flow characteristics.

2.1. Analysis of the T500 Thruster Enclosed Within a Duct

The propulsion system rigorously analysed in this investigation is the T500 model,
engineered by BlueRobotics. The T500 is housed within a nozzle assembly which,
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upon preliminary inspection, conforms to the geometric characteristics of a standard 19A
duct profile [4].

Figure 3. Configuration of propeller disc in tube or pipe with two different pipe ends.

rotation 0◦ rotation 20◦ rotation 40◦

Figure 4. Pipe ends with a daisy-lobed nozzle for various angles of rotation.

Figure 5. Pipe ends with convergent nozzle types for different outlet diameters.

To evaluate the mechanical performance of the T500, an experimental bollard-pull test
was conducted over a range of angular velocities. The empirical data from these trials are
documented in the manufacturer’s technical repository (https://bluerobotics.com/store/
thrusters/t100-t200-thrusters/t500-thruster/, accessed on 15 March 2026). These findings
indicate that at a peak rotational velocity of approximately 3000 RPM in the ahead direction,
the thruster generates a force of about 160 N.

For this analysis, a detailed three-dimensional model of the entire thruster and its duct
was developed. The propeller blades were extracted from the 3D model provided by BlueR-
obotics in the technical specifications section of the thruster’s webpage. Figures 1 and 2
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show the 3D representation of the thruster and its duct. Components shown in green
indicate rotating parts, while those in red represent non-rotating components. This colour
coding was also used to define rotating and stationary zones in the simulation. For refer-
ence, Table 1 summarises the principal dimensions of the T500 ducted thruster.

Table 1. T500 ducted thruster dimension.

Part Dimension

Hub radius 31 mm
Blade tip radius 57 mm
Rotating hub part length 71 mm
Complete hub length 160 mm
Duct inner radius 59 mm
Duct overall length 59 mm

2.1.1. Numerical Method

As mentioned earlier, the entire analysis was conducted using the OpenFOAM plat-
form, version 13. Due to the inherently turbulent nature of the flow, the k–ω SST turbulence
model was used. When evaluating the turbulence characteristics, the maximum veloc-
ity was recorded at the propeller tip, reaching approximately 18 m/s. At this location,
the characteristic length corresponds to the propeller tip chord, approximately 17 mm.
Based on these parameters, the Reynolds number is estimated to be around 3 × 105, con-
firming that the flow in this region is fully turbulent and therefore requires the use of a
turbulence model.

The calculated Reynolds number confirmed the fully turbulent nature of the flow and
influenced the selection of the turbulence model and the mesh refinement strategy. The k–ω

SST model was selected as it is particularly suitable for flows with strong adverse pressure
gradients and rotating machinery such as thrusters. This model requires accurate near-wall
treatment, which was achieved by refining the mesh to maintain y+ values within the
recommended range of 30–300 for wall-function-based simulations. The combination of
the k–ω SST model and wall functions provided an optimal balance between numerical
accuracy and efficiency for this analysis.

Figure 6 shows the results for the rotating component of the T500 thruster, illustrating
the velocity magnitude (left) and the corresponding y+ values (right). As shown in the
figure, the mesh was designed to ensure that the y+ values fully meet the requirements
of the wall-function turbulence model. A detailed view of the mesh structure, including
boundary layer refinement, is provided in Figure 7. In this case, the mesh consisted of
approximately 14 million cells.

Computational Domain and Boundary Conditions

The computational domain consists of a cylindrical volume, as shown in Figure 8.
The inflow boundary is located at the proximal end of the cylinder (indicated by the blue
disc), while the outflow boundary is at the distal end (represented by the red disc). The yel-
low circumferential surface denotes the slip exterior wall. In this numerical configuration,
the slip condition constrains the fluid velocity vectors to remain parallel to the boundary,
ensuring an undisturbed flow field.

The longitudinal extent of the domain is approximately 2 m, which is twelve times the
characteristic length of the thruster, with the propulsion unit positioned near the centre of
the domain. The domain diameter is approximately 1 m, equivalent to roughly six times
the thruster length. These spatial dimensions follow established Computational Fluid
Dynamics (CFD) best-practice protocols for marine propulsor simulations. Specifically,
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these guidelines require the inlet boundary to be placed at least five to six thruster diameters
upstream, with the outlet boundary ten to twelve diameters downstream, to mitigate
blockage effects and enable accurate pressure recovery. Additionally, a lateral clearance
of at least five diameters is maintained to prevent unwanted confinement effects during
the simulation.

0.0e+00 1.8e+012 3 4 5 6 7 8 9 10 11 12 13 14 15 16

U Magnitude

2.1e+00 7.4e+0110 15 20 25 30 35 40 45 50 55 60 65

yPlus

Figure 6. Simulation results of velocity magnitude and y+ for the rotating part with an angular
velocity of 3000 RPM. The left figure shows the velocity magnitude of the blades, while the right
figure displays the corresponding y+ values in the operating regime.

Figure 7. Details of the mesh for the T500 thruster duct problem, including the boundary layer mesh.

Figure 8. Computational domain of the ducted problem. Blue indicates the inflow face, red indicates
the outflow face, and the cylinder face is the symmetry face.
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https://doi.org/10.3390/jmse14070600


J. Mar. Sci. Eng. 2026, 14, 600 8 of 27

The no-slip boundary condition was applied to the duct surface and to the front and
rear faces of the thruster hub (red zones in Figure 1). At the inflow boundary, several inlet
velocities were specified:

vinflow = {0.1, 0.2, 0.3, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0}m/s (1)

using the flowRateInletVelocity condition for velocity and zeroGradient for pres-
sure. The outflow boundary employed pressureInletOutletVelocity for velocity and
entrainmentPressure for pressure. On the outer cylindrical surface of the domain, a slip
boundary condition was imposed to minimise wall interference effects.

Computational Mesh

To ensure that the numerical results were independent of spatial discretisation, a sys-
tematic grid convergence study was conducted. The computational mesh was generated
using the SnappyHexMesh utility, enabling the creation of body fitted meshes with tar-
geted refinement in high-gradient regions, such as the propeller tips and duct interfaces.
For the resolved-rotor simulations, three mesh densities—coarse, medium, and fine—were
assessed to monitor the stability of the integral performance metrics.

The computational mesh surrounding the thruster region is shown in Figure 7. To en-
sure an undisturbed flow field and minimise blockage effects in line with established CFD
best practice protocols, the domain was defined with a longitudinal extent of twenty times
the thruster’s characteristic length (20L) and a width of 10L. The inlet boundary was posi-
tioned 7L upstream of the propulsion unit, while the outlet was placed 13L downstream to
allow for accurate pressure recovery. The lateral clearance was set at 5L both above and
below the thruster to prevent confinement effects during the simulation.

As shown in Figure 7, the mesh density was highest near the thruster, where the small-
est cell size was reduced to one tenth (1/10) of the reference cell size used in the far field re-
gion. To verify that the numerical solution was independent of the spatial discretisation [46],
three mesh types were constructed: a high-fidelity “fine” mesh, a “medium” mesh with a
density of two-thirds (2/3) that of the fine mesh, and a “coarse” mesh at one-half (1/2) the
density [46]. This hierarchical refinement was systematically controlled by the reference
cell size, providing a robust framework for grid convergence assessment.

The high-fidelity fine mesh selected for the T500 ducted thruster analysis comprised
approximately 14 million cells. This configuration included extensive boundary layer
refinement to maintain y+ values within the range 30–300, ensuring that the k–ω SST tur-
bulence model could accurately resolve the flow in the logarithmic wall region. In contrast,
the mesh for the propeller disc configurations was optimised to approximately 7.5 million
cells. This reduction in discretisation complexity was essential for achieving computational
efficiency during the parametric evaluation of the six different exit geometries. The main
mesh data are shown in Table 2.

The convergence of the primary hydrodynamic parameters, specifically thrust
force and torque, was confirmed as residuals for all transport variables reached the
10−4 threshold. Even in lower velocity regimes where local instabilities occurred,
the asymptotic behaviour of these integral quantities indicated that the global flow features
were sufficiently captured, thereby validating the selected mesh resolutions for robust
engineering assessment.

Multiple Reference Frame (MRF) Simulations and Convergence Behaviour

For the computation of the rotating region, the OpenFOAM Multiple Reference Frame
(MRF) approach was used. This method defines a rotational sub-domain, which in this case
was a cylindrical region with a radius of approximately 58 mm, located between the inner
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surface of the duct and the tips of the thruster blades. The length of this cylinder extends
from the front to the rear of the thruster hub. The angular velocity was set to the maximum
operating speed of the T500 thruster, 3000 RPM, for all cases.

Table 2. Mesh size dimensions.

Type Size of a Reference Cell Number of Cells

T500 thruster

Coarse 50 mm 3.5 M
Medium 33 mm 6.7 M
Fine 25 mm 14 M

Propeller disc

Coarse 40 mm 2 M
Medium 27 mm 5.5 M
Fine 20 mm 7.5 M

The velocity boundary condition for the thruster blades and rotating hub was speci-
fied as MRFnoSlip, while the pressure boundary condition was set to zeroGradient. All
simulations were performed in steady-state mode, with a maximum of 4000 iterations and
a residual convergence criterion of 10−4 for all variables (U, p, k, ω, and νt). This threshold
was chosen as a practical balance between computational efficiency and numerical accu-
racy, as residuals below 10−4 typically indicate negligible changes between iterations and
sufficient stability for engineering predictions.

For low inlet velocities (below 1 m/s), full convergence was not achieved within the
iteration limit; however, residuals decreased to approximately 3.5 × 10−4 by the 4000th
iteration, which was considered acceptable since global performance metrics, such as thrust
and torque, were the primary focus. Achieving lower residuals would require significantly
more iterations and computational time, with minimal impact on these integral quantities.
For inflow velocities equal to or above 1 m/s, the convergence criterion was satisfied well
before the iteration limit, typically within 2000 iterations, confirming the robustness of the
numerical setup under higher flow conditions.

2.2. Analysis of the T500 Thruster Enclosed Within a Tube

In the second phase of this investigation, the configuration in which the thruster is
enclosed within a cylindrical conduit was analysed. This arrangement reflects the archi-
tectural design of our bespoke underwater vehicle, which uses a dual-thruster propulsion
system, as shown in Figure 3.

To evaluate the hydrodynamic conditions within the conduit, the thruster was repre-
sented using an actuator disc model, as shown in Figure 9. Following the methodology
outlined in the preceding subsection, the characteristic performance profiles of the T500
thruster were obtained, including the non-dimensional thrust coefficient KT , torque co-
efficient KQ, and propulsive efficiency η. The complete empirical dataset is provided in
Section 3. These performance curves were generated by applying cubic B-spline interpola-
tion to the numerical data across a range of advance ratios J, based on the inlet velocities
defined in Equation (1). Using these coefficients, the actuator disc model enables simulation
of thruster dynamics without resolved blade geometry.

The reduction in computational overhead provided by this approach is crucial; it
greatly simplifies the discretisation process and reduces the global cell count. This is
essential for achieving the required computational efficiency within our hardware con-
straints. Managing mesh density is particularly important, as the simulation matrix requires
evaluating six distinct exit geometries at three inlet flow velocities.
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Figure 9. Actuator disc representation of the propeller with a central hub. The disc approximation
replaces the propeller blades to simplify thrust analysis.

2.2.1. Thruster–Tube Geometry

To assess the thrust performance of a tube-mounted thruster, the propeller is modelled
using the actuator disc approximation, as shown in Figure 9. This idealisation replaces the
discrete blade geometry with a uniformly loaded disc, simplifying the analysis of momen-
tum exchange between the incoming flow and the rotor. The disc area corresponds to the
annular region bounded by the inner and outer radii of the propeller blades, representing
the effective swept surface that transfers momentum.

The disc–hub assembly is positioned within a cylindrical tube, through which wa-
ter enters at a velocity equal to the drone’s translational speed, replicating the relative
motion between the vehicle and the surrounding fluid. Downstream, the tube ends in
several alternative outlet geometries, as shown in Figure 3. These configurations are in-
troduced to examine their influence on flow acceleration, pressure recovery, and overall
thrust generation. This approach provides a controlled framework for evaluating hydrody-
namic interactions and serves as a baseline for comparative thrust analysis across different
outlet designs, see Table 3.

Table 3. Dimensions of actuator disc within a tube system.

Part Dimension

Hub radius 31 mm
Blade tip radius 57 mm
Rotating hub part length 71 mm
Complete hub length 160 mm
Duct inner radius 59 mm
Duct overall length 59 mm

3. Results
The research findings were categorised into three main subsections: the hydrodynamic

analysis of the thruster, the derivation of characteristic propeller performance curves,
and the evaluation of propulsive thrust within various duct geometries. The final subsection
was further divided into two distinct nozzle configurations: multi-lobed “daisy” geometries
and convergent jet nozzles.

In the initial phase, a hydrodynamic analysis of the thruster was conducted, in which
the performance characteristics of the Blue Robotics T500 thruster were calculated through
high-fidelity Computational Fluid Dynamics (CFD). Turbulent wall functions were em-
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ployed within the CFD framework, and the computational mesh was designed to maintain
the calculated y+ values at or above 30. Characteristic performance graphs were produced
to compare the thrust coefficient (KT), torque coefficient (KQ), and efficiency (η) as a func-
tion of the advance ratio (J). It was found that the T500 propeller achieved its maximum
efficiency of slightly over 10 % at an advance ratio of J = 0.5. The operational regime for
the specific Autonomous Underwater Vehicle (AUV) was set at a translational speed of
1 m/s, corresponding to J = 0.167 in this study.

The subsequent analysis focused on the performance characteristics of an actuator
disc model, used as a substitute for the resolved T500 thruster geometry. The actuator disc
enabled a significantly simplified mesh representation, while maintaining the integrity of
the objective results. This simplification substantially reduced computational requirements,
allowing for a more detailed and comprehensive analysis of the global model. Although the
surrogate actuator disc reduced processing times, the fundamental analytical core was
preserved, ensuring that the comparative value of the results was maintained.

In the third subsection, the fluid flow dynamics were evaluated for various outlet
nozzle designs. The investigation included several exit configurations, the first of which
featured a “daisy-shaped” geometry intended to modify the thruster’s acoustic signature.
For this specific topology, three variations were examined: one with an orientation par-
allel to the main conduit, and two with angular offsets of 20◦ and 40◦. These rotations
were intended to compensate for rotational flow swirl, functioning similarly to the flow-
straightening mechanisms found in pump-jet propulsion systems, where the rotor is the
primary source of swirl.

The second category of duct terminations involved convergent nozzles with exit
diameters of 60 mm, 50 mm, and 40 mm. This part of the investigation aimed to quantify
the deterministic relationship between nozzle contraction and the resulting increase in jet
velocity under constrained internal flow conditions.

3.1. T500 Thruster Characteristics

The T500 thruster was analysed over a comprehensive range of inlet velocities, as de-
fined by Equation (1). This enabled a comparative assessment of the computed thrust
under zero-velocity conditions (v = 0 m/s), corresponding to the static bollard pull test for
which manufacturer data are available. Figure 10 presents the resulting flow velocity field
for an ambient inlet velocity of 1.5 m/s, where the maximum reaches approximately 8 m/s.

Figure 10. Computed flow velocity field for the ducted rotor configuration at an advance velocity of
1.5 m/s (colour bar: mag(U) ∈ [0, 8]m/s).

The velocity and pressure distributions across the rotor assembly are shown in Figure 11.
The velocity contours clearly delineate the kinematic boundary between the central rotating
elements of the rotor and the proximal and distal stationary components (the static part of the
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hub). This spatial differentiation confirms the integrity of the rotating frame of reference in
the numerical model.

Figure 11. Distribution of the axial velocity field (left) and dynamic pressure (right) across the rotor
plane at an advanced velocity of 1.5 m/s (colour bar at left: mag(U) ∈ [0, 18] m/s, colour bar at right:
p ∈ [−130, 86] Pa).

As previously outlined in the problem definition, numerical convergence instabilities
were observed at inlet velocities below 0.5 m/s. This phenomenon is primarily attributed
to highly non-linear flow topologies and potential recirculation zones prevalent at low
advance ratios. Despite these local instabilities, the integrated parameters—specifically
thrust force and torque—remained stable throughout the iterative process. This asymptotic
behaviour of the primary performance metrics suggested that the global flow features
were sufficiently captured, removing the need for further modifications to the simulation
parameters. Consequently, in these lower-velocity regimes, the results were considered
sufficiently accurate for a robust preliminary assessment.

Conversely, at higher velocity regimes, the numerical solution demonstrated robust
convergence, with residual thresholds for all transport variables consistently maintained
at 10−4. This high level of numerical fidelity enabled precise determination of the pres-
sure distribution across the rotor assembly, which, in turn, allowed for calculation of the
thrust force and torque demand for specific operational regimes. Figure 12 presents these
characteristics for the T500 thruster, based on steady-state simulations conducted over a
comprehensive range of inlet velocities at a constant rotational speed of 3000 RPM.
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Figure 12. Thrust and torque characteristics of the T500 thruster as a function of advance velocity at a
constant rotational speed of 3000 RPM. The red curves show the results of a third-order polynomial
regression, illustrating performance trends across the operational envelope investigated.
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As shown in Figure 12, the data points for velocity regimes below 1.0 m/s exhibit
strong physical consistency and closely align with the regressed third-order polynomial
functions. The coefficients for these polynomials were determined using the NumPy polyfit
function, which applies a least-squares approach to minimise the residual sum of squares
between the numerical observations and the fitted model.

The strong correlation between the numerical results and the fitted curves provides
confidence in the dataset’s reliability, even when formal convergence criteria were not
fully met. In the context of propulsor characterisation, this alignment with the expected
performance trend suggests that the underlying hydrodynamic forces were captured with
sufficient accuracy for engineering assessment. Consequently, the regression model acts
as an effective filter, smoothing minor numerical fluctuations and providing a reliable
empirical basis for defining the actuator disc source terms within the global fluid domain.

Using the comprehensive numerical dataset, a characteristic propeller performance
diagram can be produced. The performance of the T500 thruster is defined by a set of
non-dimensional coefficients, which facilitate comparison of performance across different
scales and operational conditions:

J =
Va

nD
, KTp =

Tp
ρn2D4 , KQ =

Q
ρn2D5 , η =

KTp

KQ

J
2π

(2)

In these expressions, J denotes the advance ratio (often called the advance number),
KTp represents the non-dimensional propeller (rotor) thrust coefficient, and KQ signifies
the propeller (rotor) torque coefficient. The overall propulsive efficiency is denoted by η.
Here, Va is the speed of advance, n is the rotational frequency, D is the propeller diameter,
and ρ is the fluid density.

Deriving these dimensionless parameters is essential for the subsequent development
of the actuator disc model. By mapping the thruster’s performance onto the J spectrum,
the numerical framework can dynamically interpolate the required source terms based on
the local flow conditions encountered during the underwater drone’s operational envelope.

The performance characteristics of the T500 thruster are shown in Figure 13. The maxi-
mum efficiency of this thruster occurs at an advance ratio of 0.5 and is approximately 0.1.
Comparable thrusters have maximum efficiencies between 0.3 and 0.35. The operational
velocity of the bespoke AUV is approximately 1 m/s, corresponding to an advance ratio (J)
of 0.167. The derived coefficients for KT and KQ will populate the lookup tables required to
calculate body force source terms within the actuator disc numerical framework.

The numerical results obtained in this study were validated against empirical data
provided in the manufacturer’s technical repository. Specifically, the manufacturer doc-
uments performance under static conditions (Va = 0 m/s), commonly referred to as a
bollard pull test. Under these conditions, the reported thrust T is approximately 160 N,
with a corresponding power consumption PD of about 1 kW. The delivered power PD is
determined by the following relationship:

PD = 2πnQ (3)

As shown in Figure 14, the power consumption predicted by the numerical model
closely matched the manufacturer’s operational specifications. However, a significant
discrepancy was observed in the thrust output: the calculated thrust slightly exceeded
50 N, which is about one-third of the 160 N reported by the manufacturer for static bollard
pull conditions. Comparable commercial thrusters typically achieve efficiencies between
30 % and 35 %, whereas the maximum efficiency recorded in this study was approximately
10 %, as indicated in Figure 13. As the torque coefficient was assumed correct based on
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the accurate power prediction, the nearly threefold difference in the thrust coefficient (KT)
further confirmed the inconsistency of the results.
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10 ·KQ
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Figure 13. Non-dimensional performance characteristics of the T500 thruster. The operational velocity
of the bespoke AUV, approximately 1 m/s, corresponds to an advance ratio of J = 0.167, which
defines the primary hydrodynamic regime for this study.
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Figure 14. Distribution of the delivered power PD for the T500 thruster across the investigated velocity
range. The numerical results show a strong correlation with the manufacturer’s operational specifications.

This divergence in thrust, despite the high fidelity of the power demand prediction,
suggested that the 3D rotor geometry provided by the manufacturer for public release
may have differed from the actual physical components used in the commercial T500 unit.
Such geometrical inconsistencies are recognised as a persistent challenge in high-fidelity
numerical modelling of commercial off-the-shelf (COTS) propulsion systems. In this study,
these discrepancies highlighted the importance of using a comparative methodology, which
allows for relative performance gains across different nozzle geometries to be isolated from
systemic geometric errors.

Despite the significant discrepancy between the manufacturer’s reported thrust and
the numerically predicted values, it must be emphasised that the primary objective of this
investigation is not to determine the absolute thrust magnitude. Instead, the study priori-
tises a comparative performance evaluation across various nozzle/pipe exit geometries to
identify their relative hydrodynamic merits and deficiencies.
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The central focus of this research is to quantify the sensitivity of the propulsive
output to modifications in the pipe termination topology. By maintaining a consistent
numerical framework and mesh topology across all simulations, the relative fluctuations
in thrust and propulsive efficiency can be isolated from systemic errors. This approach
enables a definitive assessment of which geometric configurations optimise the propulsive
performance of the AUV and establishes the extent to which specific nozzle designs enhance
or attenuate effective thrust relative to the baseline cylindrical duct.

3.2. Propeller Disc Characteristics

During the pipe-flow simulations, the propeller was replaced with a propeller disc to
reduce the computational complexity of the problem. This substitution was implemented
in OpenFOAM using the discSource model. A simulation of a ducted propeller disc
was performed, allowing for a comparison of the results from the real propeller and the
propeller disc. For the ducted propeller disc case, the computational mesh comprised
approximately 7.5 million cells. Figure 15 shows the computational domain of the ducted
propeller disc along with the corresponding mesh quality.

Figure 15. The upper part shows the domain configuration of the ducted propeller disc, while the
lower part displays the fine mesh quality for this case.

The most challenging aspect of the study involving the substitution of the propeller
with a propeller disc was the inability of the steady-state simulation to achieve convergence,
which was attributed to the inherent flow characteristics within the duct when using the
propeller disc model. Due to the pronounced flow unsteadiness, a transient simulation
with a physical duration of 2 s was conducted to capture the complete flow development.
The disadvantage of the transient approach is its substantial computational cost, requiring

https://doi.org/10.3390/jmse14070600

https://doi.org/10.3390/jmse14070600


J. Mar. Sci. Eng. 2026, 14, 600 16 of 27

approximately one day of computation on our cluster for a single simulation. Given these
considerable computational demands, the use of a propeller disc as a mesh simplification
was a necessary step for the full pipe-flow simulation case.

The results for the propeller disc configuration at an advance velocity of 1 m/s are
shown in Figure 16. The upper panel presents the velocity magnitude field, with streamlines
indicating the specific flow realisation. Compared to the resolved-rotor results in Figure 10,
the flow patterns are highly similar, indicating that the actuator disc accurately captures
the essential momentum exchange characteristics of the ducted system. The lower panels
show the velocity vector field within the central YZ plane: the left-hand figure displays
the velocity magnitudes, while the right-hand figure shows the axial velocity component
(uz). This comparative analysis confirms that the propeller disc performs as expected in
replicating the induction field, providing a reliable basis for the subsequent mesh-simplified
pipe-flow simulations.

0.0e+00 1.3e+011 2 3 4 5 6 7 8 9 10 11 12

U Magnitude

Figure 16. Solution of the ducted propeller disc for an inlet velocity of 1 m/s. The top and bottom-
left panels show the velocity magnitude, while the bottom-right panel illustrates the axial velocity
component Uz (bottom left: mag(U) ∈ [0, 13] m/s, bottom right: Uz ∈ [−2, 6] m/s).

Table 4 summarises the input data used for the propeller disc configuration.
In OpenFOAM, these parameters are specified in the constant/fvModels file using the
discSource keyword.

Figure 17 shows the spatial configuration of the evaluation planes used to sample
the velocity vector fields and dynamic pressure distributions within the internal duct
region. The median plane is located immediately downstream of the propeller disc, aligned
with the mid-section of the rotor blades to capture the primary momentum exchange.
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For actuator disc verification, the theoretical thrust was calculated using the methodology
proposed by Sørensen [35].

Tdisc =
1
2

ρAd (⃗v · n⃗)2, (4)

where ρ is the fluid density, Ad is the disc area, v⃗ is the velocity vector field in the plane just
behind the disc (median evaluation plane at z2), and n⃗ is the normal to the section plane.
This analytical validation ensures that the numerical source terms implemented in the CFD
model accurately represent the physical load distribution of the T500 rotor.

Table 4. Propeller disc configuration parameters: disc diameter Ddisc = 0.12 m, hub diameter
Dhub = 0.06 m, and rotational speed n = 50 Hz.

J KT KQ

0.10 0.0953 0.0517
0.15 0.0930 0.0512
0.19 0.0904 0.0507
0.24 0.0876 0.0504
0.29 0.0844 0.0500
0.33 0.0808 0.0496
0.38 0.0767 0.0493
0.43 0.0721 0.0489
0.47 0.0669 0.0485
0.52 0.0611 0.0479
0.57 0.0545 0.0473
0.61 0.0471 0.0466
0.66 0.0389 0.0458
0.71 0.0298 0.0448
0.75 0.0197 0.0437
0.80 0.0085 0.0424

Figure 17. Spatial configuration of the evaluation planes within the duct. The coordinate origin
(0, 0, 0) is located at the thruster nose, with the flow directed along the positive z-axis. Planes are
positioned at axial heights of z1 = 60 mm, z2 = 85 mm, and z3 = 115 mm to monitor internal velocity
and pressure distributions.

Figures 18 and 19 present the numerical results for the median evaluation plane at an
advance velocity of Va = 1 m/s. The computational domain is defined by a hub radius
of 31 mm and a disc radius of 60 mm. The figures provide a comparative analysis of the
propeller disc model, shown in Figure 19, and the thruster with the resolved rotor, shown
in Figure 18. In each row, the velocity magnitude (mag(U)), the axial velocity component
(Uz), and the dynamic pressure distribution (p) are displayed, together with their respective
area-averaged values calculated over the section area (A). These averaged quantities are
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then used to calculate thrust performance according to the analytical framework established
in Equation (4). Comparing the solutions shown in Figures 18 and 19 in terms of magnitude,
the propeller disc performs as expected.
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Figure 18. Results for a rotor at the mid- plane at z = 85 mm for a vehicle speed of Va = 1 m/s.
The left figure shows the velocity component in the flow direction (Uz), the middle figure shows the
velocity magnitude (mag(U)), and the right figure shows the dynamic pressure distribution.
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Figure 19. Results for a propeller disc at the mid- plane z = 85 mm with vehicle speed Va = 1 m/s.
The left figure shows the velocity component in the flow direction (Uz), the middle figure shows the
velocity magnitude (mag(U)), and the right figure shows the dynamic pressure distribution.

At this operational velocity, the computed thrust for the resolved rotor case is ap-
proximately Tp = 48 N (as shown in Figure 12), whereas the actuator disc model yields
a thrust of Td = 57.22 N. Although a discrepancy of approximately 15 % exists between
the two modelling approaches, it does not significantly affect the overarching objectives of
this study.

The primary focus remains the comparative analysis of propulsive efficiency across
different nozzle geometries. As the performance of each exit nozzle will be evaluated
using equal actuator disc thrust as the source term, the current level of agreement between
the resolved rotor and the simplified disc is considered sufficient. This ensures that the
qualitative trends and relative performance gains identified in the nozzle study are based
on a physically comparable baseline.

3.3. Propulsive Performance and Nozzle Exit Morphology

The analysis of various outlet geometries demonstrated a clear performance trade-off:
convergent nozzles excelled in axial thrust generation through flow acceleration, whereas
daisy-shaped lobed terminations provided superior flow uniformity and swirl reduction.
This section evaluated how these distinct geometric strategies influenced the hydrodynamic
efficiency of the T500 thruster at the AUV’s operational advance ratio (J = 0.167).

In the previous section, we presented the 3D design of daisy-shaped terminations in
Figure 4. The daisy-shaped terminations allowed for configurations with different rotations
by rotating the geometry at the contact plane between the conduit and the end-piece. This
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approach ensured that the profile of the exit surface remained constant across all variations,
which greatly facilitated the post-processing of the numerical results. In contrast, Figure 5
shows the geometry of the convergent nozzle terminations. For these configurations, it was
necessary to process the results specifically for the cross-sectional area corresponding to
each individual diameter to quantify accurately the relationship between nozzle contraction
and jet velocity enhancement.

To evaluate the propulsive efficacy of the proposed modifications, the thrust perfor-
mance of each nozzle configuration was benchmarked at three discrete inlet velocities,
specifically, 1.0 m/s, 1.5 m/s, and 2.0 m/s against the baseline cylindrical conduit. This
comparative study focuses primarily on the mechanisms of axial thrust recovery and the
deterministic influence of exit geometry on downstream wake development. Due to inher-
ent instabilities in the flow field within the conduit, a converged stationary solution could
not be obtained. Consequently, a transient numerical approach was adopted to accurately
capture the time-dependent characteristics of the flow.

The simulation workflow began with a steady-state run of 1000 iterations, the results
of which provided the initial conditions for the subsequent transient analysis. The transient
simulations covered a total physical time interval of 2 s. To reduce the impact of initial
numerical oscillations and obtain a statistically stable thrust value, a temporal averaging
technique was used. The final thrust results were calculated as the mean value at three
discrete time steps: 1.8 s, 1.9 s, and 2.0 s. This approach ensures that the reported values
represent the quasi-steady state of the propulsor, filtering out high-frequency fluctuations that
could otherwise obscure the underlying hydrodynamic performance trends, see Figure 20.

Figure 20. Result of pipe flow for an inlet velocity of 2.0 m/s with a daisy 40◦ nozzle (colour bar at
left: mag(U) ∈ [0, 6.5] m/s, colour bar at right: mag(U) ∈ [0, 6.5] m/s).

The thrust force was quantified by applying the principles of Froude’s Momentum
Theory [30,31], adapted for internal duct flow. The governing equations for mass flow rate
and propulsive thrust are defined as follows:

ṁ = ρAendvend,

T = ṁ(vend − va),
(5)

where Aend is the area of the pipe exit profile section (Figures 4 and 5), vend is the average
velocity component normal to the exit plane, and va is the advance velocity. According to
Equation (5), the determination of thrust depends primarily on the area-averaged velocity at
the outlet plane, as all other parameters remain constant for a given geometric configuration.

Typical results for the exit pipe terminations are shown in Figures 21 and 22. Each
illustration is divided into three primary scalar and vector fields to characterise the outflow
section. The left subfigure shows the velocity component normal to the exit plane (Uz),
the central subfigure displays the velocity magnitude (mag(U)), and the right subfigure
presents the dynamic pressure profile (p). For a rigorous quantitative assessment, area-
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averaged values for each profile and the corresponding exit plane area (A) are provided
above their respective subfigures. These averaged quantities are the key parameters
required to calculate the net thrust of each configuration across the specified advance
velocity range, using the integral momentum relationship defined in Equation (5). This
approach enables a definitive evaluation of how each geometric modification influences
axial momentum recovery and downstream wake development.
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Figure 21. Average result of the outflow section for an advance velocity of 1.0 m/s with a daisy 0◦

nozzle ((left) Uz—velocity component in the flow direction; (middle) mag(U)—velocity magnitude;
(right) p—dynamic pressure)
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Figure 22. Averaged results at the outflow section for an advance velocity of 1.5 m/s with a 60 mm
jet nozzle ((left) Uz—velocity component in the flow direction; (middle) mag(U)—velocity magni-
tude; (right) p—dynamic pressure).

3.3.1. Lobed “Daisy” Geometries: Flow Uniformity and Swirl Recovery

The first category of duct terminations featured daisy-shaped, multi-lobed outlets.
As shown in the Figure 4, these geometries were designed to manipulate the wake structure
by increasing the mixing interface between the high-velocity jet and the ambient fluid.
The numerical results for the daisy-shaped nozzle with a multi-lobed outlet rotated by 40◦

at an advance velocity of 2.0 m/s are presented in Figure 20.
As shown in the left panel of the figure, a pronounced swirl flow was maintained

within the internal conduit, generating significant flow instability and preventing the attain-
ment of a steady-state numerical solution. The right panel shows the velocity magnitude
in the central YZ plane, where a highly non-stationary flow field is also evident. This
intensified swirl and vortex formation are primarily due to the prolonged confinement
of the fluid within the pipe, which allows for secondary flow structures to develop and
amplify as they progress towards the exit plane. Therefore, the use of a transient numerical
framework is essential to accurately capture these unsteady phenomena, as steady-state ap-
proximations fail to represent the complex vortical evolution characteristic of such confined
propulsion systems.
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Representative examples of the time-averaged flow characteristics for the investigated
nozzle configurations are shown in Figures 21 and 22. Figure 21 presents the hydrodynamic
performance of the 0◦ daisy nozzle geometry at an advance speed of 1.0 m/s. This con-
figuration serves as the baseline for the lobed nozzle series, highlighting the initial wake
development without additional vane-induced swirl.

Comparing the parallel daisy configuration (0◦) with the angled variants (20◦ and 40◦),
the pressure recovery and velocity distribution showed that the inclined lobed segments
effectively counteracted the rotational momentum generated by the ducted rotor. This
angular orientation enabled the nozzle to act as a quasi-static stator, recovering kinetic
energy from tangential flow components that would otherwise be lost to swirl. However,
this flow-straightening effect resulted in a measurable reduction in absolute thrust. At an
advance velocity of Va = 1.0 m/s, the parallel daisy nozzle produced approximately 50 %
less thrust than the reference cylindrical pipe. Despite this reduction in propulsive force,
the exit-plane parameters (Figure 21) confirmed a substantial improvement in flow uni-
formity and a reduction in swirl intensity compared to the baseline cylindrical duct. This
homogenisation of the outlet velocity distribution was identified as a critical mechanism
for mitigating flow noise and reducing the vehicle’s hydroacoustic signature. Consequently,
the daisy-type geometries offered a strategic “stealth” advantage for low-observable under-
water platforms, where acoustic discretion was prioritised over the absolute magnitude
of axial momentum flux. Furthermore, manipulation of the wake structure facilitated
enhanced flow mixing at the jet interface, which is essential for sensitive environmental
survey missions.

3.3.2. Convergent Nozzles: Thrust Maximisation Through Jet Acceleration

In contrast to the lobed designs, the convergent nozzles, with exit diameters of 60 mm,
50 mm, and 40 mm, focused on maximising axial momentum flux. The relationship between
nozzle contraction and jet enhancement was quantified through velocity field observations,
where the 60 mm contraction exhibited the highest exit velocity magnitude.

These observations directly correlated with the integral thrust performance; at an
operational speed of 1.0 m/s, the 60 mm convergent nozzle achieved a maximum thrust
increase. However, the results indicated that the thruster motor was significantly over-
loaded when smaller exit diameters were used. The data showed that a substantially more
powerful motor would be required to fully exploit the jet acceleration potential of the more
aggressive convergent designs, as the current configuration caused excessive rotor loading
when the exit area was overly restricted.

3.3.3. Comparative Summary of Performance Trends

Figures 23 and 24 show the thrust, area-averaged velocity magnitude and its compo-
nent in the z direction, and dynamic pressure at the exit plane as functions of the advanced
velocity for each configuration. These datasets allow for a quantitative assessment of the
pressure-to-velocity conversion efficiency achieved within the various duct terminations.
By correlating the axial momentum flux with the pressure recovery at the exit, it is possible
to distinguish the hydrodynamic influence of the daisy-type lobed geometries from the
area-contraction effects characteristic of the convergent jet nozzles. This distinction is
essential for determining whether thrust gains are primarily due to jet acceleration or to
the attenuation of wake turbulence.

The divergent trends between the two geometric families were summarised across
the full range of advance velocities. While the convergent nozzles remained the preferred
choice for applications requiring high propulsive efficiency and maximum static pull,
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the lobed geometries provided a strategic alternative for missions where acoustic discretion
was prioritised over pure thrust density.
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Figure 23. Results for thrust and average velocity component Uz for all nozzle geometries and three
different advance velocities.
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Figure 24. Results for the average velocity magnitude mag(U) and average pressure p for all nozzle
geometries and three different advance velocities.

Furthermore, the robustness of these comparative conclusions was supported by the
consistent application of the calibrated actuator disc model across all cases. Although discrep-
ancies in absolute thrust values compared to manufacturer-provided data existed, the relative
performance shifts recorded in this investigation were physically meaningful and provided a
reliable baseline for selecting the optimal nozzle for the RAS-HA-X25 platform.

4. Discussion
4.1. Hydrodynamic Trade-Offs: Convergent vs. Daisy-Type Geometries

The comparative analysis conducted across the three operational advance velocities
(1.0 m/s, 1.5 m/s, and 2.0 m/s) highlights clear hydrodynamic differences between the
convergent–jet nozzle configurations and the multi-lobed daisy-type outlet geometries.
As shown by the thrust and outlet-plane velocity fields (see Figures 23 and 24), the conver-
gent nozzles primarily enhance performance by accelerating the axial velocity component
Uz. This acceleration increases the net momentum flux at the exit, directly in line with the
principles of Froude’s Momentum Theory [30,31]. However, this improvement is accom-
panied by an increase in internal dynamic pressure. For the bespoke RAS-HA-X25 AUV,
such pressure rises may impose additional structural or energetic constraints that must be
considered during the integration phase.

In contrast, daisy-type lobed geometries induce a more complex redistribution of
momentum. Although the increased wetted perimeter introduces additional viscous losses,
the lobes promote enhanced flow mixing and partially suppress the concentrated swirl-
driven wake typically observed behind high-solidity ducted rotors [4]. This behaviour
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aligns with mechanisms exploited in pump-jet and stator-assisted propulsion systems docu-
mented by Shirazi [24] and Xia [28]. While these geometries do not outperform convergent
nozzles in absolute thrust generation, they produce a more uniform exit-plane velocity
distribution. Such homogenisation is a critical advantage for hydroacoustic reduction and
flow-noise mitigation—an increasingly important factor in the design of low-observable
underwater platforms and sensitive environmental survey AUVs.

4.2. Numerical Methodology and Simulation Fidelity

The use of a transient simulation framework was essential for accurately capturing the
unsteady internal flow structures in pipe-embedded thrusters. Steady-state RANS solvers
could not achieve convergence because of strong recirculation zones, vortical structures,
and intermittent separation phenomena within the extended duct. Such unsteadiness is
typical of confined propulsion systems where the duct length permits the amplification
of secondary flow structures [24,25]. Each transient simulation was initiated with a pre-
conditioned steady-state solution, and temporal averaging was performed over the final
0.2 s, so the resulting thrust values represent a statistically stable operating condition. This
approach filters out high-frequency oscillations that do not contribute to net propulsive
performance while preserving the physical integrity of the mean flow.

4.3. Actuator Disc Calibration and Discrepancies

A discrepancy of approximately 15 % was observed between the thrust predicted
using the resolved rotor model (Tp = 48 N at Va = 1 m/s) and the actuator disc
model (Td = 57.22 N). This difference is attributed primarily to the absence of blade-
tip losses, hub-vortex effects, and spanwise loading variations in the actuator disc
approximation—phenomena inherently captured in resolved-rotor CFD but simplified
in the pressure-jump approach [35].

4.4. Discrepancy Between Calculated Thrust and Manufacturer Data

The numerical analysis of thrust performance revealed a significant divergence be-
tween the manufacturer’s empirical data and the results of the present simulation. Specifi-
cally, for the bollard pull condition at 3000 RPM, the manufacturer reports a thrust force of
approximately 160 N. In contrast, the current CFD model yielded a value of approximately
50 N. This substantial discrepancy necessitates a rigorous evaluation of the underlying
simulation parameters and geometric assumptions.

The simulation was designed to replicate the experimental conditions of a standard
bollard pull test (V∞ = 0). To ensure computational accuracy, turbulent wall functions
were used as boundary conditions, which are highly effective for y+ values above 30; this
condition was strictly maintained throughout the study (Figure 6). To approximate the
static thrust, an extrapolation method was used, projecting data from higher advance ratios
down to zero velocity.

Several factors may account for this variance:

• Geometric Fidelity: It is highly probable that the publicly available 3D CAD models
of the T500 thruster deviate from the actual production hardware. Such geometric
inconsistencies often lead to marked differences in hydrodynamic performance.

• Blockage Effects: The presence of internal conduits or mounting structures in the
simulation may introduce blockage effects that are absent in the manufacturer’s open-
water testing environment.

Despite the magnitude of this absolute difference, the performance trends, charac-
terised by the slope of the characteristic curves (Figure 13), are likely consistent with the
simulated results. Consequently, the actuator disc model remains a robust and suitable
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framework for comparative nozzle studies. As each nozzle configuration was evaluated
using the same momentum source, the relative performance gains remain physically
meaningful. This ensures that the selection of the optimal geometry for the Autonomous
Underwater Vehicle’s (AUV) operational advance ratio (J = 0.167) is based on a reliable
comparative metric.

5. Conclusions
This study demonstrated that the hydrodynamic performance of the T500 thruster

embedded in an AUV duct is highly sensitive to duct-exit morphology, and that the
optimal outlet geometry depends directly on the intended mission profile. The comparative
analysis of six outlet configurations showed a clear trade-off between thrust generation
and wake conditioning. In particular, the convergent jet nozzles were found to favour axial
momentum recovery and thrust production, whereas the daisy shaped lobed terminations
were more effective at homogenising the outflow and reducing swirl intensity.

Among the convergent designs, the 60 mm nozzle provided the best overall propulsion
performance under the tested operating conditions. It achieved a peak thrust of approxi-
mately 42 N at an advance velocity of 1.5 m/s, indicating that moderate contraction can
enhance exit plane jet acceleration without imposing excessive hydraulic penalties on the
propulsion system. By contrast, the more aggressive 50 mm and 40 mm convergent nozzles
increased back pressure sufficiently to overload the motor and degrade net performance,
in some cases leading to suboptimal or even negative thrust within the available power
range. These results show that stronger geometric contraction does not automatically
translate into better propulsive performance; its benefit is constrained by the motor/duct
coupling and the allowable operating envelope of the thruster. For AUVs intended for
high speed transit or extended range missions, the 60 mm convergent nozzle therefore
represents the most suitable engineering solution among the tested cases.

The daisy shaped lobed nozzles showed a different but equally important hydrody-
namic behaviour. Although they generated substantially lower absolute thrust than the
convergent geometries, with the 0° variant producing about 18 N at 1.0 m/s, roughly 50%
lower than the reference cylindrical duct, they improved flow uniformity and suppressed
concentrated swirl in the wake. The angled lobed variants, especially the 20° and 40° cases,
acted in practice as quasi static stators by recovering part of the kinetic energy associated
with rotor induced swirl and stabilising the downstream flow. This indicates that lobed
exits are not optimal when maximum thrust density is the primary objective, but they offer
a meaningful advantage for missions where wake control, reduced flow non-uniformity,
and lower hydroacoustic detectability are more important than absolute speed. Their
main implication is therefore strategic rather than purely propulsive: they may support
minimally observable or acoustically discreet AUV operations.

From a modelling perspective, the results also showed that the internal duct flow is
strongly unsteady and involves secondary flow development, vortex evolution, and non
trivial axial momentum redistribution. As a result, steady state methods are not sufficient
for capturing the relevant propulsion physics. Transient CFD was necessary to resolve the
relative performance differences between outlet geometries with acceptable fidelity. At the
same time, the calibrated actuator disk approach proved to be a computationally efficient
and reliable method for comparative design assessment. Although discrepancies remained
between predicted absolute thrust values and manufacturer reported data, the relative
trends between geometries were robust because all cases were evaluated using the same
calibrated framework. The main implication is that actuator-disk-based transient CFD
can serve as an effective intermediate methodology for nozzle comparison and prelimi-
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nary optimisation, bridging the gap between low order propulsion models and full rotor
resolved simulations.

Overall, the study establishes that pipe exit morphology should be treated as a mission
dependent design variable in embedded AUV propulsion. Convergent outlets, particularly
the 60 mm configuration, are preferable when maximising axial thrust, cruising efficiency,
and range is the dominant requirement. Daisy type lobed outlets are preferable when flow
conditioning and potential hydroacoustic signature reduction take priority. This provides a
practical framework for multi objective optimisation of embedded propulsion modules in
next generation autonomous underwater vehicles.

Future work will focus on experimentally validating these numerical trends in a tow-
ing tank using the RAS-HA-X25 test platform. Such measurements will allow for a rigorous
assessment of actuator disc fidelity and a definitive quantification of the discrepancy be-
tween numerical predictions and manufacturer-reported values. Additionally, coupling the
present CFD framework with an aeroacoustic solver will clarify the role of lobed geometries
in noise reduction, enabling multi-objective optimisation of embedded propulsion modules
for next-generation autonomous and hybrid underwater vehicles.
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