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ABSTRACT 

This research investigates the motion (sway and yaw) instabilities and mitigation solutions of a towed barge 
operating in ocean environments. To complete the investigations, a systematic multi-phased design 
optimization and procedure based on computational fluid dynamics (CFD) and physical modelling techniques 
was developed and practiced. 

During the first phase, the research team developed CFD models that predicted the full-scale motion 
instabilities of a towed barge and compared them with the full-scale observations. Physical model tests of the 
towed barge operations were also conducted to reproduce the field observations. Commercially available and 
slightly modified or optimized solutions were modelled using CFD and physical modelling techniques to 
evaluate their performance in mitigating the unsafe motions of the barge during towing operations. The CFD 
modelling techniques were thoroughly validated using physical model testing measurements, both techniques 
confirming that the motion minimization achieved by the commercial solution and its variations were 
unacceptable.  

In the second phase of the research, several in-house developed solutions were designed and investigated using 
the CFD model, and recommendations were provided to confirm performance through a second set of physical 
model testing in a flume basin. The most promising mitigation strategies were identified based on physical test 
results, aligning with full-scale CFD predictions. Following these findings, in the third and final phase of the 
research, the optimal solutions were implemented on the full-scale barge, leading to significant improvements 
in motion stability, as confirmed by full-scale trials. This study presents a rigorous and integrated approach 
combining high-fidelity CFD and physical model testing to investigate the hydrodynamics and motion 
instabilities of a towed barge. The findings yield critical insights that inform practical design strategies to 
improve towing stability, safety, and operational performance. 

This paper summarizes the background, methodologies and procedures developed and utilized for the research 
and outcomes of the investigations undertaken during the first phase of the research. 

Keywords: Barge Towing, Motion Instabilities, Physical Model Tests, Computational Fluid Dynamics (CFD) Modelling. 

 

1. INTRODUCTION 

Towed barges are essential for transporting 
goods in inland and coastal waters. Yet, they often 
experience significant directional and motion 
instabilities. These arise primarily from their bluff 
hull forms, shallow drafts, and lack of self-
propulsion, making them particularly sensitive to 
hydrodynamic forces in varying environmental 
conditions. Instabilities can manifest as excessive 

yaw, sway, and roll, posing risks to navigation safety 
and operational efficiency. 

Initial studies, such as those conducted by Moss 
and Townsend (1967), examined the influence of 
hull geometry on the course stability of towed 
barges. Barges with finer bows and fuller sterns 
displayed more stable towing performance, whereas 
blunt-bow designs were prone to vortex shedding 
and yaw-inducing unsteady hydrodynamic forces. 
The addition of passive appendages such as skegs 
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has been a prevalent strategy to mitigate such 
instabilities. Investigations into skeg configurations, 
including work by Im et al. (2015), have 
demonstrated that deeper and elongated skegs 
improve course-keeping by enhancing lateral 
resistance and yaw damping, although this often 
comes at the expense of increased drag. In 
computational fluid dynamics (CFD) intensive 
research, the authors analyzed the skeg-induced 
characteristics of course stability in different types 
of barges by scrutinizing the effects of nonlinearity, 
such as skeg-induced generation of three-
dimensional vortices. The research demonstrated 
that the position and number of skegs contribute to 
improving course stability by influencing the shape 
of the vortex generated in the stern section. 

Refinements, such as Hydralift skegs introduced 
by Nautican (2015), and multiple-skeg designs have 
been proposed to optimize the trade-off between 
stability and resistance. These configurations have 
been validated both through empirical towing tank 
tests and CFD simulations. CFD studies, which have 
corroborated experimental findings showing that 
optimized skeg placements significantly alter the 
pressure distribution and wake structure, thereby 
enhancing stability. 

The impact of the stern shape of towed barges on 
directional behaviour has also been widely studied. 
Allan (2022) conducted a comprehensive 
assessment of stern configurations, revealing that 
flared and overhanging sterns minimize flow 
separation and reduce yaw excitations. These 
observations have been supported by CFD analyses, 
confirming the role of aft-body design in influencing 
hydrodynamic behaviour. 

Towline configuration plays a pivotal role in 
overall barge dynamics. Ushakov and Yatsuk (2024) 
conducted experimental research, demonstrating 
that V-shaped or dual-point towing arrangements 
result in better directional control than single-point 
towing. These results were confirmed by CFD 
models presented in Fitriadhy et al. (2019), which 
incorporated barge-tug coupling to analyze the 
course stability of the towed ship associated with a 
symmetrical bridle towline configuration with 
varied towline length and towing velocity. The 
results revealed that increasing towline length and 
velocity degrade the course stability of the towed 
ship. 

Environmental forces, including wind, waves, 
and currents, can further complicate the stability of 
a towed barge by inducing coupled motions of pitch, 
roll, and yaw. Physical model tests, as documented 
by Baso (2021), have revealed that increasing the 
towline length can buffer dynamic interactions, 
thereby mitigating certain instabilities. Simulations 
under irregular wave conditions have shown that 
environmental inputs have a significant impact on 
wake dynamics, lateral forces, and resulting motion 
responses. 

Although passive measures currently dominate 
practice, there is growing interest in integrating 
active stabilization techniques to enhance the motion 
stability of towed barges. Concepts involving 
dynamic foils or control surfaces, although not yet 
widely adopted for barge applications, have shown 
promise in preliminary studies. BAR Technologies 
(2025) has explored assisted foiling solutions that 
generate hydrodynamic lift to counteract rolling and 
yawing motions, albeit with challenges in real-world 
implementation. 

The above studies confirm that the synergy of 
physical and numerical methods has significantly 
enhanced the understanding of towed barge 
behaviour. RANS-based CFD solvers have emerged 
as powerful tools for simulating realistic barge 
responses under complex environmental loading, 
especially when validated against experimental data. 
With the growing sizes of barges and more complex 
bow and stern shapes and skeg configurations, 
further advancements in physical and CFD 
modelling techniques are needed to capture complex 
transitional flows and appendage-induced vortices 
accurately. 

Initial voyages of a newly constructed, state-of-
the-art 450-foot ocean-going dry cargo barge 
revealed significant motion instability during fully 
loaded towing, manifesting as large-amplitude sway 
and yaw as shown in Figure 1. These instabilities 
diminished markedly when the barge was towed 
empty. The barge is equipped with twin push skegs 
intended for directional stability. However, 
observations indicate that the skegs are 
hydrodynamically inefficient and less effective than 
expected. A large notch at the stern and a sharp rise 
in its profile appear to further disrupt inflow 
conditions, possibly contributing to the instability. 
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Figure 1: The real full-scale barge showing extreme sway 
and yaw motions during the field trials after launching.  

To address these challenges, an R&D project 
was initiated at the National Research Council of 
Canada, adopting a systematic approach based on 
high-fidelity CFD modelling and physical model 
tests to assess the motion characteristics and towing 
resistance of the barge under various load, trim, 
towline, and skeg configurations. Next, the team 
developed and assessed different skeg and foil 
configurations to mitigate the motion instabilities 

across different barge loading and towing speeds. 
Finally, the optimized solution was implemented in 
the real barge, and significantly improved motion 
stability was recorded during the post-retrofit field 
trials.  

This paper presents the systematic scientific 
investigations and methodologies developed to 
conduct the research; however, it only presents the 
outcomes and insights from the first stage of the 
research. The following section provides a detailed 
account of the methodologies employed in 
conducting the research, followed by an analysis of 
the outcomes and discussions of the findings from 
Phase 1 of the research.  

2. METHODOLOGY 

The flowchart in Figure 2 outlines the structured, 
three-phase investigation framework, which was 
designed to address and mitigate motion instabilities 
of the towed barge through a systematic combination 
of numerical and physical modelling, evaluation, 
and implementation. A brief description of the R&D 
activities at each research phase is provided below.

 
Figure 2: Flowcharts illustrating the workflows at various phases of motion instability mitigation research.
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Phase I - Baseline Assessment and Validation: 
The investigation begins with reproducing the field-
observed motion instabilities of the subject barge 
using full-scale Computational Fluid Dynamics 
(CFD) simulations. These simulations are validated 
against real-world data. Parallel to the numerical 
efforts, towing tank-based physical model tests are 
conducted to further understand the instability 
mechanisms and validate the numerical approach.  

Once a reliable baseline is established for both 
CFD and physical models, two commercially 
available variations of the triple foil stabilizer design 
are evaluated, first through CFD and then through 
model testing, to assess their performance in 
mitigating motion stability issues. According to the 
flow chart, if the commercial stabilizer demonstrates 
acceptable performance, the investigation is 
concluded. If not, the study proceeds to Phase II. 

Phase II – In-house Stabilizer Development 
and Optimization: In this phase, in-house stabilizer 
designs are developed and analyzed through detailed 
CFD simulations. The goal is to explore a range of 
new configurations, primarily based on foil 
stabilizers, to identify promising candidates for 
further development. 

Based on the CFD predictions, multiple 
promising stabilizers are identified, and extensive 
flume tank tests are conducted to verify and refine 
the solution. Based on the CFD and flume tank 
assessments, if satisfactory, the most effective 
stabilizer design is selected for implementation on 
the full-scale barge. Otherwise, further refinement or 
new concepts are pursued iteratively. 

Phase III - Implementation and Final 
Validation: The full-scale design of the selected 
stabilizer is conducted, accounting for construction 
feasibility. CFD simulations are conducted to assess 
the performance of the as-designed and design-for-
build stabilizer. If the design-for-build stabilizer 
shows equal or better performance than the 
optimized solution, it is chosen for final 
implementation. 

Subsequently, the barge is refurbished to 
incorporate the selected stabilizer, followed by full-
scale sea trials to validate its effectiveness in 
mitigating motion instabilities. Upon successful 
validation, the investigation concludes. 

This flowchart illustrates a robust, evidence-
driven approach that integrates CFD modelling, 

physical testing, and full-scale validation to 
systematically identify and implement effective 
solutions for reducing barge motion instabilities. 
Further details of the process, including data and 
validation, are provided below, demonstrating that 
any implemented solution is technically sound, 
practical, and validated across all relevant 
conditions. 

The remainder of this section provides brief 
descriptions of the technical aspects of physical and 
CFD modelling techniques.  

Model Test Facilities 

Physical model tests were conducted to 
reproduce motion instabilities and assess and 
optimize mitigation solutions for the towed barge in 
two distinct phases, utilizing two separate 
hydrodynamic testing facilities in St. John’s, 
Newfoundland and Labrador, Canada. Phase I 
testing was performed in the Clear Water Tank 
(CWT), a 200-meter-long towing and wave basin 
operated by the National Research Council (NRC), 
see Figure 3. This facility, with a width of 12 meters 
and a maximum still water depth of 7 meters, offers 
a usable towing length of approximately 120 meters 
and a maximum carriage speed of 10 m/s. These 
characteristics make it well-suited for testing 
configurations involving large sway and yaw 
motions, as were anticipated for the barge when 
fitted with its original skegs and towed with a long 
line. 

 
Figure 3: The Clear Water Tank (CWT) facility at NRC. 

Phase II testing was conducted at the flume tank 
facility housed within the Marine Institute of 
Memorial University. The flume tank is the largest 
of its kind globally, measuring 22 meters in length 
(with an 18-meter usable test section), 8 meters in 
width, and 4 meters in depth (see Figure 4). The 
basin is capable of generating continuous flow 
speeds up to 1 m/s, equivalent to 10.2 knots at full 
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scale, making it ideal for simulating steady-state 
hydrodynamic conditions. It is particularly 
advantageous for tests involving reduced motions, as 
expected for the barge fitted with the optimized 
skegs. Additionally, the flume is equipped with 
underwater viewing windows, which facilitate 
detailed observation of fluid-structure interaction 
and skeg behaviour during towing. All tests were 
conducted in calm water conditions. 

 
Figure 4: The Flume tank facility at MUN-MI 

Physical Barge Modelling 

The design and fabrication of the barge were 
developed for physical model testing at a scale ratio 
of 27.5. This scale was chosen to minimize scaling 
uncertainty, particularly the effects associated with 
Reynolds number differences; the barge was 
designed to be large enough to achieve a Reynolds 
number exceeding 4.2 million. This decision aimed 
to ensure that the model's performance could be 
reliably extrapolated to full scale.  

The Construction followed established 
procedures using CNC-milled foam sections and 
plywood laminations. Renshape™ was used in areas 
needing additional strength, particularly near 
appendages (Murdey, D.C., 1999). The hull surface 
was glassed, gel-coated, sanded, and faired to final 
shape. Skegs were made replaceable to allow for 
different configurations to be tested. The model was 
painted with yellow Imron™, marked with 
waterlines and 11 vertical stations, and included 
incremental draft markings at key locations to help 
visualize wave run-up during tests. To ensure 
similarity in flow conditions between the model and 
the full-scale, turbulence stimulators were installed 
on the model, following ITTC and NRC practices, 
which further minimized scale effects and improved 
the accuracy of the test data. The finished hull met 
standard tolerances, ±1 mm for dimensions under 
2000 mm, ±0.05% for longer dimensions, and less 

than 2 mm template gaps below the waterline. The 
completed barge model is shown in Figure 5. 

 
Figure 5: The Barge model showing the stern, notch and 
original skegs 

The towing setup included both a bridle and 
main tow line, which was selected based on the most 
common configuration used for the subject full-scale 
barge towing. The bridle was made from flexible 
chains, designed to match the chain lengths and pivot 
locations of the full-scale arrangement, see Figure 6. 
The tow line was modelled with a light, non-elastic 
line to avoid hydrodynamic drag. Two tow line 
lengths were tested, corresponding to 875 feet and 
1375 feet in full scale. The original skegs were 
constructed using the same techniques as the hull. 
The design allowed for the skegs to be removed and 
swapped with alternative configurations as needed.  

 
Figure 6: The Barge model showing the bow, tow bridle, and 
turbulence stimulator. 

Skegs Designs and Modelling 

In Phase 1 of the research, a commercial supplier 
developed two multi-foil-based configurations of 
skegs to replace the original skegs of the barge, 
addressing the issue of excessive barge motions. The 
first configuration, (N1), consists of three identical 
vertical foils on each side of the barge, arranged in a 
uniform pattern. The second configuration (N2) 
follows a similar layout but introduces larger foil 
sizes for the middle and inboard positions, placed in 
a staggered manner. This staggered layout was 
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designed to maximize the foil surface area within the 
spatial constraints at the stern of the barge.  

All three skeg configurations, the original, N1, 
and N2, were modelled at the same scale and tested 
under controlled conditions, with motion response 
data collected to assess their relative effectiveness 
(see Figure 1). A novel 3D printing technique was 
employed to construct both commercial skegs using 
a water-resistant material. Minor surface finishing 
was carried out post-printing to achieve the required 
hydrodynamic smoothness of the foil surfaces. 

 
Figure 1: A CAD of the Barge stern showing the original, N2 
and N1 skegs. 

During Phase 2 work, in addition to the N1 and 
N2 skegs, multiple foiled skegs were designed and 
assessed using CFD, and selected designs were 
manufactured and tested in the flume basin. Each 
skeg configuration was modelled in Computer-
Aided Design (CAD) and then constructed using the 
same techniques as the commercial Skegs. The 
construction process ensured that the skegs could be 
removed and replaced with other skegs.  

Measurement Instrumentation 

Instrumentation used in both phases of the 
physical experiments was carefully selected and 
rigorously validated to ensure accurate and 
repeatable measurements. Before testing 
commenced, all sensors were calibrated using the 
data acquisition systems available in the respective 
facilities. Data were recorded at a sampling rate of 
50 Hz, and a 10 Hz low-pass filter was applied to all 
signals to remove high-frequency noise and ensure 
clarity in the acquired data.  

A consistent set of instrumentation was 
employed across both phases. Model speed was 
measured using a carriage-mounted tachometer 
(towing tank) or using a flow meter (flume tank). 
The tow force was captured using strain-gauge type 
load cells installed between the towing post and the 
model. The angle of the tow line, a key parameter in 
assessing lateral forces and yaw tendencies, was 

measured using a rotational potentiometer. The 
barge’s six-degree-of-freedom (6-DOF) motions 
were captured using the Qualisys™ optical tracking 
system, which provided precise positional data for 
X, Y, and Z translations, as well as roll, pitch, and 
yaw angles. The Qualisys™ system operates with 
four infrared cameras that track the movement of up 
to eight reflective marker targets mounted on the 
model. The positions of the markers are triangulated 
to resolve the model’s full motion state, with 
translations and yaw referenced to tank coordinates 
and roll and pitch referenced to the model’s body 
coordinates. To ensure measurement fidelity, all 
passive markers were placed farthest apart from each 
other and the primary marker as close as possible to 
the barge’s center of gravity. 

Video recordings were collected to support the 
quantitative data. Only above-water videos were 
captured during the towing tests, whereas both above 
and underwater recordings were collected during the 
flume tank tests. Additionally, handheld digital 
cameras were used to collect still images of relevant 
test configurations and activities. The majority of the 
flume tank footage focused on the overhead view to 
maintain consistency with Phase I recordings and 
facilitate visual comparison of motion responses. 

The same instrumentation suite, calibration 
protocols, and data processing procedures were 
applied during both testing phases. This continuity 
ensured that data from both facilities could be 
compared reliably, supporting consistent analysis of 
the barge’s dynamic behaviour across different skeg 
configurations and hydrodynamic conditions. The 
experimental setup was thus robust, allowing for 
high-quality motion characterization essential for 
evaluating motion stability and skeg performance 
during the towing operations. 

Model Testing Procedure 

The model testing setup and subsequent data 
analysis followed the NRC’s standard right-hand 
coordinate system, with the origin at the barge’s 
center of gravity, aligned along the hull’s centerline 
and baseline. Positive X, Y, and Z directions 
corresponded to forward, starboard, and downward, 
respectively. Rotations followed the same 
convention: pitch (bow up), roll (starboard down), 
and yaw (bow to starboard). Motions were described 
in the body-fixed frame as surge, sway, and heave. 
All procedures adhered to ITTC guidelines unless 



 

   

Proceedings of the 20th International Ship Stability Workshop, 1-3 October 2025, Chania, Greece 105 

otherwise noted. The method for carrying out the 
towing stability experiments was based on that 
described by Burcher and Zhang (1995).  

The test matrix utilized for the towing tank and 
flume tank facilities included three loading 
conditions, corresponding to full-scale drafts of 24 ft 
(3 ft stern trim and level trim), 13.9 ft (3 ft stern 
trim), and 5 ft (level trim), two towline 
configurations, three towing speeds and multiple 
skeg arrangements for both testing phases see Table 
1 and Table 2, respectively.  For both cases, the 
barge model was ballasted to target draft and verified 
using trim hooks with an accuracy of ±1 mm. While 
exact mass properties are critical for seakeeping 
tests, they were not essential in this case. However, 
approximate values for pitch and roll inertias were 
used (the target radii of gyration for roll being 
~0.45B and pitch being ~0.25L), and these were 
validated through CAD modelling and static tests 
(inclining experiments). 

Table 1: The Phase 1 Towing Tank Test Matrix 

Skeg 
Config. 

Barge 
Loading 

Barge 
Trim 

Towline 
Length 

Towing Speed 
(Knots) 

Original Full, Light 
3’ Stern, 

Level 
1375’, 
875’ 

7,8,9 

N1 Full 3’ Stern 1375’ 7,8,9 
N2 Full 3’ Stern 1375’ 7,8,9 

Table 2: The Phase 2 Flume Tank Test Matrix 

Skeg 
Config. 

Barge 
Loading 

Barge Trim 
Towline 
Length 

Towing 
Speed 

(Knots) 
N1 Full, Light 3’ Stern, Level 1375’, 875’ 7,8,9 
N2 Full 3’ Stern 1375’ 7,8,9 

Foil Skegs 
(SF10) 

Full 3’ Stern, Level 
1375’ 7,8,9 

Original + 
F10 

Full, Light 3’ Stern, Level 
1375’ 7,8,9 

Original + 
F15 

Full, Light, 
Empty 

3’ & 1’ Stern, 
Level 

1375’ 7,8,9 

Original + 
F20 

Full, Light, 
Empty 

3’ & 1’ Stern, 
Level 

1375’ 7,8,9 

In towing tank tests, directional stability was 
assessed by offsetting the model transversely (up to 
two beam widths) and sometimes with initial yaw. 
The model was towed at constant speed after a 
gradual acceleration and decelerated near the tank 
end. Time histories were recorded for motion and 
force responses. 

In the flume tank, a similar procedure was 
followed, with the model released from a transverse 
offset and subjected to a steady current. The tow line 
remained fixed to simulate ocean towing. Each test 
ran for 30 to 45 minutes (model scale), and video 

was recorded for both above-water and underwater 
views. Test procedures across both phases ensured 
consistent, reliable data under controlled conditions. 

Data Analysis and Reduction 

During both phases of testing, real-time data 
monitoring ensured that all instruments responded 
correctly and that signals were free from anomalies. 
Time histories of all sensor channels were reviewed, 
and key segments were selected for analysis based 
on steady-state conditions. Basic statistics, e.g. 
mean, maximum, minimum, and standard deviation, 
were calculated for all signals of interest. 

Model-scale data were converted to full-scale 
using standard Froude scaling laws, with relevant 
scaling factors applied to quantities such as length, 
force, acceleration, and speed. Motion 
measurements were translated to the model’s center 
of gravity using rigid body motion (RBM) theory. 
Each test run was divided into segments, with an 
initial "tare" segment recorded before motion began. 
This baseline was used to correct for any sensor 
offsets by subtracting the mean of the tare segment 
from the main data. 

Towing force and motion statistics were 
compiled from the steady-speed segment of each 
test. While the towing basin’s length limited the 
number of oscillation cycles observed, comparative 
assessments of sway and yaw motions across 
configurations were conducted. Zero-crossing 
analysis (ZCA) methods were applied to estimate 
motion period and amplitude, and trends in decay or 
growth were evaluated by fitting slopes to peak 
amplitudes. However, classical damping analysis 
was not possible due to the insufficient number of 
cycles in the recorded motion signals collected 
during the tow tank tests (only 1 to 2 cycles of 
motion were recorded due to the limited basin 
length). The flume tank data were analyzed for 
oscillation period, amplitude, and damping 
characteristics using standard ZCA methods. 

CFD Modelling and Analysis 

A comprehensive full-scale CFD study was 
undertaken across Phase I and Phase II to simulate 
and reproduce the field observations of the barge 
motions and then analyze the dynamic behaviour of 
the full-scale barge under various operating and skeg 
configurations. Both phases employed the 
commercial RANS-based CFD software SIEMENS 
STAR-CCM+ (version 2206), a tool extensively 
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validated and used at NRC for marine resistance, 
propulsion, and maneuvering simulations. This 
software solves the Reynolds-Averaged Navier-
Stokes (RANS) equations using a finite volume 
method. The general simulation procedures followed 
the International Towing Tank Conference (ITTC) 
guidelines. However, numerical setups not 
prescribed by ITTC, such as mesh density and time-
stepping strategies, were based on NRC's in-house 
best practices. 

The following numerical models and schemes 
were selected for their proven robustness and 
computational efficiency: 

Turbulence Model: Shear Stress Transport (SST) k-
ω, selected for its accuracy in capturing flow 
separation and adverse pressure gradients. 

Free Surface Modelling: Volume of Fluid (VOF) 
method with a modified High-Resolution Interface 
Capturing (HRIC) scheme, utilizing a Courant 
number tuning approach to preserve interface 
sharpness. 

Body Motion: The Dynamic Fluid-Body Interaction 
(DFBI) module was used to simulate barge motions 
with three degrees of freedom (surge, sway, and 
yaw). 

Boundary Damping Control: Far-field boundaries 
included wave-damping/forcing zones of at least one 
ship length to mitigate wave reflection artifacts. 

Time-Stepping: For steady simulations, the ITTC-
recommended time-step size of 0.005 × L/U was 
adopted; smaller steps were used for dynamic cases. 

Water properties were based on ITTC 2011 
recommendations, assuming seawater at 15°c.  

The barge geometry was prepared in 
SolidWorks™ and converted to a STEP file. Surface 
corrections (e.g., sealing small gaps, resolving 
overlapped surfaces) were performed to ensure grid 
compatibility. In addition to the barge model, the 
towing system, including the bridle and main towing 
line, was also modelled. The towing arrangement 
included: 

Towline: The elastic coefficient and damping 
coefficient for the main line were selected to be 2.0 
× 10^7 N/m and 1.0 × 10^4 N · s/m for all 
simulations. 

Bridle Lines: The ropes in the bridle arrangement 
have mechanical properties of 1.0e7 N/m and 0.5e4 

N · s/m, corresponding to elastic and damping 
coefficients. 

Mass Effects: The own weight of the tow cable was 
excluded, simulating a dry, high-tension setup, more 
conservative compared to field conditions where 
hydrodynamic damping by submerged cables may 
reduce motion amplitudes. 

Simplified Towing: A simplified single-line towing 
configuration was also tested and showed negligible 
difference in barge motion compared to the dual-
bridle case. 

The computational domain dimensions adhered 
to ITTC (1999, 2008, 2011) guidelines, with 
extended boundaries and damping zones to 
minimize reflection effects. The domain utilized a 
ship-fixed coordinate system (OXYZ), with the 
origin located at the intersection of the fore 
perpendicular, still waterline, and centerline plane. 
The OX axis pointed forward, OY to port, and OZ 
upward. 

The barge was free to move in surge, sway, and 
yaw during dynamic simulations via the DFBI 
module. The inlet, outlet, and side boundaries were 
positioned at 1.8, 2.6, and 2.2 times the barge length 
(L_pp), respectively. The vertical domain limits 
extended 1.5 L_pp below and 0.7 L_pp above the 
free surface. Temporal and spatial terms were 
discretized using first- and second-order schemes, 
respectively, with a typical time step of 0.2 s. 

Mesh generation was performed using STAR-
CCM+’s trimmed cell mesher with hexahedral core 
elements. Gradual refinement transitions were 
achieved using slow growth settings, as shown in 
Figure 2. The maximum far-field cell size was 5 m, 
while finer grids were used near the barge and in 
regions of high gradients, particularly around the 
bow, stern, and skegs (Figures 8–14). Around the 
vessel, grid aspect ratios were controlled to 4:1. 

 
Figure 2: Grid refinement steps around free surface area for 
the dynamic towing simulation, mean water plane view. 
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To resolve boundary layers, 15 prismatic layers 
were applied to the hull with a growth ratio of 1.2. 
The first layer thickness was selected to maintain 
average y⁺ values near 150, balancing resolution 
with computational cost. Surface and volume 
meshes were customized for each skeg 
configuration, original, N1, N2, SF10, F10-F20, 
with local refinements focused on the stern notch 
and skeg flow interaction zones. 

Barge stern with original skegs Original single skeg 

Commercial triple-foil N1 
(replacing original skeg) 

Commercial triple-foil N2 
(replacing original skeg) 

Single-foil SF10 (replacing 
original skeg) 

Twil-foil SF10 (replacing 
original skeg) 

Original skeg with F10 flap-
foil 

Original skeg with F20 flap-
foil 

Figure 3: Close-up view of the Extra grid refinement around 
different stern skegs. 

This mesh strategy ensured accurate resolution 
of flow separation, vortex shedding, and interface 
capturing, enabling high-fidelity simulation of barge 
dynamics under towing conditions. 

CFD Mesh Convergence Study 

A mesh convergence study was conducted to 
evaluate the numerical sensitivity of CFD 
predictions to grid resolution and to establish an 
optimal meshing strategy for the remaining 
simulations. The barge configuration with the 
original skeg was selected as the reference case, as 
only minor local modifications were introduced in 
the alternative skeg designs. Therefore, similar 

convergence behaviour was assumed for all 
configurations. 

The study followed the ITTC (2011) 
recommended procedure for estimating numerical 
uncertainty. A total of five meshes were generated 
using a constant refinement ratio of √2 (i.e., 1.414), 
with base cell sizes ranging from 0.5 m to 2.0 m. A 
slow growth rate was applied to minimize abrupt 
transitions between refinement zones and reduce 
interpolation errors. The y⁺ values were maintained 
around 199 across all meshes to ensure consistent 
treatment of the near-wall region. 

The test case simulated a fully loaded barge with 
a 3′ trim by the stern, towed at 8 knots using a 1,375 
′ towline. Although this setup differed slightly from 
the model basin and field trial conditions, the mesh 
dependency results were not significantly affected. 

Time-domain signals for sway and yaw motions 
were extracted from each simulation, and Fast 
Fourier Transform (FFT) analyses were performed 
to determine the maximum amplitudes and dominant 
oscillation periods. A comparison of motion 
responses across all grids (Figure 4) indicated that 
the Grid-C mesh (base cell size of 1.0 m) produced 
stable and converged results. Further grid refinement 
yielded only marginal differences in predicted 
responses. This final setup generated approximately 
10–11 million cells per case while maintaining target 
y⁺ values. 

 
Figure 4: Comparison of predicted sway motions for all 
grids used in the mesh sensitivity study. 

For the remaining simulations, the same barge, 
towline and meshing parameters were used across all 
cases. All simulations were performed at full scale, 
with durations ranging from 2000 to 5000 seconds. 
Due to the high computational cost, typically 5–10 
days per simulation, depending on processor 
allocation, consideration was given to running 
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model-scale simulations in a smaller domain. 
However, to avoid potential scaling-related 
inaccuracies, full-scale simulations were retained 
throughout the study. 

3. RESULTS AND DISCUSSIONS 

Reproducibility of Full-Scale Observations 

This section compares full-scale extrapolated 
basin measurements of the 1:27.5 scale barge model 
with the full-scale CFD predictions for barge 
configurations using its original skegs. Despite 
differences in towline lengths and limited 
measurement data for certain conditions, the CFD 
results generally align well with measured sway and 
yaw motions, validating its capability to capture key 
dynamic behaviours. In these conditions, flow 
visualization from CFD revealed large-scale 
separation zones along the original skeg surface and 
tip, which were consistent with unstable force trends 
observed in the experimental data (see Figure 9). 

  

 

Figure 5: The predicted velocity distribution around the 
skegs at different horizontal sections for the barge with 
original skegs with 3’ trim towed at 9 knots. 

Both model-scale measurements and CFD 
predictions revealed significant sway and yaw 
motions, generally consistent with full-scale field 
observations. In several cases, the model barge 
contacted the basin walls due to the extent of motion, 
suggesting that even greater amplitudes could occur 
in an unrestricted environment (see Figure 8). 
However, the limited basin length constrained the 
number of oscillation cycles captured, preventing 
standard damping analyses. Typically, only one to 
two oscillations were observed before tests were 
terminated, see Figure 6 and Figure 7. 

 

Figure 6: Comparison of sway motions of the barge between 
the measurements (875’ tow line) and the predictions (1375’ 
tow line): fully loaded barge, 3’ trim, 9 knots towing speed. 

 

Figure 7: Comparison of yaw motions of the barge with 
original skegs between the measurements (875’ tow line) and 
the predictions (1375’ towing line): fully loaded barge, 3’ 
trim, 9 knots towing speed. 

 
Figure 8: Video image (upper view) showing the movements 
of the barge fitted with the original skegs when towed at 7 
knots (1375’ tow line). 

This comparison study also sheds some light on 
the effects of towing speed, towline length, and 
barge trim on motion characteristics. While a clear 
trend in motion behaviour with increasing speed was 
not discernible, higher speeds did result in increased 
towing forces. Comparisons between trim conditions 
suggested slightly larger motions in the level trim 
configuration. An increase in towline length 
appeared to amplify the sway and yaw motions, 
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although these trends were based on limited data and 
require further validation. 

CFD Validations and Predictions of Commercial 
Skeg Solutions 

Both CFD and physical tests revealed a more 
linear and symmetric hydrodynamic response, 
indicating enhanced damping and control of the 
towed barge's motions when fitted with both N1 and 
N2 skegs. CFD predictions were validated by the 
physical test data with a high degree of confidence, 
particularly in capturing the relative trends in yaw 
and sway motions between skeg configurations, see 
Figure 9, and Figure 10. The overall agreement 
supported the use of CFD as a reliable tool for 
assessing skeg performance and informing design 
optimization. 

 

 

Figure 9: Comparison of sway motions of the barge with N1 
skegs between the measurements (875’ tow line) and the 
predictions (1375’ tow line): fully loaded barge, 3’ trim, 9 
knots towing speed. 

 

Figure 10: Comparison of sway motions of the barge with N2 
skegs between the measurements (1375’ tow line) and the 
predictions (1375’ towing line): fully loaded barge, 3’ trim, 9 
knots towing speed. 

Both designs were originally intended to 
mitigate motion instability and reduce sway motions 

to ±0.5B, especially under a 3’ trim by stern 
condition. The systematic evaluation of the barge 
fitted with both N1 and N2 skeg configurations 
through model-scale towing tests revealed that, 
while significant motion reductions were achieved 
compared to the barge fitted with the original skegs, 
neither design provided a consistent or desired level 
of reduction in barge yaw and sway motions under 
the full range of tested conditions (see Figure 15). 

 

 
Figure 11: N1 versus N2 performance compared to the 
original skegs in mitigating sway and yaw motions of the 
barge at 9 knots, 3’ trim. 

Despite minor differences, the barge motion 
characteristics with N1 largely mirrored those seen 
in the N2 tests: limited reduction in oscillation 
amplitudes, a high dependency on initial conditions, 
and inconsistent trends across trim and towing 
speeds. Moreover, due to the limited physical space 
in the towing basin, many tests had to be terminated 
before the natural damping response of the system 
could be fully observed. This constraint made it 
challenging to extract definitive insights about long-
term dynamic stability or to estimate reliable 
damping coefficients for the barge from the towing 
tank tests. 

While both N1 and N2 designs showed some 
promise under very specific conditions, typically at 
3’ trim with longer tow lines, the overall 
performance across the required operational 
envelope fell short of expectations. Notably, some of 
the largest motion amplitudes and least favourable 
decay behaviours were recorded at level trim, which 
raises concerns about the robustness of these skeg 
geometries to varying draft conditions. 

 CFD-predicted flow fields also confirmed 
persistent flow attachment over both N1 and N2 skeg 
surfaces, minimal tip vortex shedding, and higher-
pressure recovery along the span, substantiating the 
better performance of N1 and N2 designs compared 
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to the bridge fitted with the original skegs (see 
Figure 12 and Figure 13). However, in some CFD 
predictions, there was evidence of consistent 
oscillatory motions and, in some cases, growing 
oscillations in either sway or yaw, suggesting 
potential design-induced resonance or insufficient 
damping. 

 

Figure 12: The predicted velocity distribution around the 
skegs at different horizontal sections for the barge with N1 
skegs with 3’ Trim during Towing at 9 knots. 

 

Figure 13: The predicted velocity distribution around the 
skegs at different horizontal sections for the barge with N2 
skegs with level trim during towing at 9 knots. 

Motivations for Phase II Research 

The Phase 1 model testing, conducted in NRC’s 
large towing tank, provided valuable insights into 
the yaw and sway response of the subject barge with 
the original, N1 and N2 skeg configurations. 
However, due to the limited length of the facility and 
the long-period oscillations of the barge, the tests did 
not allow for capturing sufficiently long time series 
to assess the damping behaviour of these motions. 
To resolve this limitation, further physical model 
testing was recommended in a flume basin, where 
the flow can be maintained indefinitely, allowing 
extended observations of motion decay under 
consistent inflow conditions across a matrix of 
loading states, trims, and towing speeds. 

In parallel, CFD-based investigations required 
extending to refine the skeg geometries and explore 
alternative skeg/foil arrangements. The exploration 

could include rotating the skegs outboard by 5–15 
degrees to redirect flow more effectively and 
enhance directional stability, coupled with partial or 
complete filling of the stern notch to promote 
smoother inflow to the aft body and skegs. CFD 
offers an excellent means to screen these variants, 
evaluate their practicality and verify promising 
candidates through flume testing. 

4. CONCLUSION 

The combined application of CFD simulations 
and physical model testing provided a robust 
foundation for evaluating and mitigating the motion 
instabilities of the full-scale towed barge under 
various operating conditions and skeg 
configurations. Based on the outcomes of Phase 1 of 
the research, the following remarks can be made: 

  The towing tank testing program successfully 
captured the barge’s dynamic response to lateral 
instabilities, particularly sway and yaw motions, 
allowing for direct comparisons among design 
iterations, including the original, optimized, and 
practical skeg solutions.  

  The full-scale CFD predictions closely matched 
model-scale measurements extrapolated to full 
scale, confirming its effectiveness in capturing 
the key dynamic behaviours of towed barge 
motions, including sway and yaw responses and 
flow separation characteristics. 

  Although both commercially designed triple foil 
skegs, N1 and N2, showed improved 
performance over the original design, neither 
achieved consistent motion reduction across all 
tested conditions. Significant sway and yaw 
persisted, particularly at level trim, highlighting 
the need for further design refinement. 

  The limited length of the towing tank restricted 
the observation of full damping cycles, making 
it difficult to evaluate long-term motion stability 
and accurately estimate damping characteristics. 

  Phase 2 of the research was motivated by the 
need for flume tank testing and refined CFD 
studies to optimize skeg geometry, test alternate 
arrangements and enhance motion control under 
a broader range of operational conditions. 
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