
165Scientific Journal of Maritime Research [Pomorstvo] 40 (2026) 165-176 © Faculty of Maritime Studies Rijeka, 2026

https://doi.org/10.31217/p.40.2.1

SCIENTIFIC 
JOURNAL OF 

MARITIME 
RESEARCH 
[ ]POMORSTVO

 

CFD Analysis of a Stern Flap Effect on the Hydrodynamics of a 
Catamaran Ship
Ahmad Firdhaus1*, Samuel1, Muhammad Luqman Hakim1, Ocid Mursid1,2, Julian Raditya Putra1

1 Department of Naval Architecture, Faculty of Engineering, Diponegoro University, Semarang, Indonesia
2 Department of Naval Architecture, Ocean and Marine Engineering, University of Strathclyde, Glasgow, UK
* Corresponding author: afirdhaus@lecturer.undip.ac.id

ARTICLE INFO

Original scientific paper
Received 1 July 2025
Accepted 21 October 2025 

Key words:
Catamaran 
Stern Flap 
Computational Fluid Dynamic 
Ship Resistance

ABSTRACT

Maritime transport is under increasing pressure to improve hydrodynamic efficiency and decrease 
emissions. Catamarans offer operational benefits; however, they are limited by wave-making 
resistance at high speeds. Stern flaps are effective for monohulls, but their optimization for catamarans 
is inadequately investigated owing to the complexities of twin-hull hydrodynamics. This work utilizes 
computational fluid dynamics simulations to comprehensively assess stern flap performance on a 
catamaran under varying ship speed conditions and angles of attack. The findings indicate that a 0° 
flap decreases overall resistance by an average of 5.5%, despite a 1.76% increase in wetted surface 
area, accomplished by separation-free flow and balanced trim correction, which includes a 42% 
reduction in stern-squat at higher Froude numbers. Conversely, a 20° flap elevates resistance by up to 
8.8% at high Froude numbers due to flow separation, which exacerbates a 4.48% increase in wetted 
area and a 0.49% rise in heave, despite its 93% geometric trim correction. Research results indicate 
that neutral flap angles improve catamaran efficiency by avoiding three hydrodynamic drawbacks of 
higher angles: increased pressure drag, expanded wetted surface, and reduced stability. High-angle 
configurations are not recommended for any operating profiles.

1	 Introduction

Carbon emissions represent a significant worldwide 
issue, influenced by several variables. Shipping emissions 
accounted for 2.76% of worldwide anthropogenic emis-
sions in 2012, rising to 2.89% in 2018 [1]. The Interna-
tional Maritime Organization (IMO) has expressed 
concerns about the environmental implications of ship-
ping, particularly underwater noise pollution, which 
threatens marine ecosystems and sustainable shipping 
practices [2,3]. The shipping sector is tasked with devel-
oping improvements to enhance ship efficiency. In-
creased ship efficiency leads to reduced fuel consumption 
and lower carbon emissions [4]. Enhancing ship design, 
including hull configuration, propulsion systems, and 
trim optimization, is a crucial way to reduce fuel con-
sumption and meet sustainability goals by increasing hy-
drodynamic efficiency through drag reduction [5–8].

Catamarans represent a significant innovation in ship 
hull design, specifically engineered to enhance hydrody-
namic efficiency. Characterized by two parallel hulls con-
nected by a robust deck structure, this multi-hull 
configuration inherently provides substantial resistance 
to bending moments and shear forces acting along the 
vessel’s center line [9]. Compared to conventional mono-
hull vessels, catamarans offer distinct advantages, includ-
ing superior inherent stability and a significantly larger 
usable deck area [10]. These benefits have driven the 
widespread adoption of catamaran designs across vari-
ous maritime sectors, including fast ferries, military ves-
sels, fishing boats, and roll-on/roll-off (ro-ro) ships, 
establishing them as a prominent solution for specific op-
erational requirements [11]. Although catamarans are 
more stable and can operate at high speeds, their per-
formance is severely limited by the rapidly increasing 
wave-making resistance at higher Froude numbers. 

https://doi.org/10.31217/p.40.2.1
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Therefore, one of the most critical areas of research in 
sustainable ship design is the development of efficient 
resistance-reduction technologies suited to catamaran 
hull shapes.

Stern flaps are a prominent example of appendage-
based innovations developed to improve ship propulsive 
efficiency. These structures are essentially horizontal ex-
tensions fitted to the transom stern [12]. The stern flap’s 
primary function is to modify the flow dynamics around 
the stern region. By interacting with the hull, stern flaps 
influence the vessel’s trim, reduce propulsion resistance, 
and can increase operational speed [13]. The underlying 
mechanism involves reducing the flow velocity beneath 
the hull, leading to increased local pressure [14]. This el-
evated pressure generates greater lift and alters the pres-
sure distribution along the stern, resulting in beneficial 
effects on ship motion and overall resistance [15].

Furthermore, stern flaps enhance the outflow veloc-
ity at the trailing edge compared to a baseline hull with-
out a flap. This accelerated flow mitigates adverse flow 
separation, promotes more favorable separation pat-
terns, and reduces viscous pressure resistance [16]. The 
performance of a stern flap is critically dependent on 
three key geometric parameters: chord length, flap an-
gle, and the span across the transom [17]. Theoretical 
and experimental studies indicate that optimal flap di-
mensions are speed-dependent; more extended flaps 
generally offer lower total resistance at lower speeds, 
while shorter flaps are more effective at higher speeds. 
Conversely, a larger flap angle tends to reduce drag 
across a broader speed range [18].

Nevertheless, two significant drawbacks of current 
parametric research for catamaran applications are its 
preponderance of monohull configurations, which 
overlooks twin-hull interference effects and the asym-
metric flow fields typical of catamarans, and its lack of 
investigation into angle-of-attack optimization across 
the entire speed range. Given the nonlinear resistance 
properties of catamarans, where wave interference  
effects peak at particular Froude numbers, this gap is 
especially significant. Therefore, it is still necessary to 
systematically quantify the impact of α-influence on 
catamaran resistance across displacement-to-planning 
regimes to develop speed-adaptive stern flap solu- 
tions.

Although the effectiveness of stern flaps in lowering 
resistance and increasing propulsive efficiency for 
monohull vessels has been thoroughly studied, little is 
known about how to apply them optimally for catama-
rans. It is not possible to directly extrapolate design 
principles derived from monohulls due to the funda-
mentally different hydrodynamics of catamaran sterns, 
which are characterized by intricate multi-hull interac-
tions, asymmetric flow fields within the central tunnel, 
and strong wave interference effects at particular 
Froude numbers [19,20]. Thus, a significant knowledge 

gap remains: the systematic measurement of stern flap 
performance, specifically its sensitivity to critical pa-
rameters such as angle of attack, for catamaran hulls 
across the operational speed Froude number range. 
This gap hinders the development of optimized stern 
flap configurations that can effectively mitigate the 
unique resistance characteristics of multi-hull vessels. 
Addressing this deficit is essential for realizing the full 
potential of stern flaps as a viable energy-saving tech-
nology for the catamaran sector.

The current study employs Computational Fluid Dy-
namics (CFD) simulations to systematically investigate 
how the installation of a stern flap affects the resistance 
characteristics of a catamaran hull, specifically through 
changes in the stern flap angle (α). To evaluate different 
stern flap angle configurations over a range of ship 
speeds representative of typical operating conditions, a 
parametric CFD study will be conducted. This approach 
enables a thorough examination of the hydrodynamic 
elements that affect resistance reduction for every de-
sign at various speeds. The primary objectives are to de-
termine the optimal angles for the catamaran design 
under study and to quantify the impact of changing the 
stern flap angle on overall resistance. The findings are 
anticipated to expand the body of knowledge necessary 
for the successful design and application of stern flap 
hydrodynamics in multi-hull boats, thereby enhancing 
the efficiency of catamarans.

2	 Materials and Methods

2.1	 Geometry Definition and Parameterization

This study references the Delft-372 Catamaran as 
the ship object of analysis. This ship was selected due to 
the extensive testing and analysis of the Delft-372 cata-
maran model by prior researchers [21–23], which will 
be beneficial in the validation and verification process. 
Table 1 and Figure 1 present the primary data and visu-
alization of the ship model.

Table 1 Ship main dimension [24].

Dimension Symbol Value

Perpendiculars length Lpp 3.00 m

Beam overall B 0.94 m

Beam demihull b 0.24 m

Hull distance s 0.70 m

Draught T 0.15 m

Displacement Δ 87.07 kg

Vertical centre of gravity KG 0.34 m

Longitudinal centre of gravity LCG 1.41 m
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Research parameters refer to the constraints or 
methodologies used in the study of measurements. This 
research employs fixed and variable parameters. The 
study’s fixed parameters are the chord length of the 
stern flap, whilst the variable parameters consist of the 
Froude number (Fr) and the angle of inclination of the 
stern flap. Table 2 presents the fixed and variable char-
acteristics of the research. The extent of the stern flap 
adheres to guidelines from prior research, namely, 
aligning with the width of the vessel’s transom [26]. The 
simulation technique employs Froude numbers (Fr) of 

0.3, 0.5, 0.7, 1.0, and 1.3 for each model. Figure 2 illus-
trates the variance in the configuration of the stern flap.

Table 2 Research parameters.

Variation Chord  
length

Angle of 
attack

Ship speed 
(Fr)

Model 1
2,0% Lpp  
(0,06 m)

0º
0.3; 0.5; 0.7; 

1.0; 1.3Model 2 10º
Model 3 20º

(a)

(b)

Figure 1 (a) Linesplan Delft-372 monohull [25], and (b) 3D model of Delft-372 Catamaran.

(a) (b)

Figure 2 Stern flap shape: (a) stern flap location, (b) stern flap geometry.
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2.2	 Numerical Approach

The computational fluid dynamics (CFD) methodol-
ogy employed in this study is grounded in the funda-
mental conservation laws governing fluid motion. The 
continuity equation enforces mass conservation, ex-
pressed for incompressible flow as the divergence-free 
condition of the velocity field, as shown in the equation:

∇ ∙ U = 0	 (1)

The vector U represents the speed. The exchange of 
momentum in a fluid as a function of pressure, viscous 
forces, and turbulence is defined by the momentum 
conservation equation, which is provided by the Rey-
nolds-Averaged Navier-Stokes (RANS) equation [27]:

( )
+ ∇ ∙ ( ) = −∇p + ∇ ∙ (μ(∇U + (∇U) )

( )
+ ∇ ∙ ( ) = −∇p + ∇ ∙ (μ(∇U + (∇U) )

	

(2)

In this context, p denotes pressure, μ signifies dy-
namic viscosity, and F indicates external forces. The 
computational fluid dynamics (CFD) software NUMECA 
was employed to perform simulations using the k-ω 
Shear Stress Transport (SST) turbulence model. The 
transport equation for turbulent kinetic energy (k) de-
lineates the temporal variations of turbulent kinetic en-
ergy, governed by production, dissipation, and diffusion. 
This equation is articulated as follows:

∗ [( ) ]
	

(3)

The generation of turbulent kinetic energy indicates 
the conversion of energy from the main flow into turbu-
lence, or Pk. At the same time, β*ωk represents the rate 
of turbulent energy dissipation. The second equation, 
the transport equation for the specific dissipation rate 
(ϋ), which includes production, dissipation, and diffu-
sion, contains a particular function that permits the 
transition between the k-ω and k-ε models as follows:

ω
− βω + ( ) ω )

ω
− βω + ( ) ω )

	

(4)

For the k-ω SST model to handle different flow con-
ditions more successfully, the function F1. This equation 
is vital in integrating the features of the k-ω and k-ε 
models. The k-ω ST model improves flow simulations, 
especially when it comes to flow events like separation 
and reattachment [28]. The combination of the k-ω 
model near surfaces and the k-ε model in the free 
stream yields more accurate predictions for pressure 
distribution and skin friction. Thus, employing the k-ω 

SST model in this study establishes a solid foundation 
for analyzing complex turbulent flows [29].

The Volume of Fluid (VOF) approach is used to track 
fluid interfaces in multiphase flow, which involves two 
or more immiscible fluids, such as water and air. The 
volume percentage of each computational cell is moni-
tored using the VOF technique, which is controlled by 
the following equation.

+ ∇ ∙ ( ) = 0
	

(5)

The volume fraction of phase i is denoted by αiρ, wa-
ter density, is denoted by ρ, and the velocity vector is 
represented by U. In ship hull simulations, this tech-
nique is crucial for accurately representing the behavior 
of phase interfaces, such as the free surface of water.

2.3	 Computational Domain and Boundary 
Conditions

The computational domain and boundary conditions 
were illustrated in Figure 3, set up following the Interna-
tional Towing Tank Conference (ITTC) Recommended 
Procedures and Guidelines for Practical CFD Applications 
[30]. A Cartesian solution domain was created with di-
mensions based on the catamaran’s length between per-
pendiculars (L). The domain extends 1.5L upstream of 
the bow to facilitate hydrodynamic inflow development, 
4L downstream to account for wake dissipation, 1.5L lat-
erally from the center plane to reduce confinement ef-
fects, and vertically from 2L below the baseline to 1.5L pp 
above the undisturbed free surface. This size meets the 
basic criteria of ITTC for resistance and propulsion re-
search while enhancing computing efficiency. Geometric 
symmetry was achieved by setting up a symmetry plane 
along the vessel’s centerline, as per the ITTC. 

Figure 3 Details of boundary conditions setting 
and computational domain in conjunction with the  

simulation model.
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The following were the definitions of the boundary 
conditions used in this simulation. At the upstream 
boundary, a velocity inlet is created with a uniform flow 
of U. To minimize wave reflections, the downstream 
boundary is equipped with a pressure outlet condition 
featuring a hydrostatic pressure distribution and wave 
damping. To simulate unbounded flow conditions, later-
al and bottom boundaries were depicted as slip walls. 
To model the air interface with zero shear stress, the 
upper boundary was subjected to a symmetry condi-
tion. To guarantee resolved viscous boundary layers, no-
slip wall conditions were applied to all hull and stern 
flap surfaces. The Volume of Fluid (VOF) method was 
used to analyze the air-water interface, with interface 
sharpening added to minimize numerical diffusion.

The wall distance (Y+) is used in areas where the 
wall’s viscosity has a significant influence on turbu-
lence. The dimensionless distance from the first grid 
node to the wall surface, Y+, is calculated using the local 
viscous length scale [31]. According to the 2011 Inter-
national Towing Tank Conference (ITTC) guidelines, the 
Y+ value should fall within the range of 30–100 [32]. 
The calculation can be performed using the formula (6) 
as follows: 

Y = ∗

	
(6)

where U* represents the friction velocity at the closest 
wall, γ denotes the distance to the nearest wall, and υ 
signifies the local kinematic viscosity of the fluid. Figure 

4 presents the Y+ value of the ship, which generally 
ranges between 40 and 60.

2.4	 Mesh Generation Strategy

The quantity of meshes used in CFD research signifi-
cantly influences the precision of the calculations. An in-
creased number of meshes enhances the accuracy of 
computational simulations. The mesh refinement tech-
nique is advantageous for concentrating mesh density on 
the vessel’s components, particularly on the hull’s sur-
face and the ship’s curvature, as can be seen in Figure 5. A 
finer mesh in the concentrated region of the vessel will 
enable the simulation to more accurately represent flow 
dynamics and phenomena, including surface waves, tur-
bulence, and complicated viscosity effects [33].

The air-water interface, which is essential for exam-
ining wave dynamics, was precisely resolved in this sim-
ulation using an adaptive grid refinement technique. 
Our approach dynamically adjusts the mesh resolution 
to emphasize directional refinement at the free surface, 
capturing wave formation and propagation for real-time 
flow physics simulations. Targeted cell subdivision 
along wave-aligned orientations and coarsening of non-
critical areas were made possible by the refinement 
process, which identified locations requiring localized 
grid modifications using flow-derived tensor fields. This 
technique reduced computing costs by accurately re-
solving transient wave heights and interface phenome-
na without refinement zones.

(a)

(b)

Figure 4 Wall Y+ on catamaran at Fr = 0.3 on (a) side view, (b) bottom view
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3	 Results and Discussion

3.1	 Verification and Validation

The Grid Independence test is conducted to verify 
the establishment of an optimal balance between total 
ship resistance and cell quantity, as illustrated in Figure 
6. The numerical outcomes were obtained from varying 
amounts of elements. The mesh was globally refined 
through successive iterations, uniformly reducing the 
base cell size throughout the region while maintaining 
the structured topology. This method ensures that all 
flow characteristics, such as boundary layers, free-sur-

face waves, and wake areas, are treated uniformly. 
These are all important for ship simulations. The differ-
ence in the number of cells is approximately 1.5 to 2 
times greater than the number before [34]. This mis-
match is caused by the limitations of the computer proc-
essor used in the solver calculation.

Present the results of the grid independence study, 
showing how the solution converges as the mesh reso-
lution increases. The grid independence analysis indi-
cates that the ideal simulation of the catamaran, 
conducted with 3.76 × 106. Cells exhibit a total drag 
force of 13.6 N at Fr = 0.3, accompanied by an optimal 

 (a)

(b)

 
(c)

Figure 5 Meshing of the Delft 372 catamaran model, (b) detailed mesh on the stern area, and (c) on the bow area

1x10 6 2x10 6 3x10 6 4x10 6 5x10 6 6x10 6 
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14,00 

14,25 
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 R T 

Figure 6 Graph of grid independence illustrating the relationship between cell amount and ship resistance (RT).
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resistance variation of 2%. Discuss the point at which 
further mesh refinement no longer significantly affects 
the results, justifying the chosen mesh resolution for 
subsequent simulations. 

Through comparing total resistance (RT) across Froude 
numbers (Fr) with experimental fluid dynamics (EFD) 
data from Broglia et al. [35] and previous CFD results from 
Firdhaus et al. [36], Figure 7 validates the current CFD 
simulation for the bare catamaran hull. The benchmark 
experiment data and the current CFD results show excel-
lent agreement, especially in the critical Fr = 0.35–0.50 
range where wave interference effects dominate catama-

ran resistance. Because transom ventilation modeling in 
static squat conditions has known limitations, there are 
slight deviations, less than 4%, at Fr = 0.60. However, the 
overall conformance with the experiment confirms that 
the free-surface treatment (VOF), turbulence modelling, 
and mesh resolution strategy have been thoroughly vali-
dated for future stern flap simulations.

3.2	 Total Resistance

The investigation into the resistance of the flap-in-
duced catamaran was conducted using CFD models by 

0,2 0,4 0,6 0,8 1,0 1,2 1,4 

0 

50 

100 

150 

200 

250 

Fr

 Bare Hull  
 EFD Broglia et al. 2014 [35]  
 CFD Firdhaus et al. 2024 [36]  

R
 T (N

)

Figure 7 Comparison between the total resistance of the present CFD and the prior experiment [35] and CFD [36] results
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R
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Figure 8 The total resistance of the ship (RT) for all model configurations as a function of the ship’s Froude number.
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varying the flap angle of attack and ship Froude number 
(Fr). Figure 8 presents the total resistance (RT) as a func-
tion of Fr for the baseline catamaran and three stern flap 
configurations (α = 0°, 10°, 20°). The data reveal complex 
angle-dependent and speed-governed interactions that 
significantly influence hydrodynamic efficiency. The  
α = 0° configuration consistently reduces resistance 
across the operational envelope, achieving a reduction of 
up to 5.5%. This demonstrates that even neutral flap an-
gles yield beneficial flow modification. In contrast, the α = 
20° configuration increases resistance at all speeds, with 
penalties escalating up to 8.8%, indicating detrimental 
flow separation effects. The performance of the α = 10° 
configuration exhibits a strong speed dependence: while 
providing a moderate resistance reduction ofeds, 3.6% at 
Fr = 0.3, its efficacy diminishes sharply at Fr > 0.7. Nota-
bly, all configurations show limited effectiveness near the 
wave interference peak, with maximum reduction of only 
4.2%, confirming the dominance of twin-hull wave phys-
ics over appendage effects in this regime.

The α = 0° configuration delivers the most reliable 
resistance reduction, establishing it as the baseline rec-
ommendation for catamaran applications. While α = 10° 
maintains marginal benefits below Fr = 0.7, its dimin-
ishing returns at higher speeds cannot justify imple-
mentation over the neutral angle. The severe penalties 
induced by α = 20° contraindicate its use in any opera-
tional profile. These findings necessitate speed-adaptive 
optimization, where vessels operating predominantly 
above Fr = 0.7 should prioritize α ≤ 0° configurations to 
avoid performance degradation.

3.3	 Wave Characteristic 

This subsection addresses the impact of the stern flap 
on the wave characteristics generated around the cata-
maran hull. Figure 9 illustrates two top-down views of 
free-surface wave elevation contours obtained from CFD 
simulations at a Froude number (Fr) of 1. The upper plot 
represents the bare hull configuration, whereas the lower 
plot presents the hull equipped with a stern flap at a 0° 
angle. The wake is characterized by a V-shaped Kelvin 
pattern in both configurations, modulated by hull inter-
ference common to catamaran designs. This pattern con-
sists of transverse and divergent wave components. The 
observed wakes are narrower than the theoretical deep-
water Kelvin wake angle of around 19.47°, aligning with 
speed-dependent narrowing, where the angle inversely 
correlates with velocity [37]. The bare hull displays wid-
er, more diffuse wave patterns marked by significant lat-
eral dispersion and increased crest amplitudes (red 
areas) extending outward, signifying considerable energy 
dissipation. In contrast, the stern flap variation exhibits 
more compact, streamlined wave patterns with reduced 
lateral spread and diminished central interference, indi-
cating improved flow attachment and decreased wave 
breaking.

A notable distinction in wake angles is illustrated in 
the bare hull, which presents angles of 17.32°, reflecting 
a broader V-apex due to unmitigated transom flow sep-
aration and rapid stern wave expansion behind the 
demi hulls. In comparison, the stern flap at 0° results in 
angles of 16.56°, creating a narrower wake effect that 

Figure 9 Free-surface contour shows wake angle for bare hull (upper) is wider than stern flap 0° catamaran (lower) at Fr 1.
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alters stern flow, decreases trim, and reduces divergent 
wave amplification. The wake angle reduction indicates 
a reduction in lateral energy radiation in the flapped 
configuration. Stern flaps optimize hydrodynamic 
length, suppress interference without increasing fric-
tional drag, enhance seakeeping by mitigating transom 
losses, and improve efficiency by damping effects. This 
contrasts with the bare hull, which exhibits a wider 
wake and increased drag due to heightened wave dis-
persion. The results demonstrate the effectiveness of 
stern flaps in improving wake dynamics under neutral 
deflection, offering essential insights for hydrodynamic 
optimization in high-speed catamaran design.

3.4	 Wetted Surface Area 

Figure 10 quantifies the dynamic wetted surface 
area (WSA) evolution across Froude numbers, revealing 
a systematic inflation proportional to the stern flap an-
gle, which intensifies with speed, a phenomenon contra-
dicting conventional appendage wisdom. The bare hull 
exhibits characteristic catamaran behavior; WSA de-
creases 2.4% from Fr =0.3 to 0.5 due to demihull emer-
gence, then increases 21.5% to Fr =1.3 from progressive 
stern immersion. Critically, all stern flap configurations 
increase WSA relative to baseline, with penalties scaling 
with angle and velocity. The α=0° configuration main-
tains the closest alignment to the baseline, while α=10° 
and α=20° exhibit progressive divergence, reaching 
maximum WSA expansions of 3.08% and 4.48%, re-
spectively, at Fr = 1.3.

These measurements elucidate the trends in ship re-
sistance through hydrodynamic trade-offs. The α=0° 
configuration’s superior resistance reduction, averaging 
5.5%, occurs despite minor WSA inflation, as its pres-

sure drag reduction outweighs the frictional penalties. 
Conversely, α=20° suffers from compounded degrada-
tion: its significant WSA expansion amplifies separa-
tion-induced pressure drag, resulting in resistance 
increases of 2.6–8.8%. The transitional behavior of 
α=10° further demonstrates this mechanism, its moder-
ate 0.17–0.63% WSA inflation at Fr ≤0.7 coincides with 
a measurable reduction in resistance. In comparison, its 
3.08% penalty at Fr = 1.3 is accompanied by a near-zero 
benefit in resistance.

3.5	 Trim

Figure 11 delineates the dynamic trim characteristics 
of the catamaran configurations, with negative values in-
dicating stern-down attitude. The results demonstrate 
that stern flaps systematically reduce stern-down trim 
across the operational envelope, with efficacy propor-
tional to flap angle yet fundamentally constrained by hy-
drodynamic separation limits. The bare hull exhibits 
characteristic squat behavior, progressing from -0.1° at  
Fr = 0.3 to -2.414° at Fr = 0.5 before stabilizing near -2.3° 
at higher speeds. All stern flap configurations counteract-
ed this trend through the generation of hydrodynamic 
lift, although with markedly divergent efficiency profiles. 
The α=0° configuration reduced stern-down trim by 32% 
at Fr =0.5 and 42% at Fr =1.3, while α=10° achieved 47% 
reduction at Fr =0.5 and 70% at Fr =1.3. The α=20° con-
figuration delivered maximum trim correction, with a 
58% reduction at Fr =0.5 and a 93% reduction at Fr =1.3, 
demonstrating superior geometric potential for attitude 
control.

These trim modifications resolve the resistance par-
adoxes identified in total ship resistance. The α=0° con-
figuration’s consistent resistance reduction, with an 
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Figure 10 The wetted surface area of the ship (WSA) for all model configurations as a function of the ship’s Froude number.
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average of 5.5%, stems from its ability to maintain flow 
attachment while providing balanced trim correction. 
Conversely, α=20°’s aggressive trim correction failed to 
translate into net performance benefits due to separa-
tion-induced degradation. Although achieving a 93% re-
duction in stern-down trim at Fr = 1.3, this configuration 
simultaneously exhibited an 8.8% increase in resistance 
at Fr = 1.0 and a 4.48% WSA inflation at Fr = 1.3. This 
apparent contradiction is resolved through hydrody-
namic trade-offs; the extreme angle provoked boundary 
layer separation, which amplified pressure drag while 
diminishing effective lift generation. The transitional 
behavior of α=10° further validates this mechanism: its 
initial trim correction advantage at Fr =0.5, a 47% re-
duction, reduced to 70% at Fr =1.3, mirroring the de-

cline in resistance reduction from 3.6% to 0.5% across 
the same speed range.

3.6	 Heave

Figure 12 quantifies the heave displacement as a 
function of speed. At reduced speeds, Fr ≤ 0.5, all con-
figurations exhibit nearly uniform heave, which pro-
gressively diverges as velocity and flap angle increase. 
The displacement progression of the baseline hull is no-
table, reaching a maximum of 0.1888 m (Fr = 1.0) and 
then stabilizing at 0.1837 m (Fr = 1.3). The proportional 
heave elevation induced by stern flaps is most pro-
nounced at elevated speeds: at Fr =1.3, α=0° exhibits 
near-baseline displacement, while α=10° and α=20° 
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Figure 11 Froude number-dependent ship’s trim for all model setups.
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Figure 12 Heave for all model configurations as a function of Froude number.
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demonstrate increases of 0.33% and 0.49%, respective-
ly. These patterns provide essential validation of previ-
ously identified hydrodynamic interactions. Excessive 
stern immersion elevates the center of gravity, as dem-
onstrated by a 0.49% increase in heave for α = 20 ° at  
Fr = 1.3 and a 4.48% inflation of the WSA. The maximum 
resistance penalty at α = 20 ° aligns with the highest 
heave displacement at Fr = 1.0, illustrating the exacerba-
tion of separation-induced drag through the amplifica-
tion of vertical motion. The progressive increase in heave 
with flap angle resembles the degradation of trim correc-
tion, where flow separation diminishes hydrodynamic lift 
efficiency despite geometric potential.

Hydrodynamic analysis indicates that heave eleva-
tion at elevated angles of attack is due to modified force 
distribution and heightened energy dissipation. At neu-
tral angles (α = 0°), the arrangement sustains near-
baseline heave levels while achieving a 5.5% decrease 
in resistance. As angles grow, proportionate heave dis-
placement has various detrimental consequences, such 
as diminished transverse stability owing to a height-
ened center of gravity, intensified coupled pitch-heave 
oscillations, and increased resistance penalties from 
flow separation. Thus, the theoretical lift production at 
elevated angles, such as α = 20 °, does not improve net 
efficiency, since the energy required for vertical motion 
acceleration exceeds any possible advantages.

4	 Conclusions

This comprehensive investigation establishes that 
stern flap optimization for catamarans fundamentally di-
verges from monohull paradigms, necessitating neutral 
angles of attack to achieve net efficiency gains. Through 
rigorously validated RANS-based CFD simulations span-
ning Fr 0.3 to 1.3 and flap angles between 0° and 20°, we 
demonstrate that zero-degree flap configurations reduce 
total resistance by an average of 5.5%, despite a minor in-
crease in the wetted surface area, peaking at 1.76%. This 
performance advantage stems from the balanced genera-
tion of hydrodynamic lift, which maintains flow attach-
ment while providing a 32 to 42% reduction in stern- 
squat, thereby optimizing pressure distribution without 
provoking separation-induced penalties.

Conversely, higher flap angles exhibit progressively 
detrimental trade-offs. The 20° stern flap configuration 
increases resistance by up to 8.8% due to boundary lay-
er separation, which simultaneously amplifies pressure 
drag, compounds wetted surface expansion to reachng 
4.48% at Fr 1.3, and elevates heave displacement by 
0.49%, despite its superior geometric trim correction of 
93%. The 10° configuration exhibits transitional degra-
dation, with resistance reduction declining from 3.6% 
at a Fr of 0.3 to 0.5% at a Fr of 1.3 as separation intensi-
fies. These findings resolve a critical industry paradox 
by revealing that excessive flap angles trigger a hydro-

dynamic degradation triad, where flow separation con-
sequences negate the theoretical lift benefits.

The universal superiority of 0° stern flap configura-
tions across operational profiles necessitates a para-
digm shift in catamaran appendage design. We strongly 
recommend neutral flap angles for all twin-hull applica-
tions, while contraindicating angles of 10° or greater 
due to significant net efficiency penalties. For vessels re-
quiring enhanced low-speed trim control, integrated so-
lutions should combine neutral flaps with stern wedges 
rather than adopting higher angles of attack. Future re-
search must prioritize wave-adaptive flap mechanisms 
for real-world seaways, hybrid configurations with 
boundary layer control, and full-scale trials incorporat-
ing propulsion interactions.
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