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ABSTRACT 

Emissions from the global transportation sector represent a significant environmental challenge, with high-speed 

maritime transport being a notable contributor. The reduction of fuel consumption is therefore a critical objective 

in the development of future marine vehicles. The Wing-in-Ground (WIG) craft, an innovative transport modality 

developed since the mid-twentieth century, operates by utilising the aerodynamic ground effect to achieve 

aircraft-like speeds with substantially lower power requirements. This makes it a promising solution for efficient, 

high-speed maritime transit. A key innovation in WIG design is the Lippisch-style cropped reverse delta wing, a 

configuration known to enhance aerodynamic performance. To optimize this design, an investigation into the 

effects of rear planform cropping is required. This study employs computational fluid dynamics (CFD), utilising a 

Reynolds-Averaged Navier-Stokes (RANS) solver, to perform analysis of WIG models with various rear planform 

cropping configurations. The investigation covers trailing edge crop percentages of 0%, 10%, 20%, and 30% of the 

root chord. The results demonstrate that higher cropping percentages positively impact aerodynamic 

performance. 
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Introduction 

High-speed marine transport plays an important role 

in connecting offshore areas and archipelagos such as 

Indonesia and other regions in Southeast Asia. High-

speed marine transport offers a cheaper alternative to 

air transport and is an important market. 

Various innovations have been made to advance high-

speed marine transport, such as the use of hydrofoils 

and hovercraft. An interesting development is the 

utilization of the ground effect in vehicles called wing-

in-ground (WIG) Craft. The ground effect significantly 

increases the L/D ratio allowing for higher speeds with 

less required energy during flight. WIG Craft are 

shaped like aircraft with a design made to maximize 

the benefits of the ground effect, which is often most 

effective at altitudes within 25% of the wing’s chord 

[1].  

The ground effect increases lift by creating a high-

pressure air cushion beneath the lifting object. The 

pressure caused by this air cushion is also known as 

ram pressure. The main parameter for this lift increase 

is the chord dominated ground effect, which is mainly 

caused by the ratio of height towards the wing’s chord 

(h/c). On the other hand, the span dominated ground 

effect affects the reduction of drag. This is mainly 

affected by the ratio of height towards the wingspan. 

The span dominated ground effect causes a decrease 

in induced drag. Induced drag is caused by the 

formation of vortices at the wingtips. With the ground 

effect, the formation of these vortices is disrupted 

causing a decrease in induced drag [2]. 

 

Figure. 1 Airfish 8 WIG Craft [3] 
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Modern WIG Craft such as the Airfish-8 makes use of 

previous innovations, such as the reverse delta wing 

with anhedral. This design was pioneered by 

Alexander Lippisch in the mid-20th century [4]. An 

interesting addition to the wing configuration is the 

use of a rear planform cropping on the wing, as seen 

in Figure 1. 

Previous research has provided valuable insights into 

the aerodynamics of these configurations. Lee & He 

[5] conducted experiments on various slender reverse 

delta wings outside of the ground effect, which 

concluded that the rear planform cropping resulted in 

a minor reduction in lift with a slight increase in drag. 

Within ground effect, Lee et al. [6] discovered that the 

addition cropping results in a higher lift. When a 30% 

cropped reverse delta wing was compared to the base 

non-cropped wing, the lift was higher. It was 

concluded to be caused by the wings smaller distance 

to the ground at a similar h/c ratio. 

Unfortunately, there is a lack of studies that include 

the whole WIG model during the comparison of wing 

configurations. Thus, this research aims to address 

this gap by conducting analysis on various cropped 

reverse delta wing configurations on a full WIG Craft 

model. Through the use of ANSYS FLUENT CFD solver, 

this study aims to determine the effect of different 

rear planform cropping percentages on the craft's 

overall aerodynamic performance by observing lift 

and drag values. 

Methodology  

Model Geometry 

The model geometry consists of the fuselage and 

wing. The fuselage is based on the existing Airfish-8 

WIG Craft. Various percentages of rear planform 

cropping are applied to the wing model. The crop 

percentages tested are 0%, 10%, 20%, and 30% of the 

original root chord (12 m). The airfoil used for the wing 

section is the NACA 4412, while the NACA 0012 airfoil 

is used for the tail. Table 1 shows the wing data of each 

crop variation. Figure 2 shows the wing model design.  

Table 1. Wing Data 

Crop% Wingspan 
Tip 

Chord 

Root 

Chord 

Wing 

Area 

(m2) 

AR 

0 10.8 2 12 75.6 1.543 

10 10.8 2 10.8 74.8224 1.559 

20 10.8 2 9.8 72.4896 1.609 

30 10.8 2 8.4 68.6016 1.700 

 

 

Figure 2. Cropped Wing Planform and Section 

The wing is modelled first and then combined with the 

fuselage model, as seen figure 3.  

 

Figure. 3 WIG Variations 

Domain and Boundaries 

The simulation domain follows the guidelines set by 

the ITTC [7]. A reference length (L) is used to 

determine the distance from each boundary, here the 

root chord length (C) is used. The distance from the 

inlet used 10C and the outlet 20C, the width of the 

domain is set at a fixed value of 48 metres. Figure 4 

show the domain size from the front and side.  

 

 

Figure 4. Domain size from the front (top) and the 

side (bottom)
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Figure 5. 3D Domain View 

Figure 5 shows the boundary conditions used in the 

simulation. The velocity inlet is used with a velocity of 

40 m/s, while the outlet type is set to a pressure 

outlet. To accurately represent the ground, a moving 

wall is used at the bottom with a velocity equal to the 

inlet velocity [8]. The side and top of the domain is set 

to a free-slip wall, so it does not interfere with the flow 

region. The WIG itself is set to a no-slip wall. A 

symmetry boundary is also used to reduce the number 

of elements in the grid and computational power 

required. 

Governing Equations 

The numerical solver used in this research is the 

academic version of ANSYS FLUENT 2023 R2. 

Incompressible steady viscous flow is used throughout 

the simulations. Reynolds-averaged Navier Stokes 

(RANS) equations are used to solve the flow. For 

incompressible and steady flow, the RANS equation 

for continuity and momentum are represented in 

equations (1) and (2) respectively [9]. 

∇ ⋅ 𝑉⃗ = 0 (1) 

(𝑉⃗ ⋅ ∇⃗⃗ )𝑉⃗ = −
1

𝜌
∇⃗⃗ 𝑃′ + 𝜈∇2𝑉⃗ + ∇⃗⃗ ⋅ (𝜏𝑖𝑗,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡)

 
(2) 

𝜏𝑖𝑗𝑡,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡  = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) −

2

3
𝜌𝑘𝛿𝑖𝑗

 
(3) 

Here, 𝜏𝑖𝑗𝑡,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 represents the Reynolds stresses. Using 

Boussinesq’s hypothesis (equation 3) and the 

definition of the turbulent viscosity and turbulent 

kinetic energy, this term can be solved [10]. The 

turbulent viscosity and turbulent kinetic energy are 

defined manually based on a chosen turbulence 

model, which is selected in the CFD solver. 

Solver Setup 

Before the solver is set up, the model must go through 

the meshing process. The meshing process was done 

using ANSYS FLUENT MESHING, using the polyhedral 

shape for the volume mesh to support the complex 

geometry. Refinement was added around and behind 

the WIG model in order to accurately capture complex 

flow phenomena and the wake region. The number of 

elements used in this simulation is 6.79 million 

elements.  

The turbulence model used in this work is the k-ω SST 

model, with an additional gamma-algebraic transition 

model. The k- ω SST model is known for its robustness 

for far from and near the wall through the use of a 

blending function [11]. The transition model allowed 

the solving of transition phenomenon on the WIG, 

such as the laminar separation bubble (LSB). The 

pressure-velocity coupling was handled with the 

SIMPLE algorithm, and second-order discretization 

schemes (QUICK for momentum and turbulence 

quantities, PRESTO! for pressure) were used to 

enhance solution accuracy and convergence. 

In the simulations conducted in this work, the fluid 

properties are assumed to be consistent regardless of 

height. The properties of air are set to the default 

values, with a density of 1.225 kg/m3 and a dynamic 

viscosity of 1.7894 x 10⁻⁵ kg/(m.s).  

 

Results and Discussion 
Grid Independence 

To verify the results, verification is done through a grid 

independence study. Four grid variations are used for 

this study with the resulting lift coefficient (Cl) and 

drag coefficient (Cd) being compared. The results 

were shown to vary less as the number of elements 

increased as shown in Figure 6 and 7. As a result, the 

grid with 6.79 million elements was selected for 

further simulations. 

 

Figure 6. Grid Independence Results for Cd 

 

Figure 7. Grid Independence Results for Cl 
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Lift and Drag Results 

The results present the lift and drag coefficient results 

at various altitudes within ground effect and three 

angles of attack as seen in figure 8. These are 

presented separately and as the Cl/Cd ratio. 

Figure 8 (a) shows the Cl at α = 0°, it can be observed 

that the lift decreases at a lower ground distance 

(h/c). The results at a positive angle of attack 2° (b) 

and 4° (c) contradict this and are more aligned with 

the principles of the ground effect, where lift 

increases with a higher ground proximity. The drag 

results show less variation across different heights, 

although there is a slight decrease in drag at a lower 

altitude. A small spike in the drag can be observed at 

α = 0° (d) across all crop variations except the 

uncropped wing. The angle of attack significant 

increase in the lift and drag, regardless of crop 

percentage. The drag at α = 2° (e) shows a consistent 

trend across all cropping variations, where the lower 

altitude results in a lower drag. At α = 4° (f), the drag 

fluctuates slightly for all variations. Very minimal 

difference for drag is observable for all heights. 

 

Figure 8. Simulation Results for (a) Cl at α = 0°, (b) α = 2°, and (c) α = 4°. (d) Cd at α = 0°, (e) α = 2°, and (f) α = 4°. 
(g) Cl/Cd at α = 0°, (h) α = 2°, and (i) α = 4°. 
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A higher crop percentage causes a visible increase in 

lift and drags, but the 30% cropped wing shows the 

highest lift and drag across all heights and angles of 

attack except (d), with significant difference between 

other crop variations.  

The Cl/Cd ratio show a small difference between the 

cropping variations, but the values trend similarly to 

the lift results. At α = 0° (Figure 8g) and α = 2° (Figure 

8h), the highest Cl/Cd is produced from the base 

uncropped wing. At α = 4° (Figure 8i) and lower 

altitudes, higher crop percentages results in a higher 

Cl/Cd. Outside the ground effect, the highest Cl/Cd is 

produced from the uncropped wing. 

Effect of Ground Proximity 

While at positive angles of attack (α = 2° and α = 4°) 

the results align with existing theory about the ground 

effect, the results at a zero-degree angle of attack (α = 

0°) contradict this. Usually, a higher proximity with the 

ground results in ram pressure, where the airflow is 

compressed in the gap between the WIG craft's lower 

surface and the ground, creating a high-pressure 

cushion that generates significant lift. However, at a α 

= 0° a powerful suction effect occurs. At α = 0∘, the 

geometry formed by the curved lower surface of the 

fuselage and the cambered NACA 4412 wing creates a 

convergent-divergent channel with the ground plane. 

This channel functions as a Venturi nozzle. As the 

airflow enters the constricted throat of this channel, it 

accelerates to a velocity significantly higher than the 

freestream velocity. In accordance with Bernoulli's 

principle, this region of high-velocity flow corresponds 

to a region of low static pressure on the craft's lower 

surface. This low-pressure zone, or suction, acts 

downward, directly counteracting the positive lift 

generated on the upper surfaces and leading to a loss 

of total lift.  

Another term for this phenomenon is ‘flow blockage’ 

[12]. This condition occurs when the ground clearance 

is small, causing the developing boundary layers from 

both the wing's lower surface and the ground to 

interact. This interaction can establish a transient 

"fluid-throat," which leads to a condition known as 

external flow choking. The geometry formed between 

the wing and the ground acts as a temporary 

convergent-divergent nozzle as mentioned before, 

which significantly accelerates the airflow in the 

constricted space. This acceleration and subsequent 

choking can result in a sudden loss of lift. The 

phenomenon can also lead to the formation of shock 

waves, which generate additional turbulence and 

contribute to a sharp increase in pressure drag. This 

occurrence is also observed in various experiments 

regarding the ground effect. Lu et al. [13] 

experimented on a rectangular NACA 0012 wing and 

discovered that at α ≤ 3.5° the ground effect caused a 

smaller Cl compared to the wing out of ground effect 

due to the development of suction pressure. This 

phenomenon has also been reported for chambered 

airfoil such as the NACA 4412 in the experiment done 

by Ahmed et al. [14].    

 

Figure 9. Contours of velocity (top) and pressure 

(bottom) at the symmetry for 10% crop variation,  

h/c = 0.15, α = 0°. 

 

Figure 10. Contours of velocity (top) and pressure 

(bottom) at the symmetry for 10% crop variation,  

h/c = 0.15, α = 4°. 

Figure 9 shows how the suction effect occurs at low 

altitudes at α = 0°. The small gap below the WIG craft 

causes an increase in velocity, represented by the red 
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area in the contour, which in turn causes a drop in 

pressure below the WIG, causing a major decrease in 

pressure. While the ground effect occurs at the 

bottom front region of the WIG, the suction at the 

middle region of the WIG defeats the benefits of the 

ground effect. Figure 10 displays the velocity and 

pressure contour at α = 4°. Here the suction effect still 

occurs but the drop in pressure is significantly smaller 

compared to the one that occurs at α = 0°. The 

pressure beneath the WIG is overall higher, especially 

in the front parts of the WIG leading to an increase in 

overall lift. 

 

Figure 11. Vorticity contours and streamlines at h/c = 

0.15 (top) and h/c = 1 (bottom) 18 m behind the 

leading edge for 10% crop variation, α = 2°. 

While the suction effect disrupts the resulting lift, its 

effects toward drag are minimal as the drag is in 

accordance with the existing principles regarding the 

ground effect. The reduction in drag is caused by the 

disruption of vortex formation, which is the cause of 

induced drag, as visible in figure 11. There the 

formation of the vortices at the lower height (h/c = 

0.15) is disrupted by the ground. 

Effect Rear Planform Cropping 

The analysis of rear planform cropping revealed it to 

be an effective method for enhancing aerodynamic 

performance within the ground effect. The results 

show that increasing the crop percentage leads to 

higher lift coefficients at positive angles of attack. The 

highest lift is achieved by the 30% cropped wing across 

all variations. The trailing edge portion of a reverse 

delta wing contributes minimally to lift generation 

while and contributes to friction drag. Cropping this 

aerodynamically inefficient section reduces both mass 

and drag. The definition of non-dimensional altitude 

(h/c) is based on the root chord (c). A WIG craft with a 

larger crop percentage has a smaller root chord. 

Therefore, at the same h/c value, the cropped craft is 

flying at a lower altitude (h) than its uncropped 

counterpart. This brings the WIG craft closer to the 

ground, increasing the strength of the ground effect.  

 

 

Figure 12. Wake region at 0% crop (top) and 30% 

crop (bottom) at h/c = 0.25 , α = 2°. 

The drag, similar to the lift, also increases with the 

cropping percentage. The increase in drag is caused by 

the increasing pressure gradient due to the increase in 

lift. Another major contributing factor to the drag is 

due to interference drag, which is caused by the 

interaction between components of the WIG craft. 

Due to the fuselage being a fixed variable in this study, 

the shape of the fuselage does not change with the 

cropping percentage. Thus, the cropped section of the 

wing leaves a blunt part of the fuselage which also 

causes a large wake region behind the WIG craft as 

observable in figure 12. This additional wake causes an 

increase in drag as a result.  

Across the Cl/Cd results, the lowest Cl/Cd is produced 

from the 20% crop variation, which is caused by the 

larger increase in drag compared to the lift. The base 

uncropped wing has the highest Cl/Cd at α = 0° and α 

= 2°, but at α = 4° and lower heights, the highest Cl/Cd
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is achieved by the 30% cropped wing. This is due to 

the major increase of lift at lower heights. The higher 

drag in the cropped variations, either due to the 

suction effect or additional wake regions, causes it to 

be lower than the uncropped regions. Results show 

that at higher angles of attack will increase the 

effectiveness of rear planform cropping. At higher 

altitudes, where the influence of the ground effect is 

weaker, rear planform cropping effects performance 

negatively causing a decrease in lift and increasing 

drag. 

 

Conclusion 

This research has provided a close analysis of the 

aerodynamic performance of WIG craft with various 

rear-planform cropping configurations. Based on the 

results in can be concluded that:  

• The highest lift is produced by the 30% cropped 

wing both within and outside of the ground effect. 

This is due to the closer proximity of the wing to 

the ground at an identical h/c compared to the 

other wings. Cropping also removes the small 

section of the trailing edge which gives minimal 

contribution towards lift, resulting in a higher Cl 

within the ground effect. 

• Cropping results in a higher drag as well, as shown 

by the uncropped wing producing a lower drag at 

higher angles of attack. This is attributed to the 

higher pressure gradient due to the higher lift and 

the interference drag caused by the cropped wing. 

This explains the major difference in drag between 

the crop variations. 

• At lower angles of attack, the highest Cl/Cd is 

achieved by the uncropped wing. At α = 4° and 

lowest altitudes, the highest Cl/Cd is produced by 

the cropped wings, especially the 30% cropped 

wing. 
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