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1. Introduction
Ground effect (GE) and finite depth phenomena have 
been the subject of extensive research, with the primary 
goal of understanding the complex flow dynamics and 
hydrodynamic responses of lifting surfaces when operating 
in close proximity to a boundary such as the ground or water 

surface. This comprehensive study investigates how the GE 
influences vehicle performance, where the reduced distance 
to the surface enhances the lift and modifies the overall aero/
hydrodynamic behaviour [1-3]. The flow characteristics and 
hydrodynamic behaviour in GE (IGE) are distinct from those 
encountered in freestream flow conditions, necessitating 
further analysis.
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While conventional aircraft experience GE during critical 
phases such as take-off and landing, wing-in-ground 
(WIG) vehicles are specifically designed to leverage this 
phenomenon to achieve higher lift-to-drag ratios by flying 
just above the water surface. These vehicles combines the 
naval architecture and aerospace engineering principles, 
enabling them to operate efficiently in a hover-like state over 
the water [4]. By bridging the operational gap between ships 
and airplanes, WIG vehicles offer a compelling transportation 
solution that combines the fuel efficiency and higher 
cruising speeds of aircraft with the stability and endurance 
of marine vessels [5]. Compared to conventional craft, WIG 
vehicles exhibit enhanced aerodynamic and hydrodynamic 
efficiency, which contributes to significant improvements 
in fuel economy and operational speed. This combination 
of benefits has sparked growing international interest and 
investment in the development of WIG technology, driving 
further research into the aerodynamics and hydrodynamics 
of GE to optimize vehicle design and performance.

1.1. Literature Survey
The impact of ground proximity on aero/hydrodynamic 
performance has been explored experimentally since the 
early 20th century. One of the earliest methods was the 
fixed ground simulation, where the ground is represented 
by a stationary surface, such as a wind tunnel bottom [6]. 
A second approach, the image method, involves using two 
identical wind tunnel models, one inverted, to create a 
symmetrical flow about an imaginary ground plane [7]. 
However, this method mainly simulates inviscid GE and 
presents challenges in achieving perfect symmetry. The 
most precise technique for modelling GE is the moving belt 
system, which simulates the relative motion of the ground by 
running a belt at freestream velocity, though it comes with 
practical difficulties, including vibrations and belt flatness 
[8]. Werle’s work in the 1960’s further highlighted the 
significant differences between these methods, particularly 
in flow separation and vortex behaviour under various 
conditions [9].
GE phenomena are generally classified into two categories: 
two-dimensional (2D) chord-dominated GE and three-
dimensional (3D) span-dominated GE [10]. In 2D chord-
dominated GE, the proximity to the ground increases the 
pressure on the lower surface (pressure side) of the foil, 
resulting in a significant enhancement in lift, an improved 
performance of foil. In contrast, for 3D wings, GE causes 
the outward displacement of wingtip vortices, which reduces 
downwash and consequently lowers induced drag.
Previous studies have extensively explored 2D GE at low 
to moderate angles of attack (AoA). For instance, Hsiun 
and Chen [11] investigated a NACA 4412 foil at 5° and 

10° AoA and found that lift increased as ground clearance 
(H) decreased, peaking at specific height-to-chord ratios. 
However, at very close distances, lift dropped sharply due to 
recirculation zones and increased adverse pressure near the 
ground. Similarly, Chun [12] used numerical simulations on 
the NACA 4412 and Clark Y foils, demonstrating that lift 
and pitching moment predictions were similar for both static 
and moving ground models, though drag was lower in the 
fixed-ground setup.
An investigation was performed to assess the aerodynamic 
behaviour of the NACA 4412 foil under GE, using a moving 
belt apparatus to replicate ground proximity. Flow data were 
gathered via particle image velocimetry at a Reynolds number 
(Re) of 3×105, with AoA ranging from 0° to 10°. Findings 
indicated that at smaller AoA (α≤4°), the lift coefficient (CL) 
tended to decrease as the foil neared the simulated ground. 
This outcome was attributed to an elevated pressure along 
the lower surface and a reduction in suction on the upper 
surface. Conversely, at larger angles (α≥6°), an increase in 
CL was observed due to substantial pressure buildup beneath 
the foil. Furthermore, drag coefficient (CD) values were 
noted to rise with reduced H, particularly at higher angles, 
influenced by the specific contour of the passage between the 
foil and the ground, which impacted the lift force [13].
An investigation was undertaken to study the WIG effect 
using a Tyrrell 026 Formula 1 car’s front wing in a wind 
tunnel. Their findings demonstrated that aerodynamic 
performance was highly dependent on ride height, with 
significant changes noted as the wing moved closer to the 
ground. In particular, they noted the onset of boundary 
layer separation near the trailing edge, which became 
more pronounced at reduced ride heights. The reduction 
in aerodynamic force was attributed to a balance between 
minimal downforce loss from flow separation and increased 
velocity on the lower surface at reduced ride heights [14].
Qu et al. [15], conducted a numerical study examining the 
aerodynamic properties of NACA 4412 foil IGE while 
simulating a moving ground surface at a Re of 6x106. The 
investigation encompassed a wide range of AoA, from -4° to 
20°, and H ratios (H/c) ranging from 0.05 to infinity. They 
found that, for AoA between 2° and 12°, the CL initially 
decreased as the foil approached the ground, followed by 
a significant increase in lift at very close proximity (region 
I). This behaviour was linked to a reduction in the effective 
AoA, which raised the pressure on the suction side while 
lowering it on the lower surface. Additionally, a blockage 
effect caused further pressure buildup on the lower surface. 
In region II, the reduction in effective AoA had a stronger 
influence than the blockage effect, causing a decrease in lift. 
However, as the foil transitioned into region I, the blockage 
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effect became more pronounced, taking precedence and 
resulting in a substantial lift increase. Moreover, at elevated 
AoA, the transition from region II to region I occurred at 
smaller Hs. For AoA greater than 12°, airflow separation 
became more pronounced, expanding in response to the 
increasingly adverse pressure gradient as H decreased. This 
condition caused a notable increase in pressure on the upper 
surface (suction side), resulting in reduced lift across all 
Hs, with CL decreasing as the foil close to the ground. Stall 
conditions were observed to occur earlier and more abruptly 
at lower H/c values due to the intensified adverse pressure 
gradient close to the ground.
Hayashi  and Endo [16], reported an increase in the 
separation region during their experimental and numerical 
investigations of the wake behind a NACA 4412 foil 
operating at 15° AoA (post-stall) and a Re of 3.2x105. Their 
findings indicated that as the foil approached the ground, the 
wake region expanded significantly, resulting in an earlier 
onset of stalling compared to scenarios out of ground effect 
(OGE). These observations aligned with those noted by Qu 
et al. [15].
As previously mentioned, the ground conditions in 
experimental setups can vary considerably. In addition to 
various experimental studies examining these ground types, 
numerous numerical analyses have been conducted. A study 
by Barber et al. [17] explored four distinct ground conditions 
to assess their effects on aerodynamic performance. Beyond 
the traditional stationary and moving ground conditions, the 
researchers also investigated two additional models: A “slip” 
boundary condition, defined by the absence of shear stress 
at the boundary, and an “image” ground condition, which 
involved simulating two identical bodies reflected across a 
symmetry plane to mimic the effects of the ground.
In addition to viscous flow solvers, previous research has 
examined GEs on foils operating above free surfaces. While 
many studies have investigated various ground conditions, 
including fixed and moving boundaries, a notable body of 
work focuses specifically on foils above free surfaces [18-
23]. Iterative numerical methods have been extensively 
employed to evaluate the performance of foils and wings 
in close proximity to free surfaces. The Iterative Boundary 
Element Method (IBEM) is used to predict the hydrodynamic 
behavior of WIG effect vehicles flying above a free water 
surface. Originally designed for submerged hydrofoils, IBEM 
has been extended to account for WIG-specific conditions. 
The method divides the problem into two parts: One for 
the wing and wake effects, and one for the free surface. 
These parts interact iteratively using Green’s theorem. Both 
components are modeled with panels that have dipole and 
source distributions, enabling analysis of how factors like 
Froude number, H, and wing geometry affect the lift and 

drag forces on WIG vehicles [18]. Bal [19] adapted a method 
initially designed for submerged cavitating hydrofoils to 
analyse 2D foils and 3D wings above free water surfaces. 
Their perturbation potential formulation effectively resolved 
interactions between the foil and the free surface, yielding 
strong agreement with experimental CL data for NACA 0004 
and NACA 0015 foils across various Froude numbers and 
clearance ratios. The study highlighted that higher Froude 
numbers generally enhanced aerodynamic loading on the 
foil, with free surface effects, particularly wave patterns, 
becoming more pronounced at reduced clearance ratios.
Building on this foundation, Dogrul and Bal [20] applied an 
IBEM combined with a finite volume approach to predict 
the aerodynamic performance of a 3D wing steadily moving 
above a free water surface. Their findings showed that the 
free surface significantly increased aero/hydrodynamic 
loading compared to unbounded flow, particularly at smaller 
clearance ratios. They also noted the development of a 
Kelvin wave pattern on the free surface, with an increase in 
the wing aspect ratio further causing an increase in loading. 
These insights suggest that unsteady and viscous effects are 
critical factors in the aerodynamic design of wings and foils 
operating near free surfaces, warranting further investigation 
in future work.
Kinaci and Bal [21] utilized a similar approach to investigate 
a foil near the ground under inviscid flow conditions, 
comparing solid ground and free surface scenarios. Their 
validation against experimental data revealed that lift and 
CDs increased with decreasing clearance ratios due to GEs, 
while wave heights and wavelengths on the free surface 
grew larger with higher Froude numbers, emphasizing the 
importance of these effects in design considerations.
Bal [22] presents an analytical model using a lumped vortex 
element to calculate the CL of a 2D flat plate flying over a free 
water surface. The study focuses on high-speed conditions and 
applies potential flow theory, satisfying boundary conditions 
both on the plate and the water surface. Results show that the 
CL is significantly affected by the Froude number, clearance 
height, and AoA, influencing wave formation on the surface. 
This work provides insights into the performance of WIG 
marine vehicles, such as racing boats.
Bal [23] presents an analytical solution for the hydrodynamics 
of a 2D flat plate moving beneath a free surface in finite 
depth water. Using a lumped vortex element and the method 
of images, the study calculates the CL and analyses wave 
deformation. Key findings show that lower Froude numbers 
increase lift, while higher Froude numbers and shallower 
depths result in larger wave heights. The study also highlights 
the influence of finite depth and AoA on the hydrodynamic 
performance of submerged bodies, providing valuable 
insights for marine applications.
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Despite the extensive body of research on GE in single-wing 
configurations, relatively little attention has been devoted to 
tandem wing setups, particularly in the context of GE. The 
benefits of tandem wing designs have been recognized since 
the early stages of aviation development. From Prandtl’s 
early biplane theory to advanced Navier-Stokes simulations, 
studies have consistently highlighted the aerodynamic 
advantages of tandem wings. However, it is important to 
note that there is no universally applicable design criterion 
for all tandem configurations. Each configuration demands 
a comprehensive analysis that considers the mission 
requirements, specific size and weight limitations, as well as 
the desired aerodynamic characteristics.
Tandem foil configurations hold significant promise for 
enhancing the performance of both sail and hydrofoil 
vessels by improving lift, reducing drag, and optimizing 
overall hydrodynamic efficiency. In sail vessels, tandem 
foils can be employed to distribute aerodynamic loads more 
evenly, improving stability and increasing sailing speed. 
By adjusting the lift-to-drag ratio, these configurations 
help mitigate leeway drift and reduce the risk of capsizing, 
particularly under varying wind and sea conditions. This 
has been particularly relevant in competitive yacht racing, 
where optimizing the aerodynamic efficiency of the vessel 
is paramount. For instance, in America’s Cup racing yachts, 
tandem or multi-element foils have been explored to enhance 
upwind and downwind performance through reduced 
induced drag and improved load distribution [24].
In hydrofoil vessels, tandem foil configurations are beneficial 
for maintaining stability and efficiency at high speeds. By 
lifting the hull out of the water, hydrofoil boats reduce 
drag and increase fuel efficiency. Tandem foils improve lift 
distribution between the fore and aft foils, which leads to 
enhanced stability, particularly in rough sea conditions, while 
reducing wave-making resistance [25,26]. This configuration 
also helps mitigate issues related to cavitation at high speeds, 
a common problem in hydrofoil systems. As a result, tandem 
hydrofoil arrangements are increasingly being considered for 
high-speed ferries and naval applications where efficiency, 
stability, and safety are critical [27].
The potential of tandem foils to contribute to green shipping 
initiatives is also being explored, as these configurations 
can significantly enhance energy efficiency in marine 
vessels. By reducing drag and improving lift, tandem foils 
offer an opportunity to design faster and more sustainable 
ships, aligning with current environmental objectives. 
These benefits, along with future developments in adaptive 
or morphing foil technologies, position tandem foil 
configurations as a promising area of continued research and 
innovation in marine technology [28].

Khan and Mueller [29] examined the influence of the vortical 
wake generated by a finite-span canard on the aerodynamic 
performance of a low Re wing, emphasizing that the position 
of the canard’s tip vortex and wake significantly alters 
wing performance. Building on prior research, Rokhsaz 
[30] employed vortex panel methods to analyse tandem 
configurations of NACA 62-215 and NACA 0012 foils, 
confirming the aerodynamic benefits identified by earlier 
studies while elucidating the underlying mechanisms of drag 
reduction.
Fanjoy and Dorney [31] explored the aerodynamic 
characteristics of tandem foil systems, observing that 
reducing the horizontal distance between foils leads to an 
increase in drag on the aft foil, while the fore foil exhibits 
improved aero/hydrodynamic efficiency through an expanded 
drag bucket and a higher performance. In a comprehensive 
investigation of turbulent flow around tandem foils in a 
T-configuration, Faure et al. [32] focused on high AoA at 
moderate Re. Their study detailed how the wake generated 
by the fore foil affects the aerodynamic performance of 
the aft foil, including changes in CL and vortex dynamics. 
Their statistical analysis of the velocity field revealed critical 
features such as wake velocity deficits, recirculation zones, 
and turbulence intensities that play a key role in describing 
the flow characteristics within the detached region.
Further advancing this field, Yin et al. [33] conducted a study 
on the aero/hydrodynamic performance of tandem NACA 
0012 foils operating in IGE case at ultra-low Re (Re=500). 
Their findings demonstrated that tandem configurations 
provide superior aerodynamic performance compared to 
single foil setups, especially when vertical distance between 
foils is positive. Their analysis also highlighted the influence 
of horizontal and vertical distance between foils, and ride 
height (H/c) on flow dynamics, including the formation of 
laminar separation bubbles. These bubbles, observed within 
the wake of the fore foil, were found to induce oscillations in 
the flow, ultimately impacting the lift and drag of the aft foil 
and offering insights into optimizing aerodynamic efficiency.

1.2. Objectives of the Study
Despite considerable research on the aero/hydrodynamics 
of 2D foils, there is a critical gap in understanding the flow 
characteristics of tandem foils operating IGE, particularly 
at moderate Re. This study seeks to address this gap by 
conducting a comprehensive numerical investigation of 
NACA 4412 foils arranged in a tandem configuration near 
a moving ground. By fixing the AoA at α=4° for both foils, 
the study eliminates decalage effects, allowing for a focused 
analysis at Re=3×105.
This extensive study methodically examines the impact of 
horizontal and vertical spacing between foils, as well as ride 
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height (H/c), on the lift, drag, and overall performance of the 
tandem configuration. The findings are benchmarked against 
baseline data from isolated foil cases to assess the impact of 
foil-to-foil interactions. In addition, the aero/hydrodynamic 
performance of the tandem foils is evaluated under both 
GE and non-GE conditions. This approach provides 
valuable insights into how ground proximity affects aero/
hydrodynamic efficiency and the overall aero/hydrodynamic 
behaviour of the tandem system.

2. Model Geometries and Parameter Definition
This study examines the aero/hydrodynamic efficiency of 
NACA 4412 foils in tandem arrangements, considering both 
IGE and OGE conditions. The relative positioning of the foils 
is defined by three key parameters: horizontal separation (S), 
vertical offset (G), and H. S is characterized as the distance 
from the trailing edge of the front foil to the leading edge of 
the rear foil. G indicates the vertical distance between the 
trailing edges of both foils, with positive values signifying 
that the front foil is positioned higher than the rear foil. H 
is defined as the vertical distance from the trailing edge of 
the front foil to the ground surface. These parameters, as 

illustrated in Figure 1, are critical in analysing the interaction 
effects and overall hydrodynamic efficiency of the tandem 
foil configuration. 
NACA 0012 foil was validated in case of OGE in the thesis 
[34], and the NACA 4412 foil was similarly validated in the 
conference paper [35]. As these validations are documented 
in those works, they are not repeated here. Upon successful 
validation, twenty tandem configurations are investigated, 
encompassing scenarios both with and without the influence 
of GE. Table 1 provides an overview of the parameters for 
these configurations.

3. Solution Method
The unsteady, incompressible Reynolds-averaged Navier-
Stokes (RANS) equations were employed in the analyses. In 
Cartesian tensor form, these equations can be represented as 
follows:

​​ 
∂ ​U​ i​​ _ ∂ ​x​ i​​

 ​  =  0​					               (1)

​​​ρ ​ 
∂ ​(​U​ i​​)​ _ ∂ t ​ + ρ ​ 

∂ ​(​U​ J​​ ​U​ i​​)​ _ ​x​ j​​
 ​ = − ​ ∂ P _ ∂ ​x​ i​​

 ​+ ​ ∂ _ ∂ ​x​ j​​
 ​​(​​μ ​S​ ij​​ − ​‾ ρ ​​U ´ ​​ i​​ ​​U ´ ​​ j​​​ ​​​​​​)	           (2)

Figure 1. Geometric configuration of foils in tandem case.
AoA: Angle of attack

Table 1. Test cases.

Case no Stagger distance 
(S) Gap (G) Ground 

clearance (H) Case no Stagger distance 
(S) Gap (G) Ground 

clearance (H)
Case 1 0.25c -0.4c 0.4c Case 11 0.25c -0.4c -

Case 2 0.50c -0.4c 0.4c Case 12 0.50c -0.4c -

Case 3 1c -0.4c 0.4c Case 13 1c -0.4c -

Case 4 2c -0.4c 0.4c Case 14 2c -0.4c -

Case 5 4c -0.4c 0.4c Case 15 4c -0.4c -

Case 6 0.25c 0.4c 0.8c Case 16 0.25c 0.4c -

Case 7 0.50c 0.4c 0.8c Case 17 0.50c 0.4c -

Case 8 1c 0.4c 0.8c Case 18 1c 0.4c -

Case 9 2c 0.4c 0.8c Case 19 2c 0.4c -

Case 10 4c 0.4c 0.8c Case 20 4c 0.4c -
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in this context ​ρ​, µ, U, P and ​​U ´ ​​ refer to the fluid’s density, 
dynamic viscosity, average velocity, mean static pressure, 
and fluctuating velocity, respectively. ​​S​ ij​​​ term in equation 
(2), corresponds to the mean strain rate tensor, while the 
expression ​− ​‾ ρ ​​U ´ ​​ I​​ ​​U ´ ​​ j​​​​ accounts for the stresses resulting from 
turbulent fluctuations, known as Reynolds stresses, with the 
overbar signifying a time-averaged value. ANSYS Fluent 
was utilized for the simulations, with the k-ω Shear Stress 
Transport (SST) turbulence model [36], grounded in the 
Boussinesq approximation [37]. This approach incorporates 
two extra transport equations for turbulence kinetic energy 
and its dissipation to capture the effects of Reynolds stresses 
in the RANS equations.
The RANS and turbulence transport equations were solved 
using the finite volume method with the coupled algorithm 
for pressure-velocity coupling. A second-order upwind 
scheme was used for flow simulation, while PRESTO and 
first-order implicit schemes were applied for pressure and 
transient formulations, respectively. In unsteady simulations, 
the time step was set for a CFL number of 1. Convergence was 
confirmed with scaled residuals below 10-5, and the stability 
of aero/hydrodynamic forces was monitored. Simulation 
accuracy was verified through mesh quality assessments and 
comparison with experimental data.

4. Verification and Validation of NACA 4412 IGE
2D flow characteristics around the foil were analysed through 
computational fluid dynamics (CFD) simulations performed 
using ANSYS fluent. The unsteady RANS equations were 
resolved with a coupled solver, under the assumption 
of constant fluid density. Convergence was successfully 
attained across all simulations, with residuals decreased 
to a threshold of 105, thereby validating the accuracy and 
reliability of the computational solutions.
The simulations implemented the k-ω SST turbulence model 
with gamma transition model. The computational domain 
was specifically designed to extend 20 chord lengths (20c) in 
front of the foil’s leading edge, 25 chord lengths behind the 
trailing edge, and to a vertical extent of 20c.
GE aerodynamics were investigated through both steady 
and unsteady CFD simulations, building upon insights 
from prior studies [38,39]. The results indicated that 
unsteady simulations, while requiring greater computational 
resources, produced findings that exhibited closer alignment 
with experimental data. In contrast, steady simulations 
demonstrated higher error margins, particularly regarding 
the CD across all ride height (H/c) ratios. The ride height (H) 
refers to the vertical distance between the trailing edge of 
the foil and the ground surface, consistent with established 
conventions in the literature [40]. This alignment facilitates 
meaningful comparisons with existing research.

A second-order upwind scheme was employed for the 
unsteady flow simulations surrounding the foil, with the 
exception of pressure and transient formulations, which 
utilized the PRESTO! scheme and a first-order implicit 
method, respectively. The time step size for the unsteady 
simulations was selected to ensure CFL number of 1. 
The accuracy of the simulations was rigorously validated 
through comprehensive assessments of mesh quality, grid 
independence, and by comparing the resulting lift and drag 
against established experimental data.
Due to the significant impact of ground proximity on flow 
pattern around the foil, a refined mesh was implemented in 
the area between the foil and the ground to accurately resolve 
the steep flow gradients. The foil surface was subjected to 
no-slip boundary conditions, ensuring an average y+ value 
close to 1 for precise boundary layer resolution.
The conditions applied for the simulation were specified as: 
left side was set as a velocity inlet, the right side served as a 
pressure outlet, and the upper boundary was configured as a 
symmetry plane. The moving ground condition, aligned with 
the incoming flow velocity, was implemented to effectively 
replicate the GE. This configuration resulted in a chord Re 
of 3x105, aligning with the experimental conditions reported 
by Ahmed et al. [13].
The validation of the simulations for the baseline NACA 
4412 foil IGE was achieved by comparing the computed CL 
and CD with experimental wind tunnel data from Ahmed 
et al. [13]. A GCI study was conducted at a 4-degree AoA 
and a ride height (H/c) was 0.15, employing the k-ω SST 
turbulence model with the gamma transition model. To 
assess numerical uncertainty and determine an appropriate 
grid resolution, a GCI analysis was performed following 
Roache’s methodology. Three distinct grids with varying 
levels of refinement were employed: the coarsest mesh 
(G), the moderately refined mesh (H), and the finest mesh 
(I), as shown in Figure 2. The results presented in Table 2 
indicate that the relative errors (eL) and (eD) and GCI values 
between mesh configurations H and I were sufficiently low, 
confirming grid independence. Based on this analysis, mesh 
H was selected for all subsequent validation runs to ensure 
a balance between computational efficiency and numerical 
accuracy.
The simulations employed the k-ω SST model, with a gamma 
transition, to evaluate the performance characteristics of the 
NACA 4412 foil. A systematic comparison was conducted 
against experimental data collected at heights ranging 
from 15% to 80% of the chord length above a moving 
ground surface, all while maintaining a constant AoA of 4 
degrees. Figure 3 displays a comparison of the calculated 
CL and CD with the measured values. The k-ω SST model 
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demonstrated a remarkable accuracy in predicting both lift 
and drag, effectively capturing the dynamics associated with 
the laminar-turbulent transition. Additionally, the surface 
pressure distributions confirmed the model’s effectiveness in 
accurately predicting the occurrence of a laminar separation 
bubble on the upper surface of the foil, consistent with the 
results described by Ahmed et al. [13]. The numerical results 
align with those presented by Qu et al. [15], providing further 
validation of the laminar separation bubble’s presence. 
Consequently, the findings of this study are consistent with 
the established literature, underscoring the robustness of the 
modelling approach adopted.
Figure 3 displays a comparative analysis between the findings 
of this study and the corresponding experimental results. 

Although employing high-fidelity CFD techniques, such as 
detached-eddy simulation or large-eddy simulation, could 
potentially mitigate these discrepancies, computational 
resource limitations constrain the breadth of cases explored 
within this investigation. The average-CD error recorded 
within the range of 0.15 to 0.8 H/c is 3.5%, while the average 
CL error for the same interval is 4.9%. The strong correlation 
observed in Figures 3 and 4 between the numerical 
outcomes and Ahmed’s experimental findings validates the 
effectiveness of the employed methodology, underscoring 
its adequacy for accurately capturing the relevant flow 
dynamics.

Figure 2. Grid refinement for NACA 4412 in ground effect.

Table 2. Grid convergence index results for NACA 4412 in ground effect.
Case Mesh name CL CD eL eD GCIL GCID Average y+ Cell number

NACA4412 
AoA=4° 
H/c=0.15

G 0.894 0.01145 - - - - 0.89 248860

H 0.929 0.00992 0.03753 0.15389 0.01073 0.04401 0.94 500498

I 0.935 0.00975 0.00694 0.01754 0.00198 0.00276 0.87 1006946
AoA: Angle of attack, CD: Drag coefficient, CL: Lift coefficient, GCI: Grid convergence index, G: Coarsest mesh, H: Moderately refined mesh, I: Finest mesh

Figure 3. Comparison of results of present study and experimental results.
CFD: Computational fluid dynamic, CD: Drag coefficient, CL: Lift coefficient
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5. Computational Domain and Mesh Configuration 
for Tandem Foils
In the simulations of two tandem foils, both assumed to have 
a NACA 4412 profile, the AoA is fixed at 4°, indicating no 
decalage between the foils. The Re is maintained constant 
at 3x105.

5.1. Tandem Foils OGE Case
Figure 5 illustrates the computational domain and mesh 
arrangement for the tandem foils operating in an unbounded 
flow domain. The domain covers 20 chord lengths (20c) 
starting from the front foil’s leading edge to the left side 
and extends 25c from the aft foil’s trailing edge to the right 
side, with a total height of 40c. Velocity inlet conditions are 
applied on the left, top, and bottom sides, while a pressure 
outlet is set on the right side. 

5.2. Tandem Foils in IGE Case
In the analysis of tandem foils operating within GE, the 
NACA 4412 foil profile is employed with a fixed AoA of 
4° and a Re of 3×105. The computational domain for these 
simulations is depicted in Figure 6. Here, the inlet boundary 
is positioned 20c from the leading edge of the fore foil, while 
the outlet boundary is 25c from the trailing edge of the aft 
foil, with the total domain height set at 20c. The boundary 
conditions implemented include a velocity inlet on the left 
side, a symmetry condition along the upper boundary, and 
a pressure outlet on the right. The bottom boundary, which 
simulates the ground, is modelled as a moving wall to 
effectively reduce the formation of a viscous boundary layer. 
Furthermore, the surface of the foil, characterized by the 
NACA 4412 profile, is treated as a no-slip wall, achieving an 
average y+ value close to 1.

Figure 5. Computational domain and mesh configuration for the tandem foils outside of ground effect.

Figure 4. Pressure distribution comparison. A) H/c=0.15, B) H/c=0.40.
CFD: Computational fluid dynamic, CP: Pressure coefficient
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5.3. Meshing and Simulation Parameters for Tandem 
Cases
Figures 5 and 6 illustrate the computational mesh, featuring 
increased resolution near the foil surfaces to accurately 
capture velocity gradients, as well as additional refinement 
in the wake region to enhance flow field resolution. The 
mesh configuration supports the numerical approaches 
outlined in section 4, ensuring effective turbulence 
modelling and numerical stability. These figures provide a 
visual representation of the computational framework that 
facilitates the detailed analysis of the flow characteristics 
around the foils. 

6. Results and Discussion
The comprehensive findings of present study are organized 
into three sub-sections to enhance clarity and depth of 
analysis. Section 6.1 presents a comprehensive examination 
of a single foil operating IGE, emphasizing the intricate flow 
dynamics associated with this configuration. Section 6.2 
offers an in-depth analysis of selected scenarios involving 
the foil operating OGE, providing a meticulous assessment 
of the flow characteristics in these instances. Finally, section 
6.3 focuses on a thorough evaluation of specific cases within 
GE, similarly detailing the related flow behaviour and aero/
hydrodynamic performance.

6.1. Single Foil IGE
The analysis of the NACA 4412 foil IGE was conducted at a 
4-degree AoA across a range of ride heights. As demonstrated 
in previous study [15], the pressure distribution of the airflow 
between the lower surface of the foil and the ground is 
critical in influencing the WIG effect. Figure 7 illustrates the 
airflow passage, which can be classified as either convergent 
or divergent. In instances of a convergent passage, where 
the inlet area (A1) exceeds the outlet area (A2), the airflow 
accelerates, leading to a decrease in static pressure, in 
accordance with the venturi effect. This phenomenon 
underscores the importance of flow geometry in optimizing 
the aerodynamic performance of foils operating IGE.
Figures 8 and 9 show the distribution of the pressure 
coefficient (CP) for the NACA 4412 foil at different H/c. 
Figure 8 offers a graphical representation of the CP along the 
foil, while Figure 9 presents a contour plot that delineates the 
pressure distribution over the foil’s surface.
As illustrated in Figure 8, when the foil moves closer to the 
ground, the stagnation point shifts toward the trailing edge, 
increasing pressure on the lower surface. Notably, pressure 
on the suction surface, particularly close to the leading edge, 
rises due to GE. The maximum negative pressure occurs 
near this leading edge area on the suction side, where the 
slower airflow reduces suction pressure.

Figure 6. Computational mesh for tandem NACA 4412 foils in ground effect.

Figure 7. A convergent-divergent flow passage in proximity to the ground.
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Conversely, the highest pressure on the lower surface is 
found near the leading edge at the stagnation point, where an 
increase in flow velocity corresponds to a reduction in static 
pressure. The fluid velocity beneath the foil significantly 
diminishes as it nears the ground. When the ride height (H/c) 
is reduced, the CP correspondingly increased, indicating 

that the rise in static pressure beneath the foil consistently 
surpasses the reduction in suction pressure above it. This 
observation suggests that GE positively influences the CL. 
Furthermore, the position of the positive pressure peak, 
corresponding to the stagnation point, shifts toward the 
trailing edge at reduced ride heights, a phenomenon that can 

Figure 8. Pressure distribution across varying ground clearances.
CP: Pressure coefficient

Figure 9. Comparison of pressure distribution for different ground clearances; A) H/c=0.15, B) H/c=0.30, C) H/c=0.40, D) H/c=0.60.
CP: Pressure coefficient
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be ascribed to the characteristics of the convergent-divergent 
flow region illustrated in Figure 7.
In the present study, Figure 8 reveals that the separation 
bubble is evident on the upper surface of the foil across all 
tested H/c, as well as in conditions where the foil is OGE. 
Notably, the bubble’s position relative to the chord length 
(x/c) remains unchanged, irrespective of the proximity to 
the ground. As previously discussed, the decrease in airflow 
velocity over the upper surface of the foil, induced by GE, 
results in a reduction in suction pressure. This observation 
suggests that GE adversely affects the suction pressure on 
the upper surface of the foil. Consequently, the CP curve for 
the suction side experiences a downward shift, while the 
position of the separation bubble remains unaffected.
As the H diminishes, the convergence-to-divergence ratio 
increases, resulting in more pronounced airflow acceleration 
or deceleration. This effect is illustrated in the pressure 
distribution for varying height-to-chord (H/c) ratios, as 
depicted in Figure 8. Furthermore, the influence of ground 
proximity on pressure distribution is clearly represented in 
Figure 9. 
Figure 10 demonstrates the existence of a separation bubble 
on the upper surface of the foil, a physical phenomenon that 
aligns with the observations made by Winslow et al. [41]. 
Their research indicated that for AoA ranging from 0° to 8°, 
the separation bubble migrates from the trailing edge toward 
the leading edge, effectively altering the transition point 
from laminar to turbulent flow. However, this migration was 
not observed at higher Res, specifically at Re=1×106.
Figure 11 illustrates the ratio of velocity magnitude to 
freestream velocity around a NACA 4412 foil operating 
at an AoA of 4° for various ride heights (H/c). As the foil 
approaches the ground, a notable decrease in velocity 
magnitude on its lower surface occurs, leading to a rise in 
static pressure beneath the foil.

The pressure distribution on the suction side of the foil 
exhibits a maximum negative pressure near the leading 
edge. This reduction in air velocity across the upper surface 
of the foil, attributed to GE, corresponds with a decrease in 
suction pressure. It appears that GE adversely impacts the 
suction pressure experienced by the foil. Conversely, the 
maximum static pressure on the lower surface of the foil 
is noted near the leading edge, especially at the stagnation 
point, where increases in flow velocity result in decreases in 
static pressure.
Furthermore, the fluid velocity close to ground significantly 
decreases beneath the foil. It is noteworthy that with a 
reduction in ride height (H/c), the CP tends to increase. The 
augmentation of static pressure below the foil consistently 
exceeds the reduction in suction pressure above its upper 
surface. Thus, proximity to the ground is anticipated to 
positively contribute to the lift force CL generated by the foil. 
Additionally, the proximity of the foil to the ground results in 
an expansion of the wake region, which suggests an increase 
in the pressure drag component.
To elucidate the observed reduction in streamline 
deflection within GE, we employ the mirror-image model. 
This theoretical framework introduces an imaginary foil 
positioned below the ground, effectively mirroring the 
real foil situated above. The real foil exhibits clockwise 
circulation, denoted as -Γ, while the image foil displays 
anticlockwise circulation, represented as Γ, as illustrated 
in Figure 12. The circulation generated by the image foil 
induces downwash in the upstream region and upwash in 
the downstream region, thereby significantly influencing the 
behaviour of streamlines in proximity to the ground [42].
IGE flow fields, the proximity of the ground and the induced 
flows from the image foil lead to a predominantly straight 
configuration of streamlines until they approach the foil 
closely. This phenomenon results in a more localized region 
of streamline deflection in comparison to the expansive 

Figure 10. Separation bubble observed at a reynolds number of 3x105. The red arrow indicates the location of the separation bubble.
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deflection region observed in unbounded flow case. As the 
clearance decreases, the point at which streamline deflection 
commences migrates closer to the foil, further concentrating 
this deflection zone. Thus, the mirror-image model offers a 
robust theoretical framework for elucidating the observed 
reduction in streamline deflection underground-effect 
conditions.

For AoA that generate positive lift, the presence of the foil 
induces an upward deflection of the surrounding streamlines, 
as depicted in Figure 13. In an unbounded flow field, this 
region of deflection extends substantially from the inlet 
to the outlet. However, in a ground-effect flow field, the 
deflection is markedly more constrained, occurring primarily 
in the immediate vicinity of the foil. In this scenario, the 
streamlines tend to remain predominantly straight until they 
near the leading edge of the foil [15].

Figure 11. Velocity magnitude to freestream velocity around NACA 4412 foil. A) H/c=0.15, B) H/c=0.30, C) H/c=0.40, D) H/c=0.60.

Figure 12. Mirror-image model.



Delikan and Bal.
CFD of Tandem Foils in Ground Effect

J Nav Architect Mar Technol
2025;227(1):1-21

13

When a foil operates IGE, the surrounding airflow 
characteristics undergo substantial changes compared 
to those in an unbounded flow environment. For a foil 
generating positive lift, the induced circulation leads to 
a notable upward deflection of adjacent streamlines. In an 
unbounded flow condition, this deflection region is extensive, 
significantly influencing the overall airflow dynamics from 
the inlet to the outlet.
In the context of GE, the reduced upward deflection of 
streamlines leads to two critical outcomes: A decrease in 
the effective AoA and an obstruction of airflow beneath 
the foil.

6.2. Tandem Cases

6.2.1. Reference data: Foil only configuration without 
interaction effects
To assess the interaction effects between the tandem foils, 
the results obtained from the tandem configuration were 
compared against baseline data derived from the analysis 
of each foil. This comparison effectively eliminates any 
interaction influences and establishes a benchmark for 

reference. The baseline data were generated through 
simulations of each foil in isolation, maintaining consistent 
conditions for Re and AoA in both IGE and OGE scenarios. 
The reference values for the CL and CD of the leading foil 
were obtained from simulations conducted at the same H 
used in the tandem configuration. Likewise, the reference 
data for the aft foil were derived from isolated simulations 
at the same clearance distance. The average reference values 
for the tandem configuration were calculated by taking the 
mean of the coefficients from the individual foil analyses. 
Convergence was confirmed when fluctuations in lift and CD 
fell below 1x10-5, indicating negligible numerical dispersion.
In the reference framework, the lift and drag aero/
hydrodynamic coefficients are expressed as:

​​C​ l​(reference)​​​ = ​ 
​C​ l​(individual fore)​​​ + ​C​ l​(invidividual aft)​​​  __________________ 2  ​​​​		            (3)

​​C​ d​(reference)​​​ = ​ 
​C​ d​(individual fore)​​​ + ​C​ d​(invidividual aft)​​​  __________________ 2  ​​		            (4)

Figure 13. Non-dimensional velocity contour plot (top), non-dimensional velocity distribution along x-axis (bottom).
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In the tandem framework, the lift and drag aero/
hydrodynamic coefficients are expressed as:

​​C​ l​(tandem)​​​ = ​ 
​C​ l​(fore)​​​ + ​C​ l​(aft)​​​ _ 2 ​​				              (5)

​​C​ d​(tandem)​​​ = ​ 
​C​ d​(fore)​​​ + ​C​ d​(aft)​​​ _ 2 ​​				              (6)

6.2.2. Effect of gap distance in OGE case
Presented in Figure 14, the pressure distributions for the 
isolated foil, the fore foil in the negative gap configuration 
(case 13) (see Table 1), and the positive gap configuration 
(case 18) at a constant stagger distance (S) of (S=1c) reveal 
that the presence of the aft foil significantly influences 
the pressure distribution on the fore foil. Specifically, the 
stagnation point on the fore foil shifts slightly towards the 
trailing edge compared to the isolated foil scenario. This 
shift is evident in both tandem configurations; however, the 
distinction between the negative and positive gap cases is 
subtle. Notably, case 18 exhibits a more pronounced shift in 
the location of the minimum CP relative to case 13, which 
can be attributed to the more favourable aero/hydrodynamic 
positioning of the fore foil in the positive gap configuration.
The impact of gap distance on the aero/hydrodynamic 
performance of tandem foils in the absence of GE has been 
rigorously analysed by examining the CL and CD as functions 
of S, as depicted in Figure 15. These figures illustrate the 
variations in CL and CD, along with the performance of foils, 
for gap distances between -0.4c and 0.4c.
Figure 15 shows the CL of both the aft and fore foils under 
negative and positive gap conditions. Notably, the CL of the 
aft foil consistently remains lower than the corresponding 
reference value across both gap configurations, exhibiting 

minimal sensitivity to variations in gap distance. Conversely, 
the fore foil demonstrates an increased CL relative to the 
reference, with a more pronounced enhancement observed in 
positive gap conditions, indicating a heightened sensitivity 
of the fore foil lift to positive gaps.
The presence of the fore foil significantly influences the 
aerodynamic performance of the aft foil. Notably, the 
stagnation points on the aft foil shift towards the leading edge 
compared to the isolated foil scenario, resulting in a reduced 
maximum suction coefficient CP value. This shift indicates 
a decrease in the effective AoA for the aft foil, despite both 
foils maintaining the same geometric AoA. Furthermore, the 
area under the CP curve for the aft foil is smaller than that of 
the isolated foil, which can be attributed to the momentum 
deficit created by the wake of the fore foil.

In contrast, the lift curve for the fore foil demonstrates an 
upward trend with an increase in gap distance, while its CD 
remains relatively stable, suggesting enhanced aerodynamic 
efficiency under these conditions. The lift and CD for the aft 
foil, however, exhibit minimal changes with variations in gap 
distance, indicating a lower sensitivity to adjustments in gap 
spacing.
The tandem configuration exhibits a diminished lift-to-drag 
ratio in both positive and negative gap conditions relative to 
the reference values. This reduction arises from the fore foil’s 
enhanced lift and decreased drag, which are counterbalanced 
by a reduction in lift and an increase in drag for the aft foil. 
As a result, the beneficial aero/hydrodynamic performance of 
the fore foil is partially offset by the suboptimal performance 
of the aft foil, leading to an overall decline in the aero/
hydrodynamic efficiency of the tandem system, regardless 
of the gap condition.

Figure 14. Influence of stagnation point variations on pressure distributions.
CP: Pressure coefficient
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6.2.3. Effect of S in OGE case
This section examines the effect of S on the aero/
hydrodynamic characteristics of the system under both 
positive and negative gap configurations. As previously 
established, the results indicate a consistent reduction in 
performance across both gap scenarios. Figures 15 illustrates 
the variations in CL and CD, as well as the performance of 
foil, in relation to S for each gap condition.
As the S increases in both negative and positive gap 
configurations, a notable trend emerges: the CL of the fore 
foil decreases, whereas the CL of the aft foil increases. This 
phenomenon is indicative of diminishing interference effects 
between the foils as the S increases. Notably, the reduction 
in lift for the fore foil is more pronounced in the positive gap 
configuration, suggesting that the favourable interference 
effects enhancing lift in this configuration are less effective 
at greater S.

As the S between the foils increases, the CD of the fore foil 
rises, while that of the aft foil decreases. Despite the reduction 
in drag on the aft foil and the corresponding increase on the 
fore foil, the overall mean CD for the tandem configuration 
remains slightly elevated compared to the value observed for 
isolated foils. This trend is likely due to the formation of a 
high-pressure region between the foils, which generates an 
upstream force on the fore foil and a downstream force on 
the aft foil, as depicted in Figure 16.

6.3. Effect of Gap Distance in IGE Case
The influence of gap distance on the aero/hydrodynamic 
performance of tandem foils in proximity to the ground 
was analysed by evaluating CL and CD as functions of S, as 
presented in Figure 17. The findings indicate that the lift 
generated by the aft foil is significantly diminished compared 
to that of an isolated foil, while concurrently, the aft foil 
exhibits increased drag relative to the reference values. This 

Figure 15. Lift coefficient, drag coefficient, performance of foils in the absence of ground effect. A) G=-0.4c, B) G=0.4c.
CD: Drag coefficient, CL: Lift coefficient
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decline in performance is attributed to the aft foil interaction 
with the intricate wake structures induced by the fore foil, 
which adversely affects its overall aero/hydrodynamic 
efficiency. 
When the gap height (G) is positive, there is a significant 
increase in the CL of the fore foil, despite its greater distance 
from the ground. This phenomenon can be attributed to the 
aft foil influence, which causes high pressure on the lower 
(pressure) side of the fore foil, thereby offsetting the reduction 
in lift associated with diminished GE. Conversely, in cases 
where G is negative, the aft foil enhances the pressure on the 
suction side of the fore foil, as illustrated in Figure 18.
The tandem configuration exhibits improved performance 
as G increases, primarily driven by the increase in lift on 
the fore foil and the aft foil ability to mitigate the adverse 
effects of wake interference near the ground. As a result, 
with a positive gap, the tandem system achieves significantly 
higher performance compared to the reference single foil. 
While a similar trend is observed with negative gap values, 

the performance enhancement is markedly more pronounced 
when G is positive.
The fore foil demonstrates a significant reduction in drag 
across both negative and positive gap configurations, 
primarily due to the presence of the aft foil, which induces a 
beneficial interference drag effect. This reduction in overall 
drag is consistently observed across all tested gap spacings. 
Moreover, in the positive gap configuration, the lift curve for 
the fore foil increases while drag remains relatively constant, 
reflecting improved aero/hydrodynamic efficiency. These 
findings indicate that a tandem foil configuration can achieve 
enhanced aero/hydrodynamic performance compared to two 
isolated foils, particularly when the gap between the foils is 
positive.

6.3.1. Effect of S in IGE case
As detailed in the preceding section, the aero/hydrodynamic 
efficiency of tandem foils shows marked improvement 
when the G between the foils is positive. However, to 

Figure 16. Contours depicting the pressure distribution for the various tested configurations in the absence of ground effect.
CP: Pressure coefficient
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Figure 17. Lift coefficient, drag coefficient, performance of foils in ground effect. A) Gap=-0.4c, B) Gap=0.4c.
CD: Drag coefficient, CL: Lift coefficient

Figure 18. Pressure distributions in tandem configurations with ground effect.
CP: Pressure coefficient
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comprehensively evaluate the influence of S on the system’s 
aero/hydrodynamic behaviour, both positive and negative 
gap configurations are examined in this section. Figure 
17 illustrates the variation in CL and CD as functions of S, 
providing insights into how these parameters evolve with 
changes in the foil arrangement.
The analysis of drag characteristics reveals that the CD of 
the fore foil decreases due to the elevated pressure region 
created by the aft foil, as demonstrated in Figure 19. 
Nevertheless, the mean CD of the tandem system remains 
comparable to the reference value, indicating a compensatory 
relationship between the reduced drag on the fore foil and 
the drag exerted by the aft foil. As the S increases, the CD 
of the fore foil exhibits an upward trend, while that of the 
aft foil decreases. This behaviour can be attributed to the 
diminishing interference effects between the foils, resulting 
in a reduced influence of each foil wake and pressure fields 
on the other as the S increases.

The results of this study are consistent with the trends presented 
in the experimental work of Biermann and Herrnstein [43], 
despite the absence of GE in their investigations. Analysing 
the lift-to-drag ratio (CL/CD) reveals that the mean ratio for 
the tandem system decreases as the S increases, although 
it remains elevated compared to the reference values for 
isolated foils. This observation suggests that closer S confer 
beneficial interference effects, which diminish as the foils are 
spaced further apart. Notably, at a S of four times the chord 
length, the aero/hydrodynamic performance metrics of the 
tandem system converge towards those of a single isolated 
foil, indicating a significant reduction in aero/hydrodynamic 
interference between the two foils.
The influence of S on aero/hydrodynamic performance is 
discernible in both negative and positive gap configurations, 
with a more significant effect observed in the positive gap 
scenario as shown Figure 19. Specifically, case 6 illustrates 
that, despite sharing the same H ratio (H/c=0.80) as in 
case 9, the fore foil in case 6 generates a higher CL. This 

Figure 19. Tested cases pressure distribution in IGE cases.
CP: Pressure coefficient, IGE: In ground effect
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enhancement is attributable to the shorter (S=0.25c in 
case 6 compared to S=2c in case 9), which facilitates the 
development of a high-pressure region behind the fore foil 
due to the presence of the aft foil. As the S increases, this 
positive pressure region diminishes, signifying a reduction 
in foil-to-foil interaction effects.
The positive pressure region created by the convergent-
divergent zone, alleviates the flow tendency to approach 
the trailing edge of the fore foil, thereby resulting in a 
higher suction peak than observed in the isolated case. 
Furthermore, the positive pressure field generated by the aft 

foil contributes to a deceleration of the flow on the pressure 
side of the fore foil, facilitating an increase in pressure in this 
region. Collectively, these effects enhance the lift production 
of the fore foil in case 6.
In conclusion, the findings underscore the critical influence 
of both gap and S on the aero/hydrodynamic performance 
of tandem foils operating within the GE. Specifically, 
configurations with positive gaps generally yield enhanced 
performance. Conversely, increased S diminish the 
interaction between the foils, leading to performance metrics 
that approach those of isolated foils (Figure 20).

Figure 20. Pressure distribution for various tested configurations in IGE case.
CP: Pressure coefficient, IGE: In ground effect

7. Conclusion
This original study provides an extensive analysis of the aero/
hydrodynamic performance of tandem foils, emphasizing 
the effects of G, S, and ground. By contrasting tandem 
configurations with isolated foil cases, the research enhances 
the understanding of aero/hydrodynamic interactions 

between the foils. The investigation encompasses a series of 
simulations and comparative analyses to elucidate how these 
parameters influence CL and CD, as well as the efficiency. 
The findings yield valuable insights into the effect of these 
factors on the aero/hydrodynamic efficiency of tandem 
configurations in both IGE and OGE scenarios. 
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The main conclusions are as follows:
• It is challenging to assert a single configuration 
as universally superior without considering specific 
performance criteria. For instance, achieving maximum 
range and endurance necessitates an optimal lift-to-drag 
ratio. In contrast, applications demanding substantial lift 
forces, regardless of efficiency, or requiring significant drag 
forces for low-speed flight or short take-off and landing 
capabilities may prioritize different configurations.
• The tandem system demonstrates a superior lift-to-drag ratio 
IGE compared to out-of-ground configurations at equivalent 
stagger and gap distances. While the tandem system OGE 
exhibits a lower lift-to-drag ratio than the corresponding 
reference value, the tandem system IGE achieves a higher 
lift-to-drag ratio in comparison to the reference.
• The aero/hydrodynamic performance of the tandem system 
is enhanced with a positive G, indicating that an optimal gap 
can significantly improve system efficiency.
• S significantly affects the performance of the tandem 
system, primarily due to foil-to-foil interactions that modify 
the static pressure distribution across the foils.
• In instances of pronounced interference between the 
foils, the fore foil may experience thrust rather than drag, 
presenting a considerable advantage for specific applications.
• OGE, the fore foil typically attains a higher CL than IGE 
for identical gap and stagger. This variance is attributed to 
the reduction in the effective AoA induced by GE, which is 
defined as the angle between the chord line of the foil and 
the relative airflow impacting the foil. IGE, the proximity 
of the ground alters the flow field, effectively reducing 
AoA experienced by the fore foil, resulting in decreased 
lift. Although both ground and out-of-ground conditions 
present a notable reduction in lift for the aft foil relative 
to the reference value, aft foils IGE demonstrate higher CL 
compared to their out-of-ground counterparts. This can be 
explained by the increased pressure on the pressure side of 
the aft foil due to its closeness to the ground.
In summary, the results indicate that a tandem wing 
configuration IGE can provide distinct advantages over a 
single wing design, particularly regarding enhanced aero/
hydrodynamic performance under specific conditions.
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