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Abstract 
 
Numerical and experimental studies were performed to investigate the aerodynamic performance of a thin wing 

in close vicinity to the ground.  The vortex lattice method (VLM) was utilized to simulate the wing in ground 
(WIG) effect, which included freely deforming wake elements.  The numerical results acquired through the 
VLM were compared to the experimental results. The experiment entailed varying the ground clearance using the 
DHMTU (Department of Hydromechanics of the Marine Technical University of Saint Petersburg) wing and the 
WIG craft model in the wind tunnel.  The aero-dynamic influence of the design parameters, such as angles of 
attack, aspect ratios, taper ratios, and sweep angles were studied and compared between the numerical and expe-
rimental results associated with the WIG craft.  Both numerical and experimental results suggested that the 
endplate augments the WIG effect for a small ground clearance.  In addition, the vortex lattice method simulated 
the wake deformation following the wing in the influence of the ground effect.  
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1. Introduction 

Several types of high speed ships have been de-
veloped in order to meet the increasing demand of 
transporting high value items and passengers. The 
wing in ground (WIG) effect craft is a high speed 
marine transportation vehicle that applies the aero-
dynamic concept to the ship.  Reportedly, WIG ef-
fect improves the aerodynamic efficiency of a ve-
hicle at low altitudes above the water or on ground 
level.  The efficiency of the WIG craft is better than 
that of an airplane and much faster than the conven-
tional high speed ship.  The WIG craft exhibits the 
favourable characteristics of both a ship and an air-
craft; thus, the WIG craft is expected to be a future 
super-high speed marine craft.  The WIG craft cov-
ers the triangular zone in the Von Karman-Gabrielli 
diagram, which presents the transportation efficiency 
diagram.  The WIG craft fulfils a new category of 

high speed transportation between the marine ship 
and the airplane.  The expectation exists that the 
WIG craft will be developed in the near future for 
fast marine transportation in the form of a passenger 
ship, a cargo/container vessel, a marine leisure craft, 
a rescue ship, and a military ship.  In addition, the 
International Maritime Organization (IMO) ap-
proved interim guidelines for the WIG craft in De-
cember 2002, which is intended to provide as much 
guidance as possible to those involved in the design, 
construction, and operation of the WIG craft.  

The development of the WIG craft has been ongo-
ing in several countries including Australia, China, 
Germany, Japan, Korea, and Russia.  In order to 
design and construct WIG crafts, it was conceptually 
studied by Kang (2005), Chun et al. (1997), Shin et 
al. (1997), Sinitsyn (1996), Fuwa et al. (1995), 
Kuhmstedt (1996), Kirillovikh (1995), and Kubo 
(1991).  Halloran and OMeara (1999) reviewed the 
advantages of the WIG craft and the technical re-
quirements for the military sector.  Many numerical 
and experimental studies on the ground effect of 
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wings have been conducted by many researchers: 
Fink and Lastinger (1961), Carter (1961), Nuhait and 
Mook (1889), Mizutani and Suzuki (1993), Chun 
and Chang (2002), and Ahmed and Sharma (2005).  
Jung et al. (2008) published an extensive experimen-
tal report for NACA6409 section tested in the wind 
tunnel including the flow visualization near the wing 
body using smoke trace test.  The vortex lattice me-
thod was used to simulate a freely deforming wake 
for a lifting surface close to the ground (Katz, 1985).  
Konstadinopoulos et al. (1985) and Nuhait and 
Mook (1989) performed a numerical study on the 
unsteady ground effect for delta and planar wings 
using VLM.  

 

2. Numerical model – vortex lattice method 

To define the wing or craft in the ground effect, 
two coordinate systems were used for the body-fixed 
coordinate (o-xyz) on the wing and the inertial coor-
dinate (O-XYZ) in the space, respectively, as shown 
in fig. 1.  The origin of the inertial coordinate coin-
cides with that of the body-fixed coordinate before 
setting into motion.  The kinematic velocity of a 
wing is defined in the following equation:  

 
 

 

Fig. 1. Inertial and body coordinates system 
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The time derivative in the body-fixed frame sys-
tem can be obtained by the chain rule.  
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The fluid was assumed to be inviscid, irrotational, 
and incompressible.  Therefore, a velocity potential 

),( tR  in the inertial frame satisfied the conti-
nuity equation:  

 

02 R                             (3) 

 

The velocity potential was also satisfied in the body-
fixed frame as given below:  

 

02 r                            (4) 

The boundary conditions are  
No penetration condition across the body boundary:  
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Boundary condition at infinity; 
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Since the angular momentum does not change in 
the potential flow region (Kelvin’s theorem), the cir-
culation  around a fluid curve enclosing the wing 
and its wakes have to be conserved:  

 

0


dt

d

                            (7) 

 

The flow past the wing was assumed to separate 
only along the trailing edge.  Therefore, the Kutta 
Condition had to be satisfied along the trailing edge.  

 

 at the trailing edge           (8) 

                                          

The general solution of equations (3)~(8) can be 
obtained by Green’s theorem as a doublet and source 
distribution over the boundary S including the wing 
surface and the wake.  
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The first term signifies the doublet distribution and 
also represents a vortex element (Hess, 1972).  The 

induced velocity q


 at a point (x,y,z) due to the 
vortex element dl at (xo,yo,zo) with the circulation () 
can be expressed by the Biot-Savart law (Eq. 10)  
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The second term of Eq. (9) represents the source 
distribution on the thickness along the wing section. 
For the thin lifting problem, it can be neglected and 
then the solution can be obtained based only on the 
vortex distribution.  The unsteady vortex lattice me-
thod using the solution of Eq. (9) satisfies the go-
verning equation, Eq. (3), and the boundary condi-
tion, Eq. (6), at infinity.  Therefore, the wing sur-
face was defined by bound vortex rings and the wake 
was simulated by freely moving vortex rings.  

 

 

Fig. 2. Vortex lattice for a planar wing 

 
To model the wing geometry including the 

endplate, vortex ring elements were distributed as 
shown in Fig. 2.  The leading segments of the 
bound vortex were placed at the quarter chord of 
each panel.  The collocation points were located at 
the three quarter chord of each panel, which coin-
cided with the center of the vortex ring.  The boun-
dary condition, Eq. (5), had to be satisfied at each 
collocation point.  The corner points of the wake 
vortex ring were calculated at each time step, and the 
strength of the most recently shed wake (W) was 
equal to the strength of the shedding vortex at the 
trailing edge.  The wing surface was composed of 
panel elements and the boundary condition was ap-
plied on the collocation point of each panel element.  
Then, a set of linear equations was developed as fol-
lows:  
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      kkkji WWDWA ,           (11) 

[Ai,j]: Influence matrix 

[DWk]: Normal velocity term at the collocation 

points induced by U 

[WWk]: Normal velocity term at the collocation 

points resulting from wake elements 

k: Number of collocation points 

 

The influence matrix [Ai,j] was obtained by the wing 
geometry and the matrix [WWk] was determined for 
each time step.  The force free vortex wake was 
separated at the trailing edge of wing and simulated 
by detached vortex ring segments at each time step.  
The pressure difference of each panel was determined 
by applying the unsteady Bernoulli equation, Eq. (12).  
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where Qt is a tangential velocity due to the wing vor-
tices, u and l represents upper and lower wing surfac-
es, respectively.  
The resulting force on each panel can be calculated by 
Eq. (13)  
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From the resulting force, the lift and induced drag 
coefficients were obtained by integration along the 
wing surface 
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where j and ij are the angle of attack and the in-

duced angle due to wake-induced downwash of each 
panel, respectively.  
 

3. Experimental set-up 

Experiments were carried out in the wind tunnel at 
Pusan National University.  The wind tunnel is 
closed with a maximum velocity of 60m/s. The di-
mension of the measuring section is 2m long, 0.7m 
high and 0.7m wide.  The model was attached to a 
three component dynamometer and available to adjust 
the ground clearance and the angle of attack.  The 
acrylic plastic board bisected the measuring section 
and was used as the ground as shown in fig. 3.  The 
wind velocity varied from the wall and the ground as 
shown in Fig. 4, so the boundary layer was estimated 
at 3 cm from the ground. 

 

 

Fig. 3. Measuring system in the wind tunnel 

 
Fig. 4. Velocity distributions from wall in wind tunnel 
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The DHMTU (2.65-20, 1.818-40, 1.515-60, -4.5 
3) wing was used for the wind tunnel test. The 
DHMTU section had an s-shaped mean line as 
shown in Fig. 5.  The aspect ratios of these wings 
were 1.0.  Two endplates were used in order to in-
vestigate the endplate’s influence on the ground ef-
fect.  Type A and B endplates had heights of 0.05c 
and 0.1c, respectively, from the trailing edge of the 
wing as shown in Fig. 5.  The bottom of the 
endplate was kept parallel with the ground even 
though the wing’s angle of attack changed.  The 
ground clearance h was the distance from ground to 
the trailing edge of the wing without an endplate and 
to the bottom of the endplate for a wing with an 
endplate.  

 

 

i

 Fig. 5. Configuration of wing and endplate type A and B 

 
 

4. Results 

Fig. 6 represents the results of the grid sensitivity 
test for the lift coefficient of a planar wing (aspect 
ratio=1.0).  These results show that the simulation 
using the vortex grid of 4 chordwise and 13 spanwise 
on the wing converged with a planar wing.  Based 
on this result, the 413 grid system was used for the 
planar wing with a unit aspect ratio, and the number 
of the spanwise grid was adjusted with each aspect 
ratio.  The DHMTU wing was simulated by the 
1010 grid because it had the S-type of cross section 
with a thin thickness as shown in Fig. 5.  The nu-
merical model using the Vortex Lattice Method 
(VLM) simulated the wing geometries in which the 
wing section, aspect ratio, endplate shape, sweep 
angle, and taper ratio were varied.  Also, it was ap-
plied to the WIG craft model including the main and 
tail wings and subsequently compared to the experi-
mental results.  

Two (A and B) endplates shown in Fig. 5 were 
used to investigate the endplate effect in the vicinity 

of the ground.  The ground clearance (h/c) was de-
fined as the distance between the ground to the trail-
ing edge of wing for cases without endplate and to 
the bottom of endplate for cases with endplate as 
shown in Fig. 5.  

The spanwise lift loading (Cl) distribution for var-
ious planar wing sweep angles and taper ratios are 
presented and subsequently compared to Katz’s 
(1985) results in Fig. 7 and Fig. 8.  Those results 
agree well for swept and tapered wings.  The lift 
loading of the forward swept wing (=135) was 
larger at the wing-root (2y/b=0), but the aft swept 
wing (=45) had larger lift loading at the wing-tip 
(2y/b=1.0).  At the structural point of view, the 
bending moment at the wing-root was smaller for the 
forward swept wing than for the aft swept wing.  
Because the stall initiates at the wing-root section for 
the forward swept wings, the forward swept wing is 
expected to have less rolling moment due to the stall 
phenomena locally occurring on the wing surface.  
The taper ratio () is defined as the ratio of chord 
lengths at wing-tip and wing-root.  
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Fig.6 Grid sensitivity in lift coefficient of planar wing 
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Fig. 7. Spanwise loading of planar wing (AR=4, =4) with 3 

sweep angles 

 

  
Fig. 8. Spanwise loading of untwisted wing (AR=7.28, =5) with 

3 Taper Ratios 

 

Fig. 8 shows that the local lift coefficient, non-
dimensionalized by the local chord length instead of 
the wing area, increased at the wing-tip with smaller 
taper ratio.  

The lift coefficients using the VLM were com-
pared to the experimental results (Fink and Lastinger, 
1961) and numerical results using VSAERO 
(Maskew, 1982) for Glenn Martin 21 percent thick-
ness non-symmetric wing section.  Fink and Lastin-
ger (1961) performed the experiments using the im-
age-wing method to eliminate the boundary layer 
between the wing and the ground in the wind tunnel.  

Because the VLM did not include the wing thickness 
distribution along the wing chord, VLM results were 
possibly overestimated at low ground clearances as 
shown in Fig. 9.  The lift to induced drag ratio for a 
rectangular wing having the maximum camber equal 
to 4% of chord length is compared with numerical 
results (Day and Doctors, 1995).  These results 
demonstrated good agreement in Fig. 10 for the 
ground effect.  
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Fig. 9. Effect of ground proximity on the CL of rectangular 

wings 

 

 
 

Fig. 10. Lift to drag ratios for rectangular wing of 4% maximum 

camber 
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 Fig. 11(a). Without endplate 
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Fig. 11(b). With endplate A 
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Fig. 11(c). With endplate B 

Fig. 11 Lift coefficient (CL) variation of DHMTU wing with h/c 
 

The DHMYU wing series were developed for the 
utmost ground effect, which has a thin thickness and 
S-type cross section.  The DHMTU (2.65-20, 1.818-
40, 1.515-60, -4.5 3) has the 4% thickness of chord 
length as shown in Fig. 5.  The numerical results 
using the VLM were compared to the experimental 
data acquired from the wind tunnel experiments.  
Fig. 11 shows that the lift coefficient (CL) increased 
due to the ground effect with reducing ground clear-
ance (h/c).  In the comparison between numerical 
and experimental results, the lift coefficient of the 
numerical results overestimated that of experimental 
results except for the case without an endplate (W/O) 
when very close to the ground (h/c<0.1).  Because 
the experimental cases for  low ground clearance 
(h/c<0.1) without the endplate (W/O) were measured 
within the boundary layer of the wind tunnel, which 
was about 3cm (h/c=0.1), the wind velocity within the 
boundary layer was slower than out of the boundary 
layer (h/c>0.1) as shown in Fig. 4.  In cases with 
endplates (W/A and W/B), the wing was more sepa-
rated from the ground (the wind tunnel bottom) by 
amounts similar to the endplate heights (W/A=0.05c 
and W/B=0.1c).  Therefore, the lift coefficients of 
the low ground clearance cases without an endplate 
were underestimated in the wind tunnel test. Both 
numerical and experimental results represent the 
endplate effect in which the lift coefficient increased 
due to the reduction of the vortex separated from the 
trailing edge. Chun et al (1996) presented the endplate 
effect using the smoke trace technique for the flow 
visualization in the wind tunnel. 
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Fig. 12. Lift Coefficient (CL) variation of DHMTU wing with 
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In Fig. 12, the ground clearance was defined from 
the wing trailing edge to the ground for cases W/O, 
W/A, and W/B which is denoted by h/c as shown in 
Fig. 5.  The lift coefficients are represented as func-
tions of the distance (h’/c) from the trailing edge to 
the ground, which shows the lift coefficients increas-
ing due to endplate (W/A and W/B) effect near the 
ground.  At h’/c=0.1, for example, the lift coeffi-
cient for W/B case was approximately 2~3 times 
greater than that for the W/O case, which was the 
endplate effect augmenting the lift force at the small 
ground clearance.  Note that the CL lines of W/A 
and W/B were similar to that of W/O for the ground 
clearance from the lower edge of endplates.  The 
endplate’s height and shape must be optimized in 
order to enhance the ground effect with the consider-
ation of the operation stability of WIG craft to avoid 
touching the free surface at the cruise condition.  
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 Fig. 13. Lift Coefficient (CL) variation of 20 passenger WIG 

craft 

 
Fig. 13 shows the comparison of the lift coeffi-

cients using the VLM and wind tunnel test for the 20 
passenger WIG craft at differing angles of attack (F) 
of the fuselage. The model geometry is added in Ta-
ble 1 with the model scale.  The numerical model 
for 20 passengers WIG was simplified into two parts: 
the main wing and tail wing. This simplification was 
made because the VLM did not compute the thick-
ness effect of the fuselage and wing body.  These 
results correlated fairly well with the experimental 
results in the wind tunnel, which indicates that the 
VLM simulated the wake separated from the main 
wing affecting to the tail wing well. 

 
Fig. 14(a). Side view 

 

 
Fig. 14(b). Oblique view 

 

 
Fig. 14(c). Back view 

 

Fig. 14. Wake roll-up of a rectangular wing at a sudden accelera-

tion AR = 1.0, =5o　  

 
The wake deformation of the planar wing due to 

the ground effect is represented in Fig. 14.  The 
force free vortex wake was assumed to be separated 
only at the trailing edge.  When the wing was 
placed at h/c=1.0, the back view of the rolled-up 
wake was shaped in the parabolic curve below the 
wing and the wake separated at the trailing edge was 
coiled into the mid-span of wing.  With the ground 
effect (h/c=0.2), however, the wake that separated 
from the trailing edge formed parallel to the ground 
and spread out of the wing-tip due to the reflection 
on the ground.  

 
 

5. Conclusion 

The Vortex Lattice Method (VLM) was employed 
for various wing-in-ground effect geometries.  The 
numerical results using the VLM correlated well 
with the numerical and experimental results obtained 
by different techniques.  VLM was applied to inves-
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tigate the aerodynamic characteristics of the 
DHMTU (2.65-20, 1.818-40, 1.515-60, -4.5 3), 
which has 4% thickness of chord length, in the 
ground effect.  The endplate attached to the wing tip 
augmented the ground effect, which increased the lift 
force and improved the aerodynamic efficiency (lift-
to-drag ratio).  Lift coefficients with endplate types 
A (W/A) and B (W/B) have similar magnitudes over 
various clearances (h/c) even though the endplates 
were positioned at different distances from the 
ground to the trailing edge of wing.  Because the 
distance between the ground and the trailing edge of 
the wing was important to the stability, the 
endplate’s height and shape should be considered as 
design parameters in order to optimize the aerody-
namic efficiency of the WIG craft with the opera-
tional stability at the cruising condition.  VLM si-
mulated the wake deformation due to the ground ef-
fect, which was reflected on the ground and spread in 
the spanwise direction.  This wake deformation due 
to the ground effect resulted in increasing the effec-
tive aspect ratio of the wing.  In addition, the VLM 
model was used to simulate the WIG craft model 
conceptually designed to carry 20 passengers with 
the VLM. These numerical results agreed well with 
experimental results from the wind tunnel test.  
Therefore, the vortex lattice method was capable of 
calculating the aerodynamic forces including the 
ground effect and the endplate and performing a rea-
sonable aerodynamic parametric study at the concep-
tual design stage with less computational time com-
pared with other inviscid and viscous numerical me-
thods.  In addition, the VLM could analyze the cha-
racteristics of the longitudinal static height stability, 
which is of prime importance in a safe WIG design 
including the effect of the tail wing on the height sta-
bility. This study presented the VLM as a capable 
method for evaluating the aerodynamic characteris-
tics for various wing shapes, the ground effect with 
endplate, and the 20 passenger WIG craft.  
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