
 
 

 
Journal of Mechanical Science and Technology 25 (8) (2011) 1949~1960 

www.springerlink.com/content/1738-494x 
DOI 10.1007/s12206-011-0604-8 

 

 

 
Three-dimensional flow characteristics of propeller-propulsion WIG effect  

vehicle with direct underside pressurization†  
Juhee Lee1, Byung Moon Kim2 and Kyoungwoo Park3,* 

1Mechatronics Engineering, Hoseo University, Asan 336-795, Korea 
2College of Energy & Environment, Dongguk University, Gyungju 708-714, Korea 

3Faculty of Engineering, Department of Mechanical Engineering, Hoseo University, Asan 336-795, Korea 
 

(Manuscript Received January 4, 2011; Revised May 16, 2011; Accepted June 2, 2011)  

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Abstract 
 
Numerical investigations for a 3-dimensional WIG effect vehicle with DUP (direct underside pressurization) have been performed. 

The purpose of this study is to analyze the aerodynamic characteristics and static height stability of DUP using computational fluid dy-
namics (CFD). When a WIG effect vehicle accelerates to take off on water, increased pressure under the fuselage by DUP (propeller and 
air chamber) can considerably reduce the take-off speed and thus minimize the effect of the hump drag which is one of the technical dif-
ficulties of a WIG effect vehicle. The accelerated air by the propeller enters the air chamber through a channel in the middle of the fuse-
lage resulting in an augmentation of the lift by changing the air pressure from dynamic to static. However, the DUP is not favorable for 
both stability and aerodynamic performance of the WIG effect vehicle because the accelerated air produces an excessive drag, negative 
pitching moment and 3-dimensional effects (that is, yawing and rolling moments). The result shows that the effect of yawing and rolling 
moments is not serious.  
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1. Introduction 

The wing-in-ground (WIG) effect vehicle is an advanced 
vehicle that cruises close to water or ground surface (i.e., at a 
height of 30% or less of its chord length) by utilizing an air 
cushion between the wing, the fuselage and the ground. Due 
to the air cushion at low heights, there is a considerable in-
crease in lift with a decrease in drag, and therefore enhance-
ment of the lift–drag ratio [1-5]. The enhancement of the lift-
drag ratio makes the WIG effect vehicle a potential means of 
transportation. That is, the WIG effect vehicle can be an alter-
native means of next-generation transportation in the near 
future, occupying the niche between ships and aircraft. Neither 
the speed of a fast ship nor the efficiency of an economical 
aircraft can be better than that of the WIG effect vehicle. 
However, there are a few technical difficulties in cramping the 
progress of the potential WIG effect vehicle; hump drag [6], 
static height stability [7], etc. 

The von Karman-Gabriell's diagram [8] depicts the effi-
ciency of various modes of transportation in a single picture. 

A remarkable thing to note in the diagram is the triangular 
area at the center of the technology line where no conventional 
means of transportation appears. The WIG effect craft, a fly-
ing ship cruising with the speed of 100 to 400 km/h and lift-to-
drag ratios of 15 to 30, can fill the speed and efficiency gap 
between the marine and air transports. In general, the lift and 
drag forces of a wing will change considerably near the 
ground. These phenomena during the takeoff and landing have 
been observed by several studies [1-3, 9] from as early as the 
1900s. According to their results, the ground has a great influ-
ence (suction and stagnation) on the pressure distributions 
along the wing surface. Oncoming air to the lower wing sur-
face gradually decreases the magnitude of the speed of the 
aircraft and changes to static pressure. This eventual increase 
of pressure is called an air cushion or a ram effect. 

In 1922, Wieselsberger [1] performed a theoretical investi-
gation to determine the conditions for taking off and landing 
of an airplane using Prandtl’s wing theory. He utilized the 
image method and replaced the surface of the ground by a 
second wing at the same distance but on the opposite side. The 
reduction in the induced drag of a monoplane and a multiplane 
in ground effect was estimated in terms of the ground clear-
ance, the aspect ratio, and the lift coefficient. The theoretical 
predictions agreed well with the experimental results. Wie-
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selsberger noted that a longer runway for a landing was neces-
sary because of an excessive lift due to this air cushion. The 
pressure distributions on the lower surface became somewhat 
constant and the strength of the pressure increased with the 
ground proximity caused by the air cushion. On the other hand, 
the pressure distributions on the upper surface varied with the 
suction and wing profile. 

For the wing in ground effect, generally, the pressure rise on 
its lower surface is considerably high so that the resultant force 
leads to an increase in lift. For finite wings in ground effect, the 
induced drag is decreased because of the decreased influence 
of the wing tip vortex. On the contrary, the center of the pitch-
ing moment tends to move to the mid chord where it is behind 
the center of gravity. The stability of the wings in ground effect 
also changes according to the center of the pitching moment. 

The stability characteristics play an important role in design-
ing a safe and efficient WIG effect vehicle due to its potential 
danger in ground effect. Staufenbiel and Schlichting [10] in-
sisted that the static height stability is a part of the dynamic 
stability as well as a necessary condition for the stability. It 
means that the dynamic stability cannot be satisfied without the 
static height stability. Staufenbiel [11] studied the static height 
stability for the WIG effect vehicle and also found the non-
linearity by ground effect. He noted that the dangers of ground 
contact and heavy oscillations were disadvantages of applying 
an elevator as a primary longitudinal control, but thrust control 
was a favorable means of the height controls. This would be a 
good guideline for designing a control system for the WIG 
effect vehicle. Kornev and Matveev [12] performed an analysis 
of the static height stability using vortex lattice methods 
(VLM). In their study, there were three important factors for 
static height stability: tail unit, profiles of wing sections, and 
main wing profile. The static height stability for the WIG effect 
vehicle could not be satisfied by moving the center of gravity. 
The favorable range of the height stability for stable flight in 
ground effect was between -0.15 and -0.05. When the static 
height stability was less than -0.15, it became excessive and led 
to dynamic instability. In addition, when the static height sta-
bility was between 0 and -0.05, there was insufficient stability 
and led to long-period instability. For stable flight, they insisted 
that the center of gravity should be located between the aero-
dynamic centers of altitude and pitch and, furthermore, the 
close location to the center of altitude was favorable. 

Aerodynamic transition characteristics of a power-
augmented ram wing (PARWIG) for in-ground and out-of-
ground effect cases were studied experimentally by Thomas et 
al. in 1979 [13]. They showed that the flap deflection and 
thrust coefficient variations provided the best method for 
flight-path control, and high nacelle deflections were useful in 
reducing the pitching-moment trim requirement for the vehi-
cle, especially at high thrust coefficients. However, there was 
a thrust loss when the efflux was trapped under the wing 
which reduced the effective thrust available for acceleration 
by about a third of the installed thrust-to-weight ratio. 

The vehicle in ground effect also required a proper control 

system for flight steadily skimming the water or ground surface. 
Majji et al. [14] performed an investigation on the dynamics 
and control of a ground effect vehicle. Mathematical models of 
the dynamics of a vehicle were presented and the inherent sta-
bility of the concept was evaluated through a numerical simula-
tion. They insisted that Weisselsberger’s model showed the self 
stabilization effect in the form of an aerodynamic spring, stabi-
lizing the height for certain vehicle velocities. 

Because the vehicle in ground effect skims the surface, its 
cruise performance is generally improved. However, the vehi-
cle requires about double the engine power to obtain sufficient 
thrust during both takeoff and landing since part of the fuse-
lage is sunk in water. In order to obtain the additional thrust, 
the engines take on an increase in drag, which gives rise to the 
structural problem of supporting the heavy engines in cruise 
[15]. In order to overcome the above mentioned problem in 
WIG effect vehicles, various devices have been developed [7]: 
aerodynamic high-lift devices generally used in an airplane, 
hydrodynamic high-lift devices such as hydro-ski or hydrofoil, 
and under side pressurization (DUP) such as air cushion or 
power augmentation (PAR). Among them, the DUP, which 
injects the exhaust of the jet engine or propeller to the under-
body, improves lift by air cushion. Thus, it can lift up the ve-
hicle at a lower takeoff speed. Recently, Park et al. [16] per-
formed a numerical study on the aerodynamics of the WIG 
vehicle with the DUP. They predicted the aerodynamic forces 
and static height stability with assumption of a symmetric 
vehicle ignoring yawing and rolling moment. More recently, 
Lee et al. [17] performed an investigation of the same vehicle 
but did not show aerodynamic characteristics in detail.  

The DUP can considerably improve the ability to take-off at 
a low speed and reduce the power mismatch between take-off 
and cruise. However, the additional lift due to DUP provides 
pressure drag instead of hump drag. The effect of DUP’s 
heavy utilization of lift during take-off has not been com-
monly recognized in previous studies. A detailed aerodynamic 
investigation on the DUP of a WIG effect vehicle is required. 
In the present study, the three-dimensional flow characteristics 
and the height static stability of WIG effect vehicle with DUP 
that consists of all compartments such as fuselage, wings, 
DUP and T-tail are investigated numerically. Numerical ana-
lyses are performed by solving the Reynolds-Averaged Na-
vier-Stokes (RANS) of turbulent flow. The aerodynamic char-
acteristics are obtained and compared for various conditions 
such as pitch angles and non-dimensional heights. 

 
2. Computational models and validation 

2.1 Computational models 

Air is taken as the working fluid and is assumed to be 
steady, incompressible, and have turbulent flow. The fluid 
properties are taken to be constant and the effect of viscous 
dissipation is assumed to be negligibly small. Using the 
aforementioned assumptions, the Reynolds-Averaged Navier-
Stokes (RANS) equations for mass and momentum, which are 
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written in a tensor notation, have to be solved.  
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The new term, i ju uρ ′ ′ , the Reynolds stress, must be mod-

eled by using a turbulence model in order to solve the RANS 
equations. In this study, the flow domain was divided into two 
regions such as near wall and fully turbulent regions, and then 
adopted a standard turbulent model [18] and wall function 
next to the wall. According to this model, turbulent kinetic 
energy ( k ) and its dissipation rate ( ε ) are expressed in a 
tensor form as follows: 
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where i = 1, 2 and 3 denote the x , y , and z -directions, 
respectively. The term kP  in Eq. (3) stands for the production 
term. The model constants and various functions used in the 
turbulent model are detailed in Ref. [18]. 

The numerical simulations presented in this work were done 
by means of STAR-CCM+ [19] which is a general purpose 
commercial software. The pressure-velocity coupling phe-
nomenon is resolved through the SIMPLE algorithm [20]. For 
representing the exact flight conditions, the moving wall 
boundary condition with a flight velocity is applied at the 
ground. The solutions are treated as converged ones when the 
sum of normalized residual is less than 51 10−× . A fan per-
formance curve for the propeller was not available. Thus, a 
propeller can be re-built by reverse engineering and the compu-
tational experiments are performed with a propeller alone to 
obtain propeller performance (pressure vs. mass flow rate). The 
flow analysis for the WIG effect vehicle is carried out by the 
moment source method instead of a real propeller conditions. 

 
2.2 Validation of CFD models 

To validate the present CFD model, the experiment [21] and 
analytical results [22, 23] for lift and drag coefficients are 
plotted in Fig. 1. For this, a rectangular wing of the untwisted 
NACA 0015 profile (i.e., aspect ratio of 6.6) with Reynolds 
number of 61.5 10× is used. The 3-dimensional shaped wing is 
placed far away from the ground (that is, ground effect is neg 
ligible). As can be seen in Fig. 1, the computational results 
have a little discrepancy compared to those of experiments. 
This is due to the fact that the measurement data were 
listed without proper corrections for the blockage factor 
and lift interference, as the authors mentioned in their pa-

per. It is also shown that the results of this study are in good 
agreement with the analytic solutions.  

The computational trajectories of the wing tip vortex are al-
so compared with the experiments and they are presented in 
Fig. 2. Fig. 2 indicates very small deviations from the meas-
urements in the calculated wing tip vortex locations. The 
comparison results show that the CFD model employed in this 
study can be analyze the flow characteristics of propeller-
propulsion WIG effect vehicle.  
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Fig. 1. Comparision of drag polars; analytic solution [22], experiment 
[21] and present method. 
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(a) Wing tip vortex location along y-coordinate  

(outward from trailing edge at wing tip) 
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(b) Wing tip vortex location along z-coordinate  

(upward from trailing edge at wing tip) 
 
Fig. 2. Comarision of wing tip vortex location; experiment [21] and 
present method. 
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3. Results and discussion 

The computational domain considered in this study is ex-
tended 6 times of a vehicle length for each direction in order 
to avoid the influence of the far boundaries, but it is extended 
10 times for the downstream direction. To take the no-slip 
boundary condition on the surface into account correctly, 6 
layers of the prism grid with high aspect ratio along the sur-
face are used next to the surface. To evaluate the forces on the 
vehicle surface, locally refined grids next to the vehicle are 
employed. The grid system and the computational domain are 
shown in Fig. 3. The non-dimensional height between the 
wing and the ground is measured at the trailing edge, and the 
nose-up pitching moment is positive, as shown in Fig. 3(b). 
The numerical calculations are performed from / 0.24h c =  
to 0.45 and 2oα = −  to 10 degrees except at / 0.24h c =  and 

2oα = −  due to the fuselage’s contact with the ground. To 
investigate grid dependency, three different numbers of grids 
are tested by comparing the CL and CD in the case of 0oα = , 
h/c = 0.24, and vin = 10 m/s with DUP ; 740,000 (coarse), 
980,000 (base) and 1,330,000 (fine). The results obtained 
from the three grid systems are 6.42, 6.08, and 6.11 for CL and 
5.07, 4.42, and 4.39 for CD, respectively. For example, the 
relative error between base and fine grids for CL is 0.5%, 
while that between the base and coarse grids are estimated as 
5.6%. From these results and considering the computational 

cost, all computational results are obtained from the base grid 
system in the present work. 

The boundary conditions are configured to identify the free-
flight condition. The upstream boundary is modeled using an 
inlet velocity with a uniform distribution. A pressure outlet 
boundary condition is adopted at the downstream. A slip wall 
boundary condition is imposed on the undisturbed far boundary, 
thus imposing a zero cross flow condition. The wing and 
ground plane are modeled as solid walls with a no-slip bound-
ary condition. In addition, the ground surface is provided with a 
velocity equal to free stream for identifying free flight through 
calm air (Table 1). The Reynolds numbers based on both free 
stream velocities ( 10inv = and 15 m/s) and chord length of the 
vehicle are 52.14 10×  and 53.21 10× , respectively. The detail 
specifications of the model vehicle are listed in Table 2. 

 
3.1 Aerodynamic characteristics and static height stability 

Fig. 4 presents the flow streams along the center line of the 
vehicle for 9oα = and / 0.24h c = (i.e., the vehicle is close to 
the ground) in order to explain the overall flow pattern around 
the WIG vehicle. The accelerated air coming to the DUP 
flows along the surface of the fuselage with high dynamic 
pressure. It is also shown that a part of the accelerated air 
comes into the lower surface of the fuselage and runs through 
the small gap between the ground and wing, as shown in Fig. 
4. There is another flow passage leading air into the air cham-
ber, the fore gap between the fuselage and ground. From the 
figure, higher pressure on the aft body of the vehicle is ex-
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(b) Definition of height and compartments of vehicle 

 
Fig. 3. Computational grid system and geometry. 

 

Table 1. Boundary conditions. 
 

Inlet Uniform velocity 

Outlet Pressure  

Ground Moving wall 

Vehicle surface Non-slip wall 

Others (far boundaries) Slip wall 

 
Table 2. Specifications of model vehicle. 
 

Maximum speed About 25 /m s  (72 /km h ) 

Cruise speed 15 /m s  (54 /km h ) 

Engine power 1 ps at 10000 rpm 

Propeller diameter 24 cm  (9.5 inch ) 

Main wing area 0.10976 2m  

Tail wing area 0.07558 2m  

Control surface Rudder 

Total weight About 2.7 kg  

Total length 1 m  

Span 0.7 m  

Chord length 0.334 m  
Taper ratio(including triangular 

plate) 0.75 

Twisting angle 0 ° 
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pected because of air stagnation in the air chamber. Note that 
this higher dynamic pressure can augment both the lift and 
drag forces and the pitching moment as the vehicle is ap-
proaching the ground. 

In general, the ground effect improves the aerodynamic 
forces because of an increase in pressure on the lower surface 
and a decrease in the influence of the wing tip vortex. Fig. 5 
shows the lift coefficients (CL) as a function of dimensionless 
height (h/c) with and without DUPs. As shown in Fig. 5, ex-
cept for the case of negative pitch angle ( 2oα = − ), the lift 
coefficients of all cases (that is, 10inv = m/s without DUP, 

10inv = m/s and 15inv = m/s  with DUP) are increased as h/c 
decreases due to the ground effect. A larger pitch angle results 
in a higher increase in lift coefficient. This result, greater lift at 
lower height, agrees well with those of other research [5, 17, 
24, 25]. It is also shown in Fig. 5 that for the same inlet veloc-
ity ( 10inv = m/s) the lift force for the case of with DUP is 
higher than that without DUP. It implies that DUP has a great 
influence on lift augmentation. When the pitch angle is greater 
than 3o, the lift coefficient for 15inv = m/s becomes smaller 
than that for 10inv = m/s since the pressure fraction by the 
DUP to the dynamic pressure is relatively small. It is interest-
ing that all lift coefficients at 2oα = −  decrease when the 
vehicle gets close to the ground and the cases with DUP have 
a larger decrease in lift coefficient at this pitch angle (to be 
discussed later). This result is mainly due to the shape of the 
front part of the fuselage, which results in the Venturi effect or 
diverge-converge effect between the fuselage and ground. It is 
also shown in Fig. 5 that CL is linearly proportional to α at 

/ 0.45h c = , but not at / 0.24h c =  where the effect of ground 
is stronger. The similar non-linear increase in lift can be seen 
in other researches. The non-linear increase is due to the fact 
that when the vehicle is in ground effect above the critical 
pitch angle (between -2o to 0o), the oncoming air through the 
DUP and leading edge is stagnant because of the small gap 
between fuselage and ground so that the pressure is suddenly 
increased. However, for cases outside of critical pitch angle 
and height, the increasing rate of pressure is slow and in-
creases linearly as the general airplane does.  

The aerodynamic characteristics of lift and drag can be 

wrapped into a single diagram; the drag polar. Virtually im-
proving the aerodynamic performance of wings in ground 
effect can be achieved by increasing the lift and reducing the 
drag at the same time. Thus, a high performance airfoil or 
vehicles may be placed at the left in a drag polar diagram. The 
drag polar according to the heights for three cases are plotted 
in Fig. 6 and, in the present work, the total drag consists of 
zero-lift drag and drag due to lift. In general, the drag due to 
lift is reduced as the vehicle approaches the ground so that the 
aerodynamic efficiency, range, and endurance can be im-
proved [23]. As shown in Fig. 6, the total drag for 10inv = m/s 
with DUP becomes the largest followed by 15inv = m/s (with 
DUP) and 10inv = m/s (without DUP). For the subsonic flow, 
the total drag of the WIG effect vehicle or generic airplane is 
comprised of three components such as form, friction, and 
induced drags. Fig. 6 shows that the zero-lift drag for 

10inv = m/s with DUP has the largest value among three cases. 
This implies the negative effect of DUP on the dynamic pres-
sure; increasing in the friction and form drags. Owing to the 
computational method, the friction drag can be easily sepa-
rated from the total drag. Friction drag coefficients of 

10inv = m/s, 15inv = m/s, and 10inv = m/s (without a propel-
ler) at / 0.24h c = and 0oα = are calculated as 0.0227, 0.015, 
and 0.0122; the dimensional values (drag) are 0.61, 0.908 and 
0.328. Although a complete list of the friction drag is not in-
cluded, the same tendency can be observed for the entire drag. 
However, the drag for 15inv = m/s with DUP becomes lower 
because the rate of pressure rise by a propeller to dynamic 
pressure is low, and thus, its value is placed on the left com-
pared to that of 10 m/s. The DUP by the augmented dynamic 
pressure increases lift and drag, simultaneously. As a result, 
the two cases with DUP are placed on the right side in Fig. 6, 
and thus, low operating performance is predicted. For the case 
of / 0.45h c = , the minimum drag is occurred at 0LC = whe-
reas it appears at around 0.25LC =  for / 0.24.h c =  This 
implies that the vehicle obtains the minimum drag when it has 
a small pitch angle. The cruising vehicle in ground effect with 

 
 
Fig. 4. 3-dimensional flow streams around the model vehicle. 
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Fig. 5. Lift augmentatio of a vehicle in ground effect with and without 
DUP. 
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a small pitch angle obtains better operational efficiency. 
Fig. 7 shows the effects of the height, incoming velocity, 

and pitching angle on the pitching moment ( MPC ). The pitch-
ing moments are measured at a center of gravity and the nose-
up pitching moment is defined as positive (+). It is easily 
found that the pitching moment is decreased and has negative 
values as the WIG craft approaches the ground with high α . 
It is well known that three significant factors, such as an air 
chamber, a horizontal tail, and a fore portion of the fuselage 
have an effect on the MPC  according to the height and pitch- 
ing angle. The physical phenomena due to the three factors are 
explained as follows: (1) The stagnant air in the air chamber 
causes the high pressure at the aft of the fuselage and it leads 
to the negative moment against the center of gravity with de-
creasing height. Thus, the closer the vehicle approaches to the 
ground, the stronger the negative pitching moment gets. (2) 
The horizontal T-tail also generates the negative pitching 
moment with respect to the angle of attack. However, it has a 
marginal effect on the moment changes according to the 
height because it is placed sufficiently away from the ground; 
out of ground effect. It is also found from Fig. 7 that when the 
pitch angle is small ( 3oα < ), the MPC is increased. This is 
due to the fact that the incoming air is not properly stagnated 
in the air chamber for both / 0.3h c <  and 3oα <  to de-
crease the pressure in the chamber, resulting in failure to pro-
duce the negative pitching moment. (3) The force on the front 
portion of the fuselage has a significant role in the moment 
since the arm of the moment is large. The presence of the 
ground causes the velocity of the air around the fore body of 
the fuselage to decrease on the lower surface and increase in 
pressure as the gap between the fore body and the ground 
becomes small. It is clear that the increase in pressure on the 
fore fuselage leads to the positive pitching moment. The pres-
sure recovery on the lower surface of the fore body yields the 
positive pitching moment at / 0.3h c =  and 0oα <  as 
shown in Fig. 7. Moryseff and Levy [26], who studied the 
inversed wing in ground effect, showed an increase in pres-
sure at the leading edge with an extremely low height of 

/ 0.2h c = . The pressure increment at the leading edge with 
inversed wing was also observed by Zerihan and Zhang [27, 
28] even though they did not clearly note this phenomenon. 
Additionally, from the point of static stability (H.S.) view, 
which is a necessary condition for dynamic stability and will 
be discussed later, it is important that the vehicle must have a 
negative pitching moment slope with respect to a pitching 
angle in order to satisfy the longitudinal stability [29]. Fig. 7 
also shows that the pitching moment has a positive value at 

0oα =  in order to trim the WIG vehicle at a positive pitching 
angle. If this is not so, the vehicle cannot maintain its height in 
the air such as in the case of without DUP. Only the case with 
DUP can be satisfied with the conditions because the model 
vehicle is designed to operate with DUP. 

In order to explain the effect of various parameters on the 
rolling moment ( MRC ) of the WIG vehicle, the variation of 

MRC is displayed in Fig. 8. Note that the propeller rotates in a 
counterclockwise direction and then the resultant rolling mo-
ment with respect to the fixed axis has a negative value. As 
shown in Fig. 8, the absolute value of the rolling moment for 
two DUP cases is larger than that without DUP and also de-
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Fig. 6. Comparison of drag polars according to height. 
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Fig. 7. Comparison of pitching moment according to pitching angles 
with and without DUP. 

 

0.20 0.25 0.30 0.35 0.40 0.45 0.50
-0.10

-0.05

0.00

0.05

0.10
 vin=10m/s w/o prop,  vin=10m/s,  vin=15m/s

 

 

C
M

R

h/c

 α=-2
 α=0
 α=3
 α=6
 α=9

 
Fig. 8. Comparison of rolling moments according to pitching angle 
with and without DUP. 
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creases with a decrease in height ( /h c ) and an increase in 
pitching angles. These imply that the vehicle experiences the 
counterclockwise rotational moment by the propeller of DUP. 
The air passing through DUP obtains a rotational component 
from the propeller and will be stagnated on the lower surface 
of the vehicle. As a result, the pressure distributions on the 
lower surface will become asymmetric and therefore the 
asymmetric pressure on the lower fuselage surface will pro-
duce the rolling moment. However, the case without DUP 
shows a near-zero rolling moment because of symmetric forces 
on the WIG vehicle. The constant rolling moment with heights 
for 10inv = m/s and 15 m/s can be observed at 3oα =  and 0o, 
respectively. It is also found that the MRC  of 10inv = m/s 
suddenly decreases with height decrease at both 3oα >  and 

/ 0.3,h c <  whereas that of 15inv = m/s gradually increases 
under the same conditions. However, it is worthy to note that 
even though the vehicle has a rolling moment by asymmetric 
pressure distribution on the vehicle surface, the WIG effect 
vehicle considered in this study is inherently stable. Suppose 
that the vehicle suddenly experiences the roll by asymmetric 
forces and results in reducing a ground gap on the wing. The 
lift force on the wing with small gap will increase whereas the 
lift force on the other wing will decrease. As a result, the vehi-
cle develops a counter rolling moment that tends to rotate the 
vehicle back toward its equilibrium and is statically stable in 
rolling [30]. The yawing moment, which is not plotted in this 
study, shows a similar trend with the rolling moment. The val-
ues of the MRC  for the cases of with DUP become large 
whereas those of the case without DUP constantly become zero. 
From the results, the rolling and yawing moments are not as 
significant as the pitching moment in the present work. 

The aerodynamic forces of the vehicle in ground effect, 
which vary according to α  and /h c , lead to a different 
stable condition from out of ground effect such as a general 
airplane. The static height stability (H. S.), a condition consid-
ered both α  and /h c for the vehicle in ground effect, was 
proposed by Irodov [31]. Irodov derived this with a coordinate 
system that has an origin at a trailing edge. In this study, the 
same coordinate system was used for convenience. The H.S. 
includes the differentiations of lift coefficient and pitching 
moment coefficient against heights and pitching angle, and it 
is defined as follows: 

 

, ,

, ,

. . 0α
α

α

= − = − ≤M M h
h

L L h

C C
H S X X

C C
  (5) 

 
where the subscripts h  and α  in the moment and the lift 
coefficients represent the derivative of height and pitching 
angle, respectively. Eq. (5) implies that the aerodynamic cen-
ter of height ( hX ) should be placed upstream of the center of 
the pitch angle ( aX ) in order to maintain the stability of the 
vehicle in ground effect.  

Fig. 9 shows the static height stability of three cases with 
various angles of attack. H. S. in Fig. 9 shows that the case with 

DUP is less stable than that without DUP when the vehicle is in 
ground effect. The pressure on the aft-portion of the air chamber 
for the case with DUP is increased as the height approaches the 
ground, resulting in high pressure that contributes to moving 

hX  downward. Thus the DUP is not favorable for H.S. How-
ever, in the case of 10inv = m/s and 9α =  deg., the pressure 
on the air chamber and the lift on the T-tail increases with the 
patch angles, and therefore ,M aC  in Eq. (5) decreases so that 

aX  moves further downstream, improving stability as shown 
in Fig. 9. Fig. 9 shows that the vehicle has suddenly stopped its 
cruising height, which might be a cause of the overturn. 

In terms of improving static height stability, it is possible to 
decrease ,MC α  or increase ,M hC  as shown in Eq. (5). Two 
alternative ways to improve ,M hC  are possible: using a large 
tail to increase tail volume and moving a tail backward to have 
a large moment arm. The alternative way to improve the static 
height stability is changing hX  which has a no explicit rela-
tionship with a tail configuration but has a relationship with 
the fuselage and main wings. However, it is difficult to im-
prove the static height stability because modification of the 
fuselage and wing shapes (such as S-shape profile) is required. 
Thus, a WIG effect vehicle generally employs a large T-tail to 
increase static height stability and the large T-tail has been one 
of the features of the WIG effect vehicles [7, 8]. 

 
3.2 Pressure distributions along the center of fuselage 

Aerodynamic characteristics of WIG effect vehicles are sig-
nificantly changed compared to those of airplanes due to the 
presence of ground and DUP. In this section, they are ex-
plained through the pressure distribution on the lower and 
upper surfaces of the model considered in this study.  

Fig. 10 plots the pressure distributions ( pC ) along the cen-
ter of the body to show the effects of DUP and pitch angle on 
aerodynamic forces at 10inv = m/s and / 0.24h c = . It can be 
seen in Fig. 10(a) that for the case of with DUP(-■-), the pressure 
distribution on the upper surface is considerably different from 
that without DUP(-□-) due to differing dynamic pressure. This 
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difference causes the aerodynamic characteristics to change as 
discussed in Figs. 5 (lift), 6 (lift-drag), and 7 (moment). On the 
other hand, the Cp along the lower surface has almost the same 
values for the two cases. The propeller is located at 25% from the 
fore part of the fuselage as can be seen in the lower part of Fig. 
10 so that a sharp increase in the pressure can be observed at 

/ 0.25x L =  for the case of with DUP. It is also found that the 

pressure distribution on the upper surface for DUP is not varied 
with the vehicle’s heights (i.e., Fig. 10(a) and (c)) and pitch an-
gles (see Fig. 10(a) and (b)). Generally, the influxed air between 
the fuselage and the ground tends to stagnate, changes from dy-
namic pressure to static pressure in the chamber, and results in 
high pressure on the lower surface for a general WIG vehicle (i.e., 
without DUP device). However, for the case with DUP, an addi-
tional air chamber exists, such as a channel in the middle of the 
fuselage, so that the accelerated air flow by the propeller aug-
ments the amount of incoming flow through the fore gap by 
lowering the pressure under the fuselage, resulting in an increase 
in suction at / 0.24h c =  and o0α = , as shown in Fig. 10(b).  

The pressure distribution of lower surface plays an important 
role in the aerodynamic characteristics of a WIG vehicle with 
DUP device. It can be seen in Fig. 10 that the pressure distribu-
tion on the lower surface of fuselage is influenced by height 
( /h c ) and pitch angle (α ) due to the stagnation of accelerated 
air. When the accelerated air is properly stagnated in the air 
chamber, the pressure tends to increase gradually at the aft 
fuselage as shown in Fig. 10(a). When the vehicle is suffi-
ciently close to the ground ( / 0.24h c = ) and has a large pitch 
angle ( o9α = ) as shown in Fig. 10(a), the accelerated air by 
the DUP is stagnated in the air chamber and may improve the 
lift force dramatically, as discussed in Fig. 5. This is due to the 
fact that a considerable pressure change occurs owing to an 
increase in dynamic pressure through the propeller (at 
near / 0.25x L = ). In addition, it is clear that the friction and 
pressure drags and the moment are also increased by a high 
dynamic pressure so that the largest lift but the smallest lift-
drag ratio can be observed (see Fig. 6). Fig. 10(b), which has 
the same height ( / 0.24h c = ) as Fig. 10(a) but has a zero pitch 
angle, can explain the reason of a relatively low increase in lift 
at o0α =  because of a high suction between the lower surface 
of fore body and ground as discussed in Fig. 5. However, an 
increase in drag by high dynamic pressure on the upper surface 
is expected. Yet, for the case of / 0.45h c =  and o9α = (Fig. 
10(c)), it is hard to expect an increase in lift by DUP because of 
its large gap between the lower surface and ground. 

Fig. 11 presents the pressure distributions along the center of 
the fuselage at 10inv = m/s and o9α =  for different heights 
( / 0.24h c =  and 0.45) to explain the effect of height on the case 
with DUP. It is easily found that the pressure distributions on the 
upper surface of the WIG the vehicle show a simi lar trend irre-
spective of height because the effect of DUP on flow fields is 
dominant. An increase in lift, in general, mainly comes from the 
pressure augmentation on the lower surface of the WIG vehicle. 
It is expected that the drag is not considerably increased as the 
vehicle approaches the ground. For example, the friction drag for 

/ 0.45h c = is calculated as 0.62 and the value of that for 
/ 0.24h c =  is 0.50. Even though the induced drag cannot be 

separated from the pressure drag, it is decreased with lower 
heights. The total drag is increased as the height is decreased 
because of the direction of the pressure exerting on the surface. 
The pressure on the lower surface becomes higher at the aft body 
for / 0.24h c =  while it is nearly constant at / 0.45h c = . How-
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Fig. 10. Comparison of pressure distributions. 
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ever, the Venturi effect does not appear because of the high pitch 
angle ( o9α = ) and this phenomenon agrees well with the gen-
eral ground effect. To utilize the ground effect when it cruises, 
the vehicle used in this study holds a high pitching angle. 

In order to explain the effect of cruise speed on the aerody-
namic performance, the pressure distributions for 10inv =  m/s 
and 15 m/s at / 0.24h c =  for various pitch angles ( o9α =  and 
0o ) are plotted in Fig. 12. As shown in Fig. 12, the pressure on 
the upper surface depends on exit velocity of the propeller so 
that the difference between the two can be observed. The abso-
lute value of the pressure of 15inv = m/s is higher, and never-
theless the pressure coefficient is smaller since the rate of the 
DUP (propeller) against dynamic pressure is small. Therefore, 
the results of drag polar for 15inv = m/s are placed on the left 
side of that for 10inv = m/s, as shown in Fig. 6. In Fig. 12(b), it 
is noteworthy that both pressure distributions on the lower sur-
face are identical. It can be said that when both the angle of 
attack and the height are high for the case without ground effect, 
the flow on the lower surface mostly comes from the free 
stream (i.e. flow from DUP is not stagnated properly). 

When the WIG vehicle with low pitch angle ( o0α = ) is close 
to the ground ( / 0.24h c = ), as shown in Fig. 13(a) and (b), the 
Venturi effect and a pressure recovery on the lower surface of 
the fore body with suction on the upper surface are observed. 
This increase in pressure at the fore part of the fuselage results 
in a nose-up moment and a positive moment. The relatively 
significant moment changes can be seen in Fig. 13(a) for the 
vehicle without DUP. However, the pressure coefficient at the 
upper surface is not influenced by the angle of attack for the 
vehicle with DUP. As discussed in Fig. 7, it is expected that the 
changes of the pitching moment with respect to the height are 
small. Zerihan and Zhang [32], who performed the experiment 
for inverse-cambered wing, also showed a pressure recovery on 
the lower surface at 0oα = . Although Zerihan and Zhang did 
not explicitly explain the reasons for the pressure increment at 
the lowest height, the obvious pressure recovery before the 
minimum gap could be seen in pressure distributions on the 
lower surface. Ahmed and Sharma [24] also showed the pres-
sure increment at the lowest ground gap. This pressure incre-

ment is different from that of a general ground effect vehicle 
which leads to high pressure at the aft part of the wing by stag-
nation of oncoming air. It is said that the air coming to the lower 
surface could not go through the gap between maximum thick-
ness of the wing and ground because of the boundary layers on 
the ground and wing surface. Thus, the air was stagnated on the 
leading edge and it leads to high pressure on the same surface. 

 
3.3 Pressure distributions on the lower surface 

As shown in previous explanations, the pressure on the lower 
surface increases as the gap between the vehicle and the ground 
gets smaller, and it improves aerodynamic performance. This is 
due to the fact that the pressure with a small gap becomes high 
because air is stagnated properly, whereas air in Fig. 14(b) can 
escape. In addition, the pressure for the case with DUP (Fig. 
14(a)) becomes much higher than that without DUP (Fig. 14(c)) 
at the same height and pitch angle (i.e., / 0.24h c =  and 

o9α = ). The pressure on the aft portion of the fuselage in-
creases because of additional air flow coming through the DUP. 
It is also shown that the pressure distribution for the case with 
DUP in Fig. 14(a) becomes asymmetric because of the rota-
tional component whereas the pressure for the case without 
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Fig. 11. DUP and ground effect with respect to height. 
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DUP becomes symmetric. It clearly shows that the DUP pro-
duces a negative pitching moment and this negative moment 
leads to the unfavorable for height stability of DUP.  

 
4. Conclusions 

A 3-dimensional numerical investigation of the WIG effect 
vehicle with DUP was performed and aerodynamic character-
istics and static height stability were analyzed. A WIG effect 
vehicle with all compartments such as propeller, fuselage, air 
chamber, main wing, and tail was considered. The DUP with 
increased pressure in the air chamber can considerably reduce 
take-off speed and thus minimize the effect of the hump drag 
while the vehicle accelerates to take off on water. However, it 
also increases the drag by high dynamic pressure on the entire 
surface of the vehicle and stunts high performance.  

The computational results clearly show that the DUP can 
dramatically improve lift but is not favorable for aerodynamic 
performance and stability. The air with high energy through the 
DUP slows down and turns its energy to lift in the air chamber 
under the fuselage. When the vehicle is in ground effect such as 

/ 0.35h c <  and o3α > , stagnation of the air results in high 

pressure at the aft part of the air chamber, generating sufficient 
lift. However, the high pressure naturally leads to a negative 
pitching moment and moves hX  downstream. The closer the 
height of the vehicle is to the ground, the higher the pressure is. 
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Fig. 14. Pressure coefficient distributions on the lower surface. 
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As a result, this is one of the major factors for aggravating the H. 
S. It is also necessary that designers for WIG effect vehicles be 
careful in designing the DUP to enhance takeoff. 
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Nomenclature------------------------------------------------------------------------ 

A  : Wing area  
AR  : Aspect ratio ( 2/A c ) 
c  : Chord length 

DC  : Drag coefficient( 2/ 0.5 inD v Aρ ) 
LC  : Lift coefficient ( 2/ 0.5 inL v Aρ ) 
PC  : Pressure coefficient 
MPC , MC  : Pitching moment coefficient 
MRC  : Rolling moment coefficient 

D  : Drag 
H. S. : Static height stability in Eq. (5) 
h    : Height of vehicle 
L    : Lift 
Re   : Reynolds number 

inv      : Free stream velocity 
hX   : Aerodynamic center of height 

Xα   : Aerodynamic center of pitch angle 
α   : Pitch angle 
ρ  : Density of air 
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