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Introduction to WIG Technology

Edwin van Opstal

ABSTRACT

WIG is short for Wing-In-Ground effect. Ground effect is an aerodynamic phenomenon that is
used by WIG boats to achieve high speed over water with minimum fuel consumption. The current
paper will first answer the question what a WIG boat is and have a look at its history followed by
an introduction to the aerodynamics of WIG boats. Then some attention is given to the different
concepts that have been developed over the years, aimed at solving the particular problems of WIG
boats : taking-off and longitudinal stability. Finally some operational issues including classification
will be discussed and commercial viability of WIG boats is assessed.
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ABBREVIATIONS AND TERMINOLOGY

ACV Air Cushion Vehicle
AGEC Aerodynamic Ground Effect Craft, German term for WIG boat
air injection Russian term for PAR
c.g. centre of gravity
cavitation occurs when an object (foil or propeller) moves through the water at high

speed, creating very low pressures, so that the water locally starts to boil
ekranoplan Russian term for WIG boat, ekran = screen, plan = plane
hydrofoil boat with submerged wings that lift the hull out of the water at full speed
HSC High Speed (marine) Craft
PAR Power Augmentation of Ram-wings
SES Surface Effect Ship, also called sidewall-hovercraft
WIG Wing In Ground effect
wingship WIG boat, term introduced by Stephen Hooker (US)
WISE(S) Wing In Surface Effect (Ship), Japanese term for WIG
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INTRODUCTION

For many centuries man has been travelling over the worlds seas at ever increasing speeds. New
generations of ships are often faster than the ones they replace. New technologies were introduced
in order to make the speed increase possible. Conventional displacement monohulls could no longer
keep up and multihulls and planing hulls were introduced. Even higher speeds were achieved with
hydrofoils and air cushion vehicles. The practical maximum speed of all marine craft mentioned
so far lies around 100 km/h. The drawback of the recent trend for high speed marine craft is the
increased power requirement and fuel consumption. It is very unlikely that any ”conventional” high
speed marine craft will be able to operate at even higher speeds with acceptable fuel efficiency.

Figure 1 : A monohull

Figure 2 : A catamaran

Figure 3 : A planning (mono)hull

Figure 4 : A group of Griffon Hovercraft
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Figure 5 : Two experimental surface effect ships of the US Navy

Figure 6 : A small hydrofoil boat

The excessive power requirement of high speed marine craft is mainly caused by viscous drag,
well over 50% of the drag is caused by water friction [1]. The obvious solution is to minimise water
contact. This approach works for hovercraft and hydrofoils. The speed of a hovercraft is bounded by
the sea state and longitudinal stability considerations, whereas the speed of a hydrofoil is limited by
cavitation of the foils. The ultimate low-drag marine craft would be a boat without water contact,
a hovercraft without a fan : a WIG boat. A WIG boat is a boat with wings that cruises just above
the water surface, it is floating on a cushion of relatively high-pressure air between its wing and
the water surface. This cushion is created by the aerodynamic interaction between the wing and
the surface, called ground effect. This is where a WIG boat is different from an aircraft, it cannot
operate without ground effect, so its operating height is limited relative to its size.

Figure 7 : WIG boat VT-01 in extreme ground effect
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HISTORY OF WIG BOAT DEVELOPMENT

From the introduction it may be concluded that WIG boats are an entirely new invention,
but the opposite is true. The phenomenon of ground effect has already been known since the
early days of aviation and just before the second world war some experimental craft were built in
Scandinavia. It was not until the nineteen-sixties however, that the first serious WIG boats were
developed. The contributions of two individuals were very significant : the Russian Rostislav E.
Alekseev and the German Alexander Lippisch. They independently worked on WIG technology
with entirely different backgrounds, encountered the same problems and came to very different
solutions. Alekseev had a background as a ship designer and was obsessed by speed. He thought
of a WIG boat as a hydrofoil boat with its wings just above the surface, whereas Lippisch, an
aeronautical engineer, was intrigued by the potential to increase the efficiency of aircraft by flying
close to the surface. The influence of Alekseev and Lippisch is still noticeable in most of the WIG
boats developed since then.

In the USSR the WIG developments took place at the Central Hydrofoil Design Bureau
(CHDB), lead by Alekseev. As the name already suggests this bureau was engaged in hydrofoil ship
design. The will to create even faster transportation over water lead Alekseev to the development
of ekranoplans. The military potential for such a craft was soon recognised and Alekseev received
personal support from Kruchev and virtually unlimited financial backup. This very important de-
velopment in WIG history lead to a 550 ton military ekranoplan only a few years after this top
secret project was initiated. Initially Alekseev designed WIG boats with two wings, set up as a
tandem. This was an obvious choice for him at that time, because of his hydrofoil boat background.
The first full scale WIG boat of the Design Bureau was the tandem craft SM-1, but the tandem
concept was soon rejected in favour of the ekranoplan design. The reason for this was the very
high take-off speed of the SM-1 and its very rough ride quality and poor manoeuvrability. The first
ekranoplan as we know it now, the SM-2, was built in 1962 with a low aspect ratio wing and a
large, high T-tail. Another feature found in most later ekranoplans were the jets that blew under
the wing to assist at take-off. This was first tested in the SM-2P7. The purpose of this so-called
PAR system was to decrease take-off speed and loads and made the craft amphibious as well.

Figure 8 : SM 2P7
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Figure 9 : The KM weighed 550 tons, the biggest WIG boat so far

Figure 10 : Orlyonok in Russian Navy service

The 550 ton KM was launched in 1966, in the five years before that a number of manned and
unmanned prototypes were built, ranging up to 8 ton displacement they were designated SM with
a number. The KM was built in the (at that time) closed city Gorky, now called Nizhny Novgorod.
No foreigners were allowed here and only when the KM was transported to the Caspian Sea for
trials it was discovered by Western intelligence on satellite photos. At first they did not know what
it was and assumed that it was a seaplane under construction, later they found out what it was and
baptized it The Caspian Sea Monster. This name is sometimes also used for ekranoplans in general.
To illustrate the secrecy surrounding this project at that time : it was even forbidden to use the
word ekranoplan in public. When the KM programme was launched in 1963 it was very ambitious,
it was to be more than 100 times heavier than the SM-2, which was the heaviest ekranoplan at
that time. Basically the KM was far ahead of its time and even today many developers of WIG
boats do not think of a craft of this size within the next decades. After the experimental craft
the Russian ekranoplan program continued and lead to the most successful ekranoplan so far,
the 125 ton A.90.150 Orlyonok. The Orlyonok incorporated many features that had been tested
separately in earlier designs : it was amphibious, it had a huge turboprop engine for cruise thrust
at the top of the fin and two turbofans in the nose for air injection. A few Orlyonoks have been
in service with the Russian Navy from 1979 to 1992. The only recent large ekranoplan from the
former Soviet Union is the 400 ton Lun which was built in 1987 as a missile launcher. It carried six
missiles on top of the hull. At the time when the Soviet Union fell apart there was a second Lun
under construction. It was about 90 percent finished when the military funding stopped because
of the financial situation and the end of the cold war. Some ideas were raised for a new life for the
Lun, they ranged from turning it into a passenger ekranoplan to turning it into a rescue vessel.
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It was decided to do the latter. It was designated Spasatel, the military systems were removed
and work started to finish the craft. Unfortunately there were financial problems which resulted
in a complete stop of the work by the mid-nineties. Every now and then plans are presented to
finish work on Spasatel, but it will probably never be finished due to lack of funding. After the
collapse of the Soviet Union developing or maintaining big ekranoplans became impossible for the
Russians and the design bureaus started focusing on smaller ekranoplans for non-military use.
CHDB had already developed the 8 seat Volga-2 in 1985, but other design bureaus and companies
emerged that wanted to exploit the Russian lead in WIG technology. The most successful of these
is Technologies and Transport where the Amphistar was developed as a smaller and more modern
derivative of the Volga-2, both are now in production.

Figure 11 : The Volga 2 - a small Russian ekranoplan

Figure 12 : The more recent Amphistar or Xtreme Xplorer

The story of Alekseev’s western counterpart, Lippisch, also started around 1960. At that time
he was asked to build a very fast boat for Mr. Collins from Collins Radio Company in the USA.
Alexander Lippisch was already a well known aircraft designer at that time, being called the father
of the delta wing. In the second world war Lippisch designed the Me163 rocket powered delta
wing airplane which was well ahead of its time. The boat for Collins, the X-112, was at least as
revolutionary a design with its reversed delta wing and T-tail. This design proved to be stable
and efficient in ground effect and although it was successfully tested and followed up by the X-
113, Collins decided to stop the project and sold the patents to a German company called Rhein
Flugzeugbau (RFB) which further developed the reversed delta WIG boat.
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Figure 13 : X-112, the first Lippisch WIG boat

Figure 14 : X-114 for the German military

Figure 15 : The Airfisch 3, a recreational 2-seater

Figure 16 : The largest of the Airfisch family : FS-8

In Germany the military potential for WIG boats was recognised and RFB was contracted by
the German military to develop the X-114, requiring it to fly without ground effect as well as in
ground effect. It became apparent that the conflicting requirements of a WIG boat and an aircraft
lead to a compromise with little advantages and that the true power of WIG technology lies in
staying close to the surface. Therefore the development was continued with the Airfisch family
of WIG boats that were incapable of sustained flight without ground effect. Meanwhile Hanno
Fischer had taken over the project from RFB and he pursued Lippisch work with his company
called Fischer Flugmechanik. The two seat Airfisch 3 was a very successful design, which has
recently been scaled up to seat 6 passengers. This craft, the FS-8 will soon be series produced by
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a Singapore-Australian joint venture called Flightship. While the Airfisch technology was being
made ready for the market, Fischer was already working on the next generation of WIG boats with
hovercraft technology to assist at take-off. The 2 seat prototype HW-2VT has been successfully
demonstrated many times and now development continues with a 20 seat version.

Figure 17 : The 2 seat Hoverwing test craft

Figure 18 : The successful Jörg IV tandem boat

Although Alekseev discarded the tandem wing principle after having tested the SM-1, the
concept was later rediscovered by the German Gunter Jörg. After many radio controlled models he
succeeded in developing a stable WIG boat with two wings in a tandem arrangement. The tandem
WIG boat excels in simplicity and low cost and is the most boat-like of all WIG concepts. These
facts may explain their initial success with boats up to 25 metres in length built. Unfortunately
some technical and business related problems stood in the way of true commercial success.

The above are the most relevant developments in WIG history, but there have been many smal-
ler projects around the world, some of which should be mentioned here. The Kawasaki KAG-3 was
a WIG boat with water propulsion, but the project was abandoned due to stability problems. In the
USA there have not been many projects that went beyond the drawing board. Especially Lockheed
and the David W. Taylor Naval Ship R&D Centre (DTNSRDC) have done a lot of research work,
DTNSRDC especially in the area of PAR. Some years ago a company called Flarecraft copied the
Airfisch 3 and scaled it up. Due to their lack of expertise the Flarecraft was a technical failure,
although the attention from the market and the media was overwhelming.
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Figure 19 : The Flarecraft L-325 - the American copy of the Airfisch

Figure 20 : The only Chinese WIG craft now in operation : TY-1

Perhaps the most significant developments at this moment, aside from the Hoverwing, are
taking place in China and Australia. Australia not only with the FS-8, but the well established
catamaran builder Incat is developing a very large trimaran ferry with WIG support. Although
this may not be a true WIG boat, since it always maintains water contact, it could be a first step to
widespread market acceptance. Chinese companies have been very actively developing WIG boats
over the past decade. At least three different groups are working on their own WIG boat. Two of
them focus on Russian technology with the TY-1 and Swan that both resemble the Volga-2. The
third group has taken the Lippisch approach and added PAR to it, resulting in the XTW family
of craft. The WIG Page, on the internet, gives an extensive overview of WIG boats, with technical
details and photos [2].

WING IN GROUND EFFECT AERODYNAMICS

Ever since the beginning of manned flight pilots have experienced something strange when
landing an aircraft. Just before touchdown it suddenly feels like the aircraft just does not want
to go lower. It just wants to go on and on due to the air that is trapped between the wing and
the runway, forming an air cushion. The air cushion is best felt in low wing aircraft with a large
root chord. This phenomenon is called (aerodynamic) ground effect. The Wright brothers probably
have not even flown out of ground effect in their early flights, they benefited from ground effect
without even knowing it existed. Around 1920 this effect was first described and some (theoretical)
research was carried out in this field. From that time on pilots knew ground effect and sometimes
even used it on purpose. The seaplane Dornier DO-X could only cross the Atlantic when it was
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flying with its hull just above the wave crests. In the second World War pilots knew that when
they lost an engine or fuel on the way back from the enemy that they could reach home by flying
just a few metres above the sea, thus needing less power and saving fuel.

Two phenomena are involved when a wing approaches the ground. Ground effect is one name
for both effects which is sometimes confusing. These two phenomena are sometimes referred to as
span dominated and chord dominated ground effect. The former results in a reduction of induced
drag (D) and the latter in an increase of lift (L).

Span dominated ground effect

When aeronautical engineers mention ground effect they usually mean span dominated ground
effect. The drag of an aircraft can be split up into different contributions. The two main sources
of drag are called friction drag and induced drag. As the name suggests the friction drag is caused
by friction between the air and the skin of the craft and is therefore dependent on its wetted area.
Induced drag is sometimes also called lift induced drag because it is the drag due to the generation
of lift. When a wing generates positive lift the static pressure on the lower side of the wing is higher
than on the upper side. The average pressure difference times the surface area of the wing is equal
to the lift force. At the wingtip there is a complication : the high pressure area on the lower side
meets the low pressure area on the upper side therefore the air will flow from the lower side to the
upper side, around the wingtip. This initiates the wingtip vortex. These vortices are found with
all aircraft in flight, sometimes they are visible at an airshow when a fighter flies at a high angle
of attack, the water in the air condenses in the low pressure vortex and you see two curled lines
extending backwards from the wingtips. The energy that is stored in those vortices is lost and is
experienced as drag. The amount of induced drag is dependent on the spanwise lift distribution
and the aspect ratio of the wing. A high aspect ratio wing has lower induced drag than a low aspect
ratio wing since its wingtip vortices are weaker. That is because the rest of the wing is ”further
away” from the tip so that the high and low pressure areas at the tip are smaller.

Figure 21 : An illustration of span dominated ground effect

When a wing approaches the ground there is not enough space for the vortices to fully develop
therefore the amount of ”leakage” of pressure from the lower side to the upper side is less and
the vortices become weaker. The vortices are also pushed outward by the ground, apparently the
effective aspect ratio of the wing becomes higher than the geometric aspect ratio. This is a common
way to account for spanwise ground effect. Wieselsberger has (theoretically) found this in the 1920’s
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by applying Prandtls lifting line theory. From this theory it follows that the induced drag reduces
to approximately 50% at a ground clearance of 10% of the wingspan.

Figure 22 : Influence of ground effect on induced drag according to Wieselsberger

Chord dominated ground effect

As described before, ground effect increases lift. The air cushion is created by high pressure
that builds up under the wing when the ground is approached. This is sometimes referred to as ram
effect or ram pressure. When the ground distance becomes very small the air can even stagnate
under the wing, giving the highest possible pressure, pressure coefficient unity.

Figure 23 : Out of ground effect pressure distribution

Figure 24 : Chord dominated ground effect - results of numerical calculations

The high pressure air cushion can clearly be seen in the illustrations. The pressure around an
airfoil has been calculated with and without ground effect, both at a five degree angle of attack.
In free air the (2D) lift coefficient was 0.8 and at a ground clearance of 0.05 times the chord, it
was 1.1. The high pressure at the bottom of the airfoil in ground effect is caused by the ram effect.
The nose suction peek is also somewhat more pronounced in ground effect, this indicates that
separation is more likely to occur at the nose in ground effect. This has been confirmed by wind
tunnel tests.
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L/D ratio

The combined result of the two phenomena described above is an overall increase of the ratio
between the lift and the drag (L/D). The lift increases when approaching the ground and because
of the increasing lift the induced drag may not even decrease, but even a slight increase still
leads to an increased L/D ratio. The L/D ration is commonly used to express the efficiency of
a vehicle. When a vehicle is in stationary motion its weight is equal to its lift and its propulsive
thrust is equal to its drag, therefore the L/D ratio is an expression for the amount of weight that
can be carried with a certain amount of thrust. The higher this ratio, the higher its efficiency
and the lower its fuel consumption (for a given weight). As the L/D of a wing increases with
decreasing ground clearance, the craft becomes more efficient in ground effect. The maximum L/D
of a transonic airliner in high-altitude cruise flight approaches 20 and small subsonic turboprop
commuter aircraft may be around 15. Already in the early sixties Lippisch showed that in ground
effect higher values could be reached, his X-112 achieved an L/D as high as 23 in ground effect
flight.

Longitudinal stability

Ever since the very first experimental WIG boats have been built in the thirties, longitudinal
stability has been recognized as a very critical design factor. When not designed properly WIG
boats show a potentially dangerous pitch up tendency when leaving (strong) ground effect. Po-
werboats sometimes show the same tendency, when they meet a wave or a wind gust they may
suddenly flip backwards. The reason for this behaviour is the fact that the working line of the lift
vector of a wing is located relatively far aft at very small ground clearances and moves forward
when climbing out of ground effect. The stability problem can be overcome by installing a relati-
vely large horizontal tail and although a WIG boat cannot be stabilised by choice of c.g. alone,
the position of the c.g. is very important for achieving acceptable longitudinal stability. Some wing
planforms are more stable than others, the reversed delta from Lippisch proved to be very good,
therefore it has been very popular lately (e.g. in the Airfisch series craft). Not only the planform,
but also the wing section is important for stability. Recent research showed that wing sections with
an S-shaped camber line are more stable than conventional wing sections. Many new designs have
such an S-foil.

Ground effect wing sections

So far not many wing section families have been developed especially for operation in ground
effect. WIG boats used to have a wing section that has been optimised for that specific craft or
the designer sometimes just utilised one of the commonly known wing sections for aircraft, such
as the NACA sections. A very popular wing section used to be the Clark Y section, because of
its flat bottom. Aerodynamicists tend to think of wing sections in terms of a camber line and a
thickness distribution. For aircraft that operate in free air this makes sense, but in ground effect the
shape of the lower side of the wing is very important. In many cases designers opt for a flat lower
side because a convex lower side may in certain situations lead to suction at the lower side, either
hydrodynamic or aerodynamic. A concave bottomed wing section leads to very poor longitudinal
stability : it further exaggerates the abovementioned pitch up tendency.
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Figure 25 : The DHMTU sections have been developed for use in WIG boats

Although the design of the upper side is less important than the lower side, here also some
general rules apply. The nose radius of the profile must not be too small because that may lead to
very early separation in strong ground effect. Furthermore an S-shaped camberline is favourable for
stability, so with a given (non S-shaped) bottom this leads to a very pronounced S-shaped upper
side.

WING IN GROUND EFFECT HYDRODYNAMICS

Most WIG boats are water based or at least amphibious and although there are some examples
and proposals for land based WIG craft, they are very few. Generally a WIG boat will not have
water contact at cruise speed, so there is only water contact during take-off and landing.

Seaworthiness

Seaworthiness of WIG boats is often expressed as a certain maximum wave height for take-
off, cruise and landing. Some specifications state that the maximum wave height at take-off and
landing are the same and relatively low and that higher waves can be cruised over. From a safety
point of view this is not good practice, since a WIG boat must always be prepared to land in
case of an engine failure or other emergency, even when cruising over the highest intended waves.
Therefore seaworthiness of WIG boats should be defined by (at least) the take-off wave height and
the cruise/landing wave height, where the latter will always be higher. The importance of these
definitions lies in the fact that the installed power is determined by the maximum wave height
at take-off, whereas the structural strength of the hull is determined by the maximum landing
(=cruise) wave height, where the highest hydrodynamic loads occur. Note that the latter is only
true if the take-off and landing speed are similar.

Power mismatch

Experience has shown that for WIG boats the drag in the take-off run is much higher than the
drag at cruise speed. This means that the engines must be sized for take-off and only run on very
low power in cruise, sometimes as low as 30-40 %. Although this is an illustration of the efficiency
of flying in ground effect, it is not very desirable because of the weight and cost penalty. The extra
power cannot be used for increasing the cruise speed, since WIG boats, by their nature, have a
very limited speed range. For most WIG boats there is a maximum safe speed above which they
become unstable. This makes it even more undesirable to overpower a WIG boat, since this will
enable the captain to accelerate to unsafe speeds.
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Take-off drag

It may be clear that the power mismatch can be solved by minimising take-off drag. The drag
during take-off consists of several contributions, the most significant of which are the hydrodynamic
contributions due to viscous and wave pattern drag. The viscous drag is caused by friction between
the wetted surface of the hull and the water. Wave pattern drag is the energy that is lost due to
formation of a wave pattern on the water surface. In front of an object moving through the water
there is a bow wave. This wave becomes higher as the speed increases and lower as the displacement
decreases. As a result the wave drag has a maximum somewhere before take-off. This maximum
is sometimes referred to as the hump drag and the associated speed as the hump speed. For many
WIG boats the hump drag determines the installed power.

Figure 26 : Power and drag during take-off

Hump drag is illustrated in the above picture where the drag is shown as a function of the
speed for two different WIG boats, one with a higher hump drag than the other. The dashed lines
represent the required propeller thrust to overcome hump. The theoretical maximum speed that
these craft can reach is the point where the thrust and drag lines meet. This is not necessarily the
maximum speed in practice, since this theoretical maximum speed may be beyond the safe (stable)
speed range of the craft. Therefore the boat with the lower hump drag is a better design, since the
take-off and cruise power requirements are closer together.

Take-off speed

Many regular seaplanes have a sophisticated wing and flap design for creating as much lift as
possible at take-off in order to reduce the take-off speed and thus the hydrodynamic loads and
drag. Furthermore a seaplane can rotate so that the angle of attack at take-off is much higher
than that in cruise flight. This way the lift coefficient at take-off may be 10 times higher than in
cruise flight. A take-off lift coefficient of 2 to 3 is not exceptional for a seaplane, but a WIG boat
cannot take full advantage of flaps. Practically this limits the lift coefficient of a plain WIG boat
to a little over one, which assumes total pressure recovery under the wing (CP=1) and a relatively
small contribution from the top of the wing. The easiest way to minimise the take-off speed is to
design for a low wing loading, but this severely limits the maximum speed.

Minimizing take-off power

The take-off power is determined by the take-off drag, so the drag must be minimised. Since
drag increases with the speed squared the take-off speed should be minimised, but for a given
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aerodynamic configuration and weight the minimum airborne speed is fixed, so the drag can only
be decreased by optimising the way the hull generates its lift or introducing other lift sources. The
two main ways, other than aerodynamics, to carry loads are hydrodynamic lift and aerostatic lift.
Hydrodynamic lift can be generated by the hull, a hydroski or a hydrofoil and aerostatic lift by air
injection (PAR) or a static air cushion. Some of these solutions have an additional advantage in the
fact that they alleviate hydrodynamic loads on the hull at take-off and landing. A pneumatically
damped hydroski can serve this purpose, but also flaps are often damped with pneumatic cylinders
in order to decrease the chance of damage. Some of the more recent Russian craft like the Volga-
2 and the Amphistar have inflatable cushions under the hull and endplates. These cushions are
powered by a separate fan and not only alleviate loads but also ensure good sealing of the endplates
in wavy conditions.

Hull design

Hull design is often overlooked by designers as a source for improving take-off performance,
since often they are focused on aerodynamic design. Many features of speedboats and seaplanes
can be very helpful to increase hydrodynamic L/D. Some of those features are steps, chines and
ventilation. Steps help to decrease wetted area and prevent the hull from ”sticking” to the water.
Chines can be very helpful in suppressing spray and thus spray drag. Friction drag may be reduced
by forcing air into the step or even through small holes in the hull bottom, this is called ventilation
or air lubrication. It may be clear that hydrodynamic hull design is not a simple task, it is a
specialization in itself and a WIG designer should pay much attention to it. Some existing WIG
boats are aerodynamically very sophisticated, but hydrodynamically very poorly designed.

Figure 27 : Details of the Orlyonok hull illustrate its sophistication

Hydroski

A hydroski is not used very often, however it can be very helpful for providing hydrodynamic
lift. One of the few water based jet fighters, the Sea Dart, used a retractable hydroski for take-off
and landing. A disadvantage of the hydroski for take-off is its poor L/D ratio, therefore it is very
effective for landing. The Orlyonok uses a pneumatically damped hydroski for this purpose. It slows
the craft down and alleviates the hydrodynamic loads. It is not known whether the ski is used at
take-off too.
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Figure 28 : UT-1 test craft with hydroski extended

Hydrofoils

Hydrofoils may be used to lift the hull out of the water before the aerodynamic lift can carry
its full weight. Hydrofoils have much better L/D ratio than hydroskis and are therefore much more
effective at take-off. They can either be used in a tandem arrangement or just single. Some different
arrangements are possible : a V, an inverted V or just a plain straight hydrofoil. Potentially the
hydrofoil is very effective as a take-off aid for WIG boats, but not many WIG boats have been
fitted with them. This may be due to the experience with the X-114H. The X-114H was a test
craft for using hydrofoils for decreasing the take-off distance. Therefore it was fitted with three
sets of V shaped hydrofoils, one on each float and one at the aft most point of the trailing edge.
The craft indeed lifted out of the water at a much lower speed, but the foilborne distance was very
long. Later one concluded that this may have been caused by the hydrofoil at the back which lifted
the trailing edge out of the water so that there was a leakage of air which decreased the pressure
under the wing. The test did indicate however that the maximum weight could be increased by as
much as 15 %.

Figure 29 : Hydrofoils under the floats of the X-114

Even worse for the reputation of hydrofoils as a take-off aid for WIG boats was the accident
that happened with the X-114H. Its hydrofoils were not retractable and therefore extended some
distance below the craft in cruise. At take-off and landing speed the angle of incidence of the foils
was (of course) positive, but at maximum speed the angle of incidence of the foils was negative.
At one such test run for maximum speed the pilot went too low and a hydrofoil touched a wave,
due to the negative angle the downward lift force on the foil immediately crashed the craft. The
only example of a well designed and effective use of hydrofoils is the VT-01. This craft has retrac-
table inverted V hydrofoils located amidships. These hydrofoils demonstrated a take-off distance
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reduction of 1000 to 400 metres. A beneficial side-effect of the hydrofoils is the damping of vertical
motions of the craft at speeds just before take-off, which makes it much more comfortable for the
passengers.

Power augmentation

Power Augmentation (PAR) or air injection is the principle of a jet or propeller in front of the
wing that blows under the wing at take-off. The cavity under the wing is bounded by endplates and
flaps, so that the air is trapped under the wing. This way the full weight of the WIG boat can even
be lifted at zero forward speed. Hydrodynamic friction drag is therefore theoretically eliminated and
consequently the hump drag is reduced. Almost all Russian WIG boats employ this principle and it
is very effective, although not very efficient. This may be a reason for not using this for commercial
WIG boats. The thrust that is required to lift a craft out of the water is enormous, especially
because of the leakage and the pressure loss in the jets. The KM illustrates this inefficiency by
using 8 large turbojets for PAR which can be shut off in cruise flight. Recent examples of Russian
ekranoplans, such as the Volga-2 and the Amphistar, show that use of propellers may give a more
efficient PAR system.

Figure 30 : Orlyonok with PAR engines engaged

Static air cushion

A very recent development is the use of a static air cushion for take-off, similar to SES and
hovercraft. Although it may be argued that PAR is also a static air cushion, there is a significant
difference. A hovercraft or SES-like static air cushion is sealed all around and air is injected
somewhere in the cavity under the wing. The amount of air and the pressure of the air are much
lower than with PAR. The Hoverwing uses air from the propeller that is captured by a door in the
engine pylon to power up the cushion. Some other designs propose a very low power auxiliary fan
for this purpose.

Figure 31 : Principle of Hoverwing technology
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WIG BOAT CONCEPTS

Designing a WIG boat is much more challenging than designing a ship or an aircraft. Especially
in the preliminary design phase many problems have to be addressed at the same time. One cannot
isolate wing, tail and fuselage design, which is common practice to a certain extent in aircraft design.
Rules of thumb are hardly available and simple analytic calculation methods for performance and
stability of a WIG boat do not exist. The only way to confirm stability are wind tunnel or full-scale
tests or CFD (panel method) calculations. These are tools that are generally not intended for the
preliminary design phase, but they are inevitable to generate a design with at least some potential
to survive the next design phase. The only help in the initial conceptual design phase is given
by statistical data from very few existing craft, although many times their characteristics are not
known in detail. Over the last decades a number of very different WIG boats have been designed
and built. All designers faced the same problems, taking off and stability, but they have found
different solutions. Without going into too much detail some basic solutions can be recognized :
the ram wing, the Lippisch delta, the tandem and the ekranoplan. It may be argued that more
categories can be recognized, based on the type of take-off aid that is used, but many of them
are applicable to all concepts. Although the general concepts may be a guideline in the conceptual
design phase, choosing one of the existing concepts does not guarantee that the resulting design will
be successful. Many parameters, such as dimensions, weight, power and airfoil shape are critical.

Ram Wing

Nearly all WIG boats utilise high pressure ram air for increased lift, but the plain ram wing
WIG boat is considered to be one that does not have any of the advanced features described in
the other concepts. Some of the early WIG boats were based on this concept, usually they had a
low aspect ratio wing (almost square) and a (large) horizontal tail mounted out of ground effect
which provides the necessary stability. The wing is usually fitted with endplates in order to enhance
ground effect.

Figure 32 : µSky − 2 - ram wing



34 EAGES Proceedings

Lippisch

The Lippisch concept is a special case of a ram wing, where the wing is a reversed delta with
negative dihedral along the leading edge. This layout is in itself more stable than a square ram
wing, so that a smaller T-tail is required for longitudinal stability.

Figure 33 : Russian Lippisch type WIG craft

Tandem

The tandem wing concept has only been used successfully by the German Jörg so far. It basically
consists of two ram wings in line, both wings of almost equal size with a relatively small gap in-
between and no horizontal tail. This configuration provides excellent stability in strong ground
effect, but is incapable of flying out of ground effect and therefore has some longitudinal stability
problems at intermediate heights.

Figure 34 : Two tandem WIG boats

Ekranoplan

Ekranoplan is the Russian word for WIG boat, but it is also used to refer to a specific concept
of WIG boat. All the large WIG boats so far were Russian and were based on this concept. It
is basically a plain ram wing with flaps and the addition of engines (jets or propellers) mounted
in front of the wing, that blow under the wing at take-off. Western literature often refers to the
ekranoplan type WIG boat as a PAR-WIG craft. All ekranoplans have an enormous horizontal



Edwin van Opstal Introduction to WIG technology 35

tail and a wing of aspect ratio 1 to 4 with endplates and flaps. Dozens have been built in different
types and sizes, the largest exceeding 500 tons.

Figure 35 : Lun, the latest big ekranoplan

Other concepts

Apart from these rather conventional WIG configurations, some have proposed very exotic
vehicles utilising ground effect. An example is the hybrid airship, this is a vehicle which is partly
supported by helium and partly by aerodynamic lift in ground effect. A not so exotic concept is the
WIG assisted ship, an example of which is the Wing from Incat. In this concept WIG technology
is only used to lift the boat partially out of the water, so that propulsion can still be under water.
This results in a significant drag reduction compared to a conventional ship at the same speed.

Figure 36 : WIG train

Another recent development is the use of WIG technology for trains. Especially in Japan there
is much interest in this subject. A concept for the next generation Shin Kansen is based on this
technology. The train is running inside a U-shaped concrete bed. At low speeds the train runs on
wheels which are retracted when its wings lift the train from the concrete at higher speeds. The
train is propelled by ducted fans. In theory this train would use only one third of the power of the
Maglev at 500 km/h and be much cheaper to build, especially the infrastructure.

COMMERCIAL VIABILITY OF WIG BOATS

Development of WIG boats has mainly been technology driven so far. Therefore the question
is justified whether WIG boats can be commercially viable, especially since no WIG boats have
been built in big numbers so far, although a few models have been commercially available. A new
product must have distinct advantages over existing alternatives in order to find its way to the
market.
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The potential benefits of WIG boats are :

– WIG boats can fulfil the need for increased speed of marine transport and may thus fill the
gap between shipping and aviation.

– WIG boats achieve high speeds while still maintaining high efficiency, especially when com-
pared to other high speed marine craft.

– Due to the marine nature of WIG boats their operating cost are low as compared to aircraft.
– The infrastructural requirements for WIG boats are very low, any existing port is sufficient.
– Especially in a wavy sea the comfort level in cruise is very high as compared to other high

speed marine craft.

On the other hand WIG boats do have their limitations :

– WIG boats are sensitive to weather conditions such as wave height and wind speed.
– WIG technology is not mature yet, so initial WIG boats will not be able to fulfil all the

promises.
– Small WIG boats are less efficient than big ones and are more sensitive to weather conditions.

For certain applications the benefits far outweigh the limitations so that WIG boats are a viable
alternative for competing means of transport. An operator will only seriously consider to operate
WIG boats when some conditions and requirements are met [3] :

– The characteristics of the WIG boat must match the requirements for that specific application
and route, where the WIG boat must have (big) advantages over alternatives.

– Operation of the WIG boat must be profitable.
– The WIG boat must be absolutely safe.
– Legislation must be clear.
– Obvious, but inevitable : WIG boats must be available.

Some of the above issues will be considered in more detail in the next paragraphs.

Filling the speed gap

A well designed WIG boat will have a relatively high L/D and a low speed as compared to
a short-haul aircraft of similar size, but it is a lot faster and more fuel efficient than a fast ship.
Different transport vehicles can be compared with the Von Karman-Gabrielli diagram. In this
diagram the L/D is given as a function of the speed. Different vehicles have been indicated in the
diagram ranging from a bicycle to the Concorde. The L/D of a bicycle may seem awkward, but the
lift is just equal to the weight. A very remarkable feature in the Von Karman-Gabrielli diagram
is the technology line, it is pushed towards the upper right corner with advancing technology,
consequently all current forms of transport are below that line. The technology line represents a
certain value of the so-called transport efficiency, the product of L/D and speed.

Another remarkable thing in the diagram is the black triangle inside which no conventional
means of transport appears to exist. This is just the area where a WIG would be located, with a
cruise speed of 100 to 400 km/h and a L/D of 15 to 30. So WIG boats could fill the speed gap
between marine and air transport. Currently we see applications for fast (passenger) ships up to
a range of about 250 km. A longer range would give an unacceptable trip duration because of the
limited cruise speed (below 100 km/h). For the same duration a longer range can be realised with
WIG boats cruising at 2 to 5 times the speed of a high speed marine craft.
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Figure 37 : The Von Karman - Gabrielli diagram

Efficiency

Fuel efficiency, the amount of fuel used per passenger per km, is proportional to the inverse of the
transport efficiency, which is a measure for the efficiency that is especially suitable for comparing
different types of transport vehicles operating at different speeds. Generally a more efficient vehicle
has a higher transport efficiency, independent of its speed and L/D. The technology line in the
Von Karman-Gabrielli diagram represents the current maximum transport efficiency. WIG boats
are efficient, because they are close to the technology line in the diagram. The cruise power per
unit weight, expressed as the P/W ratio is very low for WIG boats as compared to other forms of
transport as explained in the graph below. Full advantage of this very low power requirement in
cruise flight can only be gained when the installed power comes down towards the cruise power so
that the engines run at their optimum rating at cruise setting. This is especially true for turboprop
engines.

Figure 38 : The power to weight ratio of different modes of transport
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Operation cost

The potential high fuel efficiency of WIG boats will be achieved with very large boats only.
Smaller boats must cruise at higher relative heights in order to clear the waves, consequently the
fuel efficiency of a small WIG boat will be very similar to that of a regional aircraft. Fortunately the
operational cost of WIG boats do not consist of fuel cost only. Other contributions are maintenance,
capital, crew and insurance. This is where the real advantage of small WIG boats over short-haul
aircraft lies. Due to the marine nature of WIG boats they can be built and maintained much
cheaper than aircraft which have to comply with FAA regulations. Also crew training is much less
demanding, therefore crew cost will also be less.

Infrastructure

The only competitors for some areas where WIG boats could be applied are short-haul tur-
boprop aircraft, they are close in specifications, although more expensive to run. An additional
advantage of WIG boats in this case would be its flexibility, there is no need for a runway, any
existing port would do. Of course WIG boats would be restricted to operation in coastal areas or
large lakes where the wave height is limited. This is especially true for relatively small WIG boats.

Safety

Although it may be argued that the safety of a WIG is excellent since it is always above the
runway, this very same ”runway” also presents some potential problems. A WIG needs a certain
minimum flying height to be fuel efficient so it will always fly at the lowest possible height, which
is dependent on the actual wave height. The trouble is that waves are not equal in height along
the route. Measurements in the past showed that the wave height is normally distributed. This
means that most of the waves have a height around the average height, but that sometimes a very
high wave can occur. These very high waves can be three to four times higher than the average
wave height. These so called rogue waves are caused by interference of different wave patterns and
can occur very suddenly. A WIG must either be allowed to strike a wave every now and then
(rigid construction) or fly at a height where it will never meet one and thus be less efficient than
it could be. This problem will of course be smaller for larger WIG boats. Another safety aspect
of WIG operation are obstacles such as other traffic, islands and bridges. A good navigation and
radar system must be present to warn the pilot of obstructions. Manoeuvrability of the WIG boat
should be sufficient to safely navigate around the object. Finally it is needless to remark that the
(longitudinal) stability of the WIG boat must of course be excellent, so that no dangerous situation
can arise during normal operation.

Classification

A WIG boat is especially designed to take advantage of the benefits of ground effect. Therefore
a WIG boat will always operate close to the surface. Although it is called ground effect, most WIG
boats only fly over water, but some are amphibious. Some WIG boats have the ability to fly out
of ground effect as well, but inefficiently as compared to aircraft. Some aircraft are designed to use
ground effect for take off only, such as the VVA-14. Up to a while ago it was not clear whether a
WIG was an aircraft or a boat. Some could fly, some could not. Some were built by ship builders,
some by aircraft builders. By the early nineties the Russian authorities recognized the need for
an international approach to this uncertainty and convinced the IMO to start working on rules
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for WIG boats. The International Maritime Organization (IMO) is the United Nations specialized
agency responsible for improving maritime safety and preventing pollution from ships. The new
rules were based on the International Code of Safety for High-Speed Craft (HSC code) which was
developed for fast ships such as hydrofoils, hovercraft, catamarans and the like. The International
Code of WIG Craft Safety (WIG code) is expected to be available in 2002. Up to that time the
Russian Rules for classification and construction of small type A ekranoplans is the only document
upon which to base a WIG design. The WIG code covers a lot of aspects of WIG boat design and
operation, but one of its most important issues is the definition of three different types of WIG
boats, depending on their ability to fly without ground effect. In that case not only IMO, but also
ICAO is concerned with the rules. The International Civil Aviation Organisation (ICAO), like the
IMO, is also a UN agency. It is responsible for safety and overall organisation of civil aviation
world-wide. A very important aspect of this recognition of three different types of WIG boats is
the fact that not all WIG boats need to comply with the very strict aviation rules. So far this has
never been clear. This saves money, since some redundant equipment and special aviation rated
parts are no longer required and cheaper marine equipment can be used.

Table I : Definition of classes relevant for WIG boats.

Classification societies recognize the IMO rules and some contacts between them and the WIG
industry have already been established. Although the definitions from IMO are clear, there are
some practical problems with type B and C WIG boats. The jump manoeuvres of type B craft
may be interesting for avoiding obstacles, but in practice this may lead to dangerous situations.
Furthermore the interference of ICAO with regulations for type B craft may be a limiting factor
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for commercial viability of this type. Type C may appear very appealing at first, but in practice
it will just be regarded as an aircraft, having to comply with all aviation regulations, but with
some marine regulations as well. This type obviously has no big market potential, apart from some
private and military use. There is no real difference between a type C WIG boat and a seaplane.

Applications

In the near future relatively small WIG boats could prove useful as water taxis in sheltered
waters. These 2 to 10 ton craft will accommodate approximately 6 to 30 people (or an equivalent
amount of freight) and they can operate in waves from 0.25 to 2 metre in height. Possible areas
where these craft could be operated are :

– Sheltered seas like the Baltic and the Mediterranean.
– Large lakes like the great lakes in the USA.
– Large river deltas like in Brazil and the USA.
– Sheltered coastal areas like the Great Barrier reef in Australia.
– Some archipelagos like in South East Asia and the Caribbean.

In many of those areas the craft will not be able to operate all year around, because of the wave
height, but the use will often be related to tourism so this is not necessarily a problem. Another
interesting application for these craft may be the transportation of perishable goods. After these
small WIGs have been operated for a while and some experience has been gained with operation of
these craft, somewhat larger WIGs could be developed to provide scheduled passenger and freight
services. Areas where these medium size WIGs can be operated are the same as the above but
their better seaworthiness allows them to operate almost all year around (up to 2-3 m waves).
These craft can accommodate 20 to 300 passengers and they may weigh up to 100 tons. Only when
experience has been gained with designing, building, operating and maintaining these small and
medium size WIGs, much larger ones can be built. These could travel almost anywhere where there
is water, independently of the weather. They can provide fast and economical transport for the
masses. The size is limited only by available development capital. There is no square cube law for
WIG boats since their construction is not (should not) based on the ”tube with a wing” concept
of modern aircraft. Blended wing-body design studies by the American Steve Hooker have ranged
up to 5.000 tons !

Figure 39 : Huge AR-1 Atlantis WIG boat
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DISCUSSION

Cornelius Dima (CD), EA Buçuresti

First of all, you have shown some CP distribution (fig. 23 and 24) corresponding to different
configurations. Have you thought of an incidence correction depending on the height to the ground,
like for instance, the wind tunnel correction ? In wind tunnel, they correct incidence just to correct
the ground effect.

Edwin van Opstal (EvO), SE-Technology

This was only an illustration of what ground effect does to a wing in a certain configuration, the
only difference being the ground. So I didn’t correct anything. It is not at all a scientific experiment.

CD

No. But have you thought of an incidence correction just to simulate the ground effect ?

EvO

I have never heard of that before.

CD

They correct the incidence to have the wind tunnel effect. Have you thought of doing the same to
have the effect of the ground on the Cp distribution ?

EvO

It is not exactly the same. I haven’t tried but ground effect is different from just applying a higher
angle of attack. Even if you get a higher angle of attack, the lift distribution of the wing would
not give a Cp of 1 all the way at the bottom. So you cannot reproduce the Cp distribution just by
changing the angle of incidence.

Bernard Masure (BM)

It is just a remark. When you make corrections in a wind tunnel, it is because you have a ground
effect and you want to know the lift in free flight.

EvO

What I meant to say was that you cannot reproduce the same distribution of lift by changing the
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angle of incidence because the bottom distribution would be different. You can not have stagnation
all the way to the bottom of the wing like that.

Chairman Allan Bonnet (AB), SUPAERO

I think that we are not in the domain of correction now because we are so close to the ground
it is not possible to replace it by a simple change of incidence. In fact, when you look at the Cp
distribution and more precisely at the lower side distribution, you have a very high Cp. I have
never seen such a Cp distribution by only changing the angle of incidence.

EvO

Of course, if you change to 90◦, you can have 1 all the way at the bottom.

Kirill V. Rozhdestvensky (KVR), Saint Petersburg State Marine Technical University

I think that this is what has been done in the first days of taking account of the ground effect.
When the wing is far enough from the ground, we can solve it as a lifting line, and so the first
theories like Prandtl’s or Heiselberg’s work efficiently taking effect of the induced downwash. But
here we are in the case of the very strong ground effect, and it cannot be done because the wing
is too close from the ground.

Cornelius Dima (CD), EA Buçuresti

Haven’t you forgotten UAV applications ?

EvO

Why using WIG craft for UAV applications ?

CD

Because they are more or less doing the same thing : inspections, etc.

Cornelius Dima (CD), EA Buçuresti

And the third question is : what happens when you do not have smooth conditions and the sea is
too rough ?

EvO

If the waves are too big, you cannot operate. It depends on the size of the craft of course. The size
of the waves must be seen relative to the size of the craft. So a boat that is 20 metres long can
handle bigger waves than a boat that is 10 metres long, because it is all relative. In fact, when the
weather is too bad, you cannot operate, so it is limited by weather and sea state. If you endure
very bad weather during the flight, you just have to settle down and wait for an improvement.
But these are operational problems which haven’t been met so far because WIGs haven’t been in
operation yet.

Jean Margail (JM), Airbus

I am here for personal purposes. You said that WIG craft should only take off from water regarding
regulation. But if they try to take off from the ground, you won’t have the water resistance. Is it
a regulation matter ?

EvO

So far, historically all or most of the WIG craft were water based. Some could take off from ice or
snow, and some were amphibious. But if you have a purely land based WIG craft taking off only
from an airfield, then you will lose a lot of the advantages that WIG craft have. Because you would
depend very much on an infrastructure again, you won’t be able to land on the water, for instance
for an emergency, and you would almost need a runway from the actual runway to the water. If
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you want to fly in ground effect from Paris to Toulouse, for instance, you would need a big concrete
highway to fly over. So it becomes a totally different concept. Actually, this has been researched,
mainly in Japan, because they are thinking about having this rather than MagLev trains. They
are proposing half tunnels to fly in ground effect through it. And in that case, you won’t need any
ship regulation, because you have a train. So it is totally different.

Richard Rydberg (RR), EA Stockholm

I would like to ask again this question. Why don’t you start from land, because you did some
extrapolation about the power needed to take off from the water ?

EvO

If you take off from a runway and then have to fly to the sea, it becomes an airplane.

RR

One could use a runway in the vicinity of the water.

EvO

But then you need once again a special infrastructure. There is always a downside to everything.

Richard Rydberg (RR), EA Stockholm

And about the length. You said that a larger aircraft could handle more sea. What is the interesting
length ?

EvO

This is a proportion problem. If you have a boat twice the size, you can handle twice the waves,
and fly twice the height. But the flying height is given relative to chord length.

Ingrid Schellhaas (IS), BÖTEC GmbH

You gave a complete overview of the ground effect technologies. Could you please figure out the
differences between the Hovercraft and the Tandem Airfoil Flairboat (TAF), because I think TAF
is an important part of science ? It is a type A craft, but the technology is rather different from
the Hovercraft.

EvO

What I meant to say is that the way they operate is similar. You only have a direction and speed
control, they cannot leave ground effect, so from a certification point of view, there won’t be many
objections to the tandem craft, simply because it is similar to something that already exists. There
will probably be more problems with WIG crafts that fly higher, because people will say that it is
an aircraft. So in operation, TAF is similar to Hovercraft. Not the physics behind it.

IS

Yes, the technology is different.

EvO

But I think the customers only care about operation. They do not care about the physics behind
it.

Mario Mihalina (MM), EA Zagreb

I think that a lot of interest can be found on the military side. You did not mention that. Almost
every vehicle is developed first for a military use, like helicopters.

EvO

Yes but the ground effect has already been developed for military use. Both the Russian and the
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German history have been heavily influenced by the military. About 10 years ago, it changed a
bit, because the eastern-western conflict became really different and the money spent on projects
became a lot less and the ekranoplan program was one of the program which funds were cut in
Russia. So it actually did start with the military. But I think that there may be some military
related interesting applications like customs, police, inspections, etc. but I don’t think that now
the military will initiate any further development. They may use it but they won’t initiate it.
Otherwise, they would have done it already.

Sasa Mavrovic (SM), EA Zagreb

I am wondering if now there is technology for ground effect because WIGs are flying over seas
with salty water, this creates a lot of problems for engines and corrosion. I was wondering if today,
some technology was able to cope with this kind of problem. Our Croatian airlines have very big
problems with corrosion when flying over very salty waters like the Adriatic sea.

EvO

These are the same problems that were experienced by rescue helicopters based on ships or sea
planes. The engine problem can be solved by applying coating on the fan blades. And helicopters
are cleaned after every flight with clear water. So now we can cope with salty environments. To
me it is a technical problem that is easy to be solved.

Mario Mihalina (MM), EA Zagreb

Excuse me but I have another question. There will also be problems with a craft flying at 200 km
per hour between islands with lots of boats on the sea. We will have to move all the boats.

EvO

In fact, the WIG craft will be very fast and it will be as if the small boats would be standing still.
You’ll have to give priority to the boats and the WIG craft will have to move around them. The
small boats won’t take into account the presence of the WIG craft. In fact, the small boats or
craft won’t be able to manoeuvre around the WIG craft because they are to slow for that. This
is the main solution for navigation problems, and probably that Mr. Fischer will explain further
developments in his papers.


